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A B S T R A C T

8-Hydroxyquinoline scaffold is a privileged structure used in designing a new active agents with therapeutic
potential. Its connections with the sugar unit is formed to improve the pharmacokinetic properties. The broad
spectrum of activity of quinoline derivatives, especially glycoconjugates, is often associated with the ability to
chelate metal ions or with the ability to intercalate into DNA. Simple and effective methods of synthesis gly-
coconjugates of 8-hydroxyquinoline and 8-hydroxyquinaldine derivatives, containing an O-glycosidic bond or a
1,2,3-triazole linker in their structure, have been developed. The obtained glycoconjugates were tested for their
ability to inhibit β-1,4-Galactosyltransferase, as well as inhibit cancer cell proliferation. It was found that used
glycoconjugation strategy influenced both improvement of activity and improvement of the bioavailability of 8-
HQ derivatives. Their activity depends on type of attached sugar, presence of protecting groups in sugar moiety
and presence of a linker between sugar and quinolone aglycone.

1. Introduction

The starting point in the search for new drugs of synthetic origin is
the discovery of a privileged structure [1,2] such as 8-hydroxyquinoline
I (8-HQ), which is a fragment of particular importance in the design of
new active derivatives [3–6].

The 8-HQ scaffold can be found in many compounds having a
therapeutic activity such as clioquinol II, intestopan III, nitroxoline IV,
cloxiquine V, iodoquinol VI, chloroxine VII or chlorquinaldol VIII
[7–12] (Scheme 1). In addition, some derivatives have been compre-
hensively tested for their anticancer activity, because of their abilities
to chelate the metal ions that are necessary for cancer growth [13–16].
8-HQ has at least two potential protonation sites: a nitrogen atom of the
pyridine ring and an oxygen atom of phenol. Therefore, they form
complexes with most of divalent transition metal ions, such as: Mn2+,
Cu2+, Zn2+, Co2+, Ni2+, Fe2+ which has been widely described in the
literature. The ability of chelating metals through 8-HQ derivatives has
become a promising therapeutic strategy in clinical practice [17–23].

On the other hand, design and synthesis of new molecules con-
taining a sugar fragment is an increasingly active area of current che-
mical research [24–30]. The presence of a sugar unit improves the
pharmacokinetic properties of potential drugs, including improved so-
lubility, reduced toxicity and facilitated intermembrane transport and
selectivity in targeting drugs for a specific purpose.

In 2012–2015 G. Vecchio and his co-workers, conducted a series of
studies on the synthesis and anticancer properties of quinoline glyco-
sides [31–33]. The whole range of glycosides of 8-HQ derivatives,
containing the D-glucose and D-galactose units, were synthesized and
evaluated. In these studies, the glycosidic bond was obtained by reac-
tion a per-O-acetylated glucopyranosyl or galactopyranosyl bromides
with 8-HQ derivatives, formed through an SN2 type mechanism, in the
two-phase system used TBABr as a phase transfer catalyst and K2CO3 as
a base. Under the described conditions, mainly glycosides with a de-
protected sugar part were obtained. These compounds were evaluated
for their antiproliferative activity against cells of various types of cancer
(A-2780, A-549, MDA-MB-231, Hep-G2), as well as the effect of
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addition of Cu2+ ions on their biological activity. The results showed
that the average antiproliferative activity of glycosides without the
addition of copper ions were lower compared to their parent com-
pounds. However, after the addition of Cu2+ ions, similar activity to the
starting derivatives was obtained. The authors suggest that the test
compounds must be subject to hydrolysis by specific β-glycosidases, to
release the active aglycone only in target cells, where aglycone was able
to complex copper(II) ions.

The antiproliferative activity of 2-methyl-7-carboxy-8-hydro-
xyquinoline derivatives of glycoconjugates has recently been reported
[34]. The obtained compounds were tested for anticancer activity in
terms of colon cancer cells (HCT 116). Some of the combinations
showed over 100 times higher activity than their parent compounds. It
was observed that the glycoconjugates with unprotected sugar part lose
their activity relative to their protected analogues. It has also been
observed that the improvement of the activity occurs in the presence of
an aromatic or heteroaromatic linkage between sugar and quinoline
fragment.

As reported in the literature, 8-HQ derivatives containing in their
structure a tetrazolium linker [35] or a triazole linker [36] and glucose
units, show high antiproliferative activity against various cancer cell
lines, comparable to the activity of anti-cancer drugs. It was also con-
firmed, that the presence of lone electron pairs on the nitrogen atoms in
the triazole ring, improves the chelating properties of 8-HQ [37]. In
addition, derivatives based on 1,2,3-triazoles play an important role in
the preparation of inhibitors of various enzymes [38–42]. It is probably
related to the ability to complex metal cations present in the active
centers of many enzymes and thus to inhibit their activity.

Due to the more and more frequent relationships between tumor
progression and the increase in the level of glycosyltransferases ex-
pression, a large number of quinoline derivatives have been tested for
the ability to inhibit representatives of this class of enzymes.
Glycosyltransferases (GTs) are characterized by a large variety of sub-
strates and the prevalence of cells of eukaryotic organisms. Due to a
number of important functions they perform, among others: post-
translational protein modifications and the synthesis of oligosaccharide
chains, they are an important object of research on potential anticancer
drugs [43–45]. However, in spite of this, so far there are no effective

inhibitors capable of hampering their activity selectively.
One of the best-known GTs in biochemical terms is β-(1,4)-

Galactosyltransferase (β-(1,4)-GalT). It catalyses the synthesis of gly-
cosidic bonds by transferring the D-galactose fragment from UDP-Gal,
which is the sugar donor, to specific acceptor molecules. Their classi-
fication is based mainly on the specificity of the donor and acceptor and
the structure of the product being created [46]. The β-(1,4)-GalT in-
hibitors are very often designed based on the introduction, instead of
the diphosphate group, of another, preferably non-charged, linker
capable of coordinating the divalent metal ion bound at the active site
of the enzyme. The presence of a metal ion binding moiety, seems to be
necessary to inhibit GTs activity [43,46–48]. GT inhibitors have a large
therapeutic potential due to the ability to regulate the biosynthesis of
oligosaccharides that are involved in many disease processes. An ef-
fective inhibitor, in addition to demonstrating sufficient affinity and
selectivity for the enzyme, should have the ability to penetrate into the
organism and cross biological barriers to achieve its goal inside the cell
[47].

Taking into account the above premises, it was decided to obtain
heterocyclic sugar conjugates of rather low metabolic stability, i.e. 8-
HQ derivatives glycoconjugates (acetals and hemiaminals), in which
the sugar part will be connected to the quinoline fragment both by O-
glycosidic linkage or via the linker containing the 1,2,3-triazole moiety
(Scheme 2). The acylation of the sugar fragment, leading to increased
hydrophobicity of the compounds, can be used to improve the bioa-
vailability of the glycoconjugates. It seems that this modification may
not only reduce the hydrophilicity of the compound, but also sig-
nificantly affect the bioavailability and transport of the quinoline
structures across the cell membrane in the biological environment
compared to derivatives containing analogous sugar units with un-
protected OH groups. In this work we present new, simple and effective
methods of synthesis of designed connections and the results of the
preliminary assessment of their biological activity. Considering the
possibility of metal ions chelation by glycoconjugates derivatives of 8-
HQ, the ability of obtained glycoconjugates to inhibition of commer-
cially available, manganese ions dependent β-(1,4)-GalT and to in-
hibition of a cancer cell proliferation (in which overexpression of this
enzyme was observed) was investigated. The addition of both the D-
glucose and the D-galactose fragment to the 8-HQ derivatives was dic-
tated by the overexpression of glucose transporters observed in the case
of cancers, and in the case of the HCT 116 line by the additional
overexpression of galactose transporters [49–52].

2. Results and discussion

2.1. Synthesis

8-Hydroxyquinoline or 8-hydroxyquinaldine fragment were con-
nected with the sugar derivatives (D-glucose or D-galactose unit) by O-
glycosidic linkage or via O-methylene 1,2,3-triazole linker. This treat-
ment was aimed to improving the solubility and bioavailability of po-
tential drugs. Based on this assumption, we obtained a whole range of
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Scheme 1. 8-Hydroxyquinoline derivatives having a biological activity.

Scheme 2. General structure of the glycoconjugates 15–30.
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quinoline glycoconjugates (Scheme 2).
In the first step of the synthesis, sugar derivatives 5–10 were pre-

pared according to known procedures (Scheme 3) involving the acet-
ylation of free sugars 1 or 2 and conversion of per-O-acetylated deri-
vatives 3 or 4 into the corresponding glycosyl bromides 5 or 6 [53,54]
The glycosyl bromides were used immediately for further reactions
leading to obtain 2,3,4,6-tetra-O-acetyl-β-glycosyl azides 7 and 8 [54].
The last step was the removal of the acetyl groups under Zemplén
conditions which allowed to get deprotected β-glycosyl azides 9 or 10,
which was sufficiently pure for a further reaction [55].

Per-O-acetylated glucopyranosyl or galactopyranosyl bromides 5 or
6 respectively were used as glycosyl donors in a O-glycosidic bond
formation, while 8-hydroxyquinoline 11 and 8-hydroxyquinaldine 12
were used as glycosyl acceptors. Synthetic approach described earlier in
the literature for glycosylation of 8-HQ in the phase transfer catalytic
system, was compared to the several other known glycosylation
methods for containing hydroxyl groups aromatic compounds. There
are some problems in the case of phenols O-glycosylation. The first is
associated with electron withdrawing character of phenol ring causes
less nucleophilicity of phenols compared to alcohols, so phenols are
difficult to glycosylate. Second, the glycosylation of phenols under
acidic conditions can lead to obtaining significant amounts of C-gly-
cosides, due to the electron-donating properties of the hydroxyl group
[56]. Among methods of aromatic O-glycosylation can be mention
those using donors such as glycosyl acetates [57,58], glycosyl halides-
especially bromides [56,59] or fluorides [60], trichloroacetimidates
[61,62], thioglycosides [63,64] under different catalytic systems. Other
methods for aromatic O-glycosylation are the use of unprotected sugars
in Mitsonobu reaction [65], nucleophilic aromatic substitution [66,67]
as well as use of glycals [68], 2-nitroglycals [69], glycosyl phosphates
[70] or glycosylidene carbenes [71].

The overview of the reactions used to obtaining of glycoconjugates
15–22 provides in Scheme 4.

The procedure A previously described in the literature [31], taking
place according to SN2 mechanism at anomeric carbon, performed in
the classical two-phase system. The reaction conditions were selected
for compounds 5 and 11 used as substrates. Synthesis with various
molar ratio of sugar derivative 5 to quinoline 11 were performed (3:1,
2:1 and 1:1, Table 1). The obtained results indicated that gycosylation
product could be isolated in the best yield, when three times the molar
excess of the glycosyl donor relative to the quinoline acceptor was used.
However, it is associated with significant amounts of by-products, dif-
ficult to separate from the post-reaction mixture. During the reaction
carried out in a basic condition, acetyl protecting groups were removed
and as a result, mainly glycoconjugate 19 with the deprotected sugar

part was obtained. The same regularity was observed during glyco-
conjugation using the acceptor 12, as well as in case of using of donor 6.
Taking into account earlier mentioned requirements for improving the
bioavailability of drugs, it was necessary to obtain glycoconjugates with
a protected sugar part, in order to carry out biological tests on cancer
cell lines. Therefore, other phenols glycosylation methods were tested
to obtain desired quinoline glycosides.

Procedure B is based on the O-glycosidation reaction of per-O-
acetyl-α-glycosyl bromides 5 or 6 and quinoline derivatives 11 or 12
using an ionic liquid (BMIm·BF4) [72]. In this case, the ionic liquid
acted as a solvent and substrate in the generation of an activating agent
in the glycosylation reaction. Silver N-heterocyclic carbene complexes
(Ag-NHC) are formed in situ in ionic liquids. Reaction were performed
in the presence of silver carbonate and various tetraalkylammonium
salts. Treatment of imidazolium halide salts with silver carbonate
generated Ag–NHC complexes that subsequently promoted O-glycosi-
dation reactions. The reaction mechanism involved the dual role of
Ag–NHC complexes as heavy metal ion sources and as bases, that were
more effective in promoting the glycosidation reaction than silver
carbonate. Four tetraalkylammonium salts (TBABr, Me4NCl, Me4NBF4

and Et4NClO4) were tested for preparation of the compound 15, to see
which one is the best anion donor in the formation of the active Ag-NHC
complex. The best salt turned out to be Me4NCl, at which the product
yield was 44%. Whereas, the worst catalyst for the reaction turned out
to be Et4NClO4, where the product yield was only 24%. However, in the
absence of tetraalkylammonium salts, the desired product was not
found (Table 1).

Another effective way of forming the O-glycosidic linkage with
phenol as glycosyl acceptor was published by Kur’yanov and co-workers
[73]. In the next variant of the research (Procedure C) the glycosylation
of quinoline catalyzed by polyethylene glycol (PEG 4000) was tested.
The reaction was carried out in the phase transfer catalytic system,
using anhydrous acetonitrile as a solvent at room temperature. We
checked if it was necessary to conduct the reaction for 48 h. It turned
out that shortening of the reaction time to 24 h does not significantly
affect the yield of the obtained product. On the other hand, a further
shortening of the reaction time to 2 h resulted in a decreased yield of
product 15 from 22% to 16% (Table 1). After optimizing the conditions
of individual glycosylation procedures, synthesis of the remaining
quinoline glycosides was performed. The yields of the respective gly-
coconjugates are presented in Table 2.

During the glycosylation reaction performed according to proce-
dures B and C, the formation of small amount of a product of 1,2-
elimination of hydrogen bromide to give tetra-O-acetyl glycal was ob-
served.

1: R1=OH, R2=H
2: R1=H, R2=OH

3: R1=OAc, R2=H (96%)
4: R1=H, R2=OAc (81%)

5: R1=OAc, R2=H (91%)
6: R1=H, R2=OAc (90%)

iiiiii

7: R1=OAc, R2=H (90%)
8: R1=H, R2=OAc (85%)

9: R1=OH, R2=H (100%)
10: R1=H, R2=OH (92%)
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Scheme 3. Synthesis of sugar derivatives. Reagents and Conditions: (i) CH3COONa, Ac2O, b.p., 1 h; (ii) CH3COOH, 33% HBr/AcOH, r.t. 1 h; (iii) NaN3, TBASH, CHCl3/
NaHCO3, r.t. 2 h; (iv) 1. NaOMe, MeOH, r.t. 20 min; 2. Amberlyst-15.
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Part of the per-O-acetylated glycoconjugates 15–18 were depro-
tected under mild conditions using 1 M methanolic solution of sodium
methoxide in methanol. The reaction was carried out at room tem-
perature for only 25–30 min. The final step was to neutralize the re-
action mixture with the use of Amberlyst-15 ion exchange resin, after
which the mixture was filtered to give glycoconjugates 19–22
(Procedure D). This approach was slightly more efficient compared to
Procedure A.

On the basis of literature reports and previously obtained results, it
can be concluded that the presence in the glycoconjugate structure
aromatic or heteroaromatic ring is important for their biological ac-
tivity. Therefore, in subsequent syntheses quinoline derivatives were
also combined with sugar units using copper(I)-catalyzed 1,3-dipolar
azide-alkyne cycloaddition (CuAAC) [74]. The 1,2,3-triazole unit was
introduced to investigate if such heteroaromatic system will affect the
activity of the glycoconjugates.

The first essential structural element of the glycoconjugate are
propargyl quinoline derivatives 13 or 14 which were obtained by re-
action of quinoline derivatives 11 or 12 with propargyl bromide
(Scheme 5) according to the previously published procedure [75].

New glycoconjugates were synthesized by the connection of 1-azido
sugars, protected or unprotected derivatives of D-glucose 7, 9 or D-ga-
lactose 8, 10 with 8-(2-propyn-1-yloxy)quinoline 13 or 2-methyl-8-(2-
propyn-1-yloxy)quinoline 14 (Scheme 6). For the above mentioned
conjugation CuACC was applied. The reaction in an aqueous-alcoholic
medium was carried out, using CuSO4·5H2O as a catalyst and sodium
ascorbate (NaAsc) as a reducing agent, which was designed to reduce
Cu(II) to Cu(I). The reaction was carried out for 24 h at room tem-
perature. The crude products of these reactions were purified by
column chromatography.

The main advantage of this approach is the capability of employing
both protected or unprotected sugar derivatives. This solves the pro-
blem of the final deprotection of glycoconjugates by the action of 1 M

Scheme 4. Synthesis of glycoconjugates 15–22. Reagents and Conditions: (Procedure A) K2CO3, Bu4NBr, H2O/CH3OH/CH2Cl2, r.t., 72 h; (Procedure B) Ag2CO3,
Me4NCl, BMIm·BF4, r.t., 24 h; (Procedure C) K2CO3, PEG 4000, CH3CN, r.t., 48 h; (Procedure D) 1. NaOMe, MeOH, r.t. 0.5 h; 2. Amberlyst-15.

Table 1
Adjusting the glycosylation reaction conditions.

Procedure Glycosyl donor Glycosyl acceptor Donor/acceptor molar ratio Product Reaction time [h] Tetraalkylammonium salt Yield [%]

A 5 11 3:1 19 72 Bu4NBr 49
2:1 23
1:1 12

B 5 11 1:3 15 24 Bu4NBr 34
Me4NCl 44

Me4NBF4 28
Et4NClO4 24

– –

C 5 11 1:1.15 15 48 – 22
24 22
2 16

Table 2
Yields of glycoconjugates 15–22.

Product Procedure Yield [%]

15 B 44
C 22

16 B 37
C 42

17 B 27
C 29

18 B 45
C 51

19 A 49
D 41

20 A 34
D 41

21 A 21
D 68

22 A 29
D 66

Scheme 5. Synthesis of quinoline derivatives 13–14. Reagents and Conditions:
(i) propargyl bromide, K2CO3, acetone, r.t., 24 h.
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NaOMe in methanol and avoided low yields of the desired products. In
case of the trial of glycoconjugates 23 deprotection, full conversion of
the starting material to the deprotected derivative 27 was unsuccessful
despite an extended reaction time and the use of a larger amount of
NaOMe.

Finally, both protected 23–26 and unprotected 27–30 glycoconju-
gates were obtained. The CuACC reaction proceeds with high yield and
leading to the formation of only 1,4-disubstituted of 1,2,3-triazoles. The
structures of all compounds were confirmed by means of NMR and MS
spectra.

2.2. Biological studies

2.2.1. Inhibitory potential
The obtained glycoconjugates 15–30 have been evaluated for their

inhibitory activity against commercially available β-1,4-GalT. To eval-
uate the activity of tested compounds, concentrations of substrate and
product of enzymatic reaction in the reaction mixtures was determined
by RP-HPLC method, which is a modification of the Vidal method [76].
This method uses UDP-Gal, a natural β-1,4-GalT substrate, as glycosyl
donor and (6-esculetinyl) β–D–glucopyranoside (esculine) as glycosyl
fluorescent acceptor. To accurately determine the activity of the com-
pound, the amount of product formed in the reaction without the in-
hibitor (test reactions) is compared to the amount of product formed
during the reaction with the addition of glycoconjugate as potential
enzyme inhibitor carried out under the same conditions. All glyco-
conjugates were tested at 0.8 mM concentrations. Results presented in
Table 3 indicate that none of the tested compounds 15–30 showed
sufficient inhibitory activity against used in research β-1,4-GalT.
However, it cannot be ruled out any mechanism of action at this step.

The results indicate that activity against β-1,4-GalT depends on the
type of attached sugar and the presence of the protecting groups in the
sugar moiety. However, the parent compounds 11 and 12 are not able
to inhibit the enzyme, which may indicate that the sugar fragment is
necessary for the proper acting of the compounds. Surprisingly we
found that glycoconjugates derivatives of D-glucose (19, 21, 27, 29) are
more active than analogs containing D-galactose unit. It is significant
that ability of enzyme inhibition shows only glycoconjugates containing
unprotected sugar part, while the derivatives with acetyl protection
groups on the sugar unit show no activity. This is probably related to
the fact that the hydroxy group protections cause that glycoconjugates

to became too large to fit into the active site of enzyme.
Compounds 27–30 in which the sugar unit is connected to the

quinoline moiety by the O-methylene 1,2,3-triazole linker showed
slightly increased activity compared to compounds 19–22 in which
sugar unit is connected directly by a glycosidic bond to 8-HQ deriva-
tive.

2.2.2. Cytotoxicity studies
The cytotoxic activity of quinoline derivatives 11–14 as well as

obtained glycoconjugates 15–30 was conducted on seven cell lines:
HeLa (cervical cancer cell line), HCT 116 (colorectal carcinoma cell
line), MCF-7 (human breast adenocarcinoma cell line), U-251 and
Hs683 (glioblastoma cell lines), PANC-1 and AsPC-1 (pancreatic cancer
cell lines). In these lines, overexpression of the glucose and galactose
transporters was observed [77,78]. First, screening tests were carried
out for all compounds on three tumor lines (HeLa, HCT 116 and MCF-7)
and additionally their selectivity was tested on Normal Human Dermal
Fibroblasts-Neonatal (NHDF-Neo). Tests were conducted for
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Scheme 6. Synthesis of glycoconjugates 23–30. Reagents and Conditions: (i) CuSO4·5H2O, NaAsc, i-PrOH, THF, H2O, r.t., 24 h; (ii) 1. NaOMe, MeOH, r.t. 0.5 h; 2.
Amberlyst-15.

Table 3
Bovine milk β-1,4-Galactosyltransferase I assay results.

Compound Percentage of inhibition at 0.8 mM [%]

11 2 ± 0.32
12 5 ± 0.04
13 0
14 0
15 0
16 0
17 0
18 0
19 14 ± 0.35
20 0
21 20 ± 0.86
22 0
23 0
24 0
25 0
26 0
27 43 ± 0.39
28 16 ± 0.36
29 33 ± 0.87
30 12 ± 0.48
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glycoconjugates solutions at concentrations range from 0.01 mM to
0.8 mM. For the most active compounds IC50 value was designated
(Tables 4 and 5). The dependence of cell proliferation on the con-
centration of the potential inhibitor was compared to the results ob-
tained for the starting quinoline derivatives 11 and 12 and the results
are presented in Figs. 1a–c.

The results of the cytotoxicity assay indicate that the tested glyco-
sides 15–22 were not toxic to the tested cell lines. Low cytotoxic ac-
tivity is probably due to the use of the quinoline OH group to form a
glycosidic linkage and the formation of steric hindrance hampering the
chelation of metal ions. Whereas, some derivatives containing 1,2,3-
triazole fragment, appeared to be active on the tested cell lines. The
presence of a triazole fragment improves the activity of glycoconju-
gates, probably by improving the metal chelation capacity found in
many types of cancers. Within tested compounds, glycoconjugates 23
and 24 showed promising results.

The most active compounds were derivatives whose structure was

Table 4
Screening of cytotoxicity of glycoconjugates derivatives of 8-hydroxyquinoline.

Compound Activity IC50 [µM]*

HeLa** HCT 116** MCF-7*** NHDF-Neo**

11 > 800 > 800 0.24 ± 0.01 > 800
12 > 800 > 800 43.18 ± 1.78 346.77 ± 2.23
13 > 800 > 800 95.95 ± 4.29 > 800
14 > 800 > 800 223.63 ± 8.06 > 800
15 > 800 > 800 > 800 –
16 > 800 > 800 > 800 –
17 732.80 ± 28.18 > 800 > 800 –
18 > 800 638.0 ± 5.26 > 800 –
19 > 800 > 800 > 800 –
20 > 800 > 800 > 800 –
21 > 800 > 800 > 800 –
22 > 800 > 800 > 800 –
23 59.48 ± 3.55 69.0 ± 2.53 57.69 ± 3.32 57.37 ± 3.19
24 30.98 ± 1.80 22.7 ± 1.58 4.12 ± 0.03 31.91 ± 1.63
25 > 800 750.9 ± 28.93 > 800 –
26 > 800 457.7 ± 15.3 > 800 –
27 > 800 212.0 ± 7.71 185.34 ± 2.21 247.24 ± 11.64
28 339.35 ± 6.96 265.5 ± 5.02 254.94 ± 8.81 703.45 ± 17.30
29 > 800 > 800 > 800 –
30 > 800 > 800 > 800 –

Doxorubicin 1.2 ± 0.03 5.59 ± 0.14 0.67 ± 0.01 > 20

* Cytotoxic was evaluated using the MTT assay.
** Incubation time 24 h.
*** Incubation time 72 h.

Table 5
Cytotoxicity of glycoconjugates against selected cell lines.

Compound Activity IC50 [µM]*

U-251** Hs683** PANC-1** AsPC-1**

23 > 100 > 100 47.87 ± 2.97 > 100
24 37.37 ± 1.56 57.19 ± 0.84 30.31 ± 1.32 34.24 ± 0.43
25 > 100 > 100 > 100 > 100
26 > 100 > 100 > 100 > 100
27 > 100 > 100 > 100 > 100
28 > 100 > 100 > 100 > 100
29 > 100 > 100 > 100 93.28 ± 1.89
30 > 100 > 100 > 100 > 100

Doxorubicin 0.05 ± 0.01 0.04 ± 0.01 0.73 ± 0.09 0.86 ± 0.13

* Cytotoxic was evaluated using the MTS assay.
** Incubation time 72 h.

Fig. 1a. The dependence of HeLa cell proliferation on the concentration of the potential inhibitor.
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based on the 8-HQ fragment (23, 24, 27, 28). The same sugar deriva-
tives but connected with 2-Me8-HQ units (25, 26, 29, 30) were not able
to inhibit cancer cell proliferation so much. On the other hand, the type
of sugar unit did not significantly affect to the glycoconjugate activity.
It is only important that in these units hydroxyl group were protected
with an acetyl moiety. The important issue is the penetration of the
compound to the body and the crossing of all biological barriers.
Therefore, for these studies it is necessary to use compounds with
protected sugar units in order to improve the lipophilicity of the gly-
coconjugates so that they can freely penetrate inside the cell, where-
upon the esterases are able to remove the acyl groups.

It should be noted that it was also checked whether the sugar sub-
strates used for glycoconjugate synthesis are capable of inhibiting the
cancer cells proliferation. All these substrates appeared to be inactive
on tested cell lines. Additionally, the IC50 values obtained for quinoline
derivatives for three of the four tested cell lines are mostly higher than
for their glycoconjugates, which confirms the assumption that attached
sugar unit increases the absorption and distribution of the compound.

The studies on HCT 116 and MCF-7 deliver information about
quinoline derivatives selectivity against both cell lines, and indicate on
the higher sensitivities of colorectal cancer cells, mostly followed by
MTT viability assays [79,80]. The mode of action is mostly explained
with Topoisomerase II activity and DNA damage assay, chromatin and
histons modifications, what results with cell cycle arrest and apoptotic

cellular death induction, also in HeLa cells [81,82]. However, these
findings do not precise how the active agents are downloaded into the
cells. The chemical structure, most of tested compounds enable a
transfer through the plasma membranes into the cytoplasm compart-
ments. Although, the specific signaling pathway are usually activated,
for quinoline derivatives the signal pathway of PI3K (phosphoinositide
3-kinase)-Akt (protein kinase B)-mTOR (rapamycin target protein) is
one of the targets [80]. This specific transduction pathway regulates
cell cycle and apoptosis, also processes, such as transcriptions, trans-
lations and proteins synthesis, influences general metabolisms [80].
Small quinoline derivatives are reported as inhibitors in PI3K-AKT-
mTOR signaling pathway, what resulted with cell cycle arrest and
apoptosis induction, with higher selectivity against MCF-7 than HCT
116 cells [80]. Glycoconjugates are more composite and structurally
differ from quinoline precursors, so they probably cannot activate
precise this specific cellular pathway, what resulted with lower cyto-
toxicity.

According to the idea that sugar-containing molecules may accu-
mulate and act more effectively in cells that have high demand for
sugars or relay on specific sugar metabolism we tested the glyco-
conjugates on additional cancer cell panel [83]. We selected cells that
are known for their high demand for glucose as glioblastoma and
pancreatic cancer [84]. Pancreatic cell’s activity is regulated by glucose
level. In pancreatic cancer the glucose metabolism determine morbidity

Fig. 1b. The dependence of HCT 116 cell proliferation on the concentration of the potential inhibitor.

Fig. 1c. The dependence of MCF-7 cell proliferation on the concentration of the potential inhibitor.

M. Krawczyk et al. Bioorganic Chemistry 84 (2019) 326–338

332



and malignancy of the tumor [85,86].
According to the results presented in the Table 5 compound 24

appeared most active among glycoconjugates that were tested against
all additional cell lines, while 23 was active only against PANC-1.

3. Conclusion

In conclusion, a series of glycoconjugates derivatives of 8-HQ were
obtained and their biological activity in vitro were tested. It turned out
that the presence of both a sugar fragment and a 1,2,3-triazole linker in
the structure was essential for biological activity. The click-chemistry
approach in a simple, easily and inexpensive way leads to products with
high yield, purity and selectivity. Obtained glycoconjugates were tested
for their inhibitory potency against β-1,4-Galactosyltransferase as well
as anticancer activity against wide bunch of cancer cell lines.
Interestingly the conjugates designed on sugar moiety with free hy-
droxyl groups possessed some inhibitory potential contrary to their
acetylated analogs. This result proves that only limited functionaliza-
tion of the sugar core is allowed before final compound lost its re-
cognition in biological system. On the other hand this activity do not
correlate with antiproliferative activity of the compounds that were
tested. Derivative of quinoline seemed to have better activity than
quinaldines. Particularly acetylated sugar conjugates revealed inter-
esting potential against breast cancer cells which appeared more vul-
nerable to quinoline derivatives. In other cell lines however several of
the obtained compounds were at least ten times more active than the
parent quinolines. As a result, these compounds could have valuable
potential as therapeutic agents in the treatment of cancer diseases.

4. Experimental

4.1. General information

NMR spectra were recorded with an Agilent spectrometer at a fre-
quency of 400 MHz using TMS as the internal standards and CDCl3,
CD3OD or DMSO as the solvents. NMR solvents were purchased from
ACROS Organics (Geel, Belgium). Chemical shifts (δ) are expressed in
ppm and coupling constants (J) in Hz. Optical rotations were measured
with a JASCO P-2000 polarimeter using a sodium lamp (589.3 nm) at
room temperature. Melting point measurements were performed on
OptiMelt (MPA 100) Stanford Research Systems. Mass spectra were
recorded with a WATERS LCT Premier XE system using electrospray-
ionization (ESI) technique. Reactions were monitored by TLC on pre-
coated plates of silica gel 60 F254 (Merck Millipore). TLC plates were
inspected under UV light (λ = 254 nm) or charring after spraying with
10% solution of sulfuric acid in ethanol. Crude products were purified
using column chromatography performed on Silica Gel 60 (70–230
mesh, Fluka), developed using toluene/EtOAc or CHCl3/MeOH solvent
systems. All evaporations were performed on a rotary evaporator under
diminished pressure at 40 °C. Reversed phase HPLC analyses were
performed using JASCO LC 2000 apparatus equipped with a reverse
phase column (Nucleosil 100 C18, 5 μm, 25 × 0.4 cm; mobile phase:
H2O/MeCN 90:10, flow rate 0.8 mL/min) with a fluorescence detector
(FP). Fluorescence for substrate and product was read at 385 nm ex-
citation/540 nm emission. The absorbance on MTT assay was measured
spectrophotometrically at the 570 nm wave lenght using a plate reader
(Epoch, BioTek, USA).

1,2,3,4,6-Penta-O-acetyl-β-D-glucopyranose 3 [53], 1,2,3,4,6-penta-
O-acetyl-β-D-galactopyranose 4 [53], 2,3,4,6-tetra-O-acetyl-α-D-gluco-
pyranosyl bromide 5 [54], 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl
bromide 6 [54], 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide 7 [54],
2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl azide 8 [54], β-D-glucopyr-
anosyl azide 9 [55], β-D-galactopyranosyl azide 10 [55], 8-(2-propyn-1-
yloxy)quinoline 13 [75] and 2-methyl-8-(2-propyn-1-yloxy)quinoline
14 [75] were prepared according to the respective published proce-
dures. D-Glucose, D-galactose, 8-hydroxyquinoline and 8-

hydroxyquinaldine are commercially available (Sigma-Aldrich). All
used chemicals were purchased from Sigma-Aldrich, Fluka, Avantor
and ACROS Organics and were used without purification. Bovine milk
β-1,4-Galactosyltransferase I was purchased from Sigma-Aldrich.

4.2. Chemistry

4.2.1. Synthesis of glycoconjugates 15–22
Procedure A. 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide 5

or 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 6 (0.9 mmol,
369.0 mg) and quinoline derivative 11 (0.3 mmol, 43.5 mg) or 12
(0.3 mmol, 47.7 mg) were dissolved in dichloromethane (22 mL).
K2CO3 (2.9 mmol, 400.8 mg) and TBABr (0.3 mmol, 96.7 mg) were
added to this mixture, followed by water (12 mL) and methanol
(12 mL). The resulting mixture was stirred for 72 h at room tempera-
ture. The reaction progress was monitored on TLC in an eluents system
CHCl3:MeOH (2:1). Then the two-phase system was separated, and the
aqueous phase was washed repeatedly with dichloromethane (18 mL).
The aqueous phase was concentrated in vacuo. The crude products were
purified using column chromatography (CHCl3:MeOH, gradient: 12:1 to
2:1) to give products 19–22.

Procedure B. Ag2CO3 (0.5 mmol, 137.9 mg), Me4NCl (0.5 mmol,
54.8 mg) and BMIm·BF4 (1.5 mL) were added to a round-bottom flask
and stirred for 1 h at room temperature. Then the quinoline derivative
11 (0.6 mmol, 87.0 mg) or 12 (0.6 mmol,95.4 mg) was added to this
mixture, and after 20 min 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl
bromide 5 or 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 6
(0.2 mmol, 82.0 mg) was added. The resulting mixture was stirred for
24 h at room temperature. The reaction progress was monitored on TLC
in an eluents system toluene:AcOEt (2:1). Then CH2Cl2 (5 mL) and H2O
(5 mL) were added, the two-phase system was separated, and the or-
ganic phase was washed with dichloromethane (3x5 mL). The com-
bined organic phases were dried with dry MgSO4, filtered and the fil-
trate was evaporated in vacuo. The crude products were purified using
column chromatography (toluene:AcOEt, gradient: 8:1 to 1:1) to give
products 15–18.

Procedure C. 2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl bromide 5
or 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 6 (1.2 mmol,
492.0 mg) and quinoline derivative 11 (1.4 mmol, 203.1 mg) or 12
(1.4 mmol, 222.7 mg) were dissolved in acetonitrile (15 mL), followed
by addition of K2CO3 (5.5 mmol, 760.1 mg) and PEG 4000
(0.066 mmol, 264.0 mg). The resulting mixture was stirred for 48 h at
room temperature. The reaction progress was monitored on TLC in an
eluents system toluene:AcOEt (2:1 or 1:1). Then the reaction mixture
was diluted with dichloromethane, filtered and the filtrate was evapo-
rated in vacuo. The crude products were purified using column chro-
matography (toluene:AcOEt, gradient: 15:1 to 1:1) to give products
15–18.

Procedure D. Per-O-acetylated glycosides 15–18 (0.375 mmol) was
dissolved in methanol. Then 1 M solution of MeONa in MeOH
(0.250 mmol, 250 µL) was added. Reaction was carried out for 0.5 h at
room temperature. The reaction progress was monitored on TLC in an
eluents system CHCl3:MeOH (10:1). After the reaction was complete,
the mixture was neutralized with Amberlyst-15, filtered and the filtrate
was evaporated in vacuo. The crude products were purified using
column chromatography (dry loading; CHCl3:MeOH, gradient: 15:1 to
6:1) to give products 19–22.

4.2.1.1. 8-Quinolinyl-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside
15. Starting from 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl bromide 5
and 8-hydroxyquinoline 11 according to Procedure B yield: 44%
(41.8 mg), according to Procedure C yield: 22% (125.4 mg), product
was obtained as a solid; m.p.: 155–159 °C; [α]27

D = −56.1 (c = 0.6,
CHCl3); HRMS (ESI-TOF): calcd for C23H26NO10 ([M+H] + ): m/z
476.1557; found: m/z 476.1560; 1H NMR (400 MHz, CDCl3): δ 2.04,
2.05, 2.06, 2.10 (4 s, 12H, CH3CO), 3.84 (ddd, 1H, J= 2.5 Hz,
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J= 5.0 Hz, J= 10.0 Hz, H-5Glu), 4.19 (dd, 1H, J= 2.5 Hz, J= 12.2 Hz,
H-6aGlu), 4.30 (dd, 1H, J= 5.0 Hz, J= 12.2 Hz, H-6bGlu), 5.23 (dd, 1H,
J= 9.3 Hz, J= 10.0 Hz, H-4Glu), 5.33–5.50 (m, 3H, H-1Glu, H-2Glu, H-
3Glu), 7.40–7.48 (m, 3H, H-3Chin, H-5Chin, H-7Chin), 7.57 (dd, 1H,
J= 2.4 Hz, J= 7.0 Hz, H-6Chin), 8.14 (dd, 1H, J= 1.6 Hz, J= 8.4 Hz,
H-4Chin), 8.90 (dd, 1H, J= 1.7 Hz, J= 4.2 Hz, H-2Chin); 13C NMR
(100 MHz, CDCl3): δ 20.70, 20.75, 20.77, 20.93, 62.09, 68.61, 71.54,
72.20, 72.81, 100.85, 117.30, 121.68, 123.58, 126.41, 129.63, 135.93,
141.13, 149.89, 152.63, 169.50, 169.73, 170.38, 170.65.

4.2.1.2. 8-Quinolinyl-2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside
16. Starting from 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl bromide 6
and 8-hydroxyquinoline 11 according to Procedure B yield: 37%
(35.2 mg), according to Procedure C yield: 42% (239.5 mg), product
was obtained as a solid; m.p.: 120–122 °C; [α]25

D = −40.6 (c = 1.7,
CHCl3); HRMS (ESI-TOF): calcd for C23H26NO10 ([M+H] + ): m/z
476.1557; found: m/z 476.1559; 1H NMR (400 MHz, CDCl3): δ: 2.03,
2.04, 2.10, 2.19 (4 s, 12H, CH3CO), 4.04 (ddd, 1H, J= 1.1 Hz,
J= 6.7 Hz, J= 7.0 Hz, H-5Gal), 4.18 (dd, 1H, J= 6.7 Hz, J= 11.2 Hz,
H-6aGal), 4.25 (dd, 1H, J= 7.0 Hz, J= 11.2 Hz, H-6bGal), 5.18 (dd, 1H,
J= 3.4 Hz, J= 10.5 Hz, H-3Gal), 5.38 (d, 1H, J= 8.0 Hz, H-1Gal), 5.47
(dd, 1H, J= 1.1 Hz, J= 3.4 Hz, H-4Gal), 5.72 (dd, 1H, J= 8.0 Hz,
J= 10.5 Hz, H-2Gal), 7.40–7.49 (m, 3H, H-3Chin, H-5Chin, H-7Chin), 7.57
(dd, 1H, J= 3.2 Hz, J= 6.3 Hz, H-6Chin), 8.14 (dd, 1H, J= 1.7 Hz,
J= 8.3 Hz, H-4Chin), 8.91 (dd, 1H, J= 1.7 Hz, J= 4.2 Hz, H-2Chin); 13C
NMR (100 MHz, CDCl3): δ 20.80, 20.83, 21.08, 21.10, 61.47, 67.14,
68.96, 71.03, 71.20, 101.44, 117.07, 121.74, 123.48, 126.49, 129.69,
136.15, 144.70, 149.90, 152.77, 169.90, 170.37, 170.44, 170.49.

4.2.1.3. 2-Methyl-8-quinolinyl-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside
17. Starting from 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl bromide 5
and 8-hydroxyquinoline 12 according to Procedure B yield: 27%
(26.4 mg), according to Procedure C yield: 29% (170.2 mg), product
was obtained as a solid; m.p.: 132–139 °C; [α]25

D = −73.6 (c = 1,
CHCl3); HRMS (ESI-TOF): calcd for C24H28NO10 ([M+H] + ): m/z
490.1713; found: m/z 490.1707; 1H NMR (400 MHz, CDCl3): δ 2.05,
2.06, 2.07 (4 s, 12H, CH3CO), 2.75 (s, 3H, CH3), 3.85 (ddd, 1H,
J= 2.6 Hz, J= 5.0 Hz, J= 9.8 Hz, H-5Glu), 4.20 (dd, 1H, J= 2.6 Hz,
J= 12.2 Hz, H-6aGlu), 4.28 (dd, 1H, J= 5.0 Hz, J= 12.2 Hz, H-6bGlu),
5.23 (dd, 1H, J= 9.4 Hz, J= 9.8 Hz, H-4Glu), 5.35 (dd, 1H, J= 9.3 Hz,
J= 9.4 Hz, H-3Glu), 5.46–5.53 (m, 2H, H-1Glu, H-2Glu), 7.30 (d, 1H,
J= 8.4 Hz, H-3Chin), 7.34–7.41 (m, 2H, H-5Chin, H-7Chin), 7.52 (dd, 1H,
J= 2.6 Hz, J= 6.9 Hz, H-6Chin), 8.02 (d, 1H, J= 8.4 Hz, H-4Chin); 13C
NMR (100 MHz, CDCl3): δ 20.73, 20.79, 20.97, 25.67, 62.17, 68.71,
71.56, 72.15, 72.91, 100.89, 117.18, 122.51, 123.20, 125.47, 127.87,
136.06, 140.43, 152.18, 158.59, 169.56, 169.64, 170.47, 170.72.

4.2.1.4. 2-Methyl-8-quinolinyl-2,3,4,6-tetra-O-acetyl-β-D-
galactopyranoside 18. Starting from 2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyl bromide 6 and 8-hydroxyquinoline 12 according to
Procedure B yield: 45% (44.0 mg), according to Procedure C yield:
51% (299.4 mg), product was obtained as a solid; m.p.: 134–138 °C;
[α]25

D = −57.0 (c = 1, CHCl3); HRMS (ESI-TOF): calcd for C24H28NO10

([M+H] + ): m/z 490.1713; found: m/z 490.1715; 1H NMR (400 MHz,
CDCl3): δ 2.03, 2.04, 2.06, 2.18 (4 s, 12H, CH3CO), 2.75 (s, 3H, CH3),
4.06 (ddd, 1H, J= 1.0 Hz, J= 6.6 Hz, J= 6.8 Hz, H-5Gal), 4.19 (dd,
1H, J= 6.6 Hz, J= 11.2 Hz, H-6aGal), 4.26 (dd, 1H, J= 6.8 Hz,
J= 11.2 Hz, H-6bGal), 5.16 (dd, 1H, J= 3.4 Hz, J= 10.5 Hz, H-3Gal),
5.39 (d, 1H, J= 8.0 Hz, H-1Gal), 5.47 (dd, 1H, J= 1.0 Hz, J= 3.4 Hz,
H-4Gal), 5.75 (dd, 1H, J= 8.0 Hz, J= 10.5 Hz, H-2Gal), 7.29 (d, 1H,
J= 8.4 Hz, H-3Chin), 7.34–7.41 (m, 2H, H-5Chin, H-7Chin), 7.51 (dd, 1H,
J= 2.1 Hz, J= 7.4 Hz, H-6Chin), 8.01 (d, 1H, J= 8.4 Hz, H-4Chin); 13C
NMR (100 MHz, CDCl3): δ 20.75, 20.77, 21.05, 25.66, 61.52, 67.16,
68.99, 71.03, 71.08, 101.51, 116.73, 122.49, 123.02, 125.45, 127.82,
135.99, 140.38, 152.42, 158.53, 169.74, 170.36, 170.40, 170.46.

4.2.1.5. 8-Quinolinyl-β-D-glucopyranoside 19. Starting from 2,3,4,6-
tetra-O-acetyl-β-D-glucopyranosyl bromide 5 and 8-hydroxyquinoline
11 according to Procedure A yield: 49% (45.1 mg). Starting from 8-
quinolinyl-tetra-O-acetyl-β-D-glucopyranoside 15 according to
Procedure D yield: 41% (73.1 mg), product was obtained as a solid;
m.p.: 193–196 °C; [α]25

D = −99.0 (c = 1.1, CH3OH/CHCl3 9:1); HRMS
(ESI-TOF): calcd for C15H18NO6 ([M+H] + ): m/z 308.1134; found: m/z
308.1132; 1H NMR (400 MHz, CD3OD): δ 3.45 (dd, 1H, J= 8.9 Hz,
J= 9.6 Hz, H-4Glu), 3.56 (dd, 1H, J= 8.9 Hz, J= 9.4 Hz, H-3Glu), 3.57
(ddd, 1H, J= 2.2 Hz, J= 6.0 Hz, J= 9.6 Hz, H-5Glu), 3.72 (dd, 1H,
J= 7.8 Hz, J= 9.4 Hz, H-2Glu), 3.73 (dd, 1H, J= 6.0 Hz, J= 12.0 Hz,
H-6bGlu), 3.96 (dd, 1H, J= 2.2 Hz, J= 12.0 Hz, H-6aGlu), 5.06 (d, 1H,
J= 7.8 Hz, H-1Glu), 7.49–7.60 (m, 4H, H-3Chin, H-5Chin, H-6Chin, H-
7Chin), 8.34 (dd, 1H, J= 1.7 Hz, J= 8.4 Hz, H-4Chin), 8.84 (dd, 1H,
J= 1.7 Hz, J= 4.3 Hz, H-2Chin); 13C NMR (100 MHz, CD3OD): δ 62.64,
71.58, 74.80, 77.26, 78.51, 103.17, 114.51, 122.60, 123.01, 128.46,
131.03, 138.47, 140.27, 150.24, 153.85.

4.2.1.6. 8-Quinolinyl-β-D-galactopyranoside 20. Starting from 2,3,4,6-
tetra-O-acetyl-β-D-galactopyranosyl bromide 6 and 8-
hydroxyquinoline 11 according to Procedure A yield: 34% (31.3 mg).
Starting from 8-quinolinyl-tetra-O-acetyl-β-D-galactopyranoside 16
according to Procedure D yield: 41% (73.1 mg), product was
obtained as a solid; m.p.: 200–205 °C; [α]25

D = −43.8 (c = 0.8,
CH3OH/CHCl3 9:1); HRMS (ESI-TOF): calcd for C15H18NO6 ([M
+H] + ): m/z 308.1134; found: m/z 308.1135; 1H NMR (400 MHz,
CD3OD): δ 3.67 (dd, 1H, J= 3.5 Hz, J= 9.9 Hz, H-3Gal), 3.77–3.89 (m,
3H, H-5Gal, H-6aGal, H-6bGal), 3.95 (d, 1H, J= 3.5 Hz, H-4Gal), 4.06 (dd,
1H, J= 7.7 Hz, J= 9.9 Hz, H-2Gal), 5.01 (d, J= 7.7 Hz, H-1Gal),
7.50–7.60 (m, 4H, H-3Chin, H-5Chin, H-6Chin, H-7Chin), 8.35 (dd, 1H,
J= 1.7 Hz, J= 8.4 Hz, H-4Chin), 8.85 (dd, 1H, J= 1.6 Hz, J= 4.3 Hz,
H-2Chin); 13C NMR (100 MHz, CD3OD): δ 62.57, 70.24, 72.12, 74.18,
77.40, 103.88, 114.59, 122.53, 122.97, 128.44, 130.98, 138.46,
140.24, 150.16, 153.88.

4.2.1.7. 2-Methyl-8-quinolinyl-β-D-glucopyranoside 21. Starting from
2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl bromide 5 and 8-
hydroxyquinaldine 12 according to Procedure A yield: 21%
(20.2 mg). Starting from 2-methyl-8-quinolinyl-tetra-O-acetyl-β-D-
glucopyranoside 17 according to Procedure D yield: 68% (124.7 mg),
product was obtained as a solid; m.p.: 206–210 °C; [α]24

D = −109.4
(c = 1, CH3OH/CHCl3 9:1); HRMS (ESI-TOF): calcd for C16H20NO6 ([M
+H] + ): m/z 322.1291; found: m/z 322.1293; 1H NMR (400 MHz,
CD3OD): δ 2.74 (s, 3H, CH3), 3.45 (dd, 1H, J= 8.8 Hz, J= 9.6 Hz, H-
4Glu), 3.54 (ddd, 1H, J= 2.3 Hz, J= 6.4 Hz, J= 9.6 Hz, H-5Glu), 3.56
(dd, 1H, J= 8.8 Hz, J= 9.4 Hz, H-3Glu), 3.71 (dd, 1H, J= 7.8 Hz,
J= 9.4 Hz, H-2Glu), 3.72 (dd, 1H, J= 6.4 Hz, J= 12.1 Hz, H-6aGlu),
3.95 (dd, 1H, J= 2.3 Hz, J= 12.1 Hz, H-6bGlu), 5.03 (d, J= 7.8 Hz, H-
1Glu), 7.41–7.48 (m, 3H, H-3Chin, H-5Chin, H-7Chin), 7.52 (dd, 1H,
J= 2.5 Hz, J= 7.0 Hz, H-6Chin), 8.19 (d, 1H, J= 8.5 Hz, H-4Chin); 13C
NMR (100 MHz, CD3OD): δ 24.56, 62.63, 71.54, 74.88, 77.41, 78.49,
103.39, 115.34, 122.74, 124.00, 127.37, 129.29, 138.55, 140.03,
153.24, 159.90.

4.2.1.8. 2-Methyl-8-quinolinyl-β-D-galactopyranoside 22. Starting from
2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl bromide 6 and 8-
hydroxyquinaldine 12 according to Procedure A yield: 29%
(27.9 mg). Starting from 2-methyl-8-quinolinyl-tetra-O-acetyl-β-D-
galactopyranoside 18 according to Procedure D yield: 66%
(121.1 mg), product was obtained as a solid; m.p.: 208–212 °C;
[α]25

D = −87.4 (c = 1, CH3OH/CHCl3 9:1); HRMS (ESI-TOF): calcd
for C16H20NO6 ([M+H] + ): m/z 322.1291; found: m/z 322.1292; 1H
NMR (400 MHz, CD3OD): δ 2.72 (s, 3H, CH3), 3.68 (dd, 1H, J= 3.4 Hz,
J= 9.8 Hz, H-3Gal), 3.75–3.88 (m, 3H, H-6aGal, H-5Gal, H-6bGal), 3.94
(d, 1H, J= 3.4 Hz, H-4Gal), 4.07 (dd, 1H, J= 7.8 Hz, J= 9.8 Hz, H-
2Gal), 4.97 (d, J= 7.8 Hz, H-1Gal), 7.38–7.52 (m, 4H, H-3Chin, H-5Chin,
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H-6Chin, H-7Chin), 8.17 (d, 1H, J= 8.5 Hz, H-4Chin); 13C NMR (100 MHz,
CD3OD): δ 24.55, 62.53, 70.20, 72.22, 74.34, 77.35, 104.09, 115.38,
122.69, 123.97, 127.35, 129.25, 138.52, 140.03, 153.31, 159.85.

4.2.2. Synthesis of glycoconjugates 23–30
To a solution of O-acetylated glycosyl azides 7 or 8 (0.5 mmol,

186.6 mg) or deprotected glycosyl azides 9 or 10 (0.5 mmol, 102.5 mg)
and 8-(2-propyn-1-yloxy)quinoline 13 (0.5 mmol, 91.5 mg) or 2-me-
thyl-8-(2-propyn-1-yloxy)quinoline 14 (0.5 mmol, 98.5 mg) in THF
(5 mL) : i-PrOH (5 mL), CuSO4·5H2O (0.1 mmol, 25.0 mg) dissolved in
H2O (2.5 mL) and sodium ascorbate (0.2 mmol, 39.6 mg) dissolved in
H2O (2.5 mL) were added to this mixture. The reaction mixture was
stirred for 24 h at room temperature. The reaction progress was mon-
itored on TLC in an eluents system CHCl3:MeOH (20:1 or 2:1). Mixture
was concentrated in vacuo and purified using column chromatography
(dry loading; toluene:AcOEt, 2:1 and CHCl3:MeOH, 100:1 for fully
protected glycoconjugates or CHCl3:MeOH, gradient: 50:1 to 2:1 for
glycoconjugates with unprotected sugar part) to give products 23–30.

4.2.2.1. 8-((1-(2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-
triazol-4-yl)methoxy)quinoline 23.. Starting from 2,3,4,6-tetra-O-acetyl-
β-D-glucopyranosyl azide 7 and 8-(2-propyn-1-yloxy)quinoline 13,
product was obtained as a solid. Yield: 99% (275.3 mg); m.p.:
162–164 °C; [α]25

D = −33.3 (c = 1.0, CHCl3); HRMS (ESI-TOF): calcd
for C26H29N4O10 ([M+H] + ): m/z 557.1884; found: m/z 557.1885; 1H
NMR (400 MHz, CDCl3): δ 1.80, 2.00, 2.05, 2.06 (4 s, 12H, CH3CO),
3.97 (ddd, 1H, J= 2.1 Hz, J= 5.0 Hz, J= 10.1 Hz, H-5Glu), 4.12 (dd,
1H, J= 2.1 Hz, J= 12.7 Hz, H-6aGlu), 4.23 (dd, 1H, J= 5.0 Hz,
J= 12.7 Hz, H-6bGlu), 5.21 (dd ∼ t, 1H, J= 9.6 Hz, J= 10.1 Hz, H-
4Glu), 5.36–5.43 (m, 2H, H-3Glu, H-2Glu), 5.54 i 5.59 (qAB, 2H,
J= 13.2 Hz, CH2), 5.85 (d, 1H, J= 9.1 Hz, H-1Glu), 7.25–7.27 (m,
1H, H-7Chin), 7.39–7.48 (m, 3H, H-3Chin, H-5Chin, H-6Chin), 7.98 (s, 1H,
H-5Triaz), 8.13 (dd, 1H, J= 1.5 Hz, J= 8.3 Hz, H-4Chin), 8.95 (dd, 1H,
J= 1.4 Hz, J= 4.0 Hz, H-2Chin); 13C NMR (100 MHz, CDCl3): δ 20.11,
20.50, 20.52, 20.68, 61.51, 62.76, 67.68, 70.34, 72.68, 75.12, 85.78,
110.10, 120.43, 121.69, 121.92, 126.65, 129.54, 135.99, 140.37,
144.80, 149.43, 153.80, 168.73, 169.27, 169.92, 170.50.

4.2.2.2. 8-((1-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl)-1H-1,2,3-
triazol-4-yl)methoxy)quinolone 24.. Starting from 2,3,4,6-tetra-O-
acetyl-β-D-galactopyranosyl azide 8 and 8-(2-propyn-1-yloxy)
quinoline 13, product was obtained as a solid. Yield: 76% (211.3 mg);
m.p.: 165–170 °C; [α]25

D = −24.0 (c = 1.0, CHCl3); HRMS (ESI-TOF):
calcd for C26H29N4O10 ([M+H] + ): m/z 557.1884; found: m/z
557.1884; 1H NMR (400 MHz, CDCl3): δ 1.83, 1.99, 2.03, 2.20 (4 s,
12H, CH3CO), 4.11 (dd, 1H, J= 6.3 Hz, J 11.1 Hz, H-6aGal), 4.17 (dd,
1H, J= 5.9 Hz, J= 11.1 Hz, H-6bGal), 4.20 (m, 1H, H-5Gal), 5.23 (dd,
1H, J= 3.3 Hz, J= 10.3 Hz, H-3Gal), 5.50–5.62 (m, 4H, H-2Gal, H-4Gal,
CH2), 5.83 (d, 1H, J= 9.3 Hz, H-1Gal), 7.27 (m, 1H, H-7Chin), 7.40–7.48
(m, 3H, H-3Chin, H-5Chin, H-6Chin), 8.06 (s, 1H, H-5Triaz), 8.14 (d, 1H,
J= 8.0 Hz, H-4Chin), 8.96 (d, 1H, J= 2.8 Hz, H-2Chin); 13C NMR
(100 MHz, CDCl3): δ 20.19, 20.47, 20.64, 61.25, 62.87, 66.86, 67.89,
70.83, 74.01, 86.29, 110.12, 120.40, 121.68, 121.99, 126.68, 129.53,
136.00, 140.40, 144.74, 149.43, 153.86, 168.85, 169.79, 169.98,
170.31.

4.2.2.3. 2-Methyl-8-((1-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1H-
1,2,3-triazol-4-yl)methoxy)quinolone 25.. Starting from 2,3,4,6-tetra-O-
acetyl-β-D-glucopyranosyl azide 7 and 2-methyl-8-(2-propyn-1-yloxy)
quinoline 14, product was obtained as a solid. Yield: 80% (228.1 mg);
m.p.: 195–200 °C; [α]25

D = −37.6 (c = 1.0, CHCl3); HRMS (ESI-TOF):
calcd for C27H31N4O10 ([M+H] + ): m/z 571.2040; found: m/z
571.2039; 1H NMR (400 MHz, CDCl3): δ 1.81, 2.01, 2.05, 2.07 (4 s,
12H, CH3CO), 2.86 (s, 3H, CH3), 3.98 (ddd, 1H, J= 2.1 Hz, J= 4.9 Hz,
J= 10.1 Hz, H-5Glu), 4.13 (dd, 1H, J= 2.1 Hz, J= 12.6 Hz, H-6aGlu),
4.27 (dd, 1H, J= 4.9 Hz, J= 12.6 Hz, H-6bGlu), 5.22 (dd ∼ t, 1H,

J= 9.3 Hz, J= 10.1 Hz, H-4Gal), 5.37–5.45 (m, 2H, H-3Gal, H-2Glu),
5.58 i 5.62 (qAB, 2H, J= 13.4 Hz, CH2), 5.85 (d, 1H, J= 9.0 Hz, H-
1Glu), 7.23–7.28 (m, 1H, H-7Chin), 7.34 (d, 1H, J= 8.4 Hz, H-3Chin),
7.37–7.41 (m, 2H, H-5Chin, H-6Chin), 8.06 (s, 1H, H-5Triaz), 8.07 (d, 1H,
J= 8.4 Hz, H-4Chin); 13C NMR (100 MHz, CDCl3): δ 20.11, 20.50, 20.52,
20.67, 25.39, 61.51, 63.18, 67.68, 70.33, 72.70, 75.11, 85.77, 111.15,
120.34, 122.06, 122.75, 125.98, 127.81, 136.86, 139.17, 145.02,
152.93, 158.31, 168.68, 169.28, 169.93, 170.51.

4.2.2.4. 2-Methyl-8-((1-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-1H-
1,2,3-triazol-4-yl)methoxy)quinolone 26.. Starting from 2,3,4,6-tetra-O-
acetyl-β-D-galactopyranosyl azide 8 and 2-methyl-8-(2-propyn-1-yloxy)
quinoline 14, product was obtained as a solid. Yield: 87% (248.0 mg);
m.p.: 178–183 °C; [α]25

D = −17.4 (c = 1.0, CHCl3); HRMS (ESI-TOF):
calcd for C27H31N4O10 ([M+H] + ): m/z 571.2040; found: m/z
571.2043; 1H NMR (400 MHz, CDCl3): δ 1.84, 1.99, 2.03, 2.20 (4 s,
12H, CH3CO), 2.83 (s, 3H, CH3), 4.10 (dd, 1H, J= 6.3 Hz, J= 10.6 Hz,
H-6aGal), 4.17 (dd, 1H, J= 5.9 Hz, J= 10.6 Hz, H-6bGal), 4.20 (m, 1H,
H-5Gal), 5.23 (dd, 1H, J= 3.3 Hz, J= 10.3 Hz, H-3Gal), 5.50–5.63 (m,
4H, H-2Gal, H-4Gal, CH2), 5.82 (d, 1H, J= 9.3 Hz, H-1Gal), 7.24 (dd, 1H,
J= 2.4 Hz, J= 6.5 Hz, H-7Chin), 7.33 (d, 1H, J= 8.2 Hz, H-3Chin),
7.37–7.41 (m, 2H, H-5Chin, H-6Chin), 8.04 (d, 1H, J= 8.2 Hz, H-4Chin),
8.08 (s, 1H, H-5Triaz); 13C NMR (100 MHz, CDCl3): δ 20.21, 20.48,
20.63, 20.65, 25.62, 61.22, 63.36, 66.86, 67.90, 70.86, 74.00, 86.31,
111.02, 120.37, 121.97, 122.66, 125.82, 127.79, 136.49, 138.71,
145.08, 153.25, 158.29, 168.81, 169.80, 169.98, 170.30.

4.2.2.5. 8-((1-(β-D-Glucopyranosyl)-1H-1,2,3-triazol-4-yl)methoxy)
quinoline 27.. Starting from β-D-glucopyranosyl azide 9 and 8-(2-
propyn-1-yloxy)quinoline 13, product was obtained as a solid. Yield:
83% (161.1 mg); m.p.: 213–218 °C; [α]25

D = −9.6 (c = 1.0, DMSO);
HRMS (ESI-TOF): calcd for C18H21N4O6 ([M+H] + ): m/z 389.1461;
found: m/z 389.1461; 1H NMR (400 MHz, DMSO): δ 3.26 (m, 1H, H-
2Glu), 3.37–3.50 (m, 3H, H-3Glu, H-4Glu, H-5Glu), 3.70 (m, 1H, H- 6aGlu),
3.83 (m, 1H, H-6bGlu), 4.71 (t, 1H, J= 5.9 Hz, 6-OH), 5.15 (d, 1H,
J= 5.5 Hz, OH), 5.27 (d, 1H, J= 4.9 Hz, OH), 5.35 (s, 2H, CH2) 5.43
(d, 1H, J= 6.0 Hz, OH), 5.61 (d, 1H, J= 9.3 Hz, H-1Glu), 7.44 (dd, 1H,
J= 4.7 Hz, J= 9.0 Hz, H-7Chin), 7.51–7.58 (m, 3H, H-3Chin, H-5Chin, H-
6Chin), 8.32 (dd, 1H, J= 2.0 Hz, J= 8.2 Hz, H-4Chin), 8.54 (s, 1H, H-
5Triaz), 8.82 (dd, 1H, J= 1.6 Hz, J= 4.3 Hz, H-2Chin); 13C NMR
(100 MHz, DMSO): δ 60.70, 61.64, 69.56, 72.02, 76.98, 80.01, 87.53,
109.73, 119.97, 121.86, 124.25, 126.75, 129.03, 135.78, 139.63,
142.45, 148.96, 153.87.

4.2.2.6. 8-((1-(β-D-Galactopyranosyl)-1H-1,2,3-triazol-4-yl)methoxy)
quinoline 28.. Starting from β-D-galactopyranosyl azide 10 and 8-(2-
propyn-1-yloxy)quinoline 13, product was obtained as a solid. Yield:
78% (151.4 mg); m.p.: 233–236 °C; [α]25

D = 6.0 (c = 1.0 DMSO); HRMS
(ESI-TOF): calcd for C18H21N4O6 ([M+H] + ): m/z 389.1461; found: m/
z 389.1459; 1H NMR (400 MHz, DMSO): δ 3.49–3.61 (m, 3H, H-3Gal, H-
2Gal, H-4Gal), 3.71–3.80 (m, 2H, H-5Gal, H-6aGal), 4.05–4.13 (m, 1H, H-
6bGal), 4.64 (d, 1H, J= 5.5 Hz, OH), 4.75 (t, 1H, J= 5.9 Hz, 6-OH),
5.02 (d, 1H, J= 5.5 Hz, OH), 5.29 (d, 1H, J= 6.0 Hz, OH), 5.36 (s, 2H,
CH2), 5.55 (d, 1H, J= 9.2 Hz, H-1Gal), 7.44 (dd, 1H, J= 4.4 Hz,
J= 7.4 Hz, H-7Chin), 7.51–7.58 (m, 3H, H-3Chin, H-5Chin, H-6Chin),
8.32 (dd, 1H, J= 1.8 Hz, J= 8.3 Hz, H-4Chin), 8.47 (s, 1H, H-5Triaz),
8.83 (dd, 1H, J= 1.8 Hz, J= 4.1 Hz, H-2Chin); 13C NMR (100 MHz,
DMSO): δ 60.51, 61.68, 68.54, 69.32, 73.69, 78.54, 88.15, 109.74,
119.96, 121.85, 123.76, 126.74, 129.03, 135.77, 139.64, 142.62,
148.97, 153.87.

4.2.2.7. 2-Methyl-8-((1-(β-D-glucopyranosyl)-1H-1,2,3-triazol-4-yl)
methoxy)quinolone 29.. Starting from β-D-glucopyranosyl azide 9 and 2-
methyl-8-(2-propyn-1-yloxy)quinoline 14, product was obtained as a
solid. Yield: 92% (185.0 mg); m.p.: 162–167 °C; [α]25

D = −20.4
(c = 1.0, DMSO); HRMS (ESI-TOF): calcd for C19H23N4O6 ([M
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+H] + ): m/z 403.1618; found: m/z 403.1618; 1H NMR (400 MHz,
DMSO): δ 2.62 (s, 3H, CH3), 3.21–3.50 (m, 4H, H-2Glu, H-3Glu, H-4Glu,
H-5Glu), 3.65–3.73 (m, 1H, H-6aGlu), 3.78–3.85 (m, 1H, , H-6bGlu), 4.67
(t, 1H, J= 5.5 Hz, 6-OH), 5.15 (d, 1H, J= 4.2 Hz, OH), 5.29 (bs, 1H,
OH), 5.35 (s, 2H, CH2), 5.43 (d, 1H, J= 5.8 Hz, OH), 5.60 (d, 1H,
J= 9.3 Hz, H-1Glu), 7.38–7.50 (m, 4H, H-3Chin, H-5Chin, H-6Chin, H-
7Chin), 8.19 (d, 1H, J= 8.4 Hz, H-4Chin), 8.54 (s, 1H, H-5Triaz); 13C NMR
(100 MHz, DMSO): δ 24.91, 60.68, 61.48, 69.53, 72.03, 76.96, 79.98,
87.51, 110.01, 119.81, 122.47, 124.31, 125.66, 127.32, 135.96,
139.11, 142.51, 153.37, 157.28.

4.2.2.8. 2-Methyl-8-((1-(β-D-galactopyranosyl)-1H-1,2,3-triazol-4-yl)
methoxy)quinoline 30.. Starting from β-D-galactopyranosyl azide 10 and
2-methyl-8-(2-propyn-1-yloxy)quinoline 14, product was obtained as a
solid. Yield: 56% (112.6 mg); m.p.: 206–211 °C; [α]25

D = −38.0
(c = 1.0, DMSO); HRMS (ESI-TOF): calcd for C19H23N4O6 ([M
+H] + ): m/z 403.1618; found: m/z 403.1624; 1H NMR (400 MHz,
DMSO): δ 2.63 (s, 3H, CH3), 3.47–3.60 (m, 3H, H-3Gal, H-2Gal, H-4Gal),
3.70–3.79 (m, 2H, H-6aGal, H-5Gal), 4.04–4.10 (m, 1H, H-6bGal), 4.63 (d,
1H, J= 5.4 Hz, OH), 4.72 (t, 1H, J= 5.8 Hz, 6-OH), 5.02 (d, 1H,
J= 5.6 Hz, OH), 5.28 (d, 1H, J= 6.0 Hz, OH), 5.36 (s, 2H, CH2), 5.54
(d, 1H, J= 9.2 Hz, H-1Gal), 7.38–7.50 (m, 4H, H-3Chin, H-5Chin, H-6Chin,
H-7Chin), 8.19 (d, 1H, J= 8.4 Hz, H-4Chin), 8.46 (s, 1H, H-5Triaz); 13C
NMR (100 MHz, DMSO): δ 24.90, 60.46, 61.50, 68.48, 69.29, 73.67,
78.49, 88.12, 110.02, 119.79, 122.45, 123.87, 125.63, 127.31, 135.94,
139.12, 142.63, 153.37, 157.26.

4.3. Biological assays

4.3.1. Bovine milk β-1,4-Galactosyltransferase I assay
β-1,4-GalT activity was assayed using UDP-Gal, a natural β-1,4-GalT

glycosyl donor type substrate, and (6-esculetinyl) β-D-glucopyranoside
(esculine) as glycosyl fluorescent acceptor. The reaction mixtures con-
tained reagents in the following final concentrations: 50 mM citrate
buffer (pH 5.4), 100 mM MnCl2, 20 mg/mL BSA, 2 mM esculine,
0.4 mM UDP-Gal and 10 μL MeOH or methanolic solution of potential
inhibitors 15–30 at 0.8 mM concentration. Assays were performed in a
total volume of 200 µL. The enzymatic reactions were started by the
addition of 8 mU β-1,4-GalT and incubated at 30 °C for 60 min. After
that, the reaction mixture was diluted with water to a volume of 500 μL
and then was placed in a thermoblock set at 90 °C for 3 min. After de-
naturation, the solutions were centrifuged at 10 °C for 30 min at
10,000 rpm. The supernatant was filtered using syringe filters (M.E.
Cellulose filter, Teknokroma®, 0.2 µm × 13 mm). The filtrate was in-
jected into RP-HPLC system. The percentage of inhibition was eval-
uated from the fluorescence intensity of the peaks referring to product
(6-esculetinyl) 4′-O-β-D-galactopyranosyl-β-D-glucopyranoside).

4.3.2. Cell lines
The culture media were purchased from EuroClone, HyClone, MP

Biomedicals and Pan Biotech. Fetal bovine serum (FBS) was delivered
by Eurx, Poland and Antibiotic Antimycotic Solution (100×) by Sigma-
Aldrich, Germany. The human cell line HeLa and MCF-7 were obtained
from collections at the Maria Sklodowska-Curie Memorial Cancer
Center and Institute of Oncology, branch in Gliwice, Poland, as kindly
gift from dr Monika Pietrowska and prof. Wiesława Widłak. Normal
Human Dermal Fibroblasts-Neonatal, NHDF-Neo were purchased from
LONZA (Cat. No. CC-2509; NHDF-Neo, Dermal Fibroblasts, Neonatal;
Lonza, Poland). HCT 116 and Hs683 were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA). U-251, PANC-1,
and AsPC-1 were bought from Sigma-Aldrich, Germany. The culture
media consisted of RPMI 1640 or DMEM + F12 medium, supplemented
with 10% or 12% fetal bovine serum and standard antibiotics.

4.3.3. MTT assay
A lifespan of the cells was assessed with an MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test (Sigma-
Aldrich). The cells were seeded in the 96-well plates with concentration
of 1 × 104 or 5 × 103 cells per well. The cells culture were incubated
for 24 h at 37 °C in a humidified atmosphere of 5% CO2. Then the
culture medium was removed, replaced with solution of the tested
compounds in medium and incubated for further 24 h or 72 h. After
that, medium was removed and the MTT solution (50 µL, 0.5 mg/mL in
RPMI 1640 without phenol red) was added. After 3 h of incubation, the
MTT solution was removed and the acquired formazan was dissolved in
isopropanol:HCl system. Finally, the absorbance at the 570 nm wave
length was measured spectrophotometrically with the plate reader. The
experiment was conducted in three independent iterations with four
technical repetitions. Tests were conducted at concentrations tested
compounds range from 0.01 mM to 0.8 mM solutions. For the most
active compounds IC50 values were calculated using CalcuSyn. The IC50

parameter was defined as the compound concentration that was ne-
cessary to reduce the proliferation of cells to 50% of the untreated
control.

4.3.4. MTS assay
The antiproliferative activity of selected compounds was tested on

glioblastoma (U-251 and Hs683) and pancreatic cancer (PANC-1 and
AsPC-1) cell lines with the MTS assay (Promega). The cells at con-
centration 5 × 103 per well were seeded into 96-well plates and cul-
tured for 24 h under standard conditions (37 °C in a humidified atmo-
sphere of 5% CO2). After this time, medium was removed and supplied
solutions of tested compounds with varying concentrations. The cell
were incubated for 72 h. After this time the medium had been changed
for 100 μL one without phenol red, 20 μL MTS dye [3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium], and incubated for 1 h (in case of PANC-1 for 3 h). The
optical product were qualitatively determined by measurement of the
absorbance at 490 nm. The results were calculated as IC50 values using
GraphPad Prism 5. Each experiment in triplicate was repeated at least
three times.
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Abstract: Small molecule nitrogen heterocycles are very important structures, widely used in the
design of potential pharmaceuticals. Particularly, derivatives of 8-hydroxyquinoline (8-HQ) are
successfully used to design promising anti-cancer agents. Conjugating 8-HQ derivatives with
sugar derivatives, molecules with better bioavailability, selectivity, and solubility are obtained.
In this study, 8-HQ derivatives were functionalized at the 8-OH position and connected with sugar
derivatives (D-glucose or D-galactose) substituted with different groups at the anomeric position,
using copper(I)-catalyzed 1,3-dipolar azide-alkyne cycloaddition (CuAAC). Glycoconjugates were
tested for inhibition of the proliferation of cancer cell lines (HCT 116 and MCF-7) and inhibition
of β-1,4-galactosyltransferase activity, which overexpression is associated with cancer progression.
All glycoconjugates in protected form have a cytotoxic effect on cancer cells in the tested concentration
range. The presence of additional amide groups in the linker structure improves the activity of
glycoconjugates, probably due to the ability to chelate metal ions present in many types of cancers.
The study of metal complexing properties confirmed that the obtained glycoconjugates are capable of
chelating copper ions, which increases their anti-cancer potential.

Keywords: quinoline; glycoconjugates; click reaction; 1,3-dipolar cycloaddition; chelators; anticancer
properties

1. Introduction

Cancer is one of the biggest problems in modern medicine and one of the main causes of death in
the world. The high toxicity of drugs and the growing resistance of cancer cells to a significant number
of pharmaceuticals increasingly limit the possibility of obtaining successful results of anti-cancer therapy.
Therefore, it is necessary to search for new, effective chemotherapeutics characterized by low toxicity
and high selectivity profile. Analysis of the Food and Drug Administration (FDA) database revealed
that of the novel approved drugs for oncology in 2018, 7 are biologicals and 13 are small-molecules
drugs. Importantly, all of the newly reported chemotherapeutics contain an N-heterocyclic fragment in
their structure [1]. Small molecule nitrogen heterocycles are very important structures, widely used
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in the design of potential pharmaceuticals for several years [2]. Among them, the quinoline scaffold,
which is present in many classes of biologically active compounds, deserves special attention [3–6].
The quinoline scaffold is often used as a privileged structure in the design of a large number of
structurally diverse molecules that exhibit promising pharmacological effects. Particularly, derivatives
of 8-hydroxyquinoline (8-HQ) are successfully applied to design chemotherapeutics used in the treatment
of bacterial [7–9], fungal [10,11] and neurodegenerative diseases [12,13]. An important element of
8-HQ biological activity is the ability to chelate metal ions, which makes 8-HQ a promising anti-cancer
agent [14–16].

Transition metal ions, including Fe2+, Cu2+, and Zn2+ play a significant role in the human organism.
They affect the proper course of many key cellular processes. Therefore, it is important to maintain
homeostasis. Incorrect metabolism of the above microelements may contribute to the development of
many diseases [17,18]. There are several strategies for controlling the proper level of metals within cells
and tissues. For this purpose, a common strategy is the use of chelators or ionophores. Chelating agents
are successfully used to remove excess metal ions from the body. Whereas, ionophores are used to
transport metal ions via cell membrane in both directions [18,19]. Copper is one of the transition metals
which complex compounds have been intensively studied in recent years for anticancer applications.
As is well known, copper is an essential cofactor for cancer growth and angiogenesis. Numerous
studies have shown that an elevated level of copper is directly correlated with cancer progression.
Additionally, copper concentration correlated with the age of patients and the stage of cancer [20–24].
Excess of copper ions was found in the serum and tissues of patients with, among others: breast [24,25],
prostate [26,27], colorectal [28], lung [29] and brain [30] cancers, compared to healthy people. These
observations suggest that copper ions may be one of the selective targets for cancer treatment [20,31–33].

Among the known copper chelators include tetrathiomolybdate, trientine, and D-penicillamine
primarily used to treat Wilson′s disease [34]. Clinical studies have shown that these compounds are
effective in inhibiting the angiogenesis of some types of cancer [35–41]. The literature also reports on
the use of 8-HQ derivatives as copper chelators. Due to the presence of free electron pairs on nitrogen
and oxygen atoms of 8-HQ, they have the ability to complex Cu2+ ions, forming chelates, which are
then removed from the body [14–16,42,43]. However, metal ions play an important role in many
cellular processes, including those necessary for the proper functioning of the organism. Therefore,
traditional chelators can cause a deficiency of copper in healthy tissues. The consequence of the lack
of selectivity in directing drugs to a specific site of action may be undesirable side effects resulting
from the implemented anticancer therapy. That is why the aim of many researchers is to develop more
selective and safer drugs. Therefore, an ideal anti-cancer drug should be selective for cancer cells,
thereby alleviating the undesirable toxic effects of chemotherapy.

During designing new drugs, it is very important to know and use the differences between
cancer cells and healthy cells. One such difference is the specific metabolism of glucose in cancer cells.
It has been proven that cancer cells have an increased demand for glucose compared to healthy cells,
which metabolizes it to obtain the energy needed to increase proliferation. This provides the cells
with a sufficient amount of nutrients and energy to carry out the processes taking place during the
cell cycle. This phenomenon is known as the Warburg effect and arises from mitochondrial metabolic
changes. It consists in the fact that cancer cells produce their energy through glycolysis followed
by lactic acid fermentation, characteristic of hypoxic conditions, and its level is much higher (more
than a hundred times) than in healthy cells, for which the main source of energy is mitochondrial
oxidative phosphorylation [44,45]. Increased glycolysis process in cancer cells is associated with the
overexpression of GLUT transporters. There are special proteins that mediate the transfer of sugars
across cell membranes [46–48]. Therefore, sugars are an attractive system for transporting drugs
directly to cancer cells. The strategy of conjugating sugar derivatives with biological active aglycons
is widely used in research on the synthesis of new drugs, supporting the treatment against various
diseases [49]. The chelating functions of glycoconjugates are masked by the presence of a sugar unit
until the release of active aglycon in the target cells, occurring as a result of hydrolysis catalyzed by
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specific β-glycosidases [50]. Consequently, drug interference in the glycolytic pathway should be
effective and more selective for cancer cells.

As a result of conjugating 8-HQ derivatives with sugar derivatives, a molecule with better
bioavailability, selectivity and solubility can be obtained [50–53]. Considering the potential therapeutic
application of planned connections, this synthesis must be simple, fast, selective and efficient.
An example of a reaction that meets these criteria is the reaction of 1,3-dipolar azide-alkyne cycloaddition,
which leads to receiving the 1,2,3-triazole ring between joined compounds.

We have recently shown that the 1,2,3-triazole ring is an important element for glycoconjugate
activity [54] (Figure 1). Except for the role of a connection between two active groups, it also has other
interesting properties. The H-C(5) atom in the triazole ring is a donor for a hydrogen bond, while
the free electron pair at the N(3) atom in the triazole can be used as an acceptor in the formation of a
hydrogen bond. Their tendency to form hydrogen bonds increases the solubility of such molecules,
which favor binding to biomolecular targets [55]. The aim of present work is to extend the library
of such combinations. The general structure of the planned glycoconjugates is shown in Figure 2.
It was decided to reverse the direction of linking reactive moieties compared to the previously reported
glycoconjugates [54], consisting of sugar azides and propargyl derivatives of 8-HQ (Figure 1) and
see how this will affect the activity of glycoconjugates. In addition, it was decided to check how the
structure modification of the linker of the quinoline glycoconjugates affects their biological properties.
It was assumed that an extension of the alkyl chain between the triazole ring and quinoline or sugar part
should increase the “flexibility” of the obtained compounds, which may affect the cytotoxicity profile of
the molecules. Moreover, insertion into a linker an additional amide or carbamate bonds, the presence
of which is observed in many biologically active compounds should improve glycoconjugates chelating
ability [56]. Therefore, it was decided to check whether the addition of this structural element to
quinoline glycoconjugates will improve their activity compared to previously obtained derivatives.
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A multiplicity of structural modifications in building blocks for the synthesis of glycoconjugates
and their combination in various configurations will allow determining the relationships between
the chemical structure of this group of compounds and their biological activity. This will allow also
identifying those specific structural elements that are responsible for demonstrating biological activity.
This is important information from the point of view of the mechanisms of action of designed structures.

2. Results and Discussion

2.1. Synthesis

As mentioned above, the synthetic aim of this work was to create a large library of compounds based
on the 8-HQ scaffold with a sugar fragment attached via an appropriate linker. Target glycoconjugates
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were obtained by modifying commercially available 8-hydroxyquinoline 1 or 8-hydroxyquinaldine 2,
and then connecting them with derivatives of D-glucose or D-galactose substituted with different groups
at the anomeric position. A common feature of all glycoconjugates is the presence of a 1,2,3-triazole
ring in the linker structure. This improves their cytotoxic activity, probably by increasing the ability to
metal ions chelation found in many types of cancers [54,55]. In addition, the used substrates have a
relatively small size and are easy to modify, which makes them particularly interesting from the point
of view of using them to design potential drugs.

The first part of the synthesis concerned the preparation of the corresponding quinoline derivatives
functionalized in the 8-OH position with propargyl or azide groups, that are involved in the click
chemistry reaction. The path of the syntheses is presented in Scheme 1.
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Propargyl quinoline derivatives 3 or 4 were obtained in good yields (88% and 73% respectively),
according to the previously published procedure [54,57]. The corresponding compound 1 or 2 was
reacted with propargyl bromide in a reaction carried out under basic conditions. The first approach
to the synthesis of 8-(2-azidoethoxy)quinolone 5 was the reaction of 8-HQ 1 with 2-bromoethanol
to obtain 8-(2-hydroxyethoxy)quinoline. The obtained alcohol was treated with methanesulfonyl
or p-toluenesulfonyl chloride in the presence of a non-nucleophilic base (TEA) followed by sodium
azide in DMF. However, the formation of the expected product 5 was no observed. Also in case of
lengthening the alkyl chain of the donor, the desired products 6–10 could not be obtained. Treatment of
8-(2-hydroxyethoxy)quinoline by azidotrimethylsilane (TMSN3) in the presence of Lewis acid also did
not give the expected products. The application of the Appel reaction conditions, in which the alcohol
reacts with carbon tetrachloride in the presence of triphenylphosphine also not allowed to obtain the
desired products. Instead, spectroscopic data (HRMS) confirmed the formation of a resonance-stabilized
structure of the tricyclic oxazaquinolinium salts 5a–10a [58]. Finally, to obtain compounds 5–10,
a reaction of quinoline derivatives 1 or 2 with 1-azido-2-bromoethane, 1-azido-3-bromopropane or
1-azido-4-bromobutane as donors of desired groups was carried out. These donors were previously
obtained by monoazidation of the corresponding dibromoalkane with NaN3 in DMF [59]. The optimal
yield of the desired products was obtained by carrying out the reaction at 50 ◦C, using an equimolar
ratio of substrates. Except for the monosubstituted derivatives (50% yields), diazidesubstituted
derivatives (25% yield) were also obtained (the yield was estimated by 1H NMR).

Sugar derivatives substituted at the anomeric position were a second necessary structural element
for the synthesis of glycoconjugates. The synthesis route to the corresponding protected and deprotected
derivatives of D-glucose and D-galactose are shown in Schemes 2–4. The choice of sugar units is
dictated by the frequency of their occurrence and their importance for cell metabolism. The procedure



Molecules 2019, 24, 4181 5 of 40

for obtaining 2,3,4,6-tetra-O-acetyl-β-d-glycopyranosyl amines 19 and 20 has been described in detail
in earlier works [51,54,60] (Scheme 2).Molecules 2019, 24, x FOR PEER REVIEW 5 of 41 
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mixture was diluted with dichloromethane and extracted with NaHCO3 and brine to wash off the 
acid. The acetyl neighboring-group participation at the C-2 position of the sugar ensured the 
formation of an intermediate acyloxonium ion, which for steric reasons could be “attacked” by a 
nucleophile only from the opposite side, resulting in only products of the β-configuration. This is 
confirmed by the large coupling constant from the H-1 proton equal J = 8.0 Hz observed in the 1H 
NMR spectra for compounds 21–22 and 25–26. As a result, propargyl 
2,3,4,6-tetra-O-acetyl-β-D-glycopyranosides 21 and 22 were obtained in good yields (89% and 83% 
respectively), whereas 2-bromoethyl 2,3,4,6-tetra-O-acetyl-β-D-glycopyranosides 25 and 26 were 
obtained in slightly lower yields (76% and 71% respectively). 2-Azidoethyl 
2,3,4,6-tetra-O-acetyl-β-D-glycopyranosides 27 and 28 were obtained by substituting bromine by 
sodium azide in the reaction carried out in DMF in almost quantitative yield. Confirmation of 
bromine exchange to the azide moiety was the appearance in the 13C NMR spectra of the signal of 
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Sugar derivatives in which the alkynyl or azide moiety was introduced by the formation of an
O-glycosidic linkage were prepared by reacting per-O-acetylated D-glucose 13 or D-galactose 14 with
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propargyl alcohol or 2-bromoethanol in the presence of a Lewis acid as a catalyst (Scheme 3) [61,62].
The reactions were carried out in an anhydrous DCM in the presence of boron trifluoride etherate
until the complete conversion of the substrate, which was monitored by TLC. The reaction mixture
was diluted with dichloromethane and extracted with NaHCO3 and brine to wash off the acid.
The acetyl neighboring-group participation at the C-2 position of the sugar ensured the formation of
an intermediate acyloxonium ion, which for steric reasons could be “attacked” by a nucleophile only
from the opposite side, resulting in only products of the β-configuration. This is confirmed by the
large coupling constant from the H-1 proton equal J = 8.0 Hz observed in the 1H NMR spectra for
compounds 21–22 and 25–26. As a result, propargyl 2,3,4,6-tetra-O-acetyl-β-D-glycopyranosides
21 and 22 were obtained in good yields (89% and 83% respectively), whereas 2-bromoethyl
2,3,4,6-tetra-O-acetyl-β-D-glycopyranosides 25 and 26 were obtained in slightly lower yields (76% and
71% respectively). 2-Azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-glycopyranosides 27 and 28 were obtained
by substituting bromine by sodium azide in the reaction carried out in DMF in almost quantitative
yield. Confirmation of bromine exchange to the azide moiety was the appearance in the 13C NMR
spectra of the signal of CH2N3 carbon with a shift of about δ = 50.55 ppm for 27 and 50.60 ppm for 28,
while the signal of CH2Br carbon was observed at about δ = 29.83 ppm for 25 and 29.91 ppm for 26.

In the next step, sugar derivatives containing an amide or a carbamate moiety at the sugar
anomeric position were obtained by several-step synthesis presented in Scheme 4.

Derivatives of 2,3,4,6-tetra-O-acetyl-N-(β-D-glycopyranosyl)azidoacetamide 33, 34 were obtained
in two-steps procedure. 1-Aminosugars 19 or 20 were reacted with chloroacetyl chloride in the presence
of TEA, which neutralized the formed of hydrogen chloride. This approach eliminates the use of
toxic SnCl4 and tin metal to reduce glycopyranosyl azides, which has been described as a method for
the synthesis of N-glycopyranosyl chloroacetamides [63]. In the second step, the terminal chlorine
atom in compounds 31 and 32 was exchanged with an azide group by a nucleophilic substitution
reaction with sodium azide in dry DMF. The structures of the obtained products were confirmed on
the basis of NMR spectra analysis. In this case, the characteristic carbon signal of CH2N3 located at
δ = 52.59 ppm for 33 and 52.61 ppm for 34 in 13C NMR spectra was shifted from δ = 42.25 ppm and
42.26 ppm corresponding to chloroacetamide derivatives 31 and 32.

In turns, structures 37 and 38 were obtained in the reaction of 1-amino sugars 19 or 20 with
propargylic acid. In these reactions activating the non-reactive carboxyl group seems to be necessary.
Of the many ways to form an amide bond, initially, it was decided to use the method developed
by Kaminski and co-workers [64]. This method involves creating so-called superactive ester 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) in situ in reaction between
2-chloro-4,6-disubstituted-1,3,5-triazines (CDMT) and N-methylmorpholine (NMM). It turned out that
as a result of this reaction, only traces of expected products were formed. In the next approach,
the carbodiimide method was used to the condensation reaction using DCC as a coupling agent [65].
The reaction was carried out in DCM in which the isolated DCU is insoluble and could be separated from
the reaction mixture by filtration. As a result, 2,3,4,6-tetra-O-acetyl-N-(β-d-glycopyranosyl)propiolamides
37 and 38 were obtained in high yields (90% and 77% respectively).

In order to obtain sugar derivatives containing a carbamate group at the sugar anomeric position,
reactions of 1-amino sugars 19 and 20 with propargyl chloroformate, which is a reactive acylating agent,
were also carried out. This reaction requires the presence of a tertiary amine in the reaction medium
to entrap the formed HCl and avoid conversion of the amine into its non-reactive hydrochloride
salt [66]. However, the use of TEA gave only moderate yield, while the replacement of TEA with
N,N-diisopropylethylamine allowed obtaining the desired products 41 and 42 in high yields (81% and
88% respectively).

The ester type protecting groups in the sugar part increase the lipophilicity of glycoconjugates
and improved its passive transport inside the cell, where are enzymes capable of hydrolyzing them.
However, for some biological studies, it is also necessary to use compounds with unprotected hydroxyl
groups. The removal of the acetyl protecting groups from sugars was carried out according to the classic
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Zemplén protocol under alkaline conditions using a solution of sodium methoxide in methanol (0.2
molar equiv.) [67]. The final step was to neutralize the reaction mixture with the use of Amberlyst-15
ion exchange resin, after which the mixture was filtered to give compounds 23, 24, 29, 30, 35, 36, 39, 40,
43, 44 sufficiently pure for further reactions.

For the preparation of glycoconjugates, the obtained protected or deprotected derivatives of
D-glucose or D-galactose were combined with derivatives of 8-HQ using copper(I)-catalyzed 1,3-dipolar
azide-alkyne cycloaddition (CuAAC) [68,69]. A general scheme for the synthesis of glycoconjugates is
shown in Scheme 5. The reactants were combined in an equimolar ratio in a THF/i-PrOH/H2O solvent
system at room temperature. As the source of copper ions, CuSO4·5H2O was used. Whereas, sodium
ascorbate (NaAsc) was a reducing agent for Cu ions from II for the I oxidation stage. Due to the
using Cu(I) as a catalyst, the reaction was carried out at room temperature and only 1,4-disubstituted
1,2,3-triazoles were obtained. It is worth noting that both protected and deprotected sugar derivatives
can be used for this reaction. This eliminates the need for a final deprotection of glycoconjugates, which
could adversely affect the yields of the unprotected products. The crude products of these reactions were
purified by column chromatography. As a result of the CuAAC reaction, glycoconjugates 45–108 were
obtained with the yields shown in the Tables 1–5. The structure of substrates for CuAAC reactions and
all obtained glycoconjugates were confirmed by 1H and 13C NMR spectroscopy. For glycoconjugates,
HRMS analyses were also performed. All these data are included in the Supplementary Materials.
The physicochemical properties, such as melting point and optical rotation, were also determined.
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2.2. Biological Studies

2.2.1. Cytotoxicity Evaluation of Glycoconjugates

Glycoconjugates have been tested for their potential anticancer activity in vitro. For this purpose,
the whole range of obtained glycoconjugates and substrates used for their synthesis were subjected to
a cytotoxicity screening using MTT assay on cell lines: HCT 116 (colorectal carcinoma cell line) and
MCF-7 (human breast adenocarcinoma cell line). In these lines, overexpression of the glucose and
galactose transporters was observed [49,70–73]. For compounds presenting the highest antiproliferative
activity within the cancer cell line, cytotoxicity tests on Normal Human Dermal Fibroblast-Neonatal
cells (NHDF-Neo) were also be performed, to determine their selectivity index. Tests were conducted
for glycoconjugates solutions at concentrations ranging from 0.01 mM to 0.8 mM. The determined
IC50 values, defined as 50% cell growth inhibition compared to the untreated control, are shown in
Tables 6 and 7). The effect of the length and structure of the linker connecting quinoline with the sugar
fragment for the activity of glycoconjugates was investigated.
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Table 1. Yields of glycoconjugates 45–68.
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Structure

Molecules 2019, 24, x FOR PEER REVIEW 8 of 41 

 

General Structure 

 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%] 
45 Ac OAc H H 

2 

5 21 73 
46 Ac H OAc H 5 22 74 
47 Ac OAc H CH3 8 21 100 
48 Ac H OAc CH3 8 22 71 
49 H OH H H 5 23 95 
50 H H OH H 5 24 67 
51 H OH H CH3 8 23 88 
52 H H OH CH3 8 24 78 
53 Ac OAc H H 

3 

6 21 100 
54 Ac H OAc H 6 22 100 
55 Ac OAc H CH3 9 21 65 
56 Ac H OAc CH3 9 22 77 
57 H OH H H 6 23 100 
58 H H OH H 6 24 76 
59 H OH H CH3 9 23 87 
60 H H OH CH3 9 24 65 
61 Ac OAc H H 

4 

7 21 96 
62 Ac H OAc H 7 22 93 
63 Ac OAc H CH3 10 21 92 
64 Ac H OAc CH3 10 22 100 
65 H OH H H 7 23 72 
66 H H OH H 7 24 90 
67 H OH H CH3 10 23 76 
68 H H OH CH3 10 24 66 

Table 2. Yields of glycoconjugates 69–76. 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
69 Ac OAc H H 3 27 78 
70 Ac H OAc H 3 28 62 
71 Ac OAc H CH3 4 27 97 
72 Ac H OAc CH3 4 28 77 
73 H OH H H 3 29 62 
74 H H OH H 3 30 55 
75 H OH H CH3 4 29 58 
76 H H OH CH3 4 30 59 

Table 3. Yields of glycoconjugates 77–84. 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%]

45 Ac OAc H H

2

5 21 73
46 Ac H OAc H 5 22 74
47 Ac OAc H CH3 8 21 100
48 Ac H OAc CH3 8 22 71
49 H OH H H 5 23 95
50 H H OH H 5 24 67
51 H OH H CH3 8 23 88
52 H H OH CH3 8 24 78

53 Ac OAc H H

3

6 21 100
54 Ac H OAc H 6 22 100
55 Ac OAc H CH3 9 21 65
56 Ac H OAc CH3 9 22 77
57 H OH H H 6 23 100
58 H H OH H 6 24 76
59 H OH H CH3 9 23 87
60 H H OH CH3 9 24 65

61 Ac OAc H H

4

7 21 96
62 Ac H OAc H 7 22 93
63 Ac OAc H CH3 10 21 92
64 Ac H OAc CH3 10 22 100
65 H OH H H 7 23 72
66 H H OH H 7 24 90
67 H OH H CH3 10 23 76
68 H H OH CH3 10 24 66

Table 2. Yields of glycoconjugates 69–76.

General
Structure

Molecules 2019, 24, x FOR PEER REVIEW 8 of 41 

 

General Structure 

 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%] 
45 Ac OAc H H 

2 

5 21 73 
46 Ac H OAc H 5 22 74 
47 Ac OAc H CH3 8 21 100 
48 Ac H OAc CH3 8 22 71 
49 H OH H H 5 23 95 
50 H H OH H 5 24 67 
51 H OH H CH3 8 23 88 
52 H H OH CH3 8 24 78 
53 Ac OAc H H 

3 

6 21 100 
54 Ac H OAc H 6 22 100 
55 Ac OAc H CH3 9 21 65 
56 Ac H OAc CH3 9 22 77 
57 H OH H H 6 23 100 
58 H H OH H 6 24 76 
59 H OH H CH3 9 23 87 
60 H H OH CH3 9 24 65 
61 Ac OAc H H 

4 

7 21 96 
62 Ac H OAc H 7 22 93 
63 Ac OAc H CH3 10 21 92 
64 Ac H OAc CH3 10 22 100 
65 H OH H H 7 23 72 
66 H H OH H 7 24 90 
67 H OH H CH3 10 23 76 
68 H H OH CH3 10 24 66 

Table 2. Yields of glycoconjugates 69–76. 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
69 Ac OAc H H 3 27 78 
70 Ac H OAc H 3 28 62 
71 Ac OAc H CH3 4 27 97 
72 Ac H OAc CH3 4 28 77 
73 H OH H H 3 29 62 
74 H H OH H 3 30 55 
75 H OH H CH3 4 29 58 
76 H H OH CH3 4 30 59 

Table 3. Yields of glycoconjugates 77–84. 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%]

69 Ac OAc H H 3 27 78
70 Ac H OAc H 3 28 62
71 Ac OAc H CH3 4 27 97
72 Ac H OAc CH3 4 28 77
73 H OH H H 3 29 62
74 H H OH H 3 30 55
75 H OH H CH3 4 29 58
76 H H OH CH3 4 30 59



Molecules 2019, 24, 4181 9 of 40

Table 3. Yields of glycoconjugates 77–84.

General
Structure

Molecules 2019, 24, x FOR PEER REVIEW 9 of 41 

 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
77 Ac OAc H H 3 33 67 
78 Ac H OAc H 3 34 74 
79 Ac OAc H CH3 4 33 81 
80 Ac H OAc CH3 4 34 78 
81 H OH H H 3 35 60 
82 H H OH H 3 36 58 
83 H OH H CH3 4 35 61 
84 H H OH CH3 4 36 78 

Table 4. Yields of glycoconjugates 85–100. 

General Structure 

 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%] 
85 Ac OAc H H 

2 

5 37 85 
86 Ac H OAc H 5 38 86 
87 Ac OAc H CH3 8 37 87 
88 Ac H OAc CH3 8 38 88 
89 H OH H H 5 39 89 
90 H H OH H 5 40 90 
91 H OH H CH3 8 39 91 
92 H H OH CH3 8 40 92 
93 Ac OAc H H 

3 

6 37 93 
94 Ac H OAc H 6 38 94 
95 Ac OAc H CH3 9 37 95 
96 Ac H OAc CH3 9 38 96 
97 H OH H H 6 39 97 
98 H H OH H 6 40 98 
99 H OH H CH3 9 39 99 

100 H H OH CH3 9 40 100 

Table 5. Yields of glycoconjugates 101–108. 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
101 Ac OAc H H 6 41 94 
102 Ac H OAc H 6 42 90 
103 Ac OAc H CH3 9 41 68 
104 Ac H OAc CH3 9 42 64 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%]

77 Ac OAc H H 3 33 67
78 Ac H OAc H 3 34 74
79 Ac OAc H CH3 4 33 81
80 Ac H OAc CH3 4 34 78
81 H OH H H 3 35 60
82 H H OH H 3 36 58
83 H OH H CH3 4 35 61
84 H H OH CH3 4 36 78

Table 4. Yields of glycoconjugates 85–100.

General
Structure

Molecules 2019, 24, x FOR PEER REVIEW 9 of 41 

 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
77 Ac OAc H H 3 33 67 
78 Ac H OAc H 3 34 74 
79 Ac OAc H CH3 4 33 81 
80 Ac H OAc CH3 4 34 78 
81 H OH H H 3 35 60 
82 H H OH H 3 36 58 
83 H OH H CH3 4 35 61 
84 H H OH CH3 4 36 78 

Table 4. Yields of glycoconjugates 85–100. 

General Structure 

 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%] 
85 Ac OAc H H 

2 

5 37 85 
86 Ac H OAc H 5 38 86 
87 Ac OAc H CH3 8 37 87 
88 Ac H OAc CH3 8 38 88 
89 H OH H H 5 39 89 
90 H H OH H 5 40 90 
91 H OH H CH3 8 39 91 
92 H H OH CH3 8 40 92 
93 Ac OAc H H 

3 

6 37 93 
94 Ac H OAc H 6 38 94 
95 Ac OAc H CH3 9 37 95 
96 Ac H OAc CH3 9 38 96 
97 H OH H H 6 39 97 
98 H H OH H 6 40 98 
99 H OH H CH3 9 39 99 

100 H H OH CH3 9 40 100 

Table 5. Yields of glycoconjugates 101–108. 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
101 Ac OAc H H 6 41 94 
102 Ac H OAc H 6 42 90 
103 Ac OAc H CH3 9 41 68 
104 Ac H OAc CH3 9 42 64 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%]

85 Ac OAc H H

2

5 37 85
86 Ac H OAc H 5 38 86
87 Ac OAc H CH3 8 37 87
88 Ac H OAc CH3 8 38 88
89 H OH H H 5 39 89
90 H H OH H 5 40 90
91 H OH H CH3 8 39 91
92 H H OH CH3 8 40 92

93 Ac OAc H H

3

6 37 93
94 Ac H OAc H 6 38 94
95 Ac OAc H CH3 9 37 95
96 Ac H OAc CH3 9 38 96
97 H OH H H 6 39 97
98 H H OH H 6 40 98
99 H OH H CH3 9 39 99

100 H H OH CH3 9 40 100

Table 5. Yields of glycoconjugates 101–108.

General
Structure

Molecules 2019, 24, x FOR PEER REVIEW 9 of 41 

 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
77 Ac OAc H H 3 33 67 
78 Ac H OAc H 3 34 74 
79 Ac OAc H CH3 4 33 81 
80 Ac H OAc CH3 4 34 78 
81 H OH H H 3 35 60 
82 H H OH H 3 36 58 
83 H OH H CH3 4 35 61 
84 H H OH CH3 4 36 78 

Table 4. Yields of glycoconjugates 85–100. 

General Structure 

 

Product R1 R2 R3 R4 n 8-HQ Derivative Sugar Derivative Yield [%] 
85 Ac OAc H H 

2 

5 37 85 
86 Ac H OAc H 5 38 86 
87 Ac OAc H CH3 8 37 87 
88 Ac H OAc CH3 8 38 88 
89 H OH H H 5 39 89 
90 H H OH H 5 40 90 
91 H OH H CH3 8 39 91 
92 H H OH CH3 8 40 92 
93 Ac OAc H H 

3 

6 37 93 
94 Ac H OAc H 6 38 94 
95 Ac OAc H CH3 9 37 95 
96 Ac H OAc CH3 9 38 96 
97 H OH H H 6 39 97 
98 H H OH H 6 40 98 
99 H OH H CH3 9 39 99 

100 H H OH CH3 9 40 100 

Table 5. Yields of glycoconjugates 101–108. 

General Structure 

 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%] 
101 Ac OAc H H 6 41 94 
102 Ac H OAc H 6 42 90 
103 Ac OAc H CH3 9 41 68 
104 Ac H OAc CH3 9 42 64 

Product R1 R2 R3 R4 8-HQ Derivative Sugar Derivative Yield [%]

101 Ac OAc H H 6 41 94
102 Ac H OAc H 6 42 90
103 Ac OAc H CH3 9 41 68
104 Ac H OAc CH3 9 42 64
105 H OH H H 6 43 83
106 H H OH H 6 44 82
107 H OH H CH3 9 43 80
108 H H OH CH3 9 44 78



Molecules 2019, 24, 4181 10 of 40

Table 6. Screening of cytotoxicity of substrates 1–10 used for glycoconjugation.

Compound
Activity IC50 [µM] a

HCT 116 b MCF-7 c NHDF-Neo b

1 >800 0.24 ± 0.01 >800
2 >800 43.18 ± 1.78 346.77 ± 2.23
3 >800 95.95 ± 4.29 >800
4 >800 223.63 ± 8.06 >800
5 83.02 ± 1.83 27.27 ± 0.06 26.60 ± 0.60
6 461.39 ± 1.34 244.44 ± 1.34 -
7 237.48 ± 2.11 67.18 ± 3.49 37.71 ± 0.94
8 >800 633.02 ± 6.39 -
9 295.51 ± 7.37 166.70 ± 7.15 188.14 ± 2.47

10 196.47 ± 7.38 114.72 ± 1.23 168.14 ± 1.13
Doxorubicin 5.60 ± 0.10 0.70 ± 0.01 >20

a Cytotoxic was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h.

Table 7. Screening of cytotoxicity of glycoconjugates derivatives of 8-hydroxyquinoline 45–108.

Compound
Activity IC50 [µM] a

Compound
Activity IC50 [µM] a

HCT 116 b MCF-7 c NHDF-Neo b HCT 116 b MCF-7 c NHDF-Neo b

45 217.0 ± 4.7 196.5 ± 1.9 405.9 ± 5.7 49 >800 >800 -
46 248.8 ± 7.1 196.5 ± 3.1 262.4 ± 1.7 50 >800 >800 -
47 229.6 ± 2.6 375.6 ± 8.3 - 51 >800 >800 -
48 257.1 ± 7.2 231.8 ± 9.6 - 52 >800 >800 -
53 143.0 ± 2.3 200.6 ± 1.1 214.8 ± 6.4 57 >800 >800 -
54 168.9 ± 1.0 190.4 ± 3.0 213.1 ± 3.0 58 >800 >800 -
55 135.1 ± 7.0 221.1 ± 2.4 426.8 ± 3.8 59 >800 >800 -
56 244.8 ± 4.7 240.2 ± 3.8 - 60 >800 605.2 ± 1.3 -
61 328.8 ± 9.0 254.8 ± 3.6 - 65 382.4 ± 2.1 320.2 ± 4.9 -
62 389.5 ± 4.9 233.1 ± 5.8 - 66 >800 788.8 ± 7.5 -
63 294.7 ± 1.8 214.8 ± 1.7 >800 67 >800 >800 -
64 499.8 ± 2.7 241.9 ± 2.8 - 68 >800 >800 -
69 240.0 ± 2.3 105.9 ± 4.1 216.1 ± 9.7 73 >800 >800 -
70 280.9 ± 8.9 217.9 ± 5.2 220.0 ± 2.5 74 426.1 ± 1.3 >800 -
71 290.6 ± 7.0 136.0 ± 1.5 715.2 ± 9.6 75 >800 >800 -
72 763.3 ± 5.4 317.8 ± 8.5 - 76 >800 >800 -
77 246.2 ± 6.2 192.7 ± 3.7 219.1 ± 2.4 81 112.8 ± 1.6 87.9 ± 4.1 94.7 ± 0.5
78 119.1 ± 5.6 39.1 ± 0.9 103.6 ± 2.5 82 194.4 ± 0.6 384.7 ± 8.3 166.3 ± 5.8
79 142.9 ± 2.9 226.6 ± 4.0 480.8 ± 4.4 83 >800 >800 -
80 519.2 ± 7.2 301.0 ± 4.4 - 84 >800 >800 -
85 239.1 ± 3.0 203.8 ± 3.6 382.6 ± 2.4 89 >800 >800 -
86 270.6 ± 7.5 129.7 ± 1.8 >800 90 690.3 ± 4.0 629.0 ± 1.2 -
87 379.8 ± 1.4 211.9 ± 1.1 >800 91 >800 >800 -
88 272.3 ± 1.2 178.9 ± 6.8 >800 92 >800 >800 -
93 137.3 ± 2.1 95.7 ± 0.02 113.4 ± 0.9 97 677.9 ± 2.8 702.6 ± 1.9 -
94 229.8 ± 4.7 256.0 ± 9.6 - 98 >800 >800 -
95 217.1 ± 1.5 781.2 ± 3.5 163.1 ± 1.1 99 >800 595.9 ± 9.0 -
96 249.2 ± 5.5 297.9 ± 2.1 - 100 >800 >800 -

101 246.2 ± 1.3 176.4 ± 1.8 696,7 ± 1.6 105 >800 436.3 ± 3.1 -
102 369.0 ± 4.7 203.6 ± 4.9 - 106 >800 >800 -
103 295.2 ± 8.2 177.6 ± 2.6 586.0 ± 5.6 107 630.2 ± 2.7 >800 -
104 515.7 ± 4.3 223.4 ± 8.6 - 108 >800 >800 -

a Cytotoxic was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h.

As part of the experiments, it was checked whether the building blocks necessary to obtain final
glycoconjugates are able to limit the proliferation of cancer cells (Table 6). Sugar derivatives appeared
to be inactive on the tested cell lines. However, the high toxicity of parent compounds 1 and 2 towards
the MCF-7 cancer cell line was observed. A lower IC50 value was determined for 8-HQ than for
doxorubicin commonly used in cancer treatment. This observation indicates the huge sensitivity of
this particular cancer cell line to 8-HQ and gives hope for even more effective therapeutics based
on the 8-HQ scaffold. In addition, some of the derivatives of 8-HQ 5–10 were toxic to the tested
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cell lines. However, further experiments have shown that they also cause the death of healthy cells.
Therefore, the next studies checked whether the addition of the sugar moiety to aglycon would affect
the selectivity of the obtained glycoconjugates.

The results of the cytotoxicity assay indicate that the glycoconjugates with a deprotected sugar
unit (right part of Table 7) are mostly unable to inhibit cell proliferation in the tested concentration
range. This is probably related to their hindered penetration into the cell through the lipid biological
barriers, due to the high hydrophilicity of the compounds, compared to glycoconjugates having acetyl
protecting groups. The exception is compound 81, whose IC50 = 112.8 ± 1.6 µM for HCT 116 and 87.9
± 4.1 µM for MCF-7. For its protected analog 77, the IC50 value twice as high was determined for both
tumor cell lines. Most likely, in this case, GLUT transporters had a more important role in transporting
into the cell, and passive transport is less important. Unfortunately, this compound is also toxic to
healthy cells, so it cannot be considered a selective drug.

All glycoconjugates containing ester protection of hydroxyl groups in the sugar part proved
to be active on the tested cancer cell lines in the tested concentration range (left part of Table 7).
Their non-polar nature should facilitate the process of crossing through phospholipid bilayer and
penetrating into the cell, where then intracellular hydrolytic enzymes are able to remove the acetyl
groups. In addition, as opposed to substrates, some of the obtained glycoconjugates showed low
cytotoxicity to NHDF-Neo cells, especially glycoconjugates 45, 46, 85, and 86 derived from quinoline 5.
Moreover, for the HCT 116 cell line, all protected glycoconjugates exhibit higher antiproliferative
activity relative to aglycons 1 and 2. This fact confirms the accuracy of the assumption that in this
case, the presence of the sugar fragment improves the distribution and absorption of the compound,
and thus its activity.

In the beginning, it was decided to check the effect of the length of the linker between the
1,2,3-triazole fragment and the derivative of 8-HQ for glycoconjugate activity (compounds 45–68).
The lowest IC50 values were obtained for glycoconjugates 53–56, whose alkyl chain between triazole
and 8-HQ consisted of 3 carbon atoms. However, further elongation of the alkyl chain in the compounds
61–64 resulted in a decrease in the cytotoxic activity of glyconjugates. Therefore, no further chain
extension seems necessary. On the other hand, the alkyl chain extension between the 1,2,3-triazole
ring and the sugar moiety in compounds 69–72 did not significantly affect the antiproliferative activity
of glycoconjugates. Noteworthy is compound 71, which turned out to be more active than the
unconjugated quinoline derivative 4 and for which the selectivity index, calculated as the ratio of the
IC50 value determined for healthy cells to the IC50 value determined for tumor cells, equal 5.3 for
MCF-7 lines and 2.5 for HCT 116 lines. This observation makes it interesting in the aspect of further,
more detailed studies involving different cell lines.

Glycoconjugates 77–100 containing an additional amide bond in the linker structure proved to
be more active relative to the tested cancer cell lines. Among them, the most promising results were
obtained for compounds 78 and 93. For the MCF-7 cell line, the IC50 value equals 39.1 ± 0.9 µM and
95.7 ± 0.02 µM, respectively. However, for HCT 116 not much higher IC50 were noted: 119.1 ± 5.6 µM
and 137.3 ± 2.1 µM, respectively. Unfortunately, these compounds were also toxic to healthy cells,
so they cannot be considered selective drugs. It was noted that compound with 8-HQ fragment usually
showed higher cytotoxicity compared to derivatives with 2Me8HQ unit, while the type of sugar moiety
did not significantly affect to the glycoconjugate activity. Importantly, compounds 86–88 did not
show any ability to inhibit the proliferation of healthy cells while having a moderate ability to inhibit
cancer cells.

Recently, an important role in drug design has been played by compounds containing a carbamate
moiety in the structure. Carbamates are usually more stable under enzymatic hydrolysis than the
corresponding esters and are generally more susceptible to hydrolysis than amides. Carbamate
prodrugs have been designed for selective hydrolysis by human carboxylesterases to release active
drugs [56,74]. It appeared that glycoconjugates 101 and 103, based on the D-glucose moiety, showed
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low cytotoxicity to healthy cells while showing significant antiproliferative activity against cancer cells.
For these compounds, a selectivity index for the MCF-7 cell line was 3.9 and 3.3 respectively.

2.2.2. Inhibitory Activity Against β-1,4-GalT

Tested cancer cell lines are characterized by overexpression of the β-1,4-galactosyltransferase
(β-1,4-GalT) [75]. This enzyme belongs to the group of glycosyltransferases (GTs). Due to a number of
important functions that GTs perform, among others: post-translational protein modifications and
synthesis of oligosaccharide chains, they are an important object of research on potential anticancer
drugs. A high rate of glycosylation is a common disorder of cancer cell metabolism, and the expression
of GTs can be associated with cancer progression. GTs are a group of metal-dependent enzymes,
therefore the presence of a species capable of binding divalent metal ions in the molecule of potential
inhibitor appears to be necessary to inhibit the activity of these enzymes [75,76]. It seems appropriate
to use glycoconjugates derivatives of 8-HQ to coordinate the metal ions present in the active centers of
many enzymes, and thus to inhibit their activity.

It was decided to evaluate the obtained glycoconjugates for their inhibitory activity against enzyme
from the glycosyltransferases group. Therefore, the experiments will be carried out using commercially
available metal-dependent β-1,4-GalT I from bovine milk. To evaluate the activity of tested compounds,
concentrations of substrate and product of the enzymatic reaction in the reaction mixtures was
determined by RP-HPLC method, which is a modification of the Vidal method [77]. This method uses
UDP-Gal, a natural β-1,4-GalT donor type substrate and (6-esculetinyl) β-D glucopyranoside (esculine)
as glycosyl fluorescent acceptor. The number of products formed in the reaction with the addition of
glycoconjugates as potential enzyme inhibitors was compared with the number of products in reactions
carried out under the same conditions without the addition of inhibitors (test reactions). Analyzes
were conducted in the linear range of the peak area from the product and substrate concentration.
Experiments were conducted for glycoconjugates solutions at concentrations ranging from 0.1 mM to
0.8 mM. For the most active compounds, IC50 values were designated. The results are presented in
Table 8.

Table 8. Bovine milk β-1,4-Galactosyltransferase I assay results.

Compound Percentage of Inhibition at 0.8 mM [%] IC50 [mM]

49 65 ± 0.27 0.57
50 10 ± 0.17 -
51 64 ± 0.23 0.60
52 8 ± 0.17 -
57 72 ± 0.03 0.40
58 2 ± 0.37 -
59 68 ± 0.25 0.40
60 6 ± 0.47 -
65 70 ± 0.19 0.46
66 8 ± 0.51 -
67 73 ± 0.03 0.35
68 4 ± 0.45 -
73 45 ± 0.17 -
74 14 ± 0.22 -
75 35 ± 0.06 -
76 7 ± 0.29 -
81 33 ± 0.29 -
82 17 ± 0.07 -
83 18 ± 0.25 -
84 14 ± 0.07 -

In this study, the influence of the alkyl chain length between the 1,2,3-triazole fragment and the
8-HQ derivative (49–52, 57–60, 65–68), as well as between the 1,2,3-triazole fragment and the sugar
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unit (73–76) for enzyme inhibition was tested. In addition, the effect of the presence of an additional
amide bond in the structure of the glycoconjugate linker (81–84) was analyzed. Based on previous
experience [54], only glycoconjugates with an unprotected sugar part were tested.

Experiments have shown that parent compounds 1, 2 and substrates 3–10 are not able to inhibit
the enzyme, which may indicate that the sugar fragment is necessary to obtain inhibitory activity.
For glycoconjugates obtained as a result of CuAAC reactions between sugar derivatives containing a
propargyl moiety and quinoline derivatives containing an azide moiety, the results indicate that all
tested glycoconjugates derivatives of D-glucose showed higher activity compared to their analogs
containing the D-galactose unit. However, the type of 8-HQ derivative did not matter in this case.
Considering the effect of linker length between the 1,2,3-triazole fragment and the 8-HQ derivative,
it can be clearly stated that the extension of the alkyl chain increases the inhibition of β-1,4-GalTI
by glycoconjugates. In this group of compounds (49–52, 57–60, 65–68), all glycoconjugates based on
D-glucose moiety showed the ability to inhibit the enzyme by over 50% compared to the test reaction.
However, for compound 67, having four carbon atoms in the alkyl linker, the lowest IC50 value was
determined (0.35 mM). It is probable, that an extension of the alkyl chain length between the triazole
ring and quinolone, increases the “flexibility” of the molecule, which may have a better fit into the
active center of the enzyme. Much lower ability to inhibition of the model enzyme was observed for
glycoconjugates that were obtained in the CuAAC reaction of sugar derivatives containing an azide
group and quinoline derivatives containing the propargyl moiety. Glycoconjugates with an ethoxy
fragment between the 1,2,3-triazole and sugar units (73–76) were not able to inhibit β-1,4-GalTI by
50%. However, they showed slightly increased activity compared to glycoconjugates 81–84, containing
an additional amide fragment in the structure. The amide fragment is in close distance to the aromatic
moiety, which creates a high rigidity of the molecule and probably makes it difficult to fit into the
active center of the enzyme. Therefore, the addition of an amide fragment is not a good idea for the
design of β-1,4-GalT inhibitors.

2.3. Study of Metal Complexing Properties

Previously it was mentioned that cancer cells exhibit an increased concentration of copper
ions [20–24]. Moreover, it is broadly known that some quinoline derivatives possess metal ions
complexing properties [18] what is essential for their anti-proliferative properties [51]. Bivalent metal
ions are coordinated by phenol oxygen atom as well as nitrogen atom of 8-HQ ring with the formation
of an 8HQ-metal ion complex with stoichiometry 2:1 [78]. In addition, 1,2,3-triazole ring also has a
metal-complexation ability [79]. Therefore, it is interesting if the addition of linker containing such
fragment having metal ions chelation ability into 8-HQ might significantly increase the metal ion
complexation capability. The capability of complexes formation by investigated glycoconjugates
and stoichiometry of such complexes was evaluated for compounds 101 and 93 with copper ions by
spectroscopic titration experiments using UV-VIS. The UV-VIS spectrum of 101 is shown in Figure 3a.
The addition of subsequent copper ion portions to glycoconjugate solution results in a gradual lowering
of absorption bands at 242 nm and 310 nm. In addition, increase of the absorption band at 265 nm
was observed. Importantly, during titration two well-defined isosbestic points around 250 nm and
286 nm were noted indicating the glycoconjugate-copper ion complex formation. The stoichiometry of
obtained complexes was determined with Job′s plot using the changes in absorption band at 265 nm.
The plotted graph presenting the difference in absorbance, ∆A = Ax −A0 as a function of molar fraction
[101]/[101 + Cu2+] was shown in Figure 3b. Maximum observed at molar fraction 0.5 in obtained curve
indicates a formation of 1:1 complex of glycoconjugate:copper ion, regardless of the type of linker (see
Supplementary Materials).

ESI-MS spectra showed that copper ions are complexed by investigated glycoconjugates. The ESI-MS
spectrum in positive ions mode of the investigated compound 101 (Figure 4a) revealed the presence
of the ion at m/z = 658.35 (adduct [101 + H]+) corresponding to protonated glycoconjugate molecule
and less intensive one corresponding to its sodium adduct, m/z = 680.36 [101 + Na]+. Additionally,
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ions of 1012 aggregate (dimer) adducts can be noticed, respectively at m/z = 1314.23 [1012 + H]+,
1337.26 [1012 + Na]+ and 1353.19 [1012 + K]+. In the ESI-MS of glycoconjugate partially titrated with
copper ions (Figure 4b) the most abundant peak at m/z = 720.15 correspondings to [101 + Cu(I)]+

is visible. The second intensive signal m/z = 658.2 is derived from glycoconjugate still present in
the solution. Moreover the signals at m/z = 1377.17 and at m/z = 360.28 corresponding to dimer
1012 complex with Cu [1012 + Cu(I)]+ and complex [101 + Cu(II)]2+ were observed. The ESI-MS/MS
fragmentation spectrum of the ion with m/z = 1377.17 (see Supplementary Data) reveals only one peak
at m/z = 720 corresponding to complex [101 + Cu(I)]+. It confirms that ion at m/z = 1377.17 corresponds
to Cu+-dimer complex (1012 is present in the initial solution, see Figure 4a). Thus, complex with
apparent 2:1 stoichiometry is observed, but in fact, the complex is formed probably only with one of
the 101 molecules of the dimer. Moreover, in the signals ascribed to formed complexes characteristic
two peaks with the difference of 2 Da are observed. Such spectrum is typical of copper complexes due
to existence of copper in two basic isotopic forms (63Cu (69,17%) and 65Cu (30,83%)) [80]. It may seem
surprising that copper(I) complexes are observed in the ESI-MS spectrum since copper(II) was used for
titration. This phenomenon can be explained by a reduction reaction proceeding under the conditions
of the analysis as a result of charge transfer between the metal complexes and the solvent molecules in
the gas-phase [81–83].
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3. Materials and Methods

3.1. General Information

NMR spectra were recorded with an Agilent spectrometer at a frequency of 400 MHz using TMS
or DSS as the internal standards and CDCl3, CD3OD, DMSO-d6 or D2O as the solvents. NMR solvents
were purchased from ACROS Organics (Geel, Belgium). Chemical shifts (δ) are expressed in ppm
and coupling constants (J) in Hz. The following abbreviations were used to explain the observed
multiplicities: s: singlet, d: doublet, dd: doublet of doublets, ddd: doublet of doublet of doublets,
t: triplet, dd-t: doublet of doublets resembling a triplet (with similar values of coupling constants), m:
multiplet, p: pentet (quintet), b: broad. High-resolution mass spectra (HRMS) were recorded with a
WATERS LCT Premier XE system using the electrospray-ionization (ESI) technique. Optical rotations
were measured with a JASCO P-2000 polarimeter using a sodium lamp (589.3 nm) at room temperature.
Melting point measurements were performed on OptiMelt (MPA 100) Stanford Research Systems.
Reactions were monitored by thin-layer chromatography (TLC) on precoated plates of silica gel 60 F254
(Merck Millipore, Burlington, MA, USA). The TLC plates were visualized under UV light (λ = 254 nm)
or by charring the plates after spraying with 10% solution of sulfuric acid in ethanol. Crude products
were purified using column chromatography performed on Silica Gel 60 (70–230 mesh, Fluka, St. Louis,
MI, USA), developed using toluene:EtOAc or CHCl3:MeOH as solvent systems. All evaporations were
performed on a rotary evaporator under diminished pressure at 40 ◦C. Reversed-phase HPLC analyses
were performed using JASCO LC 2000 apparatus equipped with a reverse-phase column (Nucleosil
100 C18.5 µm, 25 × 0.4 cm; mobile phase: H2O/MeCN 90:10, flow rate 0.8 mL/min) with a fluorescence
detector (FP). Fluorescence for substrate and product was read at 385 nm excitation/540 nm emission.
The absorbance on MTT assay was measured spectrophotometrically at the 570 nm wavelength using
a plate reader (Epoch, BioTek, USA).

All of the chemicals used in the experiments were purchased from Sigma- Aldrich, ACROS Organics,
Fluka and Avantor and were used without purification. 8- Hydroxyquinoline 1, 8-hydroxyquinaldine
2, D-glucose 11 and D-galactose 12 are commercially available (Sigma-Aldrich). 8-(2-Propyn-1-
yloxy)quinoline 3 [57], 2-methyl-8-(2-propyn-1-yloxy)quinoline 4 [57], 1,2,3,4,6-penta-O-acetyl-β-D-
glucopyranose 13 [54], 1,2,3,4,6-penta-O-acetyl-β-D-galactopyranose 14 [54], 2,3,4,6-tetra-O-acetyl-
α-D-glucopyranosyl bromide 15 [54], 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 16 [54],
2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide 17 [54], 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl
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azide 18 [54], 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl amine 19 [60], 2,3,4,6-tetra-O-acetyl-β-D-
galactopyranosyl amine 20 [60], propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 [61],
propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 [61], 2-bromoethyl 2,3,4,6-tetra-O-acetyl-
β-D-glucopyranoside 25 [62], 2-bromoethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 26 [62], 2-
azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 27 [62], 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-
D-galactopyranoside 28 [62], 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)propiolamide 37 [65],
2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)propiolamide 38 [65], 2,3,4,6-tetra-O-acetyl-N-(β-D-
glucopyranosyl)-O-propargyl carbamate 41 [66] and 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)-O-
propargyl carbamate 42 [66] were prepared according to the respective published procedures. Propargyl
β-D-glucopyranoside 23, propargyl β-D-galactopyranoside 24, 2-azidoethyl β-D-glucopyranoside
29, 2-azidoethyl β-D-galactopyranoside 30, N-(β-D-glucopyranosyl)azidoacetamide 35, N-(β-D-
galactopyranosyl)azidoacetamide 36, N-(β-D-glucopyranosyl)propiolamide 39, N-(β-D-
galactopyranosyl)propiolamide 40 N- (β-D- glucopyranosyl)-O-propargyl carbamate 43, N-(β-D-
galactopyranosyl)-O-propargyl carbamate 44 were obtained by Zemplén protocol [67] by deacetylation
of the corresponding sugar derivatives.

3.2. Chemistry

3.2.1. General Procedure for the Synthesis of Quinoline Derivatives 5–10

To a solution of 1,2-dibromoethane or 1,3-dibromopropane or 1,4-dibromobutane (23.1 mmol)
in dry DMF (10 mL), sodium azide (23.1 mmol, 1.5 g) was added. The reaction mixture was stirred
overnight at 50 ◦C. Afterwards, the reaction mixture was diluted with ether and the organic layer was
washed (three times) with H2O (3 × 10 mL). The organic layer was dried over anhydrous magnesium
sulfate (MgSO4), concentrated under vacuum to afford the corresponding azide as a clear oil, which
was used in the next reaction without further purification.

Obtained 1-azido-2-bromoethane or 1-azido-3-bromopropane or 1-azido-4-bromobutane (4.0 mmol),
was added to a solution of 8-hydroxyquinoline 1 or 8-hydroxyquinaldine 2 (4.0 mmol) in acetone
(20 mL), followed by addition of potassium carbonate (10.0 mmol, 1.38 g). The reaction mixture was
heated under reflux for 4 h and then at room temperature overnight. After completion, the reaction
mixture was filtered off and the filtrate was concentrated under vacuum and purified by column
chromatography (toluene:AcOEt; gradient 20:1 to 2:1) to give products 5–10.

8-(2-Azidoethoxy)quinolone 5: Starting from 1-azido-2-bromoethane and 8-hydroxyquinoline 1,
product was obtained as a brown oil (702.7 mg, 82%); [α]24

D = −0.6 (c = 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): δ 3.87 (t, 2H, J = 5.6 Hz, CH2N), 4.43 (t, 2H, J = 5.6 Hz, CH2O), 7.12 (dd, 1H, J = 2.5 Hz, J =

6.5 Hz, H-7chin), 7.41–7.50 (m, 3H, H-3chin, H-5chin, H-6chin), 8.14 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin),
8.96 (dd, 1H, J = 1.7 Hz, J = 4.2 Hz, H-2chin); 13C NMR (100 MHz, CDCl3): δ 50.06, 67.64, 109.77, 120.66,
121.70, 126.52, 129.61, 135.95, 140.39, 149.51, 154.19.

8-(3-Azidopropoxy)quinolone 6: Starting from 1-azido-3-bromopropane and 8-hydroxyquinoline 1,
product was obtained as a brown oil (684.7 mg, 75%); [α]24

D = −0.4 (c = 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): δ 2.28 (p, 2H, J = 6.4 Hz, CH2), 3.65 (t, 2H, J = 6.6 Hz, CH2N), 4.33 (t, 2H, J = 6.2 Hz, CH2O),
7.09 (dd, 1H, J = 1.4 Hz, J = 7.5 Hz, H-7chin), 7.38–7.49 (m, 3H, H-3chin, H-5chin, H-6chin), 8.13 (dd,
1H, J = 1.8 Hz, J = 8.3 Hz, H-4chin), 8.95 (dd, 1H, J = 1.8 Hz, J = 4.2 Hz, H-2chin); 13C NMR (100 MHz,
CDCl3): δ 28.67, 48.44, 65.70, 109.08, 119.97, 121.62, 126.69, 129.55, 136.04, 140.28, 149.31, 154,50.

8-(4-Azidobutoxy)quinoline 7: Starting from 1-azido-4-bromobutane and 8-hydroxyquinoline 1,
product was obtained as a brown oil (736.5 mg, 76%); [α]23

D = −0.4 (c = 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): δ 1.90 (p, 2H, J = 7.0 Hz, CH2), 2.11 (p, 2H, J = 6.5 Hz, CH2), 3.42 (t, 2H, J = 6.9 Hz, CH2N),
4.29 (t, 2H, J = 6.5 Hz, CH2O), 7.07 (dd, 1H, J = 1.2 Hz, J = 7.6 Hz, H-7chin), 7.37–7.49 (m, 3H, H-3chin,
H-5chin, H-6chin), 8.14 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.95 (dd, 1H, J = 1.7 Hz, J = 4.2 Hz,
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H-2chin); 13C NMR (100 MHz, CDCl3): δ 25.86, 26.31, 51.29, 68.26, 108.90, 119.72, 121.58, 126.71, 129.56,
136.06, 140.26, 149.28, 154,59.

2-Methyl-8-(2-azidoethoxy)quinolone 8: Starting from 1-azido-2-bromoethane and 2-methylo-8-
hydroxyquinoline 2, product was obtained as a brown oil (757.8 mg, 83%); [α]23

D = −0.4 (c = 1.0,
CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.79 (s, 3H, CH3), 3.83 (t, 2H, J = 5.5 Hz, CH2N), 4.43 (t, 2H, J =

5.5 Hz, CH2O), 7.10 (dd, 1H, J = 2.6 Hz, J = 6.4 Hz, H-7chin), 7.31 (d, 1H, J = 8.4 Hz, H-3chin), 7.35–7.44
(m, 2H, H-5chin, H-6chin), 8.03 (d, 1H, J = 8.4 Hz, H-4chin); 13C NMR (100 MHz, CDCl3): δ 25.66, 50.19,
68.05, 110.41, 120.62, 122.57, 125.49, 127.82, 136.00, 140.06, 153.78, 158,36.

2-Methyl-8-(3-azidopropoxy)quinolone 9: Starting from 1-azido-3-bromopropane and 2-methylo-8-
hydroxyquinoline 2, product was obtained as a brown oil (688.1 mg, 71%); [α]24

D = −0.6 (c = 1.0,
CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.28 (p, 2H, J = 6.5 Hz, CH2), 2.78 (s, 3H, CH3), 3.65 (t, 2H, J =

6.6 Hz, CH2N), 4.33 (t, 2H, J = 6.3 Hz, CH2O), 7.07 (dd, 1H, J = 2.4 Hz, J = 6.5 Hz, H-7chin), 7.30 (d,
1H, J = 8.4 Hz, H-3chin), 7.33–7.42 (m, 2H, H-5chin, H-6chin), 8.01 (d, 1H, J = 8.4 Hz, H-4chin); 13C NMR
(100 MHz, CDCl3): δ 25.71, 28.64, 48.48, 66.03, 109.73, 119.95, 122.52, 125.65, 127.76, 136.11, 140.00,
154.01, 158,18.

2-Methyl-8-(4-azidobutoxy)quinoline 10: Starting from 1-azido-4-bromobutane and 2-methylo-8-
hydroxyquinoline 2, product was obtained as a brown oil (707.4 mg, 69%); [α]22

D = −0.6 (c = 1.0,
CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.89 (p, 2H, J = 7.0 Hz, CH2), 2.10 (p, 2H, J = 6.7 Hz, CH2), 2.78
(s, 3H, CH3), 3.45 (t, 2H, J = 6.9 Hz, CH2N), 4.27 (t, 2H, J = 6.5 Hz, CH2O), 7.03 (dd, 1H, J = 1.8 Hz, J =

7.1 Hz, H-7chin), 7.29 (d, 1H, J = 8.4 Hz, H-3chin), 7.32–7.41 (m, 2H, H-5chin, H-6chin), 8.00 (d, 1H, J =

8.4 Hz, H-4chin); 13C NMR (100 MHz, CDCl3): δ 25.71, 25.89, 26.24, 51.36, 68.46, 109.35, 119.66, 122.49,
125.64, 127.74, 136.08, 139.91, 154.13, 158,13.

3.2.2. General Procedure for the Synthesis of Sugar Derivatives 31 and 32

To a solution of 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl amine 19 or 2,3,4,6-tetra-O-acetyl-
β-D-galactopyranosyl amine 20 (1.7 g, 4.9 mmol) in dry CH2CL2 (20 mL), triethylamine (2 mL) was
added. The reaction mixture was cooled to 0 ◦C and chloroacetyl chloride was added dropwise (613 µL,
7.7 mmol) then stirring was continued at room temperature. After 1 h, the resulting mixture was diluted
with dichloromethane (90 mL) and washed with brine (2 × 60 mL). The combined organic layer was
dried over anhydrous MgSO4, concentrated under vacuum and purified by column chromatography
(toluene:AcOEt; gradient 8:1 to 2:1) to give products 31–32.

2,3,4,6-Tetra-O-acetyl-N-(β-D-glucopyranosyl)chloroacetamide 31: Starting from 2,3,4,6-tetra-O-acetyl-
β-D-glucopyranosyl amine 19, product was obtained as a white solid (1.41 g, 68%); m.p.: 160–163 ◦C;
[α]24

D = 8.3 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.03, 2.04, 2.06, 2.09 (4s, 12H, CH3CO),
3.84 (ddd, 1H, J = 2.1 Hz, J = 4.4 Hz, J = 10.1 Hz, H-5glu), 4.00 and 4.07 (qAB, 2H, J = 15.4 Hz, CH2Cl),
4.10 (dd, 1H, J = 2.1 Hz, J = 12.5 Hz, H-6aglu), 4.31 (dd, 1H, J = 4.4 Hz, J = 12.5 Hz, H-6bglu), 5.01 (dd-t,
1H, J = 9.4 Hz, J = 10.0 Hz, H-1glu), 5.09 (dd-t, 1H, J = 9.4 Hz, J = 10.1 Hz, H-4glu), 5.21 (dd-t, 1H, J =

9.0 Hz, J = 9.4 Hz, H-3glu), 5.33 (dd-t, 1H, J = 9.0 Hz, J = 9.4 Hz, H-2glu), 7.29 (d, 1H, J = 9.0 Hz, CONH);
13C NMR (100 MHz, CDCl3): δ 20.57, 20.61, 20.72, 20.76, 42.25, 61.56, 68.09, 70.26, 72.55, 73.83, 78.54,
166.81, 169.49, 169.87, 170.58, 170.79; HRMS (ESI-TOF): calcd for C16H22ClNO10Na ([M + Na]+): m/z
446.0830; found: m/z 446.0834.

2,3,4,6-Tetra-O-acetyl-N-(β-D-galactopyranosyl)chloroacetamide 32: Starting from 2,3,4,6-tetra-O-
acetyl-β-D-galactopyranosyl amine 20, product was obtained as a white solid (1.66 g, 80%); m.p.:
143-144 ◦C; [α]25

D = 21.3 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.01, 2.04, 2.07, 2.16 (4s,
12H, CH3CO), 4.01 and 4.08 (qAB, 2H, J = 15.5 Hz, CH2Cl), 4.04-4.18 (m, 3H, H-5gal, H-6agal, H-6bgal),
5.11-5.24 (m, 3H, H-1gal, H-2gal, H-3gal), 5.45 (dd, 1H, J = 0. 7 Hz, J = 3.0 Hz, H-4gal), 7.32 (d, 1H, J =

6.9 Hz, CONH); 13C NMR (100 MHz, CDCl3): δ 20.54, 20.61, 20.67, 20.71, 42.26, 61.12, 67.10, 67.97,
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70.72, 72.58, 78.84, 166.71, 169.76, 170.01, 170.34, 171.06; HRMS (ESI-TOF): calcd for C16H22ClNO10Na
([M + Na]+): m/z 446.0830; found: m/z 446.0832.

3.2.3. General Procedure for the Synthesis of Sugar Derivatives 33 and 34

To a solution of 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)chloroacetamide 31 or 2,3,4,6-tetra-O-
acetyl-N-(β-D-galactopyranosyl)chloroacetamide 32 (1.0 g, 2.36 mmol) in dry DMF (15 mL), sodium
azide (753 mg, 11.59 mmol) was added. The reaction mixture was stirred at room temperature for
24 h. After completion reaction, the solvent was evaporated under reduced pressure, and the residue
was diluted with ethyl acetate (50 mL) and extracted with water (30 mL), 0.25 M HCl (20 mL) and
brine (20 mL). The combined organic layer was dried over anhydrous MgSO4, concentrated under
vacuum, to afford the corresponding azide 33 and 34, which were used for the next reaction without
further purification.

2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)azidoacetamide 33: Starting from 2,3,4,6-tetra-O-acetyl-
N-(β-D-glucopyranosyl)chloroacetamide 31, product was obtained as a white solid (975.0 mg, 96%);
m.p.: 150-153 ◦C; [α]24

D = 12.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.03, 2.04, 2.06, 2.09 (4s,
12H, CH3CO), 3.83 (ddd, 1H, J = 2.1 Hz, J = 4.4 Hz, J = 10.1 Hz, H-5glu), 3.95 and 4.00 (qAB, 2H, J =

16.9 Hz, CH2N), 4.09 (dd, 1H, J = 2.1 Hz, J = 12.5 Hz, H-6aglu), 4.30 (dd, 1H, J = 4.4 Hz, J = 12.5 Hz,
H-6bglu), 4.98 (dd-t, 1H, J = 9.4 Hz, J = 9.8 Hz, H-1glu), 5.08 (dd-t, 1H, J = 9.4 Hz, J = 10.1 Hz, H-4glu),
5.22 (dd-t, 1H, J = 9.0 Hz, J = 9.4 Hz, H-3glu), 5.32 (dd-t, 1H, J = 9.0 Hz, J = 9.8 Hz, H-2glu), 7.10 (d, 1H, J
= 9.1 Hz, CONH); 13C NMR (100 MHz, CDCl3): δ 20.57, 20.61, 20.72, 20.75, 52.59, 61.56, 68.08, 70.45,
72.57, 73.78, 78.15, 167.41, 169.50, 169.86, 170.57, 170.88; HRMS (ESI-TOF): calcd for C16H22N4O10Na
([M + Na]+): m/z 453.1234; found: m/z 453.1236.

2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)azidoacetamide 34: Starting from 2,3,4,6-tetra-O-acetyl-
N-(β-D-galactopyranosyl)chloroacetamide 32, product was obtained as a white solid (873.5 mg, 86%);
m.p.: 60–63 ◦C; [α]24

D = 25.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.01, 2.04, 2.07, 2.16 (4s,
12H, CH3CO), 3.96 and 4.01 (qAB, 2H, J = 16.8 Hz, CH2N), 4.02–4.17 (m, 3H, H-5gal, H-6agal, H-6bgal),
5.11–5.25 (m, 3H, H-1gal, H-2gal, H-3gal), 5.45 (dd, 1H, J = 1.1 Hz, J = 2.9 Hz, H-4gal), 7.13 (d, 1H, J =

8.5 Hz, CONH); 13C NMR (100 MHz, CDCl3): δ 20.54, 20.60, 20.67, 20.70, 52.61, 61.14, 67.11, 68.17,
70.73, 72.52, 78.43, 167.31, 169.76, 170.00, 170.35, 171.15; HRMS (ESI-TOF): calcd for C16H22N4O10Na
([M + Na]+): m/z 453.1234; found: m/z 453.1227.

3.2.4. Synthesis of Glycoconjugates 45–108

The appropriate derivatives of 8-hydoxyquinoline 3–10 (0.5 mmol) and sugar derivatives 21–24,
27–30, 33–44 (0.5 mmol) were dissolved in dry THF (5 mL) and i-PrOH (5 mL). To the obtained
solution, CuSO4·5H2O (0.1 mmol, 25.0 mg) dissolved in H2O (2.5 mL) and sodium ascorbate (0.2 mmol,
39.6 mg) dissolved in H2O (2.5 mL) were added. The reaction mixture was stirred for 24 h at room
temperature. The progress of the reaction was monitored on TLC in an CHCl3:CH3OH eluents system
(20:1 for protected or 2:1 for unprotected compounds). After completion, the reaction mixture was
concentrated in vacuo and purified using column chromatography (dry loading; toluene:AcOEt, 2:1
and CHCl3:MeOH, 100:1 for fully protected glycoconjugates or CHCl3:MeOH, gradient: 50:1 to 2:1 for
glycoconjugates with unprotected sugar part) to give products 45–108.

Glycoconjugate 45: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 and
8-(2-azidoethoxy)quinoline 5, product was obtained as a yellow solid (219.2 mg, 73%); m.p.: 130–133 ◦C;
[α]24

D = −36.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.84, 1.97, 2.01, 2.07 (4s, 12H, CH3CO),
3.66 (ddd, 1H, J = 2.3 Hz, J = 4.6 Hz, J = 9.8 Hz, H-5glu), 4.10 (dd, 1H, J = 2.3 Hz, J = 12.3 Hz, H-6aglu),
4.21 (dd, 1H, J = 4.6 Hz, J = 12.3 Hz, H-6bglu), 4.63 (d, 1H, J = 8.0 Hz, H-1glu), 4.59–4.70 (m, 2H, CH2N),
4.80 and 4.88 (qAB, 2H, J = 12.7 Hz, CH2C), 4.95 (dd, 1H, J = 8.0 Hz, J = 9.4 Hz H-2glu), 5.01 (t, 2H, J
= 5.2 Hz, CH2O), 5.04 (dd-t, 1H, J = 9.4 Hz, J = 9.8 Hz, H-4glu), 5.13 (dd-t, 1H, J = 9.4 Hz, J = 9.4 Hz,
H-3glu), 7.05 (dd, 1H, J = 2.1 Hz, J = 6.4 Hz, H-7chin), 7.42–7.55 (m, 3H, H-3chin, H-5chin, H-6chin), 8.21



Molecules 2019, 24, 4181 19 of 40

(d, 1H, J = 8.1 Hz, H-4chin), 8.27 (s, 1H, H-5triaz), 8.99 (d, 1H, J = 2.9 Hz, H-2chin); 13C NMR (100 MHz,
CDCl3): δ 20.47, 20.48, 20.59, 20.75, 49.75, 61.84, 62.40, 67.89, 68.34, 71.17, 71.82, 72.86, 99.32, 110.31,
121.07, 121.95, 125.10, 126.87, 129.65, 136.68, 139.55, 143.93, 149.26, 153.45, 169.36, 169.40, 170.18, 170.66;
HRMS (ESI-TOF): calcd for C28H33N4O11 ([M + H]+): m/z 601.2146; found: m/z 601.2148.

Glycoconjugate 46: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 and
8-(2-azidoethoxy)quinoline 5, product was obtained as a yellow solid (222.2 mg, 74%); m.p.: 69–72 ◦C;
[α]24

D = −30.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.85, 1.95, 2.05, 2.13 (4s, 12H, CH3CO),
3.83-3.92 (m, 1H, H-5gal), 4.10-4.16 (m, 2H, H-6agal, H-6bgal), 4.60 (d, 1H, J = 8.0 Hz, H-1gal), 4.62–4.69
(m, 2H, CH2N), 4.79 and 4.90 (qAB, 2H, J = 12.6 Hz, CH2C), 4.94 (dd, 1H, J = 3.4 Hz, J = 10.4 Hz
H-3gal), 4.97-5.05 (m, 2H, CH2O), 5.17 (dd, 1H, J = 8.0 Hz, J = 10.4 Hz, H-2gal), 5.35 (dd, 1H, J = 0.7 Hz,
J = 3.4 Hz, H-4gal), 6.99–7.12 (m, 1H, H-7chin), 7.38–7.58 (m, 3H, H-3chin, H-5chin, H-6chin), 8.12–8.34
(m, 2H, H-4chin, H-5triaz), 8.99 (bs, 1H, H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 20.26, 20.28, 20.35,
20.47, 49.18, 61.17, 61.76, 67.25, 67.43, 68.53, 69.91, 70.19, 98.99, 110.74, 120.57, 121.98, 124.93, 126.84,
129.15, 136.26, 139.30, 143.07, 149.00, 153.50, 169.03, 169.41, 169.85, 169.88; HRMS (ESI-TOF): calcd for
C28H33N4O11 ([M + H]+): m/z 601.2146; found: m/z 601.2145.

Glycoconjugate 47: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 and
2-methyl-8-(2-azidoethoxy)quinoline 8, product was obtained as a yellow solid (307.3 mg, 100%); m.p.:
119-123 ◦C; [α]24

D = −32.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.83, 1.91, 1.98, 2.02
(4s, 12H, CH3CO), 2.69 (s, 3H, CH3), 3.93 (ddd, 1H, J = 2.4 Hz, J = 4.9 Hz, J = 10.0 Hz, H-5glu), 4.01
(dd, 1H, J = 2.4 Hz, J = 12.3 Hz, H-6aglu), 4.15 (dd, 1H, J = 4.9 Hz, J = 12.3 Hz, H-6bglu), 4.59 (t, 2H, J =

4.9 Hz, CH2N), 4.65 and 4.81 (qAB, 2H, J = 12.3 Hz, CH2C), 4.74 (dd, 1H, J = 8.0 Hz, J = 9.6 Hz H-2glu),
4.87 (d, 1H, J = 8.0 Hz, H-1glu), 4.86–4.95 (m, 3H, CH2O, H-4glu), 5.20 (dd-t, 1H, J = 9.6 Hz, J = 9.6 Hz,
H-3glu), 7.20 (dd, 1H, J = 1.2 Hz, J = 7.7 Hz, H-7chin), 7.39-7.46 (m, 2H, H-3chin, H-6chin), 7.50 (dd, 1H, J
= 1.2 Hz, J = 8.2 Hz, H-5chin), 8.20 (d, 1H, J = 8.4 Hz, H-4chin), 8.59 (s, 1H, H-5triaz); 13C NMR (100 MHz,
DMSO-d6): δ 20.15, 20.22, 20.34, 20.46, 25.01, 49.18, 61.60, 61.90, 67.58, 68.04, 70.58, 70.80, 72.05, 98.51,
111.21, 120.48, 122.52, 125.45, 125.65, 127.35, 136.04, 139.29, 142.89, 153.20, 157.55, 168.88, 169.20, 169.45,
169.99; HRMS (ESI-TOF): calcd for C29H35N4O11 ([M + H]+): m/z 615.2302; found: m/z 615.2304.

Glycoconjugate 48: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 and
2-methyl-8-(2-azidoethoxy)quinoline 8, product was obtained as a yellow solid (218.2 mg, 71%); m.p.:
52–56 ◦C; [α]23

D = −20.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.83, 1.89, 2.01, 2.11 (4s,
12H, CH3CO), 2.69 (s, 3H, CH3), 3.99–4.10 (m, 2H, H-5gal, H-6agal), 4.13–4.21 (m, 1H, H-6bgal), 4.59 (t,
2H, J = 5.0 Hz, CH2N), 4.64 and 4.81 (qAB, 2H, J = 12.3 Hz, CH2C), 4.79 (d, 1H, J = 8.0 Hz, H-1gal),
4.86–4.97 (m, 3H, CH2O, H-2gal), 5.11 (dd, 1H, J = 0.9 Hz, J = 10.3 Hz, H-4gal), 5.24 (dd, 1H, J = 3.6 Hz, J
= 10.3 Hz, H-3gal), 7.20 (dd, 1H, J = 1.2 Hz, J = 7.7 Hz, H-7chin), 7.38-7.47 (m, 2H, H-3chin, H-6chin), 7.50
(dd, 1H, J = 1.2 Hz, J = 8.2 Hz, H-5chin), 8.21 (d, 1H, J = 8.4 Hz, H-4chin), 8.60 (s, 1H, H-5triaz); 13C NMR
(100 MHz, DMSO-d6): δ 20.25, 20.28, 20.35, 20.47, 25.01, 49.19, 61.19, 61.76, 67.26, 67.59, 68.53, 69.89,
70.20, 98.94, 111.22, 120.48, 122.52, 125.40, 125.66, 127.35, 136.04, 139.31, 142.97, 153.21, 157.56, 168.98,
169.40, 169.85, 169.89; HRMS (ESI-TOF): calcd for C29H35N4O11 ([M + H]+): m/z 615.2302; found: m/z
615.2303.

Glycoconjugate 49: Starting from propargyl β-D-glucopyranoside 23 and 8-(2-azidoethoxy)quinoline
5, product was obtained as a yellow solid (205.4 mg, 95%); m.p.: 42-45 ◦C; [α]25

D = −17.2 (c = 1.0,
MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.92-3.09 (m, 2H, H-2glu, H-5glu), 3.10-3.17 (m, 2H, H-3glu,
H-4glu), 3.40–3.50 (m, 1H, H-6aglu), 3.66–3.75 (m, 1H, H-6bglu), 4.08 (bs, 1H, OH), 4.27 (d, 1H, J = 7.8 Hz,
H-1glu), 4.57 (bs, 1H, OH), 4.60–4.66 (m, 3H, CH2N, CH2C), 4.83–4.95 (m, 4H, CH2O, CH2C, OH), 5.02
(bs, 1H, OH), 7.25 (dd, 1H, J = 1.5 Hz, J = 7.5 Hz, H-7chin), 7.47–7.58 (m, 3H, H-3chin, H-5chin, H-6chin),
8.32 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.40 (s, 1H, H-5triaz), 8.89 (dd, 1H, J = 1.7 Hz, J = 4.2 Hz,
H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 49.12, 61.15, 61.47, 67.36, 70.10, 73.37, 76.70, 76.94, 102.14,
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110.57, 120.51, 121.91, 124.96, 126.71, 129.08, 135.85, 139.69, 143.78, 149.27, 153.68; HRMS (ESI-TOF):
calcd for C20H25N4O7 ([M + H]+): m/z 433.1723; found: m/z 433.1723.

Glycoconjugate 50: Starting from propargyl β-D-galactopyranoside 24 and 8-(2-azidoethoxy)quinoline
5, product was obtained as a yellow solid (144.9 mg, 67%); m.p.: 44–45 ◦C; [α]23

D = −12.9 (c = 1.0,
MeOH); 1H NMR (400 MHz, DMSO-d6): δ 3.21–3.39 (m, 3H, H-2gal, H-3gal, H-4gal), 3.40–3.48 (m, 1H,
H-5gal), 3.50–3.57 (m, 1H, H-6agal), 3.59–3.66 (m, 1H, H-6bgal), 4.21 (d, 1H, J = 7.4 Hz, H-1gal), 4.61 and
4.83 (qAB, 2H, J = 12.2 Hz, CH2C), 4.63 (t, 2H, J = 5.2 Hz, CH2N), 4.90 (t, 2H, J = 5.2 Hz, CH2O), 7.25
(dd, 1H, J = 1.5 Hz, J = 7.5 Hz, H-7chin), 7.47–7.58 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J =

1.7 Hz, J = 8.3 Hz, H-4chin), 8.40 (s, 1H, H-5triaz), 8.89 (dd, 1H, J = 1.7 Hz, J = 4.2 Hz, H-2chin); 13C NMR
(100 MHz, DMSO-d6): δ 49.11, 60.52, 61.31, 67.37, 68.18, 70.44, 73.40, 75.32, 102.69, 110.58, 120.51, 121.92,
124.91, 126.70, 129.07, 135.83, 139.70, 143.85, 149.30, 153.69; HRMS (ESI-TOF): calcd for C20H25N4O7

([M + H]+): m/z 433.1723; found: m/z 433.1725.

Glycoconjugate 51: Starting from propargyl β-D-glucopyranoside 23 and 2-methyl-8-(2-azidoethoxy)
quinoline 8, product was obtained as a yellow solid (196.4 mg, 88%); m.p.: 120–121 ◦C; [α]24

D = −20.0
(c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.69 (s, 3H, CH3), 2.92–3.08 (m, 2H, H-2glu, H-5glu),
3.09-3.19 (m, 2H, H-3glu, H-4glu), 3.40–3.49 (m, 1H, H-6aglu), 3.66–3.73 (m, 1H, H-6bglu), 4.09 (bs, 1H,
OH), 4.27 (d, 1H, J = 7.8 Hz, H-1glu), 4.33 (bs, 1H, OH), 4.53 (t, 1H, J = 5.6 Hz, OH), 4.60 (t, 2H, J =

5.2 Hz, CH2N), 4.63 and 4.87 (qAB, 2H, J = 12.1 Hz, CH2C), 4.89 (t, 2H, J = 5.2 Hz, CH2O), 4.99 (d,
1H, J = 4.9 Hz, OH), 7.21 (dd, 1H, J = 1.3 Hz, J = 7.7 Hz, H-7chin), 7.39–7.45 (m, 2H, H-3chin, H-6chin),
7.50 (dd, 1H, J = 1.2 Hz, J = 8.2 Hz, H-5chin), 8.20 (d, 1H, J = 8.4 Hz, H-4chin), 8.54 (s, 1H, H-5triaz); 13C
NMR (100 MHz, DMSO-d6): δ 25.11, 49.11, 61.14, 61.48, 67.56, 70.08, 73.35, 76.70, 76.93, 102.19, 111.16,
120.45, 122.54, 125.21, 125.66, 127.35, 136.01, 139.28 143.77, 153.21, 157.61; HRMS (ESI-TOF): calcd for
C21H27N4O7 ([M + H]+): m/z 447.1880; found: m/z 447.1882.

Glycoconjugate 52: Starting from propargyl β-D-galactopyranoside 24 and 2-methyl-8-(2-azidoethoxy)
quinoline 8, product was obtained as a yellow solid (174.1 mg, 78%); m.p.: 52–54 ◦C; [α]24

D = −15.0
(c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.69 (s, 3H, CH3), 3.21–3.38 (m, 4H, H-2gal, H-3gal,
H-4gal, H-5gal), 3.49–3.57 (m, 1H, H-6agal), 3.60–3.66 (m, 1H, H-6bgal), 4.22 (d, 1H, J = 7.3 Hz, H-1gal),
4.32 (d, 1H, J = 4.5 Hz, OH), 4.58 (t, 1H, J = 5.6 Hz, OH), 4.60 (t, 2H, J = 5.2 Hz, CH2N), 4.60 and 4.87
(qAB, 2H, J = 12.0 Hz, CH2C), 4.66 (d, 1H, J = 5.2 Hz, OH), 4.83 (t, 1H, J = 2.2 Hz, OH), 4.89 (t, 2H,
J = 5.2 Hz, CH2O), 7.21 (dd, 1H, J = 1.3 Hz, J = 7.7 Hz, H-7chin), 7.38–7.46 (m, 2H, H-3chin, H-6chin),
7.50 (dd, 1H, J = 1.2 Hz, J = 8.2 Hz, H-5chin), 8.20 (d, 1H, J = 8.4 Hz, H-4chin), 8.54 (s, 1H, H-5triaz); 13C
NMR (100 MHz, DMSO-d6): δ 25.10, 49.11, 60.45, 61.28, 67.57, 68.13, 70.41, 73.42, 75.28, 102.72, 111.18,
120.45, 122.53, 125.19, 125.66, 127.35, 136.01, 139.28, 143.79, 153.21, 157.62; HRMS (ESI-TOF): calcd for
C21H27N4O7 ([M + H]+): m/z 447.1880; found: m/z 447.1879.

Glycoconjugate 53: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 and 8-(3-
azidopropoxy)quinoline 6, product was obtained as a yellow oil (307.3 mg, 100%); [α]25

D = −21.4 (c
= 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.88, 1.92, 1.98, 2.03 (4s, 12H, CH3CO), 2.43 (p, 2H,
J = 6.5 Hz, CH2), 3.99 (ddd, 1H, J = 2.4 Hz, J = 4.9 Hz, J = 10.0 Hz, H-5glu), 4.10 (dd, 1H, J = 2.4 Hz,
J = 12.3 Hz, H-6aglu), 4.15–4.24 (m, 3H, CH2N, H-6bglu), 4.66 (t, 2H, J = 6.9 Hz, CH2O), 4.65 and 4.80
(qAB, 2H, J = 12.1 Hz, CH2C), 4.76 (dd, 1H, J = 8.0 Hz, J = 9.6 Hz H-2glu), 4.88 (d, 1H, J = 8.0 Hz,
H-1glu), 4.91 (dd-t, 1H, J = 9.6 Hz, J = 9.7 Hz, H-4glu), 5.25 (dd-t, 1H, J = 9.6 Hz, J = 9.6 Hz, H-3glu), 7.19
(dd, 1H, J = 1.9 Hz, J = 7.1 Hz, H-7chin), 7.47–7.53 (m, 2H, H-3chin, H-6chin), 7.56 (dd, 1H, J = 4.0 Hz,
J = 8.2 Hz, H-5chin), 8.24 (s, 1H, H-5triaz), 8.33 (dd, 1H, J = 1.6 Hz, J = 8.2 Hz, H-4chin), 8.89 (bs, 1H,
H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 20.23, 20.25, 20.35, 20.47, 29.57, 46.66, 61.64, 61.85, 65.39,
68.11, 70.61, 70.83, 72.03, 98.47, 109.82, 119.93, 121.85, 124.50, 126.77, 129.03, 135.78, 139.79, 142.94,
149.01, 154.20, 168.92, 169.22, 169.48, 170.01; HRMS (ESI-TOF): calcd for C29H35N4O11 ([M + H]+): m/z
615.2302; found: m/z 615.2303.
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Glycoconjugate 54: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 and
8-(3-azidopropoxy)quinoline 6, product was obtained as a yellow oil (307.3 mg, 100%); [α]25

D = −16.2
(c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.89, 1.90, 2.01, 2.11 (4s, 12H, CH3CO), 2.43 (p, 2H,
J = 6.4 Hz, CH2), 4.01–4.11 (m, 2H, H-5gal, H-6agal), 4.15–4.24 (m, 3H, H-6bgal, CH2N), 4.64 and 4.79
(qAB, 2H, J = 12.4 Hz, CH2C), 4.66 (t, 2H, J = 6.8 Hz, CH2O), 4.79 (d, 1H, J = 8.0 Hz, H-1gal), 4.92 (dd,
1H, J = 8.0 Hz, J = 10.3 Hz, H-2gal), 5.15 (dd, 1H, J = 3.6 Hz, J = 10.3 Hz, H-3gal), 5.25 (dd, 1H, J = 0.9 Hz,
J = 3.6 Hz, H-4gal), 7.20 (dd, 1H, J = 1.5 Hz, J = 7.4 Hz, H-7chin), 7.46–7.61 (m, 3H, H-3chin, H-5chin,
H-6chin), 8.24 (s, 1H, H-5triaz), 8.31–8.35 (m, 1H, H-4chin), 8.90 (bs, 1H, H-2chin); 13C NMR (100 MHz,
DMSO-d6): δ 20.28, 20.29, 20.35, 20.47, 29.58, 46.66, 61.22, 61.72, 65.39, 67.28, 68.57, 69.91, 70.19, 98.89,
109.81, 119.94, 124.47, 125.27, 126.76, 128.16, 128.86, 135.77, 143.00, 148.99, 154.22, 169.03, 169.42, 169.86,
169.89; HRMS (ESI-TOF): calcd for C29H35N4O11 ([M + H]+): m/z 615.2302; found: m/z 615.2302.

Glycoconjugate 55: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 and
2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a yellow oil (204.3 mg, 65%);
[α]23

D = −20.2 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.88, 1.92, 1.98, 2.03 (4s, 12H,
CH3CO), 2.42 (p, 2H, J = 6.5 Hz, CH2), 2.67 (s, 3H, CH3), 3.98 (ddd, 1H, J = 2.4 Hz, J = 4.9 Hz, J =

10.0 Hz, H-5glu), 4.04 (dd, 1H, J = 2.4 Hz, J = 12.4 Hz, H-6aglu), 4.15–4.24 (m, 3H, CH2N, H-6bglu),
4.64 and 4.80 (qAB, 2H, J = 12.3 Hz, CH2C), 4.65 (t, 2H, J = 6.9 Hz, CH2O), 4.75 (dd, 1H, J = 8.0 Hz, J
= 9.6 Hz H-2glu), 4.87 (d, 1H, J = 8.0 Hz, H-1glu), 4.91 (dd-t, 1H, J = 9.6 Hz, J = 9.8 Hz, H-4glu), 5.24
(dd-t, 1H, J = 9.6 Hz, J = 9.6 Hz, H-3glu), 7.16 (dd, 1H, J = 1.2 Hz, J = 7.6 Hz, H-7chin), 7.38–7.50 (m, 3H,
H-3chin, H-5chin, H-6chin), 8.19 (d, 1H, J = 8.4 Hz, H-4chin), 8.25 (s, 1H, H-5triaz); 13C NMR (100 MHz,
DMSO-d6): δ 20.23, 20.24, 20.35, 20.48, 25.05, 29.52, 46.64, 61.64, 61.83, 65.57, 68.11, 70.60, 70.83, 72.03,
98.46, 110.37, 119.86, 122.44, 124.47, 125.70, 127.32, 135.98, 139.32, 142.93, 153.67, 157.30, 168.92, 169.23,
169.48, 170.01; HRMS (ESI-TOF): calcd for C30H37N4O11 ([M + H]+): m/z 629.2459; found: m/z 629.2458.

Glycoconjugate 56: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 and
2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a yellow oil (242.0 mg, 77%); [α]24

D

= −8.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.89, 1.90, 2.01, 2.11 (4s, 12H, CH3CO), 2.42
(p, 2H, J = 6.3 Hz, CH2), 2.67 (s, 3H, CH3), 4.01–4.11 (m, 2H, H-5gal, H-6agal), 4.15–4.24 (m, 3H, H-6agal,
CH2N), 4.64 and 4.79 (qAB, 2H, J = 12.6 Hz, CH2C), 4.66 (t, 2H, J = 6.9 Hz, CH2O), 4.78 (d, 1H, J =

8.0 Hz, H-1gal), 4.92 (dd, 1H, J = 8.0 Hz, J = 10.4 Hz, H-2gal), 5.14 (dd, 1H, J = 3.6 Hz, J = 10.4 Hz, H-3gal),
5.25 (dd, 1H, J = 0.9 Hz, J = 3.6 Hz, H-4gal), 7.16 (dd, 1H, J = 0.8 Hz, J = 7.5 Hz, H-7chin), 7.37–7.51 (m,
3H, H-3chin, H-5chin, H-6chin), 8.19 (d, 1H, J = 8.4 Hz, H-4chin), 8.25 (s, 1H, H-5triaz); 13C NMR (100 MHz,
DMSO-d6): δ18.53, 20.28, 20.29, 20.35, 20.48, 29.53, 46.64, 61.23, 61.70, 65.55, 68.57, 69.91, 70.19, 72.20,
98.88, 110.33, 119.87, 122.45, 124.46, 125.71, 127.31, 135.96, 139.32, 143.02, 153.26, 158.61, 169.03, 169.43,
169.87, 169.90; HRMS (ESI-TOF): calcd for C30H37N4O11 ([M + H]+): m/z 629.2459; found: m/z 629.2455.

Glycoconjugate 57: Starting from propargyl β-D-glucopyranoside 23 and 8-(3-azidopropoxy)quinoline
6, product was obtained as a white solid (223.2 mg, 100%); m.p.: 77–79 ◦C; [α]24

D = −19.2 (c = 1.0,
MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.42 (p, 2H, J = 6.4 Hz, CH2), 2.94-3.09 (m, 2H, H-2glu, H-5glu),
3.10-3.17 (m, 2H, H-3glu, H-4glu), 3.40–3.50 (m, 1H, H-6aglu), 3.67–3.75 (m, 1H, H-6bglu), 4.05–4.11 (m,
1H, OH), 4.21 (t, 2H, J = 6.1 Hz, CH2N), 4.27 (d, 1H, J = 7.8 Hz, H-1glu), 4.34 (t, 1H, J = 5.1 Hz, OH), 4.57
(t, 1H, J = 5.9 Hz, OH), 4.64 (t, 1H, J = 7.1 Hz, CH2O), 4.64 and 4.85 (qAB, 2H, J = 12.2 Hz, CH2C), 5.01
(d, 1H, J = 4.9 Hz, OH), 7.20 (dd, 1H, J = 2.2 Hz, J = 6.8 Hz, H-7chin), 7.47–7.58 (m, 3H, H-3chin, H-5chin,
H-6chin), 8.29 (s, 1H, H-5triaz), 8.32 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.90 (dd, 1H, J = 1.6 Hz, J =

4.1 Hz, H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 29.61, 46.61, 61.16, 61.57, 65.43, 70.11, 73.39, 76.69,
76.94, 102.14, 109.84, 119.92, 121.86, 124.42, 126.79, 129.04, 135.81, 139.76, 143.89, 149.07, 154.19; HRMS
(ESI-TOF): calcd for C21H27N4O7 ([M + H]+): m/z 447.1880; found: m/z 447.1880.

Glycoconjugate 58: Starting from propargyl β-D-galactopyranoside 24 and 8-(3-azidopropoxy)
quinoline 6, product was obtained as a yellow solid (169.7 mg, 76%); m.p.: 50–54 ◦C; [α]24

D =

−11.2 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.42 (p, 2H, J = 6.5 Hz, CH2), 3.22-3.40 (m,
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4H, H-2gal, H-3gal, H-4gal, H-5gal), 3.50-3.58 (m, 1H, H-6agal), 3.60–3.66 (m, 1H, H-6bgal), 4.20 (t, 2H, J =

6.0 Hz, CH2N), 4.21 (d, 1H, J = 6.3 Hz, H-1gal), 4.34 (d, 1H, J = 4.4 Hz, OH), 4.57–4.71 (m, 2H, OH), 4.62
and 4.83 (qAB, 2H, J = 12.4 Hz, CH2C), 4.64 (t, 2H, J = 7.0 Hz, CH2O), 4.86 (d, 1H, J = 5.7 Hz, OH),
7.20 (dd, 1H, J = 2.1 Hz, J = 6.8 Hz, H-7chin), 7.46–7.59 (m, 3H, H-3chin, H-5chin, H-6chin), 8.28 (s, 1H,
H-5triaz), 8.32 (dd, 1H, J = 1.6 Hz, J = 8.4 Hz, H-4chin), 8.90 (dd, 1H, J = 1.7 Hz, J = 4.1 Hz, H-2chin); 13C
NMR (100 MHz, DMSO-d6): δ 29.62, 46.61, 60.53, 61.42, 65.44, 68.18, 70.47, 73.39, 75.32, 102.70, 109.85,
119.91, 121.85, 124.36, 126.79, 129.04, 135.79, 139.76, 143.96, 149.08, 154.19; HRMS (ESI-TOF): calcd for
C21H27N4O7 ([M + H]+): m/z 447.1880; found: m/z 447.1879.

Glycoconjugate 59: Starting from propargyl β-D-glucopyranoside 23 and 2-methyl-8-(3-azidopropoxy)
quinoline 9, product was obtained as a yellow solid (200.3 mg, 87%); m.p.: 47-50 ◦C; [α]23

D = −16.6 (c =

1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.42 (p, 2H, J = 6.5 Hz, CH2), 2.68 (s, 3H, CH3), 2.93–3.09
(m, 2H, H-2glu, H-5glu), 3.10–3.20 (m, 2H, H-3glu, H-4glu), 3.40–3.50 (m, 1H, H-6aglu), 3.66–3.75 (m, 1H,
H-6bglu), 4.20 (t, 2H, J = 6.2 Hz, CH2N), 4.26 (d, 1H, J = 7.8 Hz, H-1glu), 4.34 (t, 2H, J = 5.0 Hz, OH),
4.56 (t, 1H, J = 5.8 Hz, OH), 4.63 and 4.84 (qAB, 2H, J = 12.2 Hz, CH2C), 4.64 (t, 2H, J = 6.9 Hz, CH2O),
5.00 (d, 1H, J = 4.9 Hz, OH), 7.16 (dd, 1H, J = 1.3 Hz, J = 7.6 Hz, H-7chin), 7.38–7.49 (m, 3H, H-3chin,
H-5chin, H-6chin), 8.19 (d, 1H, J = 8.4 Hz, H-4chin), 8.26 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6):
δ 25.09, 29.57, 46.60, 61.16, 61.56, 65.57, 70.12, 73.40, 76.70, 76.95, 102.15, 110.35, 119.86, 122.48, 124.40,
125.75, 131.21, 136.01, 139.31, 143.15, 150.40, 153.68; HRMS (ESI-TOF): calcd for C22H29N4O7 ([M +

H]+): m/z 461.2036; found: m/z 461.2039.

Glycoconjugate 60: Starting from propargyl β-D-galactopyranoside 24 and 2-methyl-8-(3-azidopropoxy)
quinoline 9, product was obtained as a brown solid (149.7 mg, 65%); m.p.: 50–54 ◦C; [α]24

D = −4.6
(c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.42 (p, 2H, J = 6.5 Hz, CH2), 2.67 (s, 3H, CH3),
3.22–3.42 (m, 4H, H-2gal, H-3gal, H-4gal, H-5gal), 3.49–3.57 (m, 1H, H-6agal), 3.60–3.66 (m, 1H, H-6bgal),
4.20 (t, 2H, J = 5.9 Hz, CH2N), 4.21 (d, 1H, J = 7.0 Hz, H-1gal), 4.34 (bs, 1H, OH), 4.54-4.72 (m, 4H,
CH2O, CH2C, OH), 4.77-4.89 (m, 2H, CH2C, OH), 7.16 (dd, 1H, J = 1.2 Hz, J = 7.6 Hz, H-7chin), 7.37-7.50
(m, 3H, H-3chin, H-5chin, H-6chin), 8.19 (d, 1H, J = 8.4 Hz, H-4chin), 8.26 (s, 1H, H-5triaz); 13C NMR
(100 MHz, DMSO-d6): δ 25.00, 29.56, 46.58, 60.52, 61.40, 65.59, 68.18, 70.48, 73.40, 75.31, 102.71, 110.44,
119.85, 122.51, 124.32, 125.81, 127.34, 136.18, 139.12, 143.96, 153.58, 157.34; HRMS (ESI-TOF): calcd for
C22H29N4O7 ([M + H]+): m/z 461.2036; found: m/z 461.2038.

Glycoconjugate 61: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 and 8-(4-
azidobutoxy)quinoline 7, product was obtained as a yellow oil (301.7 mg, 96%); [α]23

D = −17.8 (c =

1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.61 (bs, 2H, CH2), 1.92, 1.98, 2.01, 2.08 (4s, 12H, CH3CO),
2.26 (p, 2H, J = 7.1 Hz, CH2), 3.69 (ddd, 1H, J = 2.4 Hz, J = 4.7 Hz, J = 9.9 Hz, H-5glu), 4.12 (dd, 1H, J
= 2.4 Hz, J = 12.3 Hz, H-6aglu), 4.24 (dd, 1H, J = 4.7 Hz, J = 12.3 Hz, H-6aglu), 4.28 (t, 2H, J = 6.1 Hz,
CH2N), 4.58 (t, 2H, J = 6.9 Hz, CH2O), 4.68 (d, 1H, J = 8.0 Hz, H-1glu), 4.81 and 4.93 (qAB, 2H, J =

12.6 Hz, CH2C), 5.00 (dd, 1H, J = 8.0 Hz, J = 9.5 Hz H-2glu), 5.08 (dd-t, 1H, J = 9.4 Hz, J = 9.8 Hz, H-4glu),
5.17 (dd-t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3glu), 7.05 (dd, 1H, J = 1.4 Hz, J = 7.5 Hz, H-7chin), 7.38–7.49 (m,
3H, H-3chin, H-5chin, H-6chin), 7.95 (s, 1H, H-5triaz), 8.14 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.93
(dd, 1H, J = 1.7 Hz, J = 4.2 Hz, H-2chin); 13C NMR (100 MHz, CDCl3): δ 20.60, 20.67, 20.75, 20.79, 25.61,
27.83, 49.93, 61.85, 62.86, 68.36, 71.24, 71.89, 72.86, 77.22, 99.66, 108.81, 119.91, 121.71, 123.74, 126.69,
129.54, 135.96, 140.35, 143.77, 149.32, 154.59, 169.35, 169.42, 170.19, 170.65; HRMS (ESI-TOF): calcd for
C29H35N4O11 ([M + H]+): m/z 629.2459; found: m/z 629.2458.

Glycoconjugate 62: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 and
8-(4-azidobutoxy)quinoline 7, product was obtained as a yellow oil (292.3 mg, 93%); [α]25

D = −12.8 (c
= 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.78–1.87 (m, 2H, CH2), 1.90, 1.90, 2.01, 2.10 (4s, 12H,
CH3CO), 2.05–2.10 (m, 2H, CH2), 4.01-4.11 (m, 2H, H-5gal, H-6agal), 4.16-4.25 (m, 3H, H-6bgal, CH2N),
4.54 (t, 2H, J = 7.0 Hz, CH2O), 4.64 and 4.80 (qAB, 2H, J = 12.4 Hz, CH2C), 4.81 (d, 1H, J = 8.0 Hz, H-1gal),
4.92 (dd, 1H, J = 8.0 Hz, J = 10.3 Hz, H-2gal), 5.15 (dd, 1H, J = 3.6 Hz, J = 10.3 Hz, H-3gal), 5.25 (dd, 1H, J
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= 0.9 Hz, J = 3.6 Hz, H-4gal), 7.17–7.21 (m, 1H, H-7chin), 7.47–7.57 (m, 3H, H-3chin, H-5chin, H-6chin), 8.25
(s, 1H, H-5triaz), 8.31 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.85 (bs, 1H, H-2chin); 13C NMR (100 MHz,
DMSO-d6): δ 20.29, 20.32, 20.35, 20.48, 25.53, 27.04, 49.08, 61.21, 61.81, 67.28, 67.85, 68.58, 69.90, 70.19,
98.97, 109.37, 119.55, 121.79, 124.44, 126.80, 129.00, 135.76, 139.72, 142.87, 148.92, 154.38, 169.05, 169.42,
169.86, 169.89; HRMS (ESI-TOF): calcd for C30H37N4O11 ([M + H]+): m/z 629.2459; found: m/z 629.2459.

Glycoconjugate 63: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 21 and
2-methyl-8-(4-azidobutoxy)quinoline 10, product was obtained as a yellow oil (295.6 mg, 92%);
[α]23

D = −18.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.80 (p, 2H, J = 6.6 Hz, CH2), 1.88,
1.91, 1.97, 2.02 (4s, 12H, CH3CO), 2.08 (p, 2H, J = 7.4 Hz, CH2), 2.63 (s, 3H, CH3), 3.97 (ddd, 1H, J =

2.4 Hz, J = 4.9 Hz, J = 10.0 Hz, H-5glu), 4.03 (dd, 1H, J = 2.4 Hz, J = 12.4 Hz, H-6aglu), 4.14–4.24 (m, 3H,
CH2N, H-6bglu), 4.59 (t, 2H, J = 6.9 Hz, CH2O), 4.64 and 4.80 (qAB, 2H, J = 12.4 Hz, CH2C), 4.75 (dd,
1H, J = 8.0 Hz, J = 9.7 Hz H-2glu), 4.90 (d, 1H, J = 8.0 Hz, H-1glu), 4.91 (dd-t, 1H, J = 9.7 Hz, J = 9.7 Hz,
H-4glu), 5.24 (dd-t, 1H, J = 9.6 Hz, J = 9.6 Hz, H-3glu), 7.15 (dd, 1H, J = 1.8 Hz, J = 7.2 Hz, H-7chin),
7.38–7.47 (m, 3H, H-3chin, H-5chin, H-6chin), 8.18 (d, 1H, J = 8.4 Hz, H-4chin), 8.34 (s, 1H, H-5triaz); 13C
NMR (100 MHz, DMSO-d6): δ 20.23, 20.30, 20.34, 20.47, 24.93, 25.25, 27.23, 49.08, 61.64, 61.92, 68.09,
68.14, 70.60, 70.82, 72.03, 98.53, 109.64, 119.42, 122.41, 124.62, 125.74, 127.26, 135.96, 139.19, 142.70,
153.89, 157.21, 168.92, 169.21, 169.46, 170.00; HRMS (ESI-TOF): calcd for C31H39N4O11 ([M + H]+): m/z
643.2615; found: m/z 643.2618.

Glycoconjugate 64: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 22 and
2-methyl-8-(4-azidobutoxy)quinoline 10, product was obtained as a yellow oil (321.3 mg, 100%); [α]24

D

= −13.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.81 (p, 2H, J = 6.6 Hz, CH2), 1.89, 1.89, 2.00,
2.10 (4s, 12H, CH3CO), 2.03–2.10 (m, 2H, CH2), 2.63 (s, 3H, CH3), 4.01–4.11 (m, 2H, H-5gal, H-6agal),
4.15–4.25 (m, 3H, H-6agal, CH2N), 4.59 (t, 2H, J = 7.0 Hz, CH2O), 4.64 and 4.80 (qAB, 2H, J = 12.9 Hz,
CH2C), 4.81 (d, 1H, J = 8.0 Hz, H-1gal), 4.92 (dd, 1H, J = 8.0 Hz, J = 10.3 Hz, H-2gal), 5.14 (dd, 1H, J =

3.6 Hz, J = 10.3 Hz, H-3gal), 5.24 (dd, 1H, J = 0.9 Hz, J = 3.6 Hz, H-4gal), 7.15 (dd, 1H, J = 1.8 Hz, J =

7.2 Hz, H-7chin), 7.38–7.47 (m, 3H, H-3chin, H-5chin, H-6chin), 8.18 (d, 1H, J = 8.4 Hz, H-4chin), 8.33 (s, 1H,
H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 20.22, 20.28, 20.34, 20.47, 24.93, 25.26, 27.25, 49.08, 61.20,
61.78, 67.28, 68.14, 68.57, 69.89, 70.19, 98.95, 109.64, 119.41, 122.40, 124.57, 125.74, 127.26, 135.96, 139.19,
142.78, 153.89, 157.21, 168.02, 169.41, 169.84, 169.88; HRMS (ESI-TOF): calcd for C31H39N4O11 ([M +

H]+): m/z 643.2615; found: m/z 643.2612.

Glycoconjugate 65: Starting from propargyl β-D-glucopyranoside 23 and 8-(4-azidobutoxy)quinoline 7,
product was obtained as a yellow solid (165.8 mg, 72%); m.p.: 49–51 ◦C; [α]24

D = −20.2 (c = 1.0, MeOH);
1H NMR (400 MHz, DMSO-d6): δ 1.77-1.89 (m, 2H, CH2), 2.03-2.15 (m, 2H, CH2), 2.94–3.09 (m, 2H,
H-2glu, H-5glu), 3.10–3.17 (m, 2H, H-3glu, H-4glu), 3.40–3.50 (m, 1H, H-6aglu), 3.67–3.75 (m, 1H, H-6bglu),
4.05–4.11 (m, 1H, OH), 4.21 (m, 2H, CH2N), 4.27 (d, 1H, J = 7.8 Hz, H-1glu), 4.34 (t, 1H, J = 5.1 Hz, OH),
4.52 (t, 1H, J = 6.8 Hz, CH2O), 4.57 (t, 1H, J = 5.9 Hz, OH), 4.64 and 4.85 (qAB, 2H, J = 12.2 Hz, CH2C),
5.01 (d, 1H, J = 4.9 Hz, OH), 7.17–7.22 (m, 1H, H-7chin), 7.45–7.61 (m, 3H, H-3chin, H-5chin, H-6chin), 8.28
(s, 1H, H-5triaz), 8.31–8.35 (m, 1H, H-4chin), 8.87 (bs, 1H, H-2chin); 13C NMR (100 MHz, DMSO-d6): δ
25.61, 26.96, 49.06, 61.16, 61.59, 67.84, 70.11, 73.38, 76.70, 76.95, 102.15, 109.35, 119.64, 121.85, 124.42,
126.84, 128.86, 135.68, 139.79, 143.73, 148.98, 154.35; HRMS (ESI-TOF): calcd for C22H29N4O7 ([M +

H]+): m/z 461.2036; found: m/z 461.2036.

Glycoconjugate 66: Starting from propargyl β-D-galactopyranoside 24 and 8-(4-azidobutoxy)quinoline
7, product was obtained as a yellow solid (207.2 mg, 90%); m.p.: 62–64 ◦C; [α]24

D = −13.0 (c = 1.0,
MeOH); 1H NMR (400 MHz, DMSO-d6): δ 1.83 (p, 2H, J = 6.3 Hz, CH2), 2.08 (p, 2H, J = 7.1 Hz, CH2),
3.24–3.30 (m, 1H, H-2gal), 3.33–3.48 (m, 3H, H-3gal, H-4gal, H-5gal), 3.50–3.57 (m, 1H, H-6agal), 3.61–3.66
(m, 1H, H-6bgal), 4.21 (t, 2H, J = 6.3 Hz, CH2N), 4.22 (d, 1H, J = 7.5 Hz, H-1gal), 4.31–4.36 (m, 2H, OH),
4.52 (t, 2H, J = 7.0 Hz, CH2O), 4.62 and 4.83 (qAB, 2H, J = 12.1 Hz, CH2C), 4.67 (d, 1H, J = 5.1 Hz, OH),
4.87 (d, 1H, J = 4.6 Hz, OH), 7.17–7.21 (m, 1H, H-7chin), 7.46–7.57 (m, 3H, H-3chin, H-5chin, H-6chin),
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8.27 (s, 1H, H-5triaz), 8.31 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.87 (dd, 1H, J = 1.7 Hz, J = 4.1 Hz,
H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 25.59, 26.98, 49.03, 60.52, 61.45, 67.82, 68.18, 70.47, 73.40,
75.32, 102.73, 109.39, 119.55, 121.80, 124.33, 126.80, 129.00, 135.75, 139.71, 143.77, 148.99, 154.38; HRMS
(ESI-TOF): calcd for C22H29N4O7 ([M + H]+): m/z 461.2036; found: m/z 461.2035.

Glycoconjugate 67: Starting from propargyl β-D-glucopyranoside 23 and 2-methyl-8-(4-azidobutoxy)
quinoline 10, product was obtained as an orange solid (180.3 mg, 76%); m.p.: 75–78 ◦C; [α]24

D = −17.6
(c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 1.82 (p, 2H, J = 6.5 Hz, CH2), 2.08 (p, 2H, J = 7.0 Hz,
CH2), 2.64 (s, 3H, CH3), 2.94–3.09 (m, 2H, H-2glu, H-5glu), 3.10–3.19 (m, 2H, H-3glu, H-4glu), 3.41–3.49
(m, 1H, H-6aglu), 3.66–3.74 (m, 1H, H-6bglu), 4.20 (t, 2H, J = 6.3 Hz, CH2N), 4.27 (d, 1H, J = 7.8 Hz,
H-1glu), 4.55 (d, 1H, J = 5.9 Hz, OH), 4.56 (t, 2H, J = 6.9 Hz, CH2O), 4.64 and 4.86 (qAB, 2H, J = 12.2 Hz,
CH2C), 4.89 (t, 2H, J = 5.2 Hz, OH), 4.91 (t, 1H, J = 4.7 Hz, OH), 5.01 (d, 1H, J = 4.9 Hz, OH), 7.15
(dd, 1H, J = 1.8 Hz, J = 7.1 Hz, H-7chin), 7.38–7.47 (m, 3H, H-3chin, H-5chin, H-6chin), 8.18 (d, 1H, J =

8.4 Hz, H-4chin), 8.31 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 25.40, 25.44, 27.09, 49.07,
61.13, 61.55, 68.07, 70.09, 73.37, 76.69, 76.93, 102.13, 109.62, 119.44, 122.43, 124.51, 125.78, 127.28, 135.98,
139.16, 145.72, 148.08, 153.85; HRMS (ESI-TOF): calcd for C23H31N4O7 ([M + H]+): m/z 475.2193; found:
m/z 475.2194.

Glycoconjugate 68: Starting from propargyl β-D-galactopyranoside 24 and 2-methyl-8-(4-azidobutoxy)
quinoline 10, product was obtained as an orange solid (156.6 mg, 66%); m.p.: 38–41 ◦C; [α]23

D = −6.0 (c
= 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 1.82 (m, 2H, CH2), 2.08 (m, 2H, CH2), 2.64 (s, 3H,
CH3), 3.23–3.43 (m, 4H, H-2gal, H-3gal, H-4gal, H-5gal), 3.49–3.58 (m, 1H, H-6agal), 3.61–3.66 (m, 1H,
H-6bgal), 4.15–4.25 (m 3H, H-1gal, CH2N), 4.56 (t, 2H, J = 6.8 Hz, CH2O), 4.62 and 4.83 (qAB, 2H, J
= 12.1 Hz, CH2C), 7.16 (m, 1H, H-7chin), 7.36–7.52 (m, 3H, H-3chin, H-5chin, H-6chin), 8.19 (d, 1H, J =

8.2 Hz, H-4chin), 8.29 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 24.94, 25.40, 27.10, 49.06, 60.50,
61.43, 68.08, 68.17, 70.47, 73.41, 75.31, 102.73, 109.74, 119.43, 122.45, 124.40, 125.81, 127.28, 136.09, 139.06,
143.74, 153.83, 157.26; HRMS (ESI-TOF): calcd for C23H31N4O7 ([M + H]+): m/z 475.2193; found: m/z
475.2199.

Glycoconjugate 69: Starting from 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 27 and
8-(2-propyn-1-yloxy)quinoline 3, product was obtained as a yellow solid (234.2 mg, 78%); m.p.:
52–55 ◦C; [α]22

D = −13.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.92, 1.98, 2.02, 2.06 (4s, 12H,
CH3CO), 3.67 (ddd, 1H, J = 2.4 Hz, J = 4.7 Hz, J = 10.0 Hz, H-5glu), 3.93–3.99 (m, 1H, CH2O), 4.11
(dd, 1H, J = 2.4 Hz, J = 12.4 Hz, H-6aglu), 4.19–4.24 (m, 2H, H-6bglu, CH2O.), 4.48 (d, 1H, J = 7.9 Hz,
H-1glu), 4.49–4.62 (m, 2H, CH2N), 4.95 (dd, 1H, J = 7.9 Hz, J = 9.5 Hz H-2glu), 5.04 (dd, 1H, J = 9.4 Hz,
J = 10.0 Hz, H-4glu), 5.16 (dd-t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-3glu), 5.54 (s, 2H, CH2Ochin), 7.32–7.50
(m, 4H, H-3chin, H-5chin, H-6chin, H-7chin), 7.84 (s, 1H, H-5triaz), 8.14 (d, 1H, J = 8.0 Hz, H-4chin), 8.94
(bs, 1H, H-2chin); 13C NMR (100 MHz, CDCl3): δ 20.53, 20.55, 20.64, 20.70, 50.06, 61.74, 62.79, 67.58,
68.25, 70.90, 71.99, 72.52, 100.54, 110.09, 120.29, 121.63, 124.62, 126.77, 129.50, 136.05, 140.21, 143.85,
149.26, 153.90, 169.29, 169.35, 170.08, 170.54; HRMS (ESI-TOF): calcd for C28H33N4O11 ([M + H]+): m/z
601.2146; found: m/z 601.2149.

Glycoconjugate 70: Starting from 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 28 and
8-(2-propyn-1-yloxy)quinoline 3, product was obtained as a yellow solid (186.2 mg, 62%); m.p.:
55–58 ◦C; [α]23

D = −18.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.90, 2.00, 2.09, 2.10 (4s,
12H, CH3CO), 3.91–3.99 (m, 1H, CH2O), 4.00-4.22 (m, 4H, H-6agal, H-6bgal, H-5gal, CH2O), 4.53–4.66
(m, 2H, CH2N), 4.74 (d, 1H, J = 8.0 Hz, H-1gal), 4.91 (dd, 1H, J = 8.0 Hz, J = 10.4, H-2gal), 5.12 (dd, 1H, J
= 3.6 Hz, J = 10.4 Hz, H-3gal), 5.25 (dd, 1H, J = 0.8 Hz, J = 3.6 Hz, H-4gal), 5.35 (s, 2H, CH2Ochin), 7.41
(dd, 1H, J = 3.4 Hz, J = 5.6 Hz, H-7chin), 7.50–7.57 (m, 3H, H-3chin, H-5chin, H-6chin), 8.15 (s, 1H, H-5triaz),
8.31 (dd, 1H, J = 1.6 Hz, J = 8.3 Hz, H-4chin), 8.83 (bs, 1H, H-2chin); 13C NMR (100 MHz, DMSO-d6):
δ 20.28, 20.32, 20.34, 20.47, 49.34, 61.21, 61.88, 67.26, 68.31, 69.98, 70.08, 79.14, 99.61, 110.10, 120.05,
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121.82, 124.97, 126.72, 129.03, 135.75, 139.75, 142.46, 148.92, 153.85, 169.13, 169.43, 169.86, 169.88; HRMS
(ESI-TOF): calcd for C28H33N4O11 ([M + H]+): m/z 601.2146; found: m/z 601.2140.

Glycoconjugate 71: Starting from 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 27 and
2-methyl-8-(2-propyn-1-yloxy)quinoline 4, product was obtained as a pink solid (298.1 mg, 97%); m.p.:
50–53 ◦C; [α]24

D = −13.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.89, 1.92, 1.98, 2.01 (4s,
12H, CH3CO), 2.63 (s, 3H, CH3), 3.91–4.00 (m, 2H, H-5glu, CH2O), 4.04 (dd, 1H, J = 2.5 Hz, J = 12.4 Hz,
H-6aglu), 4.09–4.13 (m, 1H, CH2O), 4.17 (dd, 1H, J = 5.0 Hz, J = 12.4 Hz, H-6bglu), 4.52–4.66 (m, 2H,
CH2N), 4.75 (dd, 1H, J = 8.1 Hz, J = 9.7 Hz, H-2glu), 4.85 (d, 1H, J = 8.1 Hz, H-1glu), 4.90 (dd-t, 1H, J =

9.4 Hz, J = 9.8 Hz, H-4glu), 5.23 (dd-t, 1H, J = 9.4 Hz, J = 9.7 Hz, H-3glu), 5.34 (s, 2H, CH2Ochin), 7.37
(dd, 1H, J = 1.7 Hz, J = 7.4 Hz, H-7chin), 7.41 (d, 1H, J = 8.4 Hz, H-3chin), 7.43 (dd, 1H, J = 7.4 Hz, J
= 8.1 Hz, H-6chin), 7.47 (dd, 1H, J = 1.7 Hz, J = 8.1 Hz, H-5chin), 8.16 (s, 1H, H-5triaz), 8.18 (d, 1H, J =

8.4 Hz, H-4chin); 13C NMR (100 MHz, DMSO-d6): δ 20.19, 20.20, 20.31, 20.43, 24.85, 49.27, 61.60, 61.71,
67.39, 68.07, 70.51, 71.87, 79.12, 99.12, 110.26, 119.83, 122.40, 125.05, 125.60, 127.29, 135.90, 139.17, 142.50,
153.34, 157.19, 168.98, 169.19, 169.44, 169.97; HRMS (ESI-TOF): calcd for C29H35N4O11 ([M + H]+): m/z
615.2302; found: m/z 615.2303.

Glycoconjugate 72: Starting from 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside 28 and
2-methyl-8-(2-propyn-1-yloxy)quinoline 4, product was obtained as a pink solid (236.6 mg, 77%); m.p.:
60–63 ◦C; [α]24

D = −13.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.89, 1.90, 2.00, 2.10 (4s,
12H, CH3CO), 2.62 (s, 3H, CH3), 3.95 (m, 1H, CH2O), 4.00–4.08 (m, 2H, H-6agal, H-6bgal), 4.08–4.21 (m,
2H, CH2O, H-5gal), 4.52–4.66 (m, 2H, CH2N), 4.74 (d, 1H, J = 8.0 Hz, H-1gal), 4.92 (dd, 1H, J = 8.0 Hz, J
= 10.4, H-2gal), 5.12 (dd, 1H, J = 3.6 Hz, J = 10.4 Hz H-3gal), 5.25 (dd, 1H, J = 0.8 Hz, J = 3.6 Hz, H-4gal),
5.34 (s, 2H, CH2Ochin), 7.37 (dd, 1H, J = 1.6 Hz, J = 7.4 Hz, H-7chin), 7.41 (d, 1H, J = 8.4 Hz, H-3chin),
7.43 (dd, 1H, J = 7.4 Hz, J = 8.2 Hz, H-6chin), 7.47 (dd, 1H, J = 1.6 Hz, J = 8.2 Hz, H-5chin), 8.15 (s, 1H,
H-5triaz), 8.18 (d, 1H, J = 8.4 Hz, H-4chin); 13C NMR (100 MHz, DMSO-d6): δ 20.30, 20.37, 20.50, 21.05,
24.89, 49.36, 61.23, 61.79, 67.29, 68.31, 70.01, 70.11, 79.17, 99.65, 110.33, 119.90, 122.46, 125.05, 125.67,
127.35, 135.96, 139.23, 142.58, 153.40, 157.25, 169.18, 169.46, 169.89, 169.9k2; HRMS (ESI-TOF): calcd for
C29H35N4O11 ([M + H]+): m/z 615.2302; found: m/z 615.2305.

Glycoconjugate 73: Starting from 2-azidoethyl β-D-glucopyranoside 29 and 8-(2-propyn-1-yloxy)
quinoline 3, product was obtained as a beige solid (134.1 mg, 62%); m.p.: 60–63 ◦C; [α]23

D = −9.6
(c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.95-3.08 (m, 1H, H-5glu), 3.10–3.19 (m, 3H,
H-2glu, H-3glu, H-4glu), 3.40-3.48 (m, 1H, H-6aglu), 3.65–3.72 (m, 1H, H-6bglu), 3.91–3.98 (m, 1H, CH2O),
4.07-4.14 (m, 1H, CH2O), 4.26 (d, 1H, J = 7.8 Hz, H-1glu), 4.52–4.56 (m, 1H, OH), 4.60–4.66 (m, 2H,
CH2N), 4.88–4.96 (m, 2H, OH), 5.10–5.14 (d, 1H, J = 4.7 Hz, OH), 5.34 (s, 2H, CH2Ochin), 7.39–7.45 (m,
1H, H-7chin), 7.50–7.57 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J = 1.8 Hz, J = 8.1 Hz, H-4chin),
8.38 (s, 1H, H-5triaz), 8.83 (dd, 1H, J = 1.8 Hz, J = 4.1 Hz, H-2chin); 13C NMR (100 MHz, DMSO-d6): δ
49.74, 61.06, 61.82 67.36, 70.01, 73.27, 76.59, 76.96, 102.95, 109.96, 119.95, 121.81, 125.69, 126.73, 129.03,
135.78, 139.67, 142.32, 148.96, 153.84; HRMS (ESI-TOF): calcd for C20H25N4O7 ([M + H]+): m/z 433.1723;
found: m/z 433.1719.

Glycoconjugate 74: Starting from 2-azidoethyl β-D-galactopyranoside 30 and 8-(2-propyn-1-yloxy)
quinoline 3, product was obtained as a brown oil (118.9 mg, 55%); [α]25

D = 10.8 (c = 1.0, MeOH); 1H
NMR (400 MHz, D2O): δ 3.44-3.54 (m, 1H, H-2gal), 3.57–3.74 (m, 4H, H-3gal, H-5gal, H-6agal, H-6bgal),
3.91 (d, 1H, J = 3.2 Hz, H-4gal), 4.11-4.21 (m, 1H, CH2O), 4.30–4.40 (m, 2H, CH2O, H-1gal), 4.72-4.78 (m,
2H, CH2Ntriaz), 5.66 (s, 2H, CH2Ochin), 7.78 (dd, 1H, J = 2.3 Hz, J = 6.4 Hz, H-7chin), 7.85-7.97 (m, 2H,
H-3chin, H-5chin), 8.06–8.16 (m, 1H, H-6chin), 8.35 (s, 1H, H-5triaz), 9.05 (d, 1H, J = 4.7 Hz, H-2chin), 9.14
(d, 1H, J = 8.1 Hz, H-4chin); 13C NMR (100 MHz, D2O): δ 50.49, 60.83, 62.27, 67.96, 68.45, 70.52, 72.54,
75.05, 102.97, 114.63, 120.83, 122.17, 126.24, 129.37, 129.92, 130.37, 142.07, 143.05, 147.30, 147.5; HRMS
(ESI-TOF): calcd for C20H25N4O7 ([M + H]+): m/z 433.1723; found: m/z 433.1720.
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Glycoconjugate 75: Starting from 2-azidoethyl β-D-glucopyranoside 29 and 2-methyl-8-(2-propyn-1-
yloxy)quinoline 4, product was obtained as a brown oil (129.5 mg, 58%); [α]24

D = 1.6 (c = 1.0, MeOH);
1H NMR (400 MHz, D2O): δ 3.01 (s, 3H, CH3), 3.18 (dd-t, 1H, J = 8.2 Hz, J = 8.3 Hz, H-4glu), 3.29 (dd-t,
1H, J = 8.6 Hz, J = 9.0 Hz, H-2glu), 3.38–3.47 (m, 2H, H-3glu, H-5glu), 3.63 (dd, 1H, J = 4.7 Hz, J = 12.3 Hz,
H-6aglu), 3.81–3.90 (m, 1H, H-6bglu), 4.10–4.22 (m, 1H, CH2O), 4.27–4.37 (m, 1H, CH2O), 4.41 (d, 1H, J
= 7.8 Hz, H-1glu), 4.68–4.77 (m, 2H, CH2N), 5.64 (s, 2H, CH2Ochin), 7.64–7.96 (m, 4H, H-3chin, H-5chin,
H-6chin, H-7chin), 8.30 (s, 1H, H-5triaz), 8.91 (d, 1H, J = 8.3 Hz, H-4chin); 13C NMR (100 MHz, D2O): δ
19.99, 50.45, 60.60, 62.10, 67.96, 69.49, 72.88, 75.53, 75.82, 102.32, 114.65, 120.85, 124.20, 126.25, 128.08,
129.08, 129.44, 146.30, 146.98, 155.63, 157.49; HRMS (ESI-TOF): calcd for C21H27N4O7 ([M + H]+): m/z
447.1880; found: m/z 447.1880.

Glycoconjugate 76: Starting from 2-azidoethyl β-D-galactopyranoside 30 and 2-methyl-8-(2-propyn-1-
yloxy)quinoline 4, product was obtained as a pink solid (131.7 mg, 59%); m.p.: 102-105 ◦C; [α]23

D = 4.8
(c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.63 (s, 3H, CH3), 3.33–3.39 (m, 2H, H-2gal, H-3gal),
3.40–3.48 (m, 1H, H-5gal), 3.49–3.55 (m, 2H, H-6agal, H-6bgal), 3.63 (dd-t, 1H, J = 0.8 Hz, J = 3.6 Hz,
H-4gal), 3.88–3.96 (m, 1H, CH2O), 4.06–4.14 (m, 1H, CH2O), 4.19 (d, 1H, J = 7.3 Hz, H-1gal), 4.35 (d, 1H,
J = 4.6 Hz, OH), 4.53–4.64 (m, 3H, CH2N, OH), 4.69 (d, 1H, J = 5.0 Hz, OH), 4.95 (d, 1H, J = 4.4 Hz, OH),
5.33 (s, 2H, CH2Ochin), 7.38 (dd, 1H, J = 2.0 Hz, J = 7.2 Hz, H-7chin), 7.41 (d, 1H, J = 8.4 Hz, H-3chin),
7.44 (dd, 1H, J = 7.2 Hz, J = 7.8 Hz, H-6chin), 7.47 (dd, 1H, J = 1.8 Hz, J = 7.8 Hz, H-5chin), 8.18 (d, 1H, J =

8.4 Hz, H-4chin), 8.37 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 24.89, 49.75, 60.46, 61.66, 67.16,
68.14, 70.35, 73.29, 75.39, 103.53, 110.20, 119.77, 122.42, 125.65, 125.69, 127.30, 135.93, 139.16, 142.39,
153.37, 157.23; HRMS (ESI-TOF): calcd for C21H27N4O7 ([M + H]+): m/z 447.1880; found: m/z 447.1881.

Glycoconjugate 77: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)azidoacetamide 33 and
8-(2-propyn-1-yloxy)quinoline 3, product was obtained as a light yellow solid (205.5 mg, 67%); m.p.:
97–100 ◦C; [α]25

D = 4.4 (c = 0.6, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.94, 1.97, 1.99, 2.00 (4s, 12H,
CH3CO), 3.99 (m, 1H, H-6aglu), 4.10–4.18 (m, 2H, H-5glu, H-6bglu), 4.87 (dd-t, 1H, J = 9.4 Hz, J = 9.4 Hz,
H-4glu), 4.93 (dd-t, 1H, J = 9.7 Hz, J = 9.7 Hz, H-2glu), 5.16 and 5.22 (qAB, 2H, J = 16.5 Hz, CH2CO),
5.34–5.41 (m, 3H, H-1glu, CH2Ochin), 5.45 (dd-t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3glu), 7.41 (dd, 1H, J =

3.6 Hz, J = 5.4 Hz, H-7chin), 7.49–7.57 (m, 3H, H-3chin, H-5chin, H-6chin), 8.24 (s, 1H, H-5triaz), 8.32 (dd,
1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.83 (d, 1H, J = 2.7 Hz, H-2chin), 9.25 (d, 1H, J = 9.3 Hz, CONH); 13C
NMR (100 MHz, DMSO-d6): δ 20.27, 20.30, 20.33, 20.48, 51.40, 61.73, 67.72, 70.58, 72.13, 72.64, 76.85,
79.12, 109.94, 119.95, 121.81, 126.38, 126.69, 129.02, 135.73, 139.70, 142.37, 148.94, 153.82, 166.17, 169.13,
169.25, 169.44, 169.94; HRMS (ESI-TOF): calcd for C28H32N5O11 ([M + H]+): m/z 614.2098; found: m/z
614.2095.

Glycoconjugate 78: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)azidoacetamide 34
and 8-(2-propyn-1-yloxy)quinoline 3, product was obtained as a yellow solid (227.0 mg, 74%); m.p.:
100–103 ◦C; [α]22

D = 14.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.92, 1.98, 1.99, 2.12 (4s,
12H, CH3CO), 3.98 (dd, 1H, J = 6.7 Hz, J = 11.3 Hz, H-6agal), 4.05 (dd, 1H, J = 5.9 Hz, J = 11.3 Hz,
H-6bgal), 4.35 (m, 1H, H-5gal), 5.08 (dd, 1H, J = 9.0 Hz, J = 9.4 Hz, H-2gal), 5.13 and 5.21 (qAB, 2H, J
= 16.5 Hz, CH2CO), 5.27-5.44 (m, 5H, H-1gal, H-3gal, H-4gal, CH2Ochin), 7.42 (dd, 1H, J = 3.2 Hz, J =

5.8 Hz, H-7chin), 7.50–7.58 (m, 3H, H-3chin, H-5chin, H-6chin), 8.24 (s, 1H, H-5triaz), 8.28–8.35 (m, 2H,
H-4chin, H-2chin), 9.34 (d, 1H, J = 9.5 Hz, CONH); 13C NMR (100 MHz, DMSO-d6): δ 20.33, 20.38, 20.48,
20.72, 51.37, 61.42, 61.75, 67.54, 68.24, 70.66, 71.43, 77.22, 109.95, 119.98, 121.88, 124.11, 126.39, 126.70,
135.73, 139.72, 142.38, 148.91, 153.85, 166.09, 169.31, 169.37, 169.78, 169.85; HRMS (ESI-TOF): calcd for
C28H32N5O11 ([M + H]+): m/z 614.2098; found: m/z 614.2091.

Glycoconjugate 79: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)azidoacetamide 33 and
2-methyl-8-(2-propyn-1-yloxy)quinoline 4, product was obtained as a pink solid (254.2 mg, 81%); m.p.:
93–96 ◦C; [α]27

D = 5.2 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.94, 1.97, 1.99, 2.00 (4s, 12H,
CH3CO), 2.63 (s, 3H, CH3), 3.94–4.03 (m, 1H, H-6aglu), 4.06–4.18 (m, 2H, H-5glu, H-6bglu), 4.87 (dd-t,
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J = 9.4 Hz, J = 10.4 Hz, H-4glu), 4.92 (dd-t, J = 9.7 Hz, J = 9.8 Hz, H-2glu), 5.15 and 5.21 (qAB, 2H, J
= 16.5 Hz, CH2CO), 5.33–5.48 (m, 4H, H-1glu, H-3glu, CH2Ochin), 7.38 (dd, 1H, J = 1.6 Hz, J = 7.5 Hz,
H-7chin), 7.41 (d, 1H, J = 8.4 Hz, H-3chin), 7.43 (dd, 1H, J = 7.5 Hz, J = 8.0 Hz, H-6chin), 7.47 (dd, 1H, J =

1.6 Hz, J = 8.0 Hz, H-5chin), 8.18 (d, 1H, J = 8.4 Hz, H-4chin), 8.24 (s, 1H, H-5triaz), 9.25 (d, 1H, J = 9.3 Hz,
CONH); 13C NMR (100 MHz, DMSO-d6): δ 20.21, 20.24, 20.27, 20.41, 24.85, 51.34, 61.53, 67.65, 70.51,
72.06, 72.57, 76.78, 79.06, 110.09, 119.72, 122.38, 125.54, 126.38, 127.27, 135.85, 139.11, 142.37, 153.27,
157.15, 166.10, 169.06, 169.19, 169.37, 169.87; HRMS (ESI-TOF): calcd for C29H34N5O11 ([M + H]+): m/z
628.2255; found: m/z 628.2256.

Glycoconjugate 80: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)azidoacetamide 34
and 2-methyl-8-(2-propyn-1-yloxy)quinoline 4, product was obtained as a pink solid (244.8 mg, 78%);
m.p.: 98–101 ◦C; [α]27

D = 11.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.92, 1.98, 1.99, 2.12
(4s, 12H, CH3CO), 2.63 (s, 3H, CH3), 3.98 (dd, 1H, J = 6.6 Hz, J = 11.3 Hz, H-6agal), 4.06 (dd, 1H, J =

5.9 Hz, J = 11.3 Hz, H-6bgal), 4.35 (m, 1H, H-5gal,), 5.07 (dd-t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-2gal), 5.12
and 5.20 (qAB, 2H, J = 16.5 Hz, CH2CO), 5.26–5.44 (m, 5H, H-1gal, H-3gal, H-4gal, CH2Ochin), 7.32–7.54
(m, 4H, H-3chin, H-5chin, H-6chin, H-7chin)8.21 (d, 1H, J = 7.9 Hz, H-4chin), 8.24 (s, 1H, H-5triaz), 9.33 (d,
1H, J = 9.5 Hz, CONH); 13C NMR (100 MHz, DMSO-d6): δ 20.23, 20.26, 20.31, 20.40, 24.84, 51.30, 61.54,
67.47, 68.16, 70.59, 71.35, 77.14, 79.06, 110.10, 119.72, 122.36, 125.54, 126.38, 127.24, 135.85, 139.11, 142.36,
153.27, 157.15, 166.02, 169.23, 169.29, 169.71, 169.77; HRMS (ESI-TOF): calcd for C29H34N5O11 ([M +

H]+): m/z 628.2255; found: m/z 628.2253.

Glycoconjugate 81: Starting from N-(β-D-glucopyranosyl)azidoacetamide 35 and 8-(2-propyn-1-
yloxy)quinoline 3, product was obtained as a brown solid (133.6 mg, 60%); m.p.: 160-163 ◦C; [α]25

D =

16.7 (c = 2.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 3.04–3.15 (m, 3H, H-2glu, H-4glu, H-5glu), 3.21
(dd-t, 1H, J = 8.4 Hz, J = 8.6 Hz, H-3glu), 3.42 (m, 1H, H-6aglu), 3.63 (m, 1H, H-6bglu), 4.00–4.50 (m, 4H,
OH), 4.71 (dd-t, 1H, J = 8.9 Hz, J = 9.0 Hz, H-1glu), 5.17 and 5.22 (qAB, 2H, J = 16.5 Hz, CH2CO), 5.57 (s,
2H, CH2Ochin), 7.60–8.10 (m, 5H, H-3chin, H-4chin, H-5chin, H-6chin, H-7chin), 8.39 (s, 1H, H-5triaz), 8.96
(d, 1H, J = 7.4 Hz, H-2chin), 9.04 (d, 1H, J = 8.8 Hz, CONH); 13C NMR (100 MHz, DMSO-d6): δ 51.55,
60.72, 62.36, 69.74, 72.44, 77.18, 78.65, 79.63, 112.94, 120.36, 122.56, 126.79, 128.94, 132.86, 136.25, 136.88,
141.50, 146.25, 151.30, 165.67; HRMS (ESI-TOF): calcd for C20H24N5O7 ([M + H]+): m/z 446.1676; found:
m/z 446.1679.

Glycoconjugate 82: Starting from N-(β-D-galactopyranosyl)azidoacetamide 36 and 8-(2-propyn-1-
yloxy)quinoline 3, product was obtained as a brown solid (129.2 mg, 58%); m.p.: 170-173 ◦C; [α]25

D =

14.5 (c = 2.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 3.34 (dd, 1H, J = 3.2 Hz, J = 9.4 Hz, H-3gal),
3.36–3.46 (m, 3H, H-2gal, H-5gal, H-6agal), 3.50 (dd, 1H, J = 5.8 Hz, J = 10.5 Hz, H-6bgal), 3.69 (d,
1H, J = 3.0 Hz, H-4gal), 4.09–4.42 (m, 4H, OH), 4.69 (dd-t, 1H J = 8.9 Hz, J = 9.0 Hz, H-1gal), 5.18
(s, 2H, CH2CO), 5.60 (s, 2H, CH2Ochin), 7.56–8.16 (m, 4H, H-3chin, H-5chin, H-6chin, H-7chin), 8.41 (s,
1H, H-5triaz), 8.85–9.20 (m, 3H, H-2chin, H-4chin, CONH); 13C NMR (100 MHz, DMSO-d6): δ 51.62,
60.31, 68.02, 69.66, 73.85, 76.75, 79.08, 80.07, 112.53, 120.38, 126.83, 126.96, 129.01, 130.10, 141.66, 142.90,
146.07, 150.24, 152.06, 165.58; HRMS (ESI-TOF): calcd for C20H24N5O7 ([M + H]+): m/z 446.1676; found:
m/z 446.1670.

Glycoconjugate 83: Starting from N-(β-D-glucopyranosyl)azidoacetamide 35 and 2-methyl-8-(2-
propyn-1-yloxy)quinoline 4, product was obtained as a brown solid (140.1 mg, 61%); m.p.: 135–138
◦C; [α]26

D = −2.8 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.92 (s, 3H, CH3), 3.04–3.24 (m,
3H, H-2glu, H-4glu, H-5glu), 3.39–3.47 (m, 2H, H-3glu, H-6aglu,), 3.62 (dd, 1H, J = 1.6 Hz, J = 12.1 Hz,
H-6bglu), 4.69 (dd-t, 1H, J = 8.9 Hz, J = 9.0 Hz, H-1glu), 5.15 and 5.20 (qAB, 2H, J = 16.5 Hz, CH2CO),
5.60 (s, 2H, CH2Ochin), 7.73–7.93 (m, 4H, H-3chin, H-5chin, H-6chin, H-7chin), 8.34 (s, 1H, H-5triaz), 8.89 (d,
1H, J = 8.3 Hz, H-4chin), 9.04 (d, 1H, J = 8.8 Hz, CONH); 13C NMR (100 MHz, DMSO-d6): δ 18.45, 51.52,
60.71, 62.31, 69.74, 72.42, 77.18, 78.65, 79.62, 113.85, 120.30, 124.31, 126.87, 127.70, 128.48, 141.31, 143.79,
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148.61, 158.29, 163.67, 165.65; HRMS (ESI-TOF): calcd for C21H26N5O7 ([M + H]+): m/z 460.1832; found:
m/z 460.1830.

Glycoconjugate 84: Starting from N-(β-D-galactopyranosyl)azidoacetamide 36 and 2-methyl-8-(2-
propyn-1-yloxy)quinoline 4, product was obtained as a brown solid (179.2 mg, 78%); m.p.: 145–148 ◦C;
[α]24

D = 5.0 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.88 (s, 3H, CH3), 3.34 (dd, 1H, J =

3.2 Hz, J = 9.4 Hz, H-3gal), 3.37-3.54 (m, 4H, H-2gal, H-5gal, H-6agal, H-6bgal), 3.69 (d, 1H, J = 3.0 Hz,
H-4gal), 3.95–4.31 (m, 4H, OH), 4.67 (dd-t, 1H, J = 8.9 Hz, J = 9.0 Hz, H-1gal), 5.17 (s, 2H, CH2CO), 5.59
(s, 2H, CH2Ochin), 7.62–7.98 (m, 4H, H-3chin, H-5chin, H-6chin, H-7chin), 8.34 (s, 1H, H-5triaz), 8.84 (bs,
1H, H-4chin), 9.01 (d, 1H, J = 9.0 Hz, CONH); 13C NMR (100 MHz, DMSO-d6): δ 18.45, 51.55, 60.30,
62.27, 68.01, 69.65, 73.85, 76.74, 80.06, 113.46, 120.27, 124.12, 126.87, 128.23, 131.53, 141.40, 142.91, 149.12,
158.22, 162.36, 165.59; HRMS (ESI-TOF): calcd for C21H26N5O7 ([M + H]+): m/z 460.1832; found: m/z
460.1831.

Glycoconjugate 85: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)propiolamide 37 and
8-(2-azidoethoxy)quinoline 5, product was obtained as a yellow solid (220.9 mg, 72%); m.p.: 89–94 ◦C;
[α]23

D = −18.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.86, 1.94, 1.98, 2.00 (4s, 12H,
CH3CO), 3.98 (dd, 1H, J = 3.9 Hz, J = 14.0 Hz, H-6aglu), 4.07–4.18 (m, 2H, H-5glu, H-6bglu), 4.66 (t,
2H, J = 5.1 Hz, CH2N), 4.90 (dd-t, 1H, J = 9.6 Hz, J = 9.6 Hz, H-4glu), 4.98 (t, 2H, J = 5.1 Hz, CH2O),
5.20 (dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-2glu), 5.38 (dd-t, 1H, J = 9.5 Hz, J = 9.5 Hz, H-1glu), 5.59 (dd-t,
1H, J = 9.3 Hz, J = 9.4 Hz, H-3glu), 7.25 (dd, 1H, J = 1.4 Hz, J = 7.5 Hz, H-7chin), 7.47–7.59 (m, 3H,
H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J = 1.7 Hz, J = 8.4 Hz, H-4chin), 8.87 (dd, 1H, J = 1.5 Hz, J =

4.1 Hz, H-2chin), 8.98 (s, 1H, H-5triaz), 9.20 (d, 1H, J = 9.5 Hz, NHCO); 13C NMR (100 MHz, DMSO-d6):
δ 20.30, 20.31, 20.37, 20.50, 49.56, 61.85, 67.07, 67.85, 70.49, 72.04, 73.03, 76.79, 110.69, 120.60, 121.93,
126.69, 128.20, 129.08, 135.86, 139.71, 141.83, 149.25, 153.60, 160.03, 169.02, 169.32, 169.54, 169.97; HRMS
(ESI-TOF): calcd for C28H32N5O11 ([M + H]+): m/z 614.2098; found: m/z 614.2097.

Glycoconjugate 86: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)propiolamide 38 and
8-(2-azidoethoxy)quinoline 5, product was obtained as a white solid (285.3 mg, 93%); m.p.: 187–189 ◦C;
[α]24

D = −6.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.96, 2.00, 2.01, 2.17 (4s, 12H, CH3CO),
4.03–4.17 (m, 3H, H-5gal, H-6agal, H-6bgal), 4.63 (t, 2H, J = 4.9 Hz, CH2N), 5.02 (t, 2H, J = 4.9 Hz, CH2O),
5.15 (dd, 1H, J = 3.3 Hz, J = 10.1 Hz, H-3gal), 5.30 (dd-t, 1H, J = 9.3 Hz, J = 10.1 Hz, H-2gal), 5.41 (dd-t,
1H, J = 9.3 Hz, J = 9.5 Hz, H-1gal), 5.45 (dd, 1H, J = 0.6 Hz, J = 3.3 Hz, H-4gal), 7.04 (dd, 1H, J = 1.7 Hz, J
= 7.2 Hz, H-7chin), 7.40–7.50 (m, 3H, H-3chin, H-5chin, H-6chin), 7.83 (d, 1H, J = 9.5 Hz, NHCO); 8.14 (dd,
1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.95 (s, 1H, H-5triaz), 9.00 (dd, 1H, J = 1.7 Hz, J = 4.2 Hz. H-2chin);
13C NMR (100 MHz, CDCl3): δ 20.57, 20.63, 20.64, 20.67, 50.14, 61.27, 67.24, 67.53, 68.08, 71.17, 72.32,
78.15, 110.28, 121.34, 122.02, 126.42, 128.22, 129.64, 135.98, 140.36, 142.35, 149.81, 153.67, 160.32, 169.90,
170.15, 170.35, 170.46; HRMS (ESI-TOF): calcd for C28H32N5O11 ([M + H]+): m/z 614.2098; found: m/z
614.2095.

Glycoconjugate 87: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)propiolamide 37 and
2-methyl-8-(2-azidoethoxy)quinoline 8, product was obtained as a yellow solid (207.1 mg, 66%); m.p.:
167–172 ◦C; [α]24

D = −14.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.85, 1.93, 1.98, 2.00 (4s,
12H, CH3CO), 2.72 (s, 3H, CH3), 3.98 (dd, 1H, J = 4.5 Hz, J = 14.3 Hz, H-6aglu), 4.07–4.18 (m, 2H, H-5glu,
H-6bglu), 4.54–4.67 (m, 2H, CH2N), 4.90 (dd-t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-4glu), 4.98 (t, 2H, J = 5.0 Hz,
CH2O), 5.21 (dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-2glu),5.38 (dd-t, 1H, J = 9.5 Hz, J = 9.5 Hz, H-1glu), 5.60
(dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-3glu), 7.21 (dd, 1H, J = 1.2 Hz, J = 7.7 Hz, H-7chin), 7.38–7.46 (m, 2H,
H-3chin, H-6chin), 7.50 (dd, 1H, J = 1.1 Hz, J = 8.2 Hz, H-5chin), 8.20 (d, 1H, J = 8.5, H-4chin), 9.17 (d, 1H, J
= 9.5 Hz, NHCO), 9.20 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 20.29, 20.31, 20.37, 20.50,
25.00, 49.59, 61.86, 67.17, 67.85, 70.52, 72.01, 73.01, 76.75, 111.06, 120.46, 122.58, 125.63, 127.30, 128.62,
136.02, 139.28, 141.93, 153.06, 157.80, 160.08, 169.01, 169.32, 169.53, 169.97; HRMS (ESI-TOF): calcd for
C29H33N5O11 ([M + H]+): m/z 628.2255; found: m/z 628.2252.
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Glycoconjugate 88: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)propiolamide 38 and
2-methyl-8-(2-azidoethoxy)quinoline 8, product was obtained as a white solid (257.3 mg, 82%); m.p.:
107–109 ◦C; [α]25

D = −7.2 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.95, 2.00, 2.02, 2.17 (4s, 12H,
CH3CO), 2.88 (s, 3H, CH3), 4.03–4.17 (m, 3H, H-5gal, H-6agal, H-6bgal), 4.59 (t, 2H, J = 4.9 Hz, CH2N),
5.00 (t, 2H, J = 4.8 Hz, CH2O), 5.15 (dd, 1H, J = 3.4 Hz, J = 10.2 Hz, H-3gal), 5.30 (dd-t, 1H, J = 9.4 Hz, J
= 10.2 Hz, H-2gal), 5.42 (dd-t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-1gal), 5.45 (dd, 1H, J = 0.7 Hz, J = 3.4 Hz,
H-4gal), 7.02 (dd, 1H, J = 1.3 Hz, J = 7.5 Hz, H-7chin), 7.32–7.39 (m, 2H, H-3chin, H-6chin), 7.42 (dd, 1H, J
= 1.3 Hz, J = 8.2 Hz, H-5chin), 7.84 (d, 1H, J = 9.6 Hz, NHCO), 8.02 (d, 1H, J = 8.4 Hz, H-4chin), 9.26 (s,
1H, H-5triaz); 13C NMR (100 MHz, CDCl3): δ 20.57, 20.61, 20.64, 20.66, 25.62, 50.18, 61.23, 67.23, 67.45,
68.08, 71.18, 72.25, 78.11, 110.54, 121.14, 122.90, 125.38, 127.79, 128.65, 136.04, 139.94, 142.40, 153.15,
159.03, 160.36, 169.90, 170.15, 170.34, 170.41; HRMS (ESI-TOF): calcd for C29H34N5O11 ([M + H]+): m/z
628.2255; found: m/z 628.2254.

Glycoconjugate 89: Starting from N-(β-D-glucopyranosyl)propiolamide 39 and 8-(2-azidoethoxy)
quinoline 5, product was obtained as a white solid (133.6 mg, 60%); m.p.: 169–171 ◦C; [α]28

D = 5.0 (c
= 1.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 3.05-3.11 (m, 1H, H-5glu), 3.13–3.18 (m, 2H, H-2glu,
H-4glu), 3.33–3.37 (m, 1H, H-3glu), 3.38–3.44 (m, 1H, H-6aglu), 3.60–3.67 (m, 1H, H-6bglu), 4.48 (t, 1H,
J = 5.9 Hz, 6-OH), 4.66 (t, 2H, J = 4.6 Hz, CH2N), 4.83–4.93 (m, 3H, H-1glu, OH), 4.95–5.01 (m, 3H,
CH2O, OH), 7.25 (d, 1H, J = 7.5 Hz, H-7chin), 7.47–7.62 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (d, 1H, J =

10.4 Hz, H-4chin), 8.68 (d, 1H, J = 9.1 Hz, NHCO), 8.88 (bs, 1H, H-2chin), 8.94 (s, 1H, H-5triaz); 13C NMR
(100 MHz, DMSO-d6): δ 49.52, 60.97, 67.11, 69.97, 71.83, 77.44, 78.70, 79.51, 110.64, 120.60, 121.96, 126.69,
127.68, 129.08, 135.84, 139.71, 142.53, 149.29, 153.63, 160.08; HRMS (ESI-TOF): calcd for C20H24N5O7

([M + H]+): m/z 446.1676; found: m/z 446.1678.

Glycoconjugate 90: Starting from N-(β-D-galactopyranosyl)propiolamide 40 and 8-(2-azidoethoxy)
quinoline 5, product was obtained as a white solid (189.3 mg, 85%); m.p.: 162–164 ◦C; [α]25

D = 24.8 (c =

1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 3.34-3.54 (m, 4H, H-2gal, H-3gal, H-4gal H-5gal), 3.57–3.65
(m, 1H, H-6agal), 3.66–3.72 (m, 1H, H-6bgal), 4.29 (d, 1H, J = 4.9 Hz, OH), 4.56 (t, 1H, J = 5.4, 6-OH), 4.66
(t, 2H, J = 5.1 Hz, CH2N), 4.74 (d, 1H, J = 5.5 Hz, OH), 4.79 (d, 1H, J = 5.5 Hz, OH), 4.87 (dd-t, 1H, J =

9.0 Hz, J = 9.1 Hz, H-1gal), 4.98 (t, 2H, J = 5.0 Hz, CH2O), 7.26 (dd, 1H, J = 1.4 Hz, J = 7.5 Hz, H-7chin),
7.47–7.59 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J = 1.5 Hz, J = 8.2 Hz, H-4chin), 8.48 (d, 1H, J =

9.1 Hz, NHCO), 8.88 (dd, 1H, J = 1.7 Hz, J = 4.1 Hz, H-2chin), 8.95 (s, 1H, H-5triaz); 13C NMR (100 MHz,
DMSO-d6): δ 49.52, 60.42, 67.13, 68.37, 69.33, 74.03, 76.82, 79.93, 110.69, 120.60, 121.93, 126.68, 127.61,
129.07, 135.84, 139.72, 142.47, 149.29, 153.62, 159.97; HRMS (ESI-TOF): calcd for C20H24N5O7 ([M +

H]+): m/z 446.1676; found: m/z 446.1675.

Glycoconjugate 91: Starting from N-(β-D-glucopyranosyl)propiolamide 39 and 2-methyl-8-(2-
azidoethoxy)quinoline 8, product was obtained as a white solid (144.7 mg, 63%); m.p.: 159–161 ◦C;
[α]25

D = −3.6 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.72 (s, 3H, CH3), 3.03–3.12 (m, 1H,
H-5glu), 3.13–3.27 (m, 2H, H-2glu, H-4glu), 3.34–3.46 (m, 2H, H-3glu, H-6aglu), 3.60–3.68 (m, 1H, H-6bglu),
4.47 (t, 1H, J = 5.9 Hz, 6-OH), 4.55–4.67 (m, 2H, CH2N), 4.86–4.93 (m, 3H, H-1glu, OH), 4.94–5.02 (m,
3H, CH2O, OH), 7.21 (dd, 1H, J = 1.2 Hz, J = 7.7 Hz, H-7chin), 7.39–7.47 (m, 2H, H-3chin, H-6chin), 7.50
(dd, 1H, J = 1.1 Hz, J = 8.2 Hz, H-5chin), 8.20 (d, 1H, J = 8.4 Hz, H-4chin), 8.63 (d, 1H, J = 9.1 Hz, NHCO),
9.15 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 25.07, 49.57, 60.99, 67.27, 69.97, 71.85, 77.42,
78.68, 79.47, 111.02, 120.47, 122.62, 125.64, 127.31, 128.11, 136.02, 139.28, 142.63, 153.11, 157.85, 160.12;
HRMS (ESI-TOF): calcd for C20H24N5O7 ([M + H]+): m/z 460.1832; found: m/z 460.1830.

Glycoconjugate 92: Starting from N-(β-D-galactopyranosyl)propiolamide 40 and 2-methyl-8-(2-
azidoethoxy)quinoline 8, product was obtained as a white solid (186.1 mg, 81%); m.p.: 148–151 ◦C;
[α]28

D = 23.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 2.72 (s, 3H, CH3), 3.34–3.55 (m, 4H,
H-2gal, H-3gal, H-4gal H-5gal), 3.57–3.66 (m, 1H, H-6agal), 3.66–3.72 (m, 1H, H-6bgal), 4.28 (d, 1H, J =

5.0 Hz, OH), 4.52–4.67 (m, 3H, CH2N, 6-OH), 4.73 (d, 1H, J = 5.5 Hz, OH), 4.79 (d, 1H, J = 5.5 Hz, OH),
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4.88 (dd-t, 1H, J = 9.0 Hz, J = 9.1 Hz, H-1gal), 4.98 (t, 2H, J = 5.0 Hz, CH2O), 7.21 (dd, 1H, J = 1.2 Hz, J =

7.7 Hz, H-7chin), 7.39–7.46 (m, 2H, H-3chin, H-6chin), 7.50 (dd, 1H, J = 1.1 Hz, J = 8.2 Hz, H-5chin), 8.20
(d, 1H, J = 8.4 Hz, H-4chin), 8.43 (d, 1H, J = 9.1 Hz, NHCO), 9.16 (s, 1H, H-5triaz); 13C NMR (100 MHz,
DMSO-d6): δ 25.04, 49.56, 60.40, 67.28, 68.37, 69.36, 74.02, 76.78, 79.89, 111.08, 120.47, 122.59, 125.62,
127.30, 128.04, 136.00, 139.29, 142.57, 153.11, 157.83, 160.00; HRMS (ESI-TOF): calcd for C21H26N5O7

([M + H]+): m/z 460.1832; found: m/z 460.1836.

Glycoconjugate 93: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)propiolamide 37 and
8-(3-azidopropoxy)quinoline 6, product was obtained as a yellow solid (210.2 mg, 67%); m.p.:
178–180 ◦C; [α]24

D = −18.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.89, 1.94, 1.99, 2.00 (4s,
12H, CH3CO), 2.40–2.50 (m, 2H, CH2), 4.00 (dd, 1H, J = 4.4 Hz, J = 14.2 Hz, H-6aglu), 4.06–4.18 (m, 2H,
H-5glu, H-6bglu), 4.21 (t, 2H, J = 6.0 Hz, CH2N), 4.72 (t, 2H, J = 6.8 Hz, CH2O), 4.91 (dd-t, 1H, J = 9.5 Hz,
J = 9.5 Hz, H-4glu), 5.21 (dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-2glu), 5.39 (dd-t, 1H, J = 9.5 Hz, J = 9.5 Hz,
H-1glu), 5.61 (dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-3glu), 7.20 (dd, 1H, J = 1.8 Hz, J = 7.1 Hz, H-7chin),
7.46–7.59 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J = 1.5 Hz, J = 8.1 Hz, H-4chin), 8.90 (dd, 1H, J
= 1.7 Hz, J = 4.0 Hz, H-2chin), 8.90 (s, 1H, H-5triaz), 9.17 (d, 1H, J = 9.5 Hz, NHCO); 13C NMR (100 MHz,
DMSO-d6): δ 20.32, 20.33, 20.38, 20.52, 29.36, 47.24, 61.85, 65.52, 67.84, 70.52, 72.04, 73.02, 76.80, 109.92,
119.97, 121.84, 126.77, 127.67, 129.03, 135.79, 139.77, 141.83, 149.07, 154.18, 160.10, 169.04, 169.32, 169.54,
169.98; HRMS (ESI-TOF): calcd for C29H34N5O11 ([M + H]+): m/z 628.2255; found: m/z 628.2252.

Glycoconjugate 94: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)propiolamide 38 and
8-(3-azidopropoxy)quinoline 6, product was obtained as a white solid (263.6 mg, 84%); m.p.: 98–100 ◦C;
[α]25

D = −5.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.99, 2.00, 2.03, 2.17 (4s, 12H, CH3CO),
2.62 (p, 2H, J = 6.2 Hz, CH2), 4.04–4.18 (m, 3H, H-5gal, H-6agal, H-6bgal), 4.24 (t, 2H, J = 5.8 Hz, CH2N),
4.81 (t, 2H, J = 6.6 Hz, CH2O), 5.17 (dd, 1H, J = 3.3 Hz, J = 10.2 Hz, H-3gal), 5.31 (dd-t, 1H, J = 9.4 Hz, J
= 10.2 Hz, H-2gal), 5.42 (dd-t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-1gal), 5.46 (dd, 1H, J = 0.6 Hz, J = 3.3 Hz,
H-4gal), 7.06 (dd, 1H, J = 1.7 Hz, J = 7.2 Hz, H-7chin), 7.41–7.50 (m, 3H, H-3chin, H-5chin, H-6chin), 7.85 (d,
1H, J = 9.5 Hz, NHCO), 8.16 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.52 (s, 1H, H-5triaz), 9.01 (dd, 1H,
J = 1.7 Hz, J = 4.2 Hz. H-2chin); 13C NMR (100 MHz, CDCl3): δ 20.53, 20.57, 20.64, 20.68, 29.67, 47.73,
61.28, 65.36, 67.24, 68.11, 71.16, 72.33, 78.16, 109.94, 120.67, 121.82, 126.62, 127.18, 129.61, 136.09, 140.39,
142.04, 149.55, 154.23, 160.36, 169.90, 170.15, 170.36, 170.45; HRMS (ESI-TOF): calcd for C29H34N5O11

([M + H]+): m/z 628.2255; found: m/z 628.2253.

Glycoconjugate 95: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)propiolamide 37 and
2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a beige solid (195.7 mg, 61%); m.p.:
197–198 ◦C; [α]24

D = −18.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO-d6): δ 1.88, 1.94, 1.99, 2.00 (4s,
12H, CH3CO), 2.41–2.49 (m, 2H, CH2), 2.67 (s, 3H, CH3), 3.96–4.02 (m, 1H, H-6aglu), 4.05–4.17 (m, 2H,
H-5glu, H-6bglu), 4.20 (t, 2H, J = 6.2 Hz, CH2N), 4.71 (t, 2H, J = 6.9 Hz, CH2O), 4.91 (dd-t, 1H, J = 9.5 Hz,
J = 9.5 Hz, H-4glu), 5.20 (dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-2glu), 5.38 (dd-t, 1H, J = 9.5 Hz, J = 9.5 Hz,
H-1glu), 5.59 (dd-t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-3glu), 7.17 (dd, 1H, J = 1.3 Hz, J = 7.6 Hz, H-7chin),
7.36–7.44 (m, 2H, H-3chin, H-6chin), 7.47 (dd, 1H, J = 1.2 Hz, J = 8.2 Hz, H-5chin), 8.19 (d, 1H, J = 8.4 Hz,
H-4chin), 8.83 (s, 1H, H-5triaz), 9.17 (d, 1H, J = 9.5 Hz, NHCO); 13C NMR (100 MHz, DMSO-d6): δ 20.31,
20.37, 20.51, 20.74, 25.03, 29.25, 47.14, 61.84, 65.56, 67.83, 70.51, 72.02, 73.01, 76.78, 110.54, 119.91, 122.44,
125.68, 127.32, 127.58, 135.97, 139.34, 141.77, 153.64, 157.35, 160.06, 169.02, 169.31, 169.53, 169.97; HRMS
(ESI-TOF): calcd for C30H36N5O11 ([M + H]+): m/z 642.2411; found: m/z 642.2408.

Glycoconjugate 96: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)propiolamide 38 and
2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a white solid (202.1 mg, 63%); m.p.:
121–123 ◦C; [α]25

D = −4.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.98, 2.00, 2.03, 2.17 (4s, 12H,
CH3CO), 2.60 (p, 2H, J = 6.4 Hz, CH2), 2.80 (s, 3H, CH3), 4.04–4.17 (m, 3H, H-5gal, H-6agal, H-6bgal),
4.24 (t, 2H, J = 5.9 Hz, CH2N), 4.82 (t, 2H, J = 6.7 Hz, CH2O), 5.16 (dd, 1H, J = 3.4 Hz, J = 10.2 Hz,
H-3gal), 5.30 (dd-t, 1H, J = 9.4 Hz, J = 10.1 Hz, H-2gal), 5.40 (dd-t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-1gal), 5.46
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(dd, 1H, J = 0.6 Hz, J = 3.3 Hz, H-4gal), 7.04 (dd, 1H, J = 1.8 Hz, J = 7.1 Hz, H-7chin), 7.31–7.42 (m, 3H,
H-3chin, H-5chin, H-6chin), 7.84 (d, 1H, J = 9.5 Hz, NHCO), 8.03 (d, 1H, J = 8.4 Hz, H-4chin), 8.38 (s, 1H,
H-5triaz); 13C NMR (100 MHz, CDCl3): δ 20.57, 20.63, 20.64, 20.68, 25.65, 29.58, 47.58, 61.27, 65.24, 67.23,
68.10, 71.15, 72.32, 78.14, 110.56, 120.60, 122.68, 125.58, 127.06, 127.85, 136.19, 140.02, 141.93, 153.59,
158.44, 160.30, 169.90, 170.14, 170.36, 170.44; HRMS (ESI-TOF): calcd for C30H36N5O11 ([M + H]+): m/z
642.2411; found: m/z 642.2409.

Glycoconjugate 97: Starting from N-(β-D-glucopyranosyl)propiolamide 39 and 8-(3-azidopropoxy)
quinoline 6, product was obtained as a white solid (158.5 mg, 69%); m.p.: 185–189 ◦C; [α]28

D = 6.0
(c = 1.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 2.46 (p, 2H, J = 6.5 Hz, CH2), 3.06–3.11 (m, 1H,
H-5glu), 3.15-3.19 (m, 1H, H-2glu), 3.20–3.25 (m, 1H, H-4glu), 3.33–3.37 (m, 1H, H-3glu), 3.39–3.45 (m, 1H,
H-6aglu), 3.63–3.68 (m, 1H, H-6bglu), 4.19 (t, 2H, J = 6.0 Hz, OH), 4.49 (t, 1H, J = 5.9 Hz, 6-OH), 4.72 (t,
2H, J = 6.3 Hz, CH2N), 4.84–4.94 (m, 3H, H-1glu, CH2O), 5.00 (d, 1H, J = 4.6 Hz, OH), 7.20 (dd, 1H, J
= 1.5 Hz, J = 7.4 Hz, H-7chin), 7.47-7.62 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J = 1.5 Hz, J
= 8.0 Hz, H-4chin), 8.66 (d, 1H, J = 9.1 Hz, NHCO), 8.86 (s, 1H, H-5triaz), 8.91 (dd, 1H, J = 1.6 Hz, J =

4.1 Hz, H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 26.42, 44.13, 58.00, 62.40, 66.98, 68.88, 74.44, 75.69,
76.48, 106.91, 116.97, 118.88, 123.77, 124.17, 132.78, 136.66, 139.53, 142.49, 145.37, 146.13, 157.11; HRMS
(ESI-TOF): calcd for C21H26N5O7 ([M + H]+): m/z 460.1832; found: m/z 460.1832.

Glycoconjugate 98: Starting from N-(β-D-galactopyranosyl)propiolamide 40 and 8-(3-azidopropoxy)
quinoline 6, product was obtained as a white solid (170.0 mg, 74%); m.p.: 129–132 ◦C; [α]28

D = 22.0 (c =

1.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 2.41–2.49 (m, 2H, CH2), 3.35–3.56 (m, 4H, H-2gal, H-3gal,
H-4gal H-5gal), 3.58–3.66 (m, 1H, H-6agal), 3.68–3.75 (m, 1H, H-6bgal), 4.20 (t, 2H, J = 6.0 Hz, OH), 4.30
(d, 1H, J = 4.9 Hz, OH), 4.58 (t, 1H, J = 5.4 Hz, 6-OH), 4.68–4.77 (m, 3H, CH2N, CH2O), 4.81 (d, 1H, J
= 5.5 Hz, CH2O), 4.89 (dd-t, 1H, J = 9.0 Hz, J = 9.1 Hz, H-1gal), 7.20 (dd, 1H, J = 1.8 Hz, J = 7.1 Hz,
H-7chin), 7.46–7.60 (m, 3H, H-3chin, H-5chin, H-6chin), 8.32 (dd, 1H, J = 1.6 Hz, J = 8.3 Hz, H-4chin), 8.47
(d, 1H, J = 9.1 Hz, NHCO), 8.87 (s, 1H, H-5triaz), 8.91 (bs, 1H, H-2chin); 13C NMR (100 MHz, DMSO-d6):
δ 29.41, 47.14, 60.43, 65.43, 68.38, 69.37, 74.04, 76.80, 79.92, 109.90, 119.97, 121.86, 126.77, 127.09, 129.03,
135.78, 139.77, 142.48, 149.12, 154.18, 160.01; HRMS (ESI-TOF): calcd for C21H26N5O7 ([M + H]+): m/z
460.1832; found: m/z 460.1835.

Glycoconjugate 99: Starting from N-(β-D-glucopyranosyl)propiolamide 39 and 2-methyl-8-(3-
azidopropoxy)quinoline 9, product was obtained as a brown solid (137.3 mg, 58%); m.p.: 167–169 ◦C;
[α]27

D = −7.0 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.46 (p, 2H, J = 6.5 Hz, CH2), 2.68 (s,
3H, CH3), 3.05–3.12 (m, 1H, H-5glu), 3.14–3.19 (m, 1H, H-2glu), 3.20–3.25 (m, 1H, H-4glu), 3.34–3.38 (m,
1H, H-3glu), 3.39–3.46 (m, 1H, H-6aglu), 3.61–3.68 (m, 1H, H-6bglu), 4.18 (t, 2H, J = 6.1 Hz, OH), 4.49 (m,
1H, 6-OH), 4.72 (t, 2H, J = 6.9 Hz, CH2N), 4.87–4.94 (m, 3H, H-1glu, CH2O), 5.00 (bs, 1H, OH), 7.17 (d,
1H, J = 7.5 Hz, H-7chin), 7.38–7.50 (m, 3H, H-3chin, H-5chin, H-6chin), 8.19 (d, 1H, J = 8.4 Hz, H-4chin),
8.66 (d, 1H, J = 9.1 Hz, NHCO), 8.80 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 25.06, 29.32,
47.02, 60.99, 65.43, 69.98, 71.87, 77.44, 78.69, 79.49, 110.51, 119.92, 122.48, 125.71, 127.10, 127.33, 136.01,
142.48, 146.29, 153.63, 157.39, 160.08; HRMS (ESI-TOF): calcd for C22H28N5O7 ([M + H]+): m/z 474.1989;
found: m/z 474.1987.

Glycoconjugate 100: Starting from N-(β-D-galactopyranosyl)propiolamide 40 and 2-methyl-8-(3-
azidopropoxy)quinoline 9, product was obtained as a brown solid (175.2 mg, 74%); m.p.: 77–80 ◦C;
[α]26

D = 8.0 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.41–2.49 (m, 2H, CH2), 2.67 (s, 3H,
CH3), 3.35–3.54 (m, 4H, H-2gal, H-3gal, H-4gal H-5gal), 3.57–3.64 (m, 1H, H-6agal), 3.66–3.72 (m, 1H,
H-6bgal), 4.15–4.22 (m, 2H, OH), 4.30 (d, 1H, J = 4.9 Hz, OH), 4.37–4.44 (m, 1H, OH), 4.52–4.60 (m, 2H,
CH2N), 4.66–4.78 (m, 3H, CH2N, CH2O), 4.81 (d, 1H, J = 5.5 Hz, CH2O), 4.87 (dd-t, 1H, J = 9.0 Hz,
J = 9.1 Hz, H-1gal), 7.17 (dd, 1H, J = 1.2 Hz, J = 7.6 Hz, H-7chin), 7.37–7.50 (m, 3H, H-3chin, H-5chin,
H-6chin), 8.19 (d, 1H, J = 8.4 Hz, H-4chin), 8.46 (d, 1H, J = 9.1 Hz, NHCO), 8.80 (s, 1H, H-5triaz); 13C
NMR (100 MHz, DMSO-d6): δ 24.96, 29.23, 46.95, 60.33, 65.36, 68.28, 69.28, 73.94, 76.71, 79.83, 110.43,
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119.82, 122.38, 125.62, 126.92, 127.24, 135.92, 139.22, 142.34, 153.54, 157.29, 159.88; HRMS (ESI-TOF):
calcd for C22H28N5O7 ([M + H]+): m/z 474.1989; found: m/z 474.1987.

Glycoconjugate 101: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)-O-propargyl
carbamate 41 and 8-(3-azidopropoxy)quinoline 6, product was obtained as a white solid (309.1
mg, 94%); m.p.: 60–65 ◦C; [α]25

D = −2.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.00, 2.01,
2.02, 2.07 (4s, 12H, CH3CO), 2.62 (p, 2H, J = 6.4 Hz, CH2), 3.73–3.83 (m, 1H, H-5glu), 4.03–4.13 (m, 1H,
H-6aglu), 4.24 (t, 2H, J = 5.9 Hz, CH2N), 4.26–4.34 (m, 1H, H-6bglu), 4.74 (t, 2H, J = 6.7 Hz, CH2O),
4.90 (dd-t, 1H, J = 9.5 Hz, J = 9.5 Hz, H-4glu), 5.00 (dd-t, 1H, J = 9.5 Hz, J = 9.6 Hz, H-3glu), 5.06 (dd-t,
1H, J = 9.7 Hz, J = 9.7 Hz, H-2glu), 5.16 and 5.20 (qAB, 2H, J = 12.7 Hz, CH2OCO), 5.59 (d, 1H, J =

9.5 Hz, H-1glu), 7.04 (dd, 1H, J = 2.6 Hz, J = 6.3 Hz, H-7chin), 7.40–7.50 (m, 3H, H-3chin, H-5chin, H-6chin),
7.78 (s, 1H, H-5triaz), 8.16 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.96 (dd, 1H, J = 1.7 Hz, J = 4.2 Hz,
H-2chin); 13C NMR (100 MHz, CDCl3): δ 20.56, 20.57, 20.63, 20.72, 29.66, 47.32, 58.81, 61.58, 65.26, 68.08,
70.11, 72.80, 73.36, 80.82, 109.52, 120.38, 121.74, 124.61, 126.68, 129.58, 136.07, 140.35, 142.38, 149.42,
154.23, 155.23, 169.48, 169.90, 170.55, 170.59; HRMS (ESI-TOF): calcd for C30H36N5O12 ([M + H]+): m/z
658.2360; found: m/z 658.2360.

Glycoconjugate 102: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)-O-propargyl
carbamate 42 and 8-(3-azidopropoxy)quinoline 6, product was obtained as a white solid (295.9
mg, 90%); m.p.: 66–69 ◦C; [α]25

D = −7.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.98, 2.02,
2.03, 2.13 (4s, 12H, CH3CO), 2.62 (p, 2H, J = 6.4 Hz, CH2), 3.96–4.03 (m, 1H, H-6agal), 4.04–4.16 (m, 2H,
H-5gal, H-6agal), 4.25 (t, 2H, J = 5.9 Hz, CH2N), 4.74 (t, 2H, J = 6.7 Hz, CH2O), 4.97 (dd-t, 1H, J = 8.3 Hz,
J = 8.8 Hz, H-2gal), 5.03–5.13 (m, 2H, H-3gal, H-4gal), 5.16 and 5.20 (qAB, 2H, J = 12.8 Hz, CH2OCO),
5.58 (d, 1H, J = 9.5 Hz, H-1gal), 7.05 (dd, 1H, J = 2.5 Hz, J = 6.4 Hz, H-7chin), 7.41–7.49 (m, 3H, H-3chin,
H-5chin, H-6chin), 7.78 (s, 1H, H-5triaz), 8.16 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.96 (dd, 1H, J =

1.7 Hz, J = 4.2 Hz, H-2chin); 13C NMR (100 MHz, CDCl3): δ 20.52, 20.60, 20.67, 20.71, 29.67, 47.33, 58.79,
61.07, 65.29, 67.10, 67.87, 70.92, 72.08, 81.16, 109.56, 120.39, 121.75, 124.57, 126.68, 129.59, 136.07, 140.37,
142.48, 149.43, 154.25, 155.25, 169.79, 170.04, 170.33, 170.83; HRMS (ESI-TOF): calcd for C30H36N5O12

([M + H]+): m/z 658.2360; found: m/z 658.2360.

Glycoconjugate 103: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)-O-propargyl
carbamate 41 and 2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a white solid
(228.4 mg, 68%); m.p.: 56–59 ◦C; [α]26

D = −3.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.01,
2.01, 2.03, 2.07 (4s, 12H, CH3CO), 2.59 (p, 2H, J = 6.4 Hz, CH2), 2.79 (s, 3H, CH3), 3.73–3.83 (m, 1H,
H-5glu), 4.01–4.13 (m, 1H, H-6aglul), 4.23 (t, 2H, J = 5.9 Hz, CH2N), 4.26–4.34 (m, 1H, H-6bglu), 4.75 (t,
2H, J = 6.7 Hz, CH2O), 4.89 (dd-t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-4glu), 4.99 (dd-t, 1H, J = 9.5 Hz, J =

9.7 Hz, H-3glu), 5.06 (dd-t, 1H, J = 9.7 Hz, J = 9.8 Hz, H-2glu), 5.13–5.23 (m, 2H, J = 12.7 Hz, CH2OCO),
5.53 (d, 1H, J = 9.5 Hz, H-1glu), 7.03 (dd, 1H, J = 2.3 Hz, J = 6.6 Hz, H-7chin), 7.30–7.43 (m, 3H, H-3chin,
H-5chin, H-6chin), 7.83 (s, 1H, H-5triaz), 8.04 (dd, 1H, J = 1.7 Hz, J = 8.4 Hz, H-4chin); 13C NMR (100 MHz,
CDCl3): δ 20.58, 20.59, 20.66, 20.74, 25.69, 29.62, 47.25, 58.79, 61.54, 65.32, 68.01, 70.03, 72.75, 73.30, 80.78,
110.04, 120.31, 122.64, 124.70, 125.66, 127.78, 136.21, 139.88, 142.28, 153.62, 155.20, 158.27, 169.50, 169.93,
170.58, 170.63; HRMS (ESI-TOF): calcd for C31H38N5O12 ([M + H]+): m/z 672.2517; found: m/z 672.2516.

Glycoconjugate 104: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)-O-propargyl
carbamate 42 and 2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a white solid
(214.9 mg, 64%); m.p.: 62–65 ◦C; [α]26

D = 6.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.98, 2.02,
2.03, 2.14 (4s, 12H, CH3CO), 2.59 (p, 2H, J = 6.4 Hz, CH2), 2.79 (s, 3H, CH3), 3.96–4.03 (m, 1H, H-6agal),
4.04–4.16 (m, 2H, H-5gal, H-6agal), 4.23 (t, 2H, J = 5.9 Hz, CH2N), 4.76 (t, 2H, J = 6.7 Hz, CH2O), 4.96
(dd-t, 1H, J = 8.3 Hz, J = 8.8 Hz, H-2gal), 5.03–5.13 (m, 2H, H-3gal, H-4gal), 5.14–5.23 (m, 2H, CH2OCO),
5.53 (d, 1H, J = 9.3 Hz, H-1gal), 7.03 (dd, 1H, J = 2.5 Hz, J = 6.5 Hz, H-7chin), 7.31–7.43 (m, 3H, H-3chin,
H-5chin, H-6chin), 7.83 (s, 1H, H-5triaz), 8.04 (d, 1H, J = 8.4 Hz, H-4chin); 13C NMR (100 MHz, CDCl3): δ
20.53, 20.61, 20.67, 20.72, 25.69, 29.68, 47.28, 58.80, 61.07, 65.45, 67.10, 67.85, 70.93, 72.08, 81.15, 110.24,
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120.37, 122.63, 124.62, 125.67, 127.82, 136.19, 139.99, 142.36, 153.71, 155.23, 158.28, 169.80, 170.05, 170.34,
170.83; HRMS (ESI-TOF): calcd for C31H38N5O12 ([M + H]+): m/z 672.2517; found: m/z 672.2518.

Glycoconjugate 105: Starting from N-(β-D-glucopyranosyl)-O-propargyl carbamate 43 and 8-(3-
azidopropoxy)quinoline 6, product was obtained as a white solid (203.1 mg, 83%); m.p.: 73–75 ◦C;
[α]27

D = 0.2 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.42 (p, 2H, J = 6.4 Hz, CH2), 2.96–3.11
(m, 3H, H-2glu, H-4glu, H-5glu), 3.15–3.20 (m, 1H, H-3glu), 3.36–3.44 (m, 1H, H-6aglu), 3.58–3.68 (m, 1H,
H-6bglu), 4.09 (d, 1H, J = 5.1 Hz, OH), 4.20 (t, 2H, J = 6.0 Hz, CH2N), 4.45–4.54 (m, 2H, OH), 4.65 (t, 2H,
J = 6.9 Hz, CH2O), 4.86 (m, 2H, CH2OCO), 4.95 (m, 1H, H-1glu), 5.07 (s, 1H, OH), 7.20 (dd, 1H, J =

2.2 Hz, J = 6.8 Hz, H-7chin), 7.47–7.59 (m, 3H, H-3chin, H-5chin, H-6chin), 7.89 (d, 1H, J = 9.2 Hz, NHCO),
8.31 (s, 1H, H-5triaz), 8.33 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4chin), 8.89 (dd, 1H, J = 1.7 Hz, J = 4.1 Hz,
H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 29.64, 46.70, 57.07, 60.95, 65.43, 69.92, 72.02, 77.56, 78.38,
82.44, 109.85, 119.94, 121.89, 124.98, 126.82, 129.06, 135.84, 139.77, 142.42, 149.09, 154.19, 155.71; HRMS
(ESI-TOF): calcd for C22H28N5O8 ([M + H]+): m/z 490.1938; found: m/z 490.1937.

Glycoconjugate 106: Starting from N-(β-D-galactopyranosyl)-O-propargyl carbamate 44 and 8-(3-
azidopropoxy)quinoline 6, product was obtained as a white solid (200.7 mg, 82%); m.p.: 119–121 ◦C;
[α]28

D = 19.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO-d6): δ 2.42 (p, 2H, J = 6.5 Hz, CH2), 3.33–3.53
(m, 4H, H-2gal, H-3gal, H-4gal H-5gal), 3.63-3.69 (m, 1H, H-6agal), 4.08 (dd, 1H, J = 5.3 Hz, J = 10.5 Hz,
H-6bgal), 4.20 (t, 2H, J = 6.1 Hz, CH2N), 4.32 (d, 1H, J = 3.8 Hz, OH), 4.46 (dd-t, 1H, J = 9.0 Hz, J =

9.0 Hz, H-1gal), 4.55 (t, 1H, J = 5.6 Hz, OH), 4.61–4.72 (m, 4H, CH2O, CH2OCO), 5.06 (s, 2H, OH), 7.20
(dd, 1H, J = 2.2 Hz, J = 6.8 Hz, H-7chin), 7.47–7.59 (m, 3H, H-3chin, H-5chin, H-6chin), 7.84 (d, 1H, J =

9.2 Hz, NHCO), 8.29 (s, 1H, H-5triaz), 8.32 (dd, 1H, J = 1.7 Hz, J = 8.2 Hz, H-4chin), 8.89 (dd, 1H, J =

1.7 Hz, J = 4.1 Hz, H-2chin); 13C NMR (100 MHz, DMSO-d6): δ 29.62, 46.68, 57.03, 60.47, 65.44, 68.19,
69.27, 74.21, 76.53, 82.92, 109.86, 119.93, 121.86, 124.92, 126.80, 129.04, 135.80, 139.77, 142.47, 149.06,
154.18, 155.76; HRMS (ESI-TOF): calcd for C22H28N5O8 ([M + H]+): m/z 490.1938; found: m/z 490.1935.

Glycoconjugate 107: Starting from N-(β-D-glucopyranosyl)-O-propargyl carbamate 43 and
2-methyl-8-(3-azidopropoxy)quinoline 9, product was obtained as a white solid (201.4 mg, 80%);
m.p.: 57–60 ◦C; [α]27

D = −0.2 (c = 1.0, MeOH); 1H NMR (400 MHz, DMSO-d6): δ 2.41 (p, 2H, J =

6.5 Hz, CH2), 2.67 (s, 3H, CH3), 2.96–3.11 (m, 3H, H-2glu, H-4glu, H-5glu), 3.12–3.20 (m, 1H, H-3glu),
3.36–3.44 (m, 1H, H-6aglu), 3.59–3.68 (m, 1H, H-6bglu), 4.09 (d, 1H, J = 5.3 Hz, OH), 4.19 (t, 2H, J =

6.2 Hz, CH2N), 4.44–4.53 (m, 2H, OH), 4.61–4.69 (m, 2H, CH2O), 4.86 (m, 2H, CH2OCO), 4.94 (d, 1H,
J = 4.7 Hz, H-1glu), 5.06 (s, 1H, OH), 7.16 (dd, 1H, J = 1.1 Hz, J = 7.5 Hz, H-7chin), 7.38–7.50 (m, 3H,
H-3chin, H-5chin, H-6chin), 7.88 (d, 1H, J = 9.2 Hz, NHCO), 8.02 (d, 1H, J = 9.2 Hz, H-2chin), 8.19 (d, 1H, J
= 8.4 Hz, H-4chin), 8.30 (s, 1H, H-5triaz); 13C NMR (100 MHz, DMSO-d6): δ 25.08, 29.57, 46.68, 57.06,
60.94, 65.58, 69.92, 72.02, 77.54, 78.37, 82.43, 110.36, 119.86, 122.48, 124.94, 125.75, 127.34, 136.01, 139.32,
142.39, 153.68, 155.70, 157.35; HRMS (ESI-TOF): calcd for C23H30N5O8 ([M + H]+): m/z 504.2094; found:
m/z 504.2090.

Glycoconjugate 108: Starting from N-(β-D-galactopyranosyl)-O-propargyl carbamate 44 and 2-methyl-
8-(3-azidopropoxy)quinoline 9, product was obtained as a white solid (196.4 mg, 78%); m.p.: 94–98 ◦C;
[α]26

D = 3.0 (c = 1.0, H2O); 1H NMR (400 MHz, DMSO-d6): δ 2.41 (p, 2H, J = 6.6 Hz, CH2), 2.67 (s,
3H, CH3), 3.33–3.53 (m, 4H, H-2gal, H-3gal, H-4gal H-5gal), 3.63–3.69 (m, 1H, H-6agal), 4.08 (dd, 1H, J =

5.3 Hz, J = 10.5 Hz, H-6bgal), 4.19 (t, 2H, J = 6.2 Hz, CH2N), 4.32 (d, 1H, J = 3.8 Hz, OH), 4.46 (m, 1H,
H-1gal), 4.55 (t, 1H, J = 5.6 Hz, OH), 4.61–4.73 (m, 4H, CH2O, CH2OCO), 5.06 (s, 2H, OH), 7.16 (dd,
1H, J = 1.3 Hz, J = 7.6 Hz, H-7chin), 7.38–7.49 (m, 3H, H-3chin, H-5chin, H-6chin), 7.83 (d, 1H, J = 9.2 Hz,
NHCO), 8.19 (d, 1H, J = 8.4 Hz, H-4chin), 8.29 (s, 1H, H-5triaz), 13C NMR (100 MHz, DMSO-d6): δ 25.07,
29.56, 46.66, 57.03, 60.47, 65.60, 68.18, 69.27, 74.21, 76.52, 82.92, 110.39, 119.86, 122.46, 124.88, 125.73,
127.33, 135.98, 139.33, 142.45, 153.68, 155.76, 157.32; HRMS (ESI-TOF): calcd for C23H30N5O8 ([M +

H]+): m/z 504.2094; found: m/z 504.2097.
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3.3. Biological Assays

3.3.1. Cell Lines

The culture media were purchased from EuroClone, HyClone and Pan Biotech. Fetal bovine serum
(FBS) was delivered by Eurx, Poland and Antibiotic Antimycotic Solution (100×) by Sigma-Aldrich,
Germany. The human colon adenocarcinoma cell line HCT 116 was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). The human cell line MCF-7 was obtained from
collections at the Maria Sklodowska-Curie Memorial Cancer Center and Institute of Oncology, branch
in Gliwice, Poland, as kindly gift from Monika Pietrowska and prof. Wiesława Widłak. The Normal
Human Dermal Fibroblasts-Neonatal, NHDF-Neo were purchased from LONZA (Cat. No. CC-2509,
NHDF-Neo, Dermal Fibroblasts, Neonatal, Lonza, Poland). The culture media consisted of RPMI 1640
or DMEM+F12 medium, supplemented with 10% fetal bovine serum and standard antibiotics.

3.3.2. MTT Assay

A lifespan of the cells was assessed with an MTT (3-[4–dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) test (Sigma-Aldrich). The cells at concentration 1 × 104 (HCT 116, NHDF-Neo) or 5 × 103

(MCF-7) per well were seeded into 96-well plates. The cell cultures were incubated for 24 h at 37 ◦C
in a humidified atmosphere of 5% CO2. After this time, the culture medium was removed, replaced
with solution of the tested compounds in medium and incubated for further 24 h or 72 h. After that,
medium was removed and the MTT solution (50 µL, 0.5 mg/mL in PBS) was added. After 3 h of
incubation, the MTT solution was removed and the acquired formazan was dissolved in DMSO. Finally,
the absorbance at the 570 nm wavelength was measured spectrophotometrically with the plate reader.
The experiment was conducted in three independent iterations with four technical repetitions. Tests
were conducted at concentrations tested compounds range from 0.01 mM to 0.8 mM solutions. For the
most active compounds IC50 values were calculated using CalcuSyn.

3.3.3. Bovine Milk β-1,4-Galactosyltransferase I Assay

Bovine milk β-1,4-Galactosyltransferase I was purchased from Sigma-Aldrich. The β-1,4-GalT
activity was assayed using UDP-Gal, a natural β-1,4-GalT glycosyl donor type substrate, and
(6-esculetinyl) β-D-glucopyranoside (esculine) as glycosyl fluorescent acceptor. The reaction mixtures
contained reagents in the following final concentrations: 50 mM citrate buffer (pH 5.4), 100 mM MnCl2,
20 mg/mL BSA, 2 mM esculine, 0.4 mM UDP-Gal and 10 µL MeOH or methanolic solution of potential
inhibitors 49–52, 57–60, 65–68, 73–76, 81–84 at 0.8 mM concentration. Assays were performed in a
total volume of 200 µL. The enzymatic reactions were started by the addition of 8 mU β-1,4-GalT and
incubated at 30 ◦C for 60 min. After that, the reaction mixture was diluted with water to a volume
of 500 µL and then was placed in a thermoblock set at 90 ◦C for 3 min. After protein denaturation,
the solutions were centrifuged at 10 ◦C for 30 min at 10 000 rpm. The supernatant was filtered using
syringe filters (M.E. Cellulose filter, Teknokroma®, 0.2 µm × 13 mm). The filtrate was injected into
RP-HPLC system. The percentage of inhibition was evaluated from the fluorescence intensity of the
peaks referring to product (6-esculetinyl) 4′-O-β-D-galactopyranosyl-β-D-glucopyranoside). For the
most active compounds, IC50 values were determined by the same procedure using the reaction
mixtures containing inhibitor in the concentrations of 0.1, 0.2, 0.4, and 0.8 mM and calculated using
CalcuSyn software.

3.4. Metal Complexing Studies

Absorption measurements were carried out at room temperature, using a UV/VIS/NIR
spectrophotometer JASCO V-570 (Tokyo, Japan) with the software Spectra Manager Program.
Absorption spectra of selected compounds, in the presence of copper (II) sulfate pentahydrate
in HPLC grade methanol, were recorded in spectra range of 200–450 nm. The stoichiometry of
complexes were determined using Job′s method, by titrating the particular compound methanol
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solution with increasing concentrations of copper salt. The graph was plotted as the difference in
absorbance of the absorption band at 265 nm, ∆A = Ax − A0 as a function of molar fraction of
glycoconjugate. The maximum in the plot corresponds to the stoichiometry of complex formed.

Electrospray mass spectrometry (ESI-MSn) was performed using a Thermo Scientific LCQ Fleet ion
trap spectrometer (Thermo Fisher Scientific Inc., CA, USA). All analyses were performed in methanol.
The solutions were introduced into the ESI source by continuous infusion at 4 µL·min−1 using the
syringe pump. The ESI source was set to an operating voltage of 4 kV and the capillary heater was set
to 160 ◦C. Nitrogen was used as the nebulizing gas and helium was used as the collision and damping
gas in the ion trap.

4. Conclusions

In summary, a wide range of new glycoconjugates derivatives of 8-HQ, in which the sugar part
was connected to the quinoline derivative via linker containing a 1,2,3-triazole fragment was obtained
and characterized. The effect of modifying the structure of the mentioned linker on the biological
activity in vitro exhibited by glycoconjugates was investigated. These modifications concerned the
extension of the alkyl chain between 1,2,3-triazole ring and quinoline or sugar moiety, as well as
the introduction of an additional amide or carbamate group into the linker structure. The obtained
glycoconjugates contained the sugar unit with a binding of the β-configuration at the anomeric center
since such orientation is preferred for binding to the GLUT transporters [84]. The new glycoconjugates
structures have been designed in such a way to take advantage of some unique features of cancer
cells, such as the high concentration of Cu2+ ions and overexpression of some proteins, such as
β-1,4-galactosyltransferase or GLUT transporters to improving their selectivity and minimizing side
effects of their application on healthy tissues.

Glycoconjugates were tested for inhibition of the proliferation of selected cancer cell lines
and inhibition of β-1,4-Gal activity, in which overexpression is associated with cancer progression.
All glycoconjugates in protected form have a cytotoxic effect on cancer cells in the tested concentration
range. Tested glycoconjugates were more active on the HCT 116 cell line than parent quinolines.
Therefore, it can be assumed that the presence of a sugar unit and an additional metal ion binding motif
improves the cytotoxic activity of glycoconjugates. MCF-7 cell line appears to be more sensitive to
quinoline derivatives. Most of the glycoconjugates showed lower activity than their parent compounds
against the breast cancer cell line, however the addition of a sugar unit allowed to improve their
selectivity (as can be seen from the example of compounds 63, 85 and 86). Glycoconjugates containing
an additional amide bond in the linker structure proved to be more active relative to the cell lines tested.
Among them, derivatives whose structure was based on the 8-HQ fragment showed better cytotoxicity
compared to derivatives with 2Me8HQ unit. In turn, the type of sugar unit did not significantly affect
the activity of synthesized glycoconjugates. It can be concluded that the presence of amide groups
improves the activity of glycoconjugates, probably through the improvement of metal ions chelation.
Interestingly, glycoconjugates with an amide moiety in the structure did not affect the inhibition of
β-1,4-Gal activity. On the other hand, it was noted, that extension the alkyl chain between triazole and
quinoline part increases the ability of glycoconjugates to inhibit enzyme activity, which is probably
associated with increased “flexibility” of the molecule. However, it cannot be ruled out any mechanism
of action at this step.

Although the IC50 values determined do not predestine the use of the obtained compounds as
potential drugs, it is possible to notice some regularities in their structure that improve the activity of
the obtained molecules. In the course of the research, it was found that the activity of the obtained
glycoconjugates depends on the presence of the sugar moiety, the presence of protecting groups in
the sugar unit as well as the type and length of the linker connecting the sugar parts and quinoline
moiety. Sugar improves the solubility, bioavailability, and selectivity of potential drugs, whereas the
heteroaromatic fragment improves the activity of glycoconjugate, probably due to the ability to chelate
metals ions present in many types of cancer cells. The study of metal complexing properties confirmed
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that the obtained glycoconjugates are capable of chelating copper ions. Moreover, the addition of the
1,2,3-triazole fragment improved the ability to form such complexes. The determined stoichiometry of
the glycoconjugate complex indicates that the tested compounds chelate copper ions in a 1:1 molar
ratio, while 8-HQ forms chelates in a 2:1 ratio.

One of the important strategies for improving the therapeutic efficacy of anticancer drugs is the
synthesis of new derivatives with a modified structure. The obtained results encourage further structural
optimization of quinoline glycoconjugates. A huge library of compounds will allow the identification
of those specific structural elements that are responsible for demonstrating biological activity.

Supplementary Materials: The following are available online, Figures S1–S208: 1H and 13C NMR spectra of all
obtained compounds, Figures S209–S211: Metal complexing properties of compound 93.
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Abstract: One of the main factors limiting the effectiveness of many drugs is the difficulty of their delivery
to their target site in the cell and achieving the desired therapeutic dose. Moreover, the accumulation of
the drug in healthy tissue can lead to serious side effects. The way to improve the selectivity of a
drug to the cancer cells seems to be its conjugation with a sugar molecule, which should facilitate
its selective transport through GLUT transporters (glucose transporters), whose overexpression is
seen in some types of cancer. This was the idea behind the synthesis of 8-hydroxyquinoline (8-HQ)
derivative glycoconjugates, for which 1-thiosugar derivatives were used as sugar moiety donors.
It was expected that the introduction of a sulfur atom instead of an oxygen atom into the anomeric
position of the sugar would increase the stability of the obtained glycoconjugates against untimely
hydrolytic cleavage. The anticancer activity of new compounds was determined based on the results
of the MTT cytotoxicity tests. Because of the assumption that the activity of this type of compounds
was based on metal ion chelation, the effect of the addition of copper ions on cell proliferation was
tested for some of them. It turned out that cancer cells treated with glycoconjugates in the presence
of Cu2+ had a much slower growth rate compared to cells treated with free glycoconjugates in the
absence of copper. The highest cytotoxic activity of the compounds was observed against the MCF-7
cell line.

Keywords: quinoline; glycoconjugates; 1-thiosugars; click reaction; anticancer activity; targeted
drug delivery

1. Introduction

Despite significant progress in the treatment of various types of diseases, cancer is still one of the
most considerable clinical problems. Anticancer therapies introduced so far are not effective enough.
This is due to the low selectivity profile of approved chemotherapeutics, the use of which leads to
numerous undesirable side effects. Moreover, the resistance of cancer cells to available pharmaceuticals
results in their rapid proliferation and metastasis [1]. Therefore, it is necessary to develop new safe
drugs that target cancer cells directly without damaging healthy cells.

One of the main factors limiting the effectiveness of many drugs is the difficulty of their delivery
to their target site in the cell across the phospholipid cell membranes. A better understanding of
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the processes ruling the delivery of substances to cancer cells can be helpful during planning new
treatment strategies. There are several ways to transport into the cell [2,3]. The vast majority of available
chemotherapeutics penetrate cell membranes by passive diffusion. This is due to the presence of specific
gaps in the blood vessels of cancer cells resulting from chaotic neoangiogenesis. This is commonly
known as the effect of enhanced permeability and retention (EPR) [3–5]. On the other hand, a variety of
membrane proteins are anchored in the structure of lipid bilayer, which can act as carrier proteins or
channel proteins (facilitated diffusion). An attractive alternative to transporting chemotherapeutics
across a biological membrane may be their modification, which will increase affinity for binding to the
appropriate receptor [2–5].

One of the strategies developed for delivering anticancer drugs is the use of glucose transporting
proteins [6,7]. Compared to healthy cells, rapidly proliferating cancer cells have a different energy
metabolism, characterized by a high rate of glycolysis process, known as the Warburg effect [8,9].
To ensure a sufficient amount of nutrients up to this process, cancer cells have an increased demand for
glucose. The phospholipid membrane surrounding the cells is impermeable to hydrophilic glucose
molecules by simple diffusion. Therefore, sugar to the cytosol is transferred by transmembrane
proteins-GLUTs or SGLTs (sodium-glucose linked transporters) [10]. In most tumor cells, these
transporters are overexpressed, especially GLUT1 [11]. Thanks to these transporters, it has been
proven that they even receive over 30 times more glucose than normal cells [12]. GLUT1 transport
substrates also include other sugars, such as galactose, mannose, and glucosamine [11]. Therefore,
an attractive system for targeted drug delivery directly to cancer cells is their conjugation with sugar
derivatives. The sugar fragment can be used as a drug carrier across the cell membrane by adapting
to the structure of the GLUT transporter [6]. The crucial question to be answered in the case of such
conjugates is whether the sugar-conjugated compound will be transported to the cancer cells by the
sugar transporters. The results of research on structural requirements for binding variously substituted
sugars to the sugar transporters indicate that β-configuration at the anomeric center of the sugar
derivatives is preferred for binding to the GLUT transporters [13–15].

Our research focuses on the use of small quinoline molecules as metal ion chelators and potential
anticancer agents [16,17]. The presence of copper ions is important in many biological processes and is
essential for cellular physiology [18]. Copper is a co-factor of many enzymes and takes part in a variety
of cellular processes in mammals [18]. Changes in the homeostasis of copper ions play an important
role in different types of diseases, such as inflammation, neurodegeneration, as well as in carcinogenesis
(copper is an essential cofactor for cancer growth and angiogenesis) [18–21]. Therefore, the use of
metal chelating agents seems to be an ideal way to control the level of copper in the organism [21–23].
The concept of using metal chelators is shown in Figure 1. The formation of metal complexes by
8-hydroxyquinoline (8-HQ) derivatives has been widely described in the literature and has become
a promising therapeutic strategy in clinical practice. Numerous 8-HQ derivatives have been shown
to have cytotoxic activity on many cancer cells [16,24,25]. However, a significant limitation of their
use is the lack of selectivity for healthy cells. We assumed that the therapeutic effectiveness of 8-HQ
derivatives could be improved by attaching a sugar moiety, which should increase the selectivity
of the obtained connections by targeting their transport to cancer cells through GLUT transporters.
8-Hydroxyquinoline glycoconjugates are of particular interest due to their simple synthesis procedures,
as well as facilitated intermembrane transport and improved solubility.

Our recent studies on the cytotoxic activity of 8-HQ derivatives connected via various linkers
with d-glucose or d-galactose derivatives containing an oxygen or nitrogen atom at the sugar anomeric
position indicated that some of them were able to inhibit the proliferation of tested cell lines [26,27].
Their biological activity depended on the structure of the linker connecting the sugar parts and the
quinoline moiety, as well as the type of protective groups in the attached sugar unit. The study of metal
complexing properties confirmed that the obtained glycoconjugates were capable of chelating copper
ions [27]. In the current research, 1-thiosugars derivatives were used for the synthesis of quinoline
glycoconjugates. It was expected that the introduction of a sulfur atom into the anomeric position
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of the sugar would increase the stability of the obtained glycoconjugates against hydrolytic cleavage.
Compared to O-glycosyl derivatives, compounds with the S-glycosidic binding are less susceptible
to enzymatic degradation, especially under the action of glycosylhydrolases [28,29]. 1-Thiosugars,
due to their enzymatic stability, exhibit great therapeutic potential [30–32]. The thiosugar moiety can
be found in many naturally occurring compounds, such as bacteriostatic antibiotics from the group of
lincosamides (lincomycin) or d-glucosinolates (sinigrin, gluconasturcin), which have chemopreventive
properties [30]. Synthetic thiosugars are effective inhibitors of numerous cellular enzyme pathways.
Besides, numerous studies have shown their significant antimicrobial, antiviral, antithrombotic,
and anticancer potential [33–36]. Therefore, increasingly sulfur derivatives of carbohydrates are used
for the synthesis of new pharmaceuticals. An example of a 1-thiosugar glycoconjugate that exhibits
antiproliferative effects in vivo is a gold-based compound 1-phenyl-bis(2-pyridyl)phosphole gold
chloride thio-β-d-glucose tetraacetate (GOPI-sugar). It inhibits the proliferation of glioblastoma cell
lines (NCH82, NCH89) to a much better extent than the drug used so far-carmustine, making it a
promising candidate in cancer therapy. Attachment of a sugar unit to the complex GOPI has improved
the solubility and bioavailability of this compound [37]. Previously reported quinolinecarboxylic
acid glycoconjugates containing in their structure a fragment derived from 1-thioglycosides have
shown a particularly interesting activity profile against colorectal cancer cells (HCT-116) more than
100 times exceeding the activity of the initial quinoline derivatives [38]. Considering the number of
reports devoted to the use of thiosugars in the treatment of a wide range of human diseases, it is worth
using this potential. In addition, compounds containing a sulfur atom have the ability to complex
metal ions, with sulfur preferring the so-called “soft” metals, such as gold, silver, or copper [39,40].
The introduction of sulfur to the designed glycoconjugates may improve their ability to complex
copper ions in relation to the previously obtained derivatives. In this article, we presented the results
of carried out cytotoxicity tests of new 8-HQ derivatives, allowing us to determine their potential
usefulness in anticancer therapy.Molecules 2020, 25, x FOR PEER REVIEW 3 of 27 
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Figure 1. The concept of using metal chelators.

2. Results and Discussion

2.1. Synthesis

The structural modification of sugars used in this research concerned the introduction of a sulfur
atom into the anomeric position of the sugar, followed by its functionalization by chemical groups
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involved in the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC). The synthetic pathways
leading to the formation of sugar derivatives are presented in Schemes 1–3. All substrates were prepared
according to the previously published procedures thoroughly or making minor improvements.

Molecules 2020, 25, x FOR PEER REVIEW 4 of 27 

 

2. Results and Discussion 

2.1. Synthesis 

The structural modification of sugars used in this research concerned the introduction of a sulfur 

atom into the anomeric position of the sugar, followed by its functionalization by chemical groups 

involved in the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC). The synthetic pathways 

leading to the formation of sugar derivatives are presented in Schemes 1–3. All substrates were 

prepared according to the previously published procedures thoroughly or making minor 

improvements. 

 

Scheme 1. Synthesis of sugar derivatives 3–10. Reagents and Conditions: (i) CH3COONa, Ac2O, b.p., 

1 h; (ii) CH3COOH, 33% HBr/AcOH, 0 °C-r.t., 1 h; (iii) thiourea, acetone, b.p., 3 h; (iv) K2S2O5, CHCl3, 

H2O, b.p., 1 h. 

 

Scheme 2. Synthesis of 1-thiosugar derivatives 11–26. Reagents and Conditions: (i) DBU, CH2Cl2 or 

(CH2)2Cl2, r.t., 1 h; (ii) NaN3, DMF, r.t., 24 h (15 and 16) or 60 °C, 72 h (17 and 18); (iii) 1. MeONa, 

MeOH, r.t., 50 min; 2. Amberlyst-15; (iv) propargyl bromide, K2CO3, acetone, r.t., 24 h. 

Scheme 1. Synthesis of sugar derivatives 3–10. Reagents and Conditions: (i) CH3COONa, Ac2O, b.p.,
1 h; (ii) CH3COOH, 33% HBr/AcOH, 0 ◦C-r.t., 1 h; (iii) thiourea, acetone, b.p., 3 h; (iv) K2S2O5, CHCl3,
H2O, b.p., 1 h.

Molecules 2020, 25, x FOR PEER REVIEW 4 of 27 

 

2. Results and Discussion 

2.1. Synthesis 

The structural modification of sugars used in this research concerned the introduction of a sulfur 

atom into the anomeric position of the sugar, followed by its functionalization by chemical groups 

involved in the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC). The synthetic pathways 

leading to the formation of sugar derivatives are presented in Schemes 1–3. All substrates were 

prepared according to the previously published procedures thoroughly or making minor 

improvements. 

 

Scheme 1. Synthesis of sugar derivatives 3–10. Reagents and Conditions: (i) CH3COONa, Ac2O, b.p., 

1 h; (ii) CH3COOH, 33% HBr/AcOH, 0 °C-r.t., 1 h; (iii) thiourea, acetone, b.p., 3 h; (iv) K2S2O5, CHCl3, 

H2O, b.p., 1 h. 

 

Scheme 2. Synthesis of 1-thiosugar derivatives 11–26. Reagents and Conditions: (i) DBU, CH2Cl2 or 

(CH2)2Cl2, r.t., 1 h; (ii) NaN3, DMF, r.t., 24 h (15 and 16) or 60 °C, 72 h (17 and 18); (iii) 1. MeONa, 

MeOH, r.t., 50 min; 2. Amberlyst-15; (iv) propargyl bromide, K2CO3, acetone, r.t., 24 h. 

Scheme 2. Synthesis of 1-thiosugar derivatives 11–26. Reagents and Conditions: (i) DBU, CH2Cl2 or
(CH2)2Cl2, r.t., 1 h; (ii) NaN3, DMF, r.t., 24 h (15 and 16) or 60 ◦C, 72 h (17 and 18); (iii) 1. MeONa,
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K2CO3, acetone, r.t., 2 h; (ii) Zn, AcOH, CH2Cl2, r.t., 1 h; (iii) chloroacetyl chloride, TEA, DCM, r.t., 1 h;
(iv) NaN3, DMF, r.t., 24 h; (v) 1. MeONa, MeOH, r.t., 1 h; 2. Amberlyst-15; (vi) propargyl chloroformate,
Hünig′s base, DCM, r.t., 2 h.
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2,3,4,6-Tetra-O-acetyl-1-thio-β-d-glycopyranoses 9 and 10 were synthesized by carrying out a
sequence of reactions in which first glycosyl bromides 5 or 6 reacted with thiourea in acetone, and then
such prepared isothiouronium salts 7 and 8 were decomposed in the presence of potassium metabisulfite
in a two-phase water/chloroform system [41] (Scheme 1).

1-Thiosugars 9 or 10 were substrates for the preparation of compounds used in the synthesis
of final glycoconjugates. Due to the susceptibility of these compounds to oxidation to symmetrical
disulfides, they were used immediately after purification by column chromatography for the next
stages of synthesis. For the glycoconjugates synthesis, the CuAAC reaction was used, in which the
substrates must possess an azide moiety or triple bond. Accordingly, it was necessary to receive
different 1-thiosugar derivatives substituted at the anomeric position with a substituent containing
either the azide moiety or triple bond.

In the beginning, chloromethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranosides 11 or 12 were
obtained in the SN2 reaction between corresponding glycosyl thiols 9 or 10 and dichloromethane,
in the presence of a strong base, such as DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) [42]. To lengthen
the alkyl chain in the structure of chloroalkyl 1-thioglycosides, an analogous reaction of 1-thiosugars
9 or 10 with 1,2-dichloroethane was carried out to obtain 2-chloroethyl 2,3,4,6-tetra-O-acetyl-1-thio-
β-d-glycopyranosides 13 or 14. In these reactions, both dichloromethane and dichloroethane acted as a
reactant and solvent at the same time. As a result, products 11–14 were obtained in a short time and with
high yield. In the next step, the substitution of a chlorine atom with an azide moiety was carried out
using sodium azide and DMF (N,N-dimethylformamide) as a solvent, which resulted in azidomethyl
15, 16 and 2-azidoethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranosides 17, 18. Confirmation of
chlorine exchange to the azide moiety was the appearance in the 13C NMR spectra of the signal of
CH2N3 carbon with a shift of δ = 51.03–51.72 ppm for products 15–18, while the signal of CH2Cl carbon
was observed at δ = 43.31–45.45 ppm for substrates 11–14.

Propargyl 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranosides 23 and 24 were prepared by the
alkylation of 1-thiosugars 9 or 10 with propargyl bromide. Minor modifications of the reaction
conditions, compared to the previously reported synthesis method [43], consisting of replacing
diisopropylethylamine (base) and dichloromethane (originally used as a solvent) with potassium
carbonate and acetone, allowed obtaining the appropriate propargyl 1-thioglycosides 23 and 24 with
high yields (97 and 94%, respectively, in comparison to 76 and 83% in cited position).

Removal of the acetyl protecting groups from compounds 15–18 and 23–24 was performed using
a standard Zemplén procedure, involving the use of catalytic amounts of a methanolic solution of
sodium methoxide [44]. The reactions were carried out until the complete conversion of the substrate,
which was monitored by TLC (thin-layer chromatography). Crude products 19–22 and 25–26 were
obtained with high yields (84–98%), sufficiently pure to be used in the next step.

Another direction of synthesis concerned the introduction of an additional aminopyridyl fragment
in the sugar part of the final structure. A simple and efficient synthesis of (5-nitro-2-pyridyl) 2,3,4,6-
tetra-O-acetyl-1-thio-β-d-glycopyranosides 27 and 28, followed by reduction to (5-amino-2-pyridyl)
2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranoside 29 and 30, was described a few years ago [45].
The presence of an amino group in the aglycone of 1-thioglycosides 29 and 30 allowed the addition of a
fragment containing an azide or propargyl moiety. This was possible as a result of the reaction leading
to the formation of an amide or carbamate bond. It is worth emphasizing that the introduction of an
amide bond additionally enhanced linker stability. Compounds 29 or 30 were reacted with chloroacetyl
chloride or propargyl chloroformate in anhydrous DCM (dichloromethane) (Scheme 3). The hydrogen
chloride produced during these reactions was neutralized by the addition to the reaction mixture of
a tertiary amine, such as triethylamine or N,N-diisopropylethylamine. Substitution of the chlorine
atom in compounds 31 and 32, leading to obtaining compounds 33 and 34, as well as the removal of
the acetyl protecting groups in the sugar part in order to obtain compounds 35 or 38, was carried out
under the same conditions as described above. Structures of sugar derivatives, obtained with high



Molecules 2020, 25, 4174 6 of 27

yields, were confirmed by NMR spectra analysis. The spectroscopic data of obtained compounds are
presented in the experimental section.

For the synthesis of glycoconjugates, derivatives of 1-thioglycosides were used both with the
protected and deprotected hydroxyl groups in the sugar part. As the second structural element of
the glycoconjugates, corresponding derivatives of 8-hydroxyquinoline 39–42 functionalized in the
8-OH position with propargyl or azide groups were used, obtained according to previously published
procedures [27,46]. Target glycoconjugates were prepared using the copper(I)-catalyzed 1,3-dipolar
azide-alkyne cycloaddition, described by Sharpless [47,48]. In these reactions, equimolar amounts of
sugar derivatives and 8-HQ derivatives were combined in the configuration shown in Scheme 4. The use
of CuSO4·5H2O as a catalyst allowed the carrying out of the reaction at room temperature and led to
obtaining only 1,4-disubstituted 1,2,3-triazoles. Sodium ascorbate (NaAsc), used as a reducing agent of
Cu(II) to Cu(I), avoided the formation of oxidation byproducts. All of the reagents were dissolved in
the THF:i-PrOH:H2O solvent system (tetrahydrofuran:isopropyl alcohol:water). The progress of the
reaction was controlled by TLC analysis so that the moment of the total conversion of the substrates
could be estimated. After purification of the crude products by column chromatography, in the result,
pure glycoconjugates 43–72 with high yields were obtained (Figure 2). The structures of all prepared
glycoconjugates were confirmed using NMR and HRMS spectroscopy methods. The formation of the
glycoconjugate was evidenced by the presence of a singlet at about δ = 7.9 ppm from the H-C(5) proton
triazole ring in 1H NMR spectra and two characteristic carbon signals at about 123 ppm and 144 ppm for
C(4) and C(5) from triazole ring in the 13C NMR spectra, as well as the presence of signals characteristic
of the sugar and quinoline fragments. The obtained glycoconjugates contained the sugar unit with a
binding of the β-configuration at the anomeric center since such orientation is preferred for binding to
the GLUT transporters overexpressed in the cancer cells [13]. Such a structure was confirmed by the
large coupling constant from the H-1 proton, equal to about J = 9.0 Hz, observed in the 1H NMR spectra.
The NMR spectra of all the synthesized glycoconjugates are presented in the supporting information.
Their physicochemical properties, such as melting point and optical rotation, were also determined.Molecules 2020, 25, x FOR PEER REVIEW 7 of 27 
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2.2. Cytotoxicity Studies

In vitro cytotoxicity studies of the obtained building blocks and glycoconjugates were carried out
on cell lines characterized by the high expression of GLUT transporters and the strongly changed glucose
metabolism (strong Warburg effect) [10,49–51]. Based on this, colon cancer cell line (HCT-116) and
breast cancer cell line (MCF-7) were selected for the research. Compounds with a high ability to inhibit
the proliferation of tumor cells were also tested against the Normal Human Dermal Fibroblast-Neonatal
cells (NHDF-Neo) to assess the safety of their use. Cytotoxicity was evaluated using the MTT assay.
The results of the screening tests were used to determine the IC50 values (the half maximal inhibitory
concentration), which are summarized in Tables 1 and 2. These values represented 50% inhibition of cell
growth concerning the control system, which were the cells suspended in the medium supplemented
with DMSO in the amount used to dissolve the tested compounds.

Table 1. Summary of cytotoxicity of substrates used for glycoconjugation.

Compound Activity IC50 [µM] a

HCT-116 b MCF-7 c NHDF-Neo b

15–26 >800 >800 -
33 13.39 ± 0.10 6.39 ± 0.07 11.20 ± 0.31
34 541.37 ± 3.73 382.69 ± 4.23 -
35 >800 >800 -
36 124.79 ± 8.98 38.33 ± 2.44 41.69 ± 3.40
37 456.70 ± 3.85 392.41 ± 5.29 -
38 >800 >800 -

8HQ >800 0.24 ± 0.01 >800
2Me8HQ >800 43.18 ± 1.78 346.77 ± 2.23

Doxorubicin 5.59 ± 0.14 0.67 ± 0.01 >20
a Cytotoxicity was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h. Data are presented
as the mean ± standard deviation (n = 3).
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Table 2. Summary of cytotoxicity of tested glycoconjugates 43–72.

Compound Activity IC50 [µM] a

HCT-116 b MCF-7 c NHDF-Neo b

43 106.71 ± 4.10 59.12 ± 1.46 54.62 ± 0.74
44 162.34 ± 1.35 85.65 ± 3.28 140.41 ± 7.25
45 268.54 ± 5.55 218.40 ± 6.24 -
46 789.98 ± 2.33 235.24 ± 6.77 -
47 791.73 ± 2.30 428.16 ± 8.84 -
48 376.07 ± 7.16 204.88 ± 5.85 -
49 >800 >800 -
50 >800 >800 -
51 127.05 ± 1.75 76.30 ± 1.33 105.32 ± 3.40
52 144.59 ± 4.84 93.97 ± 1.66 111.08 ± 1.24
53 338.97 ± 4.61 135.55 ± 1.58 -
54 519.18 ± 0.90 204.79 ± 2.53 -
55 394.77 ± 6.44 315.93 ± 1.66 -
56 431.84 ± 5.10 172.46 ± 5.43 -
57 >800 >800 -
58 >800 332.85 ± 1.39 -
59 172.83 ± 3.48 153.34 ± 0.25 229.12 ± 2.06
60 304.80 ± 1.34 212.15 ± 3.46 421.20 ± 0.14
61 107.68 ± 1.62 130.45 ± 0.20 260.43 ± 7.65
62 324.00 ± 1.61 243.65 ± 3.04 667.65 ± 6.43
63 >800 >800 -
64 >800 >800 -
65 >800 >800 -
66 >800 >800 -
67 146.16 ± 3.49 69.72 ± 3.50 71.81 ± 6.70

67 + Cu2+ d 74.50 ± 0.16 28.94 ± 1.52 71.43 ± 1.35
68 130.31 ± 1.31 96.32 ± 5.99 110.60 ± 2.78

68 + Cu2+ d 96.01 ± 0.59 23.77 ± 0.48 83.60 ± 3.03
69 210.39 ± 0.55 144.42 ± 2.68 163.81 ± 0.01
70 63.49 ± 2.37 67.50 ± 1.58 64.00 ± 5.34

70 + Cu2+ d 73.87 ± 2.99 25.90 ± 1.76 68.43 ± 1.11
71 90.68 ± 0.52 68.32 ± 3.68 75.26 ± 0.38

71 + Cu2+ d 82.99 ± 1.37 20.51 ± 1.55 69.31 ± 2.90
72 >800 739.20 ± 3.79 >800

a Cytotoxicity was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h; d Addition of
cooper acetate at 100 µM. Data are presented as the mean ± standard deviation (n = 3).

The screening tests of sugar substrates used for glycoconjugation indicated no toxicity of
compounds 15–26 and significant cytotoxicity of compounds 33 and 36 (Table 1). Probably due to
the small size, compounds 33 and 36 were able to penetrate through phospholipid membranes into
cells by passive diffusion. On the other hand, the presence of additional fragments in their structure
capable of coordinating divalent metal ions (an amidopyridyl part), compared to substrates 15–26,
affected their ability to inhibit cancer cell growth. As it turned out, these compounds were also highly
toxic to healthy cells. Interestingly, the d-galactose derivatives 34 and 37, as well as the compounds
35 and 38, without the acetyl protection of the hydroxyl groups were much less toxic and showed
no anti-proliferative activity. In the case of the deprotected derivatives 35 and 38, this result could
be explained by the fact that they are too little lipophilic to enter the cell by passive transport and
simultaneously, apparently, do not have sufficient affinity for GLUT transporters. However, the results
obtained for per-O-acetylated galactoconjugates 34 and 37 were surprising. The significant difference
in glycoconjugates cytotoxic activity observed with a simple replacement of the d-glucose residue with
d-galactose might indicate a significant influence of the type of sugar residue on the biological activity
of the whole compound. Cytotoxicity studies of 8-HQ and 2Me8HQ, the second building blocks of
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glycoconjugates, showed that both compounds were non-toxic to HCT-116 cells and toxic to MCF-7
cells. 8-HQ appeared to be of particular interest as it exhibited high toxicity against the breast cancer
cell line, while not being toxic against the NHDF normal cell line. Thus, this compound is a good
starting point for structural modifications that should further improve its activity.

Taking into account the obtained results, it seemed necessary to develop a prodrug that would
improve the selectivity of a given compound. By starting to design prodrugs by functionalizing the
biologically active compound, we focused on differences in the properties of cancer and normal cells.
In this case, we paid attention to factors that increase the affinity of the prodrug for the interphase
space. It is known that there is a mildly acidic environment in cancer tissues that results from excessive
glycolysis in tumors (Warburg effect) [52,53]. In the case of healthy cells, this acidic environment does
not exist. Therefore, the presence of the 1,2,3-triazole ring having base properties should increase the
concentration of the prodrug at the interphase space of the cancer cells.

Dose-dependent cytotoxicity was observed for glycoconjugates derivatives of 8-HQ containing a
1,2,3-triazole fragment in the structure. The summary of cytotoxicity of tested glycoconjugates 43–72 is
shown in Table 2. In order to approximate the mechanism of glycoconjugate transport into the cell,
the influence of the presence of acetyl protecting groups in the sugar part of the glycoconjugate on
the activity was examined. High IC50 values of glycoconjugates with a deprotected sugar fragment
(47–50, 55–58, 63–66) indicated that these compounds were not able to bind to glucose transporters
and be transported by them across biological membranes. Glycoconjugates with acetyl protecting
groups in the sugar part (43–46, 51–54, 59–62) turned out to be more active. This suggested that due to
their higher lipophilicity, they could cross the phospholipid bilayer by passive transport. Derivatives
43, 44, and 51, 52 revealed interesting antiproliferative properties against the tested tumor cell lines.
Unfortunately, at the same time, they also turned out to be toxic to healthy cells (NHDF-Neo). This was
probably because this type of transport is not preferred in the case of the designed prodrugs, as it does
not guarantee selectivity, and, as a result, the tested compounds damage both cancer cells as well as
healthy cells.

As part of the research, the effect of introducing a sulfur atom into the anomeric position of
sugar was assessed. Glycoconjugates 51–54 derivatives of azidoalkyl 1-thioglycosides showed higher
cytotoxic activity than the analogous glycoconjugates obtained earlier containing oxygen atom at
the sugar anomeric position [27]. This was particularly evident for the 8-HQ derivatives 51 and 52,
for which the cytotoxic activity was about twice as high as that of their structural counterparts with
an anomeric oxygen atom (Figure 3). Unfortunately, an increase in cytotoxicity for glycoconjugates
containing anomeric sulfur was observed, both to neoplastic cells and to healthy cells. So, it can be
assumed that their stability in the presence of hydrolytic enzymes affects their activity and may suggest
that they were not prematurely degraded before entering the cell. In order to verify this assumption,
two galactoconjugates 56 and 64 (being the deprotected counterparts of galactoconjugates 52 and 60)
and their two analogs with anomeric oxygen were chosen and subjected to hydrolysis reactions using
β-galactosidase from Aspergillus oryzae [54]. The conducted experiments, for which the description
of the procedure is attached to Supplementary Materials, showed that glycoconjugates 56 and 64,
containing the sulfur atom in the anomeric position, did not undergo hydrolysis in the presence of
the enzyme even after 24 h of the reaction, while their counterparts with the anomeric oxygen had
completely undergone hydrolysis after just 60 min of the enzymatic reaction.

In the case of glycoconjugates 59–62, their higher cytotoxicity, compared to the oxygen counterparts,
was not observed, despite the fact that also for a representative of these compounds, the positive influence
of the anomeric sulfur on the hydrolytic stability was confirmed experimentally. For glycoconjugates
59–62, to form a 1,2,3-triazole system in their structure, acetylated derivatives of 1-thiosugars with an
anomeric propargyl moiety were used. In this reaction, an “inverted” 1,2,3-triazole system was formed
in relation to the one that was in the glycoconjugates 51–54. It can be assumed that for the cytotoxicity of
glycoconjugates, not only their hydrolytic stability is important but also the mutual spatial orientation
of the atom in the anomeric position of the sugar (sulfur or oxygen) and the 1,2,3-triazole ring, but
confirmation of this thesis requires further research.
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The length of the aliphatic chain between the sugar and the 1,2,3-triazole ring did not significantly
affect the activity of glycoconjugates. It was found that d-glucose derivatives, in most cases, were more
active than d-galactose derivatives. Among them, greater cytotoxicity was demonstrated by derivatives
whose structure was based on the 8-HQ fragment, compared to derivatives with 2Me8-HQ units. Higher
antiproliferative activity of the tested compounds was found against the breast cancer cell line (MCF-7).
In this case, high toxicity to the cells of this line was observed for the quinoline aglycones themselves.
This indicated the huge sensitivity of the cells of this particular tumor line to 8-HQ.

Previously, we showed that 8-HQ derivative glycoconjugates containing 1,2,3-triazole fragment
in the linker structure were able to form complexes with copper ions and potentially inhibit the
multiplication of neoplastic cells by eliminating an important factor for their growth [27]. In the current
study, we decided to enhance this effect by creating new analogs, with an additional heteroaromatic
fragment in the structure 67–72. The presence of sulfur, a pyridine ring, and an additional amide
bond in the structure of glycoconjugate should improve their cytotoxic activity as their method of
action may be related to metal ion chelation. The protected glycoconjugates 67, 68, and 70, 71 showed
good antiproliferative activity against HCT-116 and MCF-7 cancer cells. The unprotected glucose
derivative 69 showed moderate activity. Whereas, unprotected glucoconjugate 72 was not active in
the concentration range studied. Unfortunately, active compounds showed toxic activity also to the
NHDF-Neo cell line. Interestingly, the discussed compounds were created by connecting exhibiting
cytotoxic activity substrates 33 and 36 with quinoline derivatives 39 or 41. The cytotoxicity of the
resulting glycoconjugates was expected to increase relative to the substrates themselves, but this did
not happen. Perhaps the large size of the resulting glycoconjugates is one of the possible explanations
for the observed activity decrease.

Cultured cancer cells, in contrast to in vivo environment, are characterized by a low copper
level [55,56]. Therefore, additional experiments were carried out for compounds whose expected
mechanism of action is based on the chelation of metal ions. The antiproliferative activities of
glycoconjugates 67, 68, 70, and 71 were tested in the presence of Cu2+ ions. The effect of the interaction
of glycoconjugate complexes with metal ions on cell proliferation was measured by adding a copper salt
solution to the growth medium and observing the rate of cell growth compared to copper-untreated cells.

First, measurements were made of the effect of different concentrations of copper on the
proliferation of cancer and non-cancer cells. Cell cultures under standard conditions were treated
for 24 h or 72 h with copper solutions of various concentrations, and their effect on cell proliferation
was verified by the MTT assay. Cells with the non-supplemented medium were used as controls. For
further experiments, a 100 µM copper acetate solution was used, as it did not affect the viability of any
of the tested cell lines in any way.

During the appropriate experiments, the cells (MCF-7, HCT-116, and NHDF-Neo) were treated
with solutions of glycoconjugate 67, 68, 70, or 71 in medium culture, supplemented with 100 µM
copper acetate, and then their proliferation was measured by the MTT assay. The control system



Molecules 2020, 25, 4174 11 of 27

was cells suspended in medium supplemented with DMSO in the amount used to dissolve the
compounds and the addition of the same amount of copper. It turned out that cancer cells treated with
glycoconjugates in the presence of Cu2+ had a much slower growth rate compared to cells treated with
free glycoconjugates in the absence of copper. The highest cytotoxic activity of the compounds was
observed against the MCF-7 cell line. Their IC50 values ranged from 20.51 ± 1.55 µM to 28.94 ± 1.52 µM
(Table 2). This confirmed the strong sensitivity of breast cancer cells to 8-HQ derivatives.

Figure 4 shows the cell viability treated with free glycoconjugate at 50 µM and glycoconjugates
with the addition of Cu2+ at 100 µM for MCF-7, HCT-116, and NHDF-Neo cells after 24 h (HCT-116 and
NHDF-Neo) or 72 h (MCF-7) of incubation. It can be seen that the greatest differences in cell survival
occurred in the case of MCF-7 cell lines. The detailed dependence of MCF-7 cells’ proliferation on the
concentration of a potential inhibitor is shown in Figure 5. A significant decrease in the proliferation
of MCF-7 cells was observed after treatment with glycoconjugates at a concentration of 50 µM in the
presence of Cu2+ (cell viability 10–28%), compared to experiments with glycoconjugates alone. In this
case, the cytotoxicity of glycoconjugates increased about three-fold in the presence of Cu(II) ions. Lower
concentrations of glycoconjugates also improved antiproliferative activity in the presence of Cu(II), while
concentrations above 50 µM led to complete inhibition of tumor cell growth. For HCT-116 and NHDF-Neo
cell lines, only slight differences in cell viability were observed after treatment with free compounds and
when Cu(II)(II) ions were added. This suggested that the cells’ viability of these lines was not affected by
the concentration of copper ions to the same extent as it was for the breast cancer cell line.
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addition of Cu2+ at 100 µM for MCF-7 (A), HCT-116 (B), and NHDF-Neo (C) cells after 24 h (HCT-116 and
NHDF-Neo) or 72 h (MCF-7) incubation. Data are presented as the mean ± standard deviation (n = 3).
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3. Materials and Methods

3.1. General Information

NMR spectra were recorded with an Agilent spectrometer at a frequency of 400 MHz using
TMS (tetramethylsilane) as the internal standards and CDCl3, CD3OD, or DMSO-d6 as the solvents.
NMR solvents were purchased from ACROS Organics (Geel, Belgium). Chemical shifts (δ) were
expressed in ppm and the coupling constants (J) in Hz. The following abbreviations were used to
explain the observed multiplicities: s: singlet, d: doublet, dd: doublet of doublets, ddd: doublet of
doublet of doublets, t: triplet, dd~t: doublet of doublets resembling a triplet (with similar values of
coupling constants), m: multiplet, p: pentet (quintet), b: broad. High-resolution mass spectra (HRMS)
were recorded with a WATERS LCT Premier XE system using the electrospray-ionization (ESI) technique.
Optical rotations were measured with a JASCO P-2000 polarimeter using a sodium lamp (589.3 nm)
at room temperature. Melting point measurements were performed on OptiMelt (MPA 100) Stanford
Research Systems. Reactions were monitored by thin-layer chromatography (TLC) on precoated plates
of silica gel 60 F254 (Merck Millipore, Burlington, MA, USA). The TLC plates were visualized under
UV light (λ = 254 nm) or by charring the plates after spraying with a 10% solution of sulfuric acid
in ethanol. Crude products were purified using column chromatography performed on Silica Gel 60
(70–230 mesh, Fluka, St. Louis, MI, USA), developed using toluene:EtOAc or CHCl3:MeOH as solvent
systems. All evaporations were performed on a rotary evaporator under diminished pressure at 40 ◦C.
The absorbance on MTT assay was measured spectrophotometrically at the 570 nm wavelength using a
plate reader (Epoch, BioTek, Winooski, VT, USA).

All used chemicals were purchased from Sigma-Aldrich (Saint Louis, MO, USA, ACROS Organics
(Geel, Belgium), and Avantor (Gliwice, Poland) and were used without purification. d-Glucose,
d-galactose, 8-hydroxyquinoline, and 8-hydroxyquinaldine are commercially available (Sigma-Aldrich).
2,3,4,6-Tetra-O-acetyl-1-thio-β-d-glycopyranoses 9, 10 [41], chloromethyl- 11, 12 and azidomethyl
2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranosides 15, 16 [42], 2-chloroethyl- 13, 14 and 2-azidoethyl
2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranosides 17, 18 [42], propargyl 2,3,4,6-tetra-O-acetyl-1-thio-
β-d-glycopyranosides 23, 24 [43], (5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glycopyranosides
29, 30 [45], 8-(2-propyn-1-yloxy)quinoline 39 [46], 2-methyl-8-(2-propyn-1-yloxy) quinoline 40 [46],
8-(3-azidopropoxy)quinolone 41 [27], and 2-methyl-8-(3-azidopropoxy)quinolone 42 [27] were
prepared according to the respective published procedures.

3.2. Chemistry

3.2.1. General Procedure for the Synthesis of Sugar Derivatives 31 and 32

To a solution of (5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 29 or
(5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 30 (685 mg, 1.5 mmol) in dry
CH2Cl2 (30 mL), triethylamine (625 µL, 4.5 mmol) was added. The reaction mixture was cooled to
0 ◦C, and chloroacetyl chloride was added dropwise (175 µL, 2.2 mmol), then stirring was continued at
room temperature. After 1 h, the resulting mixture was diluted with dichloromethane (50 mL) and
washed with brine (2 × 50 mL). The combined organic phases were dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The crude products were purified by column chromatography
(toluene:AcOEt; 2:1) to give products 31–32.

(5-chloroacetamide-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 31: Starting from (5-amino-2
-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 29, the product was obtained as an orange solid
(600 mg, 75%), m.p.: 145–146 ◦C; [α]25

D = 0.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.02, 2.02,
2,04, 2.05 (4s, 12H, CH3CO), 3.86 (ddd, 1H, J = 2.3 Hz, J = 4.6 Hz, J = 10.1 Hz, H-5Glu), 4.10 (dd, 1H,
J = 2.3 Hz, J = 12.4 Hz, H-6aGlu), 4.22 (s, 2H, CH2Cl), 4.27 (dd, 1H, J = 4.6 Hz, J = 12.4 Hz, H-6bGlu), 5.15
(dd~t, 1H, J = 9.4 Hz, J = 10.4 Hz, H-2Glu), 5.20 (dd~t, 1H, J = 9.3 Hz, J = 10.1 Hz, H-4Glu), 5.34 (dd~t,
1H, J = 9.3 Hz, J = 9.4 Hz, H-3Glu), 5.72 (d, 1H, J = 10.4 Hz, H-1Glu), 7.26 (d, 1H, J = 8.6 Hz, H-3Pyr), 7.97
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(dd, 1H, J = 2.6 Hz, J = 8.6 Hz, H-4Pyr), 8.29 (bs, 1H, NH), 8.59 (d, 1H, J = 2.6 Hz, H-6Pyr); 13C NMR
(100 MHz, CDCl3): δ 20.60, 20.62, 20.69, 20.75 (CH3CO), 42.72 (CH2Cl), 61.94 (C-6Glu), 68.24, 69.47,
74.09, 75.97 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.11 (C-1Glu), 123.65, 128.60, 131.53, 141.37, 151.09 (CPyr),
164.29 (C=O) 169.42, 169.50, 170.15, 170.66 (CH3CO); HRMS (ESI-TOF): calcd for C21H26N2O10SCl
([M + H]+): m/z 533.0997; found: m/z 533.0997.

(5-chloroacetamide-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 32: Starting from (5-amino-2-
pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 30, the product was obtained as a beige solid (632 mg,
79%), m.p.: 49–51 ◦C; [α]25

D = 13.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.00, 2.01, 2,03,
2.17 (4s, 12H, CH3CO), 4.00–4.16 (m, 3H, H-5Gal, H-6aGal, H-6bGal), 4.22 (s, 2H, CH2Cl), 5.18 (dd, 1H,
J = 3.4 Hz, J = 9.9 Hz, H-3Gal), 5.40 (dd~t, 1H, J = 9.9 Hz, J = 10.4 Hz, H-2Gal), 5.49 (dd, 1H, J = 0.7 Hz,
J = 3.4 Hz, H-4Gal), 5.69 (d, 1H, J = 10.4 Hz, H-1Gal), 7.28 (d, 1H, J = 8.6 Hz, H-3Pyr), 7.97 (dd, 1H,
J = 2.6 Hz, J = 8.6 Hz, H-4Pyr), 8.27 (s, 1H, NH), 8.57 (d, 1H, J = 2.6 Hz, H-6Pyr); 13C NMR (100 MHz,
CDCl3): δ 20.60, 20.68, 20.70, 20.78 (CH3CO), 42.72 (CH2Cl), 61.29 (C-6Gal), 66.82, 67.30, 72.07, 74.58
(C-2Gal, C-3Gal, C-4Gal, C-5Gal), 82.67 (C-1Gal), 123.59, 128.54, 131.47, 141.47, 151.36 (CPyr), 164.30 (C=O)
169.70, 170.02, 170.26, 170.36 (CH3CO); HRMS (ESI-TOF): calcd for C21H26N2O10SCl ([M + H]+): m/z
533.0997; found: m/z 533.1002.

3.2.2. General Procedure for the Synthesis of Sugar Derivatives 33 and 34

To a solution of compounds 31 or 32 (320 mg, 0.6 mmol) in dry DMF (10 mL), sodium azide (214 mg,
3.3 mmol) was added. The reaction mixture was stirred at room temperature for 24 h. After completion
of the reaction, the solvent was evaporated under reduced pressure, and the residue was dissolved
in ethyl acetate (50 mL) and extracted with water (2 × 30 mL) and brine (30 mL). The combined
organic phases were dried over anhydrous MgSO4, filtered, and concentrated in vacuo to afford the
corresponding azide 33 and 34, which were used for the next reaction without further purification.

(5-azidoacetamide-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 33: Starting from (5-chloroacetamide-
2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 31, the product was obtained as an orange solid
(288 mg, 89%), m.p.: 75–78 ◦C; [α]25

D = 11.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.02, 2.04,
2,04, 2.05 (4s, 12H, CH3CO), 3.86 (ddd, 1H, J = 2.3 Hz, J = 4.6 Hz, J = 10.1 Hz, H-5Glu), 4.10 (dd, 1H,
J = 2.3 Hz, J = 12.4 Hz, H-6aGlu), 4.19 (s, 2H, CH2N3), 4.27 (dd, 1H, J = 4.6 Hz, J = 12.4 Hz, H-6bGlu),
5.15 (dd~t, 1H, J = 9.3 Hz, J = 10.4 Hz, H-2Glu), 5.20 (dd~t, 1H, J = 9.3 Hz, J = 10.1 Hz, H-4Glu), 5.34
(dd~t, 1H, J = 9.3 Hz, J = 9.3 Hz, H-3Glu), 5.71 (d, 1H, J = 10.4 Hz, H-1Glu), 7.25 (d, 1H, J = 8.6 Hz,
H-3Pyr), 7.97 (dd, 1H, J = 2.6 Hz, J = 8.6 Hz, H-4Pyr), 8.07 (bs, 1H, NH), 8.57 (d, 1H, J = 2.6 Hz, H-6Pyr);
13C NMR (100 MHz, CDCl3): δ20.60, 20.63, 20.69, 20.75 (CH3CO), 52.85 (CH2N3), 61.95 (C-6Glu), 68.26,
69.49, 74.10, 75.96 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.15 (C-1Glu), 123.59, 128.41, 131.53, 141.33, 150.91
(CPyr), 164.88 (C=O) 169.42, 169.50, 170.15, 170.66 (CH3CO); HRMS (ESI-TOF): calcd for C21H26N5O10S
([M + H]+): m/z 540.1400; found: m/z 540.1396.

(5-azidoacetamide-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 34: Starting from (5-chloroacetamide
-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 32, the product was obtained as a beige solid
(278 mg, 86%), m.p.: 57–59 ◦C; [α]25

D = 17.0 (c = 0.4, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.00, 2.01,
2,03, 2.17 (4s, 12H, CH3CO), 4.04–4.16 (m, 3H, H-5Gal, H-6aGal, H-6bGal), 4.19 (s, 2H, CH2N3), 5.18
(dd, 1H, J = 3.4 Hz, J = 9.9 Hz, H-3Gal), 5.40 (dd~t, 1H, J = 9.9 Hz, J = 10.2 Hz, H-2Gal), 5.48 (dd, 1H,
J = 0.7 Hz, J = 3.4 Hz, H-4Gal), 5.68 (d, 1H, J = 10.4 Hz, H-1Gal), 7.27 (d, 1H, J = 8.6 Hz, H-3Pyr), 7.98
(dd, 1H, J = 2.7 Hz, J = 8.6 Hz, H-4Pyr), 8.08 (bs, 1H, NH), 8.57 (dd, 1H, J = 0.6 Hz, J = 2.7 Hz, H-6Pyr);
13C NMR (100 MHz, CDCl3): δ 20.60, 20.68, 20.70, 20.78 (CH3CO), 52.84 (CH2N3), 61.29 (C-6Gal), 66.83,
67.30, 72.07, 74.57 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 82.71 (C-1Gal), 123.62, 128.43, 131.56, 141.35, 151.05
(CPyr), 164.94 (C=O) 169.69, 170.02, 170.25, 170.35 (CH3CO); HRMS (ESI-TOF): calcd for C21H26N5O10S
([M + H]+): m/z 540.1400; found: m/z 540.1403.
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3.2.3. General Procedure for the Synthesis of Sugar Derivatives 36 and 37

To a solution of (5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 29 or
(5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 30 (274 mg, 0.6 mmol) in dry
CH2CL2 (20 mL), N,N-diisopropylethylamine (347 µL, 2.1 mM) was added. The reaction mixture was
cooled to 0 ◦C, and propargyl chloroformate was added dropwise (117 µL, 1.2 mmol), then stirring was
continued at room temperature. After 2 h, the resulting mixture was diluted with dichloromethane
(60 mL) and washed with 1M HCl (40 mL), saturated NaHCO3 (40 mL), and brine (40 mL). The combined
organic phases were dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The crude
products were purified by column chromatography (toluene:AcOEt; 5:1) to give products 36–37.

(5-(((prop-2-yn-1-yloxy)carbonyl)amino)-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 36: Starting
from (5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 29, the product was obtained as an
orange solid (265 mg, 82%), m.p.: 162–165 ◦C; [α]26

D = 0.9 (c = 0.46, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 2.02, 2.02, 2,03, 2.05 (4s, 12H, CH3CO), 2.54 (t, 1H, J = 2.5 Hz, CH), 3.85 (ddd, 1H, J = 2.3 Hz, J = 4.6 Hz,
J = 10.1 Hz, H-5Glu), 4.10 (dd, 1H, J = 2.3 Hz, J = 12.4 Hz, H-6aGlu), 4.26 (dd, 1H, J = 4.6 Hz, J = 12.4 Hz,
H-6bGlu), 4.80 (d, 2H, J = 2.5 Hz, CH2), 5.15 (dd~t, 1H, J = 9.3 Hz, J = 10.4 Hz, H-2Glu), 5.19 (dd~t, 1H,
J = 9.3 Hz, J = 10.1 Hz, H-4Glu), 5.33 (dd~t, 1H, J = 9.3 Hz, J = 9.3 Hz, H-3Glu), 5.67 (d, 1H, J = 10.4 Hz,
H-1Glu), 6.86 (bs, 1H, NH), 7.23 (d, 1H, J = 8.2 Hz, H-4Pyr), 7.84 (d, 1H, J = 8.2 Hz, H-3Pyr), 8.43 (d, 1H,
J = 2.5 Hz, H-6Pyr); 13C NMR (100 MHz, CDCl3): δ 20.61, 20.63, 20.70, 20.75 (CH3CO), 53.20 (CH2), 61.96
(C-6Glu), 68.27, 69.55, 74.11, 75.44 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 75.92, 77.40 (C≡CH), 82.37 (C-1Glu),
123.95, 127.24, 132.48, 140.31, 149.35 (CPyr), 152.39 (C=O) 169.44, 169.52, 170.17, 170.68 (CH3CO); HRMS
(ESI-TOF): calcd for C23H27N2O11S ([M + H]+): m/z 539.1336; found: m/z 539.1337.

(5-(((prop-2-yn-1-yloxy)carbonyl)amino)-2-pyridyl 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 37:
Starting from (5-amino-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-galactopyranoside 30, the product was
obtained as a beige solid (258 mg, 80%), m.p.: 53–55 ◦C; [α]26

D = 14.2 (c = 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): δ 2.00, 2.00, 2,03, 2.17 (4s, 12H, CH3CO), 2.54 (t, 1H, J = 2.4 Hz, CH), 4.03–4.16 (m, 3H, H-5Gal,
H-6aGal, H-6bGal), 4.80 (d, 2H, J = 2.4 Hz, CH2), 5.17 (dd, 1H, J = 3.4 Hz, J = 9.9 Hz, H-3Gal), 5.39
(dd~t, 1H, J = 9.9 Hz, J = 10.4 Hz, H-2Gal), 5.48 (dd, 1H, J = 0.9 Hz, J = 3.4 Hz, H-4Gal), 5.64 (d, 1H,
J = 10.4 Hz, H-1Gal), 6.91 (bs, 1H, NH), 7.27 (d, 1H, J = 8.6 Hz, H-4Pyr), 7.85 (d, 1H, J = 8.6 Hz, H-3Pyr),
8.43 (d, 1H, J = 2.6 Hz, H-6Pyr); 13C NMR (100 MHz, CDCl3): δ 20.60, 20.67, 20.70, 20.79 (CH3CO),
53.19 (CH2), 61.31 (C-6Gal), 66.90, 67.31, 72.08, 74.54 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 75.44, 77.41 (C≡CH),
82.93 (C-1Gal), 123.98, 127.22, 132.49, 140.30, 149.52 (CPyr), 152.42 (C=O) 169.71, 170.04, 170.28, 170.37
(CH3CO); HRMS (ESI-TOF): calcd for C23H27N2O11S ([M + H]+): m/z 539.1336; found: m/z 539.1340.

3.2.4. General Procedure for the Synthesis of Sugar Derivatives 35 and 38

(5-azidoacetamide-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 33 or (5-(((prop-2-
yn-1-yloxy)carbonyl)amino)-2-pyridyl 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 36 (0.5 mmol)
was dissolved in MeOH (20 mL), and then 1 M solution of NaOMe in MeOH (200 µL, 0.2 mmol) was
added. The reaction mixture was stirred for 1 h at room temperature. After the reaction mixture was
neutralized with Amberlyst-15 ion exchange resin, the mixture was filtered off, and the filtrate was
concentrated in vacuo to give compounds 35 and 38, pure enough for further reactions.

(5-azidoacetamide-2-pyridyl) 1-thio-β-d-glucopyranoside 35: Starting from (5-azidoacetamide-2-pyridyl) 2,3,4,6-
tetra-O-acetyl-1-thio-β-d-glucopyranoside 33, the product was obtained as an orange solid (150 mg, 81%), m.p.:
74–75 ◦C; [α]26

D = -59.6 (c = 0.45, CH3OH); 1H NMR (400 MHz, CD3OD): δ 3.32–3.42 (m, 3H, H-2Glu,
H-4Glu, H-5Glu), 3.44 (dd~t, 1H, J = 8.6 Hz, J = 8.7 Hz, H-3Glu), 3.66 (dd, 1H, J = 5.6 Hz, J = 12.1 Hz,
H-6aGlu), 3.85 (dd, 1H, J = 2.2 Hz, J = 12.1 Hz, H-6bGlu), 4.05 (s, 2H, CH2N3), 5.11 (d, 1H, J = 9.9 Hz,
H-1Glu), 7.48 (dd, 1H, J = 0.6 Hz, J = 8.7 Hz, H-3Pyr), 8.00 (dd, 1H, J = 2.6 Hz, J = 8.7 Hz, H-4Pyr), 8.63
(d, 1H, J = 2.6 Hz, H-6Pyr); 13C NMR (100 MHz, CD3OD): δ 53.21 (CH2N3), 62.81 (C-6Glu), 71.35, 73.92,
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79.77, 82.23 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 86.83 (C-1Glu), 125.20, 130.13, 134.33, 142.20, 153.64 (CPyr),
168.90 (C=O); HRMS (ESI-TOF): calcd for C13H18N5O6S ([M + H]+): m/z 372.0978; found: m/z 372.0979.

(5-(((prop-2-yn-1-yloxy)carbonyl)amino)-2-pyridyl 1-thio-β-d-glucopyranoside 38: Starting from (5-(((prop-2-
yn-1-yloxy)carbonyl)amino)-2-pyridyl 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranoside 36, the product was
obtained as an orange solid (181 mg, 98%), m.p.: 69–71 ◦C; [α]26

D = −52.8 (c = 1.0, CH3OH); 1H NMR
(400 MHz, CD3OD): δ 2.94 (t, 1H, J = 2.5 Hz, CH), 3.31–3.35 (m, 2H, H-2Glu, H-4Glu), 3.39 (ddd, 1H,
J = 2.3 Hz, J = 5.7 Hz, J = 9.7 Hz, H-5Glu), 3.43 (dd~t, 1H, J = 8.8 Hz, J = 8.8 Hz, H-3Glu), 3.66 (dd, 1H,
J = 5.7 Hz, J = 12.2 Hz, H-6aGlu), 3.85 (dd, 1H, J = 2.3 Hz, J = 12.2 Hz, H-6bGlu), 4.78 (d, 2H, J = 2.5 Hz,
CH2), 5.03 (d, 1H, J = 9.9 Hz, H-1Glu), 7.48 (d, 1H, J = 8.6 Hz, H-4Pyr), 7.89 (d, 1H, J = 8.6 Hz, H-3Pyr),
8.50 (d, 1H, J = 2.3 Hz, H-6Pyr); 13C NMR (100 MHz, CD3OD): δ 53.63 (CH2), 62.83 (C-6Glu), 71.36, 73.94,
76.32, 79.03 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 79.74, 82.22 (C≡CH), 87.15 (C-1Glu), 125.86, 128.62, 135.43,
140.94, 151.80 (CPyr), 154.82 (C=O); HRMS (ESI-TOF): calcd for C15H19N2O7S ([M + H]+): m/z 371.0913;
found: m/z 371.0911.

3.2.5. General Procedure for the Synthesis of Glycoconjugates 43–72

The appropriate sugar derivatives 15–26, 33–38 (1 eq.) and 8-hydroxyquinoline derivatives 39–41
(1 eq.) were dissolved in a dry solvent system: THF (2 mL) and i-PrOH (2 mL). The catalyst systems
were prepared: sodium ascorbate (0.4 eq.) dissolved in H2O (1 mL) and CuSO4·5H2O (0.2 eq.) dissolved
in H2O (1 mL), mixed, and immediately added to the reaction mixture. The reaction mixture was stirred
for 24 h at room temperature. Then, the solvents were evaporated in vacuo, and the crude products
were purified by column chromatography (dry loading; toluene:AcOEt, 2:1 and CHCl3:MeOH, 100:1
for fully protected glycoconjugates or CHCl3:MeOH, gradient: 50:1 to 2:1 for glycoconjugates with
unprotected sugar part) to give products 43–72.

Glycoconjugate 43: Starting from sugar derivative 15 and 8-HQ derivative 39, the product was obtained as a beige
solid (79% yield), m.p.: 191–196 ◦C; [α]23

D = −70.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.94,
1.99, 2.02, 2.05 (4s, 12H, CH3CO), 3.61 (ddd, 1H, J = 2.2 Hz, J = 4.8 Hz, J = 10.0 Hz, H-5Glu), 4.05 (dd, 1H,
J = 2.2 Hz, J = 12.5 Hz, H-6aGlu), 4.17 (dd, 1H, J = 4.8 Hz, J = 12.5 Hz, H-6bGlu), 4.55 (d, 1H, J = 10.1 Hz,
H-1Glu), 5.02 (dd~t, 1H, J = 9.2 Hz, J = 10.0 Hz, H-4Glu), 5.06 (dd~t, 1H, J = 9.4 Hz, J = 10.1 Hz, H-2Glu),
5.15 (dd~t, 1H, J = 9.2 Hz, J = 9.4 Hz, H-3Glu), 5.29 i 5.71 (qAB, 2H, J = 14.5 Hz, CH2N3), 5.58 (s, 2H,
CH2O), 7.29 (dd, 1H, J = 1.9 Hz, J = 6.9 Hz, H-7Quin), 7.40–7.49 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.94
(s, 1H, H-5Triaz), 8.14 (dd, 1H, J = 1.6 Hz, J = 8.3 Hz, H-4Quin), 8.93 (dd, 1H, J = 1.6 Hz, 4.1 Hz, H-2Quin);
13C NMR (100 MHz, CDCl3): δ 20.51, 20.55, 20.57, 20.74 (CH3CO), 48.05 (CH2N3), 61.58, 62.85 (C-6Glu,
CH2O), 67.91, 69.77, 73.56, 76.20 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 81.48 (C-1Glu), 109.93 (C-7Quin), 120.44
(C-5Quin), 121.71 (C-3Quin), 123.20 (C-5Triaz), 126.68 (C-6Quin), 129.52 (C-4aQuin), 136.00 (C-4Quin), 140.32
(C-8aQuin), 145.12 (C-4Triaz), 149.42 (C-2Quin), 155.63 (C-8Quin), 169.35, 169.40, 169.98, 170.54 (CH3CO);
HRMS (ESI-TOF): calcd for C27H31N4O10S ([M + H]+): m/z 603.1761; found: m/z 603.1766.

Glycoconjugate 44: Starting from sugar derivative 16 and 8-HQ derivative 39, the product was obtained as a beige
solid (93% yield), m.p.: 92–96 ◦C; [α]23

D = −55.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.95,
1.97, 2.03, 2.15 (4s, 12H, CH3CO), 3.67 (ddd, 1H, J = 0.8 Hz, J = 6.0 Hz, J = 6.9 Hz, H-5Gal), 3.93 (dd, 1H,
J = 6.0 Hz, J = 11.4 Hz, H-6aGal), 3.98 (dd, 1H, J = 6.9 Hz, J = 11.4 Hz, H-6bGal), 4.46 (d, 1H, J = 10.0 Hz,
H-1Gal), 4.95 (dd, 1H, J = 3.4 Hz, J = 10.0 Hz, H-3Gal), 5.21 (dd~t, 1H, J = 10.0 Hz, J = 10.0 Hz, H-2Gal),
5.31 and 5.71 (qAB, 2H, J = 14.6 Hz, CH2N3), 5.33 (dd, 1H, J = 0.8 Hz, J = 3.4 Hz, H-4Gal), 5.60 (s, 2H,
CH2O), 7.28 (dd, 1H, J = 2.7 Hz, J = 6.4 Hz, H-7Quin), 7.41–7.48 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.94
(s, 1H, H-5Triaz), 8.15 (dd, 1H, J = 1.6 Hz, J = 8.3 Hz, H-4Quin), 8.93 (dd, 1H, J = 1.6 Hz, 4.1 Hz, H-2Quin);
13C NMR (100 MHz, CDCl3): δ20.52, 20.60, 20.65, 20.69 (CH3CO), 47.93 (CH2N3), 61.36, 62.85 (C-6Gal,
CH2O), 66.98, 67.13, 71.54, 74.92 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 81.81 (C-1Gal), 109.96 (C-7Quin), 120.40
(C-5Quin), 121.74 (C-3Quin), 123.25 (C-5Triaz), 126.69 (C-6Quin), 129.53 (C-4aQuin), 135.98 (C-4Quin), 140.34
(C-8aQuin), 144.99 (C-4Triaz), 149.45 (C-2Quin), 153.71 (C-8Quin), 169.60, 169.81, 170.12, 170.26 (CH3CO);
HRMS (ESI-TOF): calcd for C27H31N4O10S ([M + H]+): m/z 603.1761; found: m/z 603.1760.
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Glycoconjugate 45: Starting from sugar derivative 15 and 8-HQ derivative 40, the product was obtained as a
white solid (87% yield), m.p.: 159–163 ◦C; [α]23

D = −84.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.94, 1.99, 2.02, 2.07 (4s, 12H, CH3CO), 2.78 (s, 3H, CH3), 3.55 (ddd, 1H, J = 1.9 Hz, J = 4.8 Hz,
J = 10.1 Hz, H-5Glu), 4.01 (dd, 1H, J = 1.9 Hz, J = 12.5 Hz, H-6aGlu), 4.15 (dd, 1H, J = 4.8 Hz, J = 12.5 Hz,
H-6bGlu), 4.52 (d, 1H, J = 10.1 Hz, H-1Glu), 5.01 (dd~t, 1H, J = 9.3 Hz, J = 10.1 Hz, H-4Glu), 5.04 (dd~t,
1H, J = 9.3 Hz, J = 10.1 Hz, H-2Glu), 5.14 (dd~t, 1H, J = 9.3 Hz, J = 9.3 Hz, H-3Glu), 5.28 i 5.71 (qAB,
2H, J = 14.6 Hz, CH2N3), 5.59 i 5.62 (qAB, 2H, J = 13.4 Hz, CH2O), 7.22 (dd, 1H, J = 1.4 Hz, J = 7.2 Hz,
H-7Quin), 7.31 (d, 1H, J = 8.4 Hz, H-3Quin), 7.34–7.40 (m, 2H, H-5Quin, H-6Quin), 7.92 (s, 1H, H-5Triaz),
8.01 (d, 1H, J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, CDCl3): δ 20.51, 20.55, 20,57, 20.74 (CH3CO),
25.74 (CH3), 47.97 (CH2N), 61.57, 63.21 (C-6Glu, CH2O), 67.90, 69.79, 73.55, 76.17 (C-2Glu, C-3Glu, C-4Glu,
C-5Glu), 81.33 (C-1Glu), 110.48 (C-7Quin), 120.41 (C-5Quin), 122.62 (C-3Quin), 123.04 (C-5Triaz), 125.61
(C-6Quin), 127.76 (C-4aQuin), 136.17 (C-4Quin), 139.89 (C-8aQuin), 145.46 (C-4Triaz), 153.23 (C-2Quin), 158.29
(C-8Quin), 169.33, 169.40, 169.96, 170.51 (CH3CO); HRMS (ESI-TOF): calcd for C28H33N4O10S ([M +

H]+): m/z 617.1917; found: m/z 617.1915.

Glycoconjugate 46: Starting from sugar derivative 16 and 8-HQ derivative 40, the product was obtained as a beige
solid (92% yield), m.p.: 65–68 ◦C; [α]23

D = −34.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.95,
1.97, 2.06, 2.14 (4s, 12H, CH3CO), 2.78 (s, 3H, CH3), 3.49 (ddd, 1H, J = 0.8 Hz, J = 5.7 Hz, J = 7.1 Hz,
H-5Gal), 3.83 (dd, 1H, J = 5.7 Hz, J = 11.5 Hz, H-6aGal), 3.93 (dd, 1H, J = 7.1 Hz, J = 11.5 Hz, H-6bGal), 4.38
(d, 1H, J = 10.0 Hz, H-1Gal), 4.93 (dd, 1H, J = 3.4 Hz, J = 10.0 Hz, H-3Gal), 5.19 (dd~t, 1H, J = 10.0 Hz,
J = 10.0 Hz, H-2Gal), 5.28 (dd, 1H, J = 0.8 Hz, J = 3.4 Hz, H-4Gal), 5.30 and 5.70 (qAB, 2H, J = 14.5 Hz,
CH2N3), 5.61 (dd, 2H, J = 2.5 Hz, J = 16.5 Hz, CH2O), 7.20 (dd, 1H, J = 1.4 Hz, J = 7.4 Hz, H-7Quin),
7.31 (d, 1H, J = 8.4 Hz, H-3Quin), 7.34–7.43 (m, 2H, H-5Quin, H-6Quin), 7.91 (s, 1H, H-5Triaz), 8.02 (d, 1H,
J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, CDCl3): δ 20.52, 20.60, 20.63, 20.69 (CH3CO), 25.71 (CH3)
47.77 (CH2N3), 61.49, 63.13 (C-6Gal, CH2O), 67.03, 67.16, 71.51, 74.85 (C-2Gal, C-3Gal, C-4Gal, C-5Gal),
81.51 (C-1Gal), 110.47 (C-7Quin), 120.38 (C-5Quin), 122.70 (C-3Quin), 123.20 (C-5Triaz), 125.62 (C-6Quin),
127.77 (C-4aQuin), 136.15 (C-4Quin), 139.90 (C-8aQuin), 145.27 (C-4Triaz), 153.14 (C-2Quin), 158.37 (C-8Quin),
169.60, 169.80, 170.10, 170.24 (CH3CO); HRMS (ESI-TOF): calcd for C28H33N4O10S ([M + H]+): m/z
617.1917; found: m/z 617.1917.

Glycoconjugate 47: Starting from sugar derivative 19 and 8-HQ derivative 39, the product was obtained as
a white solid (71% yield), m.p.: 123–126 ◦C; [α]23

D = −127.0 (c = 1.0, DMSO); 1H NMR (400 MHz,
DMSO): δ 3.02–3.10 (m, 2H, H-2Glu, H-4Glu), 3.16 (m, 1H, H-5Glu), 3.26 (m, 1H, H-3Glu), 3.48 (m, 1H,
H-6aGlu), 3.78 (m, 1H, H-6bGlu), 4.47 (d, 1H, J = 9.7 Hz, H-1Glu), 4.96 (t, 1H, J = 5.4 Hz, 6-OH), 5.02
(d, 1H, J = 5.5 Hz, OH), 5.10 (d, 1H, J = 4.9 Hz, OH), 5.29 (d, 1H, J = 6.2 Hz, OH), 5.36 (s, 2H, CH2O),
5.65 and 5.82 (qAB, 2H, J = 14.5 Hz, CH2N3), 7.42 (dd, 1H, J = 3.4 Hz, J = 5.4 Hz, H-7Quin), 7.51–7.58
(m, 3H, H-3Quin, H-5Quin, H-6Quin), 8.34 (dd, 1H, J = 1.4 Hz, J = 8.3 Hz, H-4Quin), 8.56 (s, 1H, H-5Triaz),
8.83 (d, 1H, J = 2.4 Hz, H-2Quin); 13C NMR (100 MHz, DMSO): δ 47.81 (CH2N3), 61.39, 61.97 (C-6Glu,
CH2O), 70.16, 73.25, 78.05, 81.25 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 83.88 (C-1Glu), 110.01 (C-7Quin), 120.04
(C-5Quin), 121.88 (C-3Quin), 125.28 (C-5Triaz), 126.79 (C-6Quin), 129.08 (C-4aQuin), 135.97 (C-4Quin), 139.55
(C-8aQuin), 142.95 (C-4Triaz), 148.96 (C-2Quin), 153.74 (C-8Quin); HRMS (ESI-TOF): calcd for C19H23N4O6S
([M + H]+): m/z 435.1338; found: m/z 435.1339.

Glycoconjugate 48: Starting from sugar derivative 20 and 8-HQ derivative 39, the product was obtained
as a beige solid (79% yield), m.p.: 142–145 ◦C; [α]23

D = −58.7 (c = 1.0, DMSO); 1H NMR (400 MHz,
DMSO): δ 3.29 (m, 1H, H-3Gal), 3.39 (m, 1H, H-5Gal), 3.45 (m, 1H, H-2Gal), 3.53 (m, 1H, H-6aGal), 3.60
(m, 1H, H-6bGal), 3.69 (m, 1H, H-4Gal), 4.40 (d, 1H, J = 9.6 Hz, H-1Gal), 4.52 (d, 1H, J = 4.5 Hz, OH),
4.84 (d, 1H, J = 5.2 Hz, OH), 4.91 (t, 1H, J = 5.2 Hz, 6-OH), 5.12 (d, 1H, J = 6.1 Hz, OH), 5.36 (s, 2H,
CH2O), 5.63 and 5.79 (qAB, 2H, J = 14.5 Hz, CH2N3), 7.41 (dd, 1H, J = 3.6, J = 5.4 Hz, H-7Quin), 7.50–7.58
(m, 3H, H-3Quin, H-5Quin, H-6Quin), 8.33 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4Quin), 8.52 (s, 1H, H-5Triaz),
8.83 (dd, 1H, J = 1.7 Hz, J = 4.1 Hz, H-2Quin); 13C NMR (100 MHz, DMSO): δ 47.88 (CH2N), 60.89,
61.98 (C-6Gal, CH2O), 68.61, 70.01, 74.55, 79.68 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 84.39 (C-1Gal), 110.03
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(C-7Quin), 120.04 (C-5Quin), 121.88 (C-3Quin), 125.20 (C-5Triaz), 126.79 (C-6Quin), 129.08 (C-4aQuin), 135.95
(C-4Quin), 139.57 (C-8aQuin), 142.91 (C-4Triaz), 148.96 (C-2Quin), 153.72 (C-8Quin); HRMS (ESI-TOF): calcd
for C19H23N4O6S ([M + H]+): m/z 435.1338; found: m/z 435.1333.

Glycoconjugate 49: Starting from sugar derivative 19 and 8-HQ derivative 40, the product was obtained as a
white solid (83% yield), m.p.: 140–144 ◦C; [α]23

D = −64.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO):
δ 2.64 (s, 3H, CH3), 3.02–3.10 (m, 2H, H-2Glu, H-4Glu), 3.15 (m, 1H, H-5Glu), 3.24 (m, 1H, H-3Glu), 3.45
(m, 1H, H-6aGlu), 3.75 (m, 1H, H-6bGlu), 4.46 (d, 1H, J = 9.7 Hz, H-1Glu), 4.77 (t, 1H, J = 5.5 Hz, 6-OH),
5.01 (d, 1H, J = 5.4 Hz, OH), 5.10 (d, 1H, J = 4.8 Hz, OH), 5.28 (d, 1H, J = 6.2 Hz, OH), 5.35 (s, 2H, CH2O),
5.64 and 5.81 (qAB, 2H, J = 14.5 Hz, CH2N3), 7.37 (dd, 1H, J = 1.4 Hz, J = 7.6, H-7Quin), 7.42 (d, 1H,
J = 8.3 Hz, H-3Quin), 7.44 (dd~t, 1H, J = 7.3 Hz, J = 7.6 Hz, H-6Quin), 7.47 (dd, 1H, J = 1.2 Hz, J = 8.1 Hz,
H-5Quin), 8.19 (d, 1H, J = 8.4 Hz, H-4Quin), 8.49 (s, 1H, H-5Triaz); 13C NMR (100 MHz, DMSO): δ 24.88
(CH3), 47.69 (CH2N3), 61.31, 61.65 (C-6Glu, CH2O), 70.10, 73.24, 78.04, 81.27 (C-2Glu, C-3Glu, C-4Glu,
C-5Glu), 83.74 (C-1Glu), 110.22 (C-7Quin), 119.85 (C-5Quin), 122.49 (C-3Quin), 125.40, 125.66 (C-5Triaz,
C-6Quin), 127.35 (C-4aQuin), 136.03 (C-4Quin), 139.14 (C-8aQuin), 142.91 (C-4Triaz), 153.29 (C-2Quin), 157.33
(C-8Quin); HRMS (ESI-TOF): calcd for C20H25N4O6S ([M + H]+): m/z 449.1495; found: m/z 449.1494.

Glycoconjugate 50: Starting from sugar derivative 20 and 8-HQ derivative 40, the product was obtained as a
beige solid (92% yield), m.p.: 134–138 ◦C; [α]23

D = −90.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO):
δ 2.64 (s, 3H, CH3), 3.27 (m, 1H, H-3Gal), 3.34–3.44 (m, 2H, H-2Gal, H-5Gal), 3.49 (m, 1H, H-6aGal), 3.55
(m, 1H, H-6bGal), 3.67 (m, 1H, H-4Gal), 4.37 (d, 1H, J = 9.6 Hz, H-1Gal), 4.48 (d, 1H, J = 4.6 Hz, OH),
4.74 (t, 1H, J = 5.4 Hz, 6-OH), 4.84 (d, 1H, J = 4.9 Hz, OH), 5.11 (d, 1H, J = 6.1 Hz, OH), 5.36 (s, 2H,
CH2O), 5.62 and 5.78 (qAB, 2H, J = 14.5 Hz, CH2N3), 7.36 (dd, 1H, J = 1.7 Hz, J = 7.4 Hz, H-7Quin),
7.39–7.44 (m, 2H, H-3Quin, H-6Quin), 7.47 (dd, 1H, J = 1.6 Hz, J = 8.1 Hz, H-5Quin), 8.19 (d, 1H, J = 8.4 Hz,
H-4Quin), 8.44 (s, 1H, H-5Triaz); 13C NMR (100 MHz, DMSO): δ 24.89 (CH3), 47.73 (CH2N3), 60.77,
61.65 (C-6Gal, CH2O), 68.53, 70.01, 74.54, 79.66 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 84.21 (C-1Gal), 110.26
(C-7Quin), 119.84 (C-5Quin), 122.49 (C-3Quin), 125.32, 125.66 (C-5Triaz, C-6Quin), 127.35 (C-4aQuin), 136.01
(C-4Quin), 139.17 (C-8aQuin), 142.87 (C-4Triaz), 153.25 (C-2Quin), 157.33 (C-8Quin); HRMS (ESI-TOF): calcd
for C20H25N4O6S ([M + H]+): m/z 449.1495; found: m/z 449.1496.

Glycoconjugate 51: Starting from sugar derivative 17 and 8-HQ derivative 39, the product was obtained as
a brown solid (79% yield), m.p.: 150–152 ◦C; [α]23

D = −31.2 (c = 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3): δ 2.00, 2.01, 2.03, 2.03 (4s, 12H, CH3CO), 3.05 (m, 1H, CHS), 3.25 (m, 1H, CHS), 3.70 (ddd,
1H, J = 2.8 Hz, J = 4.6 Hz, J = 10.1 Hz, H-5Glu), 4.13 (dd, 1H, J = 2.8 Hz, J = 12.5 Hz, H-6aGlu), 4.19
(dd, 1H, J = 4.6 Hz, J = 12.5 Hz, H-6bGlu), 4.47 (d, 1H, J = 10.0 Hz, H-1Glu), 4.50–4.67 (m, 2H, CH2N3),
5.02 (dd~t, 1H, J = 9.4 Hz, J = 10.1 Hz, H-4Glu), 5.04 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz, H-2Glu), 5.21
(dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3Glu), 5.58 (s, 2H, CH2O), 7.32 (dd, 1H, J = 1.3 Hz, J = 7.2 Hz,
H-7Quin), 7.38–7.49 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.85 (s, 1H, H-5Triaz), 8.13 (dd, 1H, J = 1.4 Hz,
J = 8.3 Hz, H-4Quin), 8.93 (d, 1H, J = 2.7 Hz, H-2Quin); 13C NMR (100 MHz, CDCl3): δ 20.56, 20.57,
20.63, 20.66 (CH3CO), 30.28 (CH2S) 50.61 (CH2N3), 61.85, 62.97 (C-6Glu, CH2O), 68.11, 69.50, 73.56,
76.25 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 83.73 (C-1Glu), 110.07 (C-7Quin), 120.27 (C-5Quin), 121.65 (C-3Quin),
124.05 (C-5Triaz), 126.74 (C-6Quin), 129.51 (C-4aQuin), 135.98 (C-4Quin), 140.37 (C-8aQuin), 144.03 (C-4Triaz),
149.37 (C-2Quin), 153.87 (C-8Quin), 169.35, 169.38, 170.04, 170.49 (CH3CO); HRMS (ESI-TOF): calcd for
C28H33N4O10S ([M + H]+): m/z 617.1917; found: m/z 617.1918.

Glycoconjugate 52: Starting from sugar derivative 18 and 8-HQ derivative 39, the product was obtained as a
yellow solid (82% yield), m.p.: 90–95 ◦C; [α]23

D = −9.4 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.98, 1.99, 2.04, 2.15 (4s, 12H, CH3CO), 3.06 (m, 1H, CHS), 3.28 (m, 1H, CHS), 3.92 (ddd, 1H, J = 0.8 Hz,
J = 6.0 Hz, J = 6.9 Hz, H-5Gal), 4.08 (dd, 1H, J = 6.0 Hz, J = 11.7 Hz, H-6aGal), 4.12 (dd, 1H, J = 6.9 Hz,
J = 11.7 Hz, H-6bGal), 4.46 (d, 1H, J = 9.9 Hz, H-1Gal), 4.53–4.69 (m, 2H, CH2N3), 5.03 (dd, 1H, J = 3.3 Hz,
J = 10.0 Hz, H-3Gal), 5.24 (dd~t, 1H, J = 9.9 Hz, J = 10.0 Hz, H-2Gal), 5.43 (dd, 1H, J = 0.8 Hz, J = 3.3 Hz,
H-4Gal), 5.58 (s, 2H, CH2O), 7.34 (d, 1H, J = 7.1 Hz, H-7Quin), 7.38–7.49 (m, 3H, H-3Quin, H-5Quin, H-6Quin),
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7.85 (s, 1H, H-5Triaz), 8.13 (d, 1H, J = 8.0 Hz, H-4Quin), 8.94 (d, 1H, J = 1.9 Hz, H-2Quin); 13C NMR
(100 MHz, CDCl3): δ 20.56, 20.63, 20.68, 20.74 (CH3CO), 30.29 (CH2S) 50.66 (CH2N), 61.61, 62.93 (C-6Gal,
CH2O), 66.76, 67.24, 71.64, 74.90 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 84.17 (C-1Gal), 109.99 (C-7Quin), 120.27
(C-5Quin), 121.66 (C-3Quin), 123.86 (C-5Triaz), 126.74 (C-6Quin), 129.51 (C-4aQuin), 135.96 (C-4Quin), 140.36
(C-8aQuin), 144.09 (C-4Triaz), 149.37 (C-2Quin), 153.89 (C-8Quin), 169.61, 169.94, 170.13, 170.33 (CH3CO);
HRMS (ESI-TOF): calcd for C28H33N4O10S ([M + H]+): m/z 617.1917; found: m/z 617.1920.

Glycoconjugate 53: Starting from sugar derivative 17 and 8-HQ derivative 40, the product was obtained as a
beige solid (77% yield), m.p.: 139–142 ◦C; [α]23

D = −29.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 2.00, 2.01, 2.02, 2.03 (4s, 12H, CH3CO), 2.79 (s, 3H, CH3), 3.05 (m, 1H, CHS), 3.25 (m, 1H, CHS), 3.70
(ddd, 1H, J = 2.9 Hz, J = 4.5 Hz, J = 10.1 Hz, H-5Glu), 4.12 (dd, 1H, J = 2.9 Hz, J = 12.5 Hz, H-6aGlu),
4.18 (dd, 1H, J = 4.5 Hz, J = 12.5 Hz, H-6bGlu), 4.47 (d, 1H, J = 10.0 Hz, H-1Glu), 4.50–4.67 (m, 2H,
CH2N3), 5.01 (dd~t, 1H, J = 9.4 Hz, J = 10.1 Hz, H-4Glu), 5.04 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz,
H-2Glu), 5.20 (dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3Glu), 5.59 (s, 2H, CH2O), 7.26 (dd, 1H, J = 3.3 Hz,
J = 5.6 Hz, H-7Quin), 7.31 (d, 1H, J = 8.4 Hz, H-3Quin), 7.33–7.39 (m, 2H, H5Quin, H-6Quin), 7.83 (s, 1H,
H-5Triaz), 8.01 (d, 1H, J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, CDCl3): δ 20.56, 20.57, 20.63, 20.66
(CH3CO), 25.73 (CH3), 30.33 (CH2S) 50.60 (CH2N3), 61.86, 63.33 (C-6Glu, CH2O), 68.12, 69.50, 73.57,
76.24 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 83.74 (C-1Glu), 110.65 (C-7Quin), 120.26 (C-5Quin), 122.59 (C-3Quin),
123.91 (C-5Triaz), 125.70 (C-6Quin), 127.76 (C-4aQuin), 136.17 (C-4Quin), 139.93 (C-8aQuin), 144.37 (C-4Triaz),
153.37 (C-2Quin), 158.19 (C-8Quin), 169.36, 169.40, 170.04, 170.50 (CH3CO); HRMS (ESI-TOF): calcd for
C29H35N4O10S ([M + H]+): m/z 631.2074; found: m/z 631.2075.

Glycoconjugate 54: Starting from sugar derivative 18 and 8-HQ derivative 40, the product was obtained as
a white solid (70% yield), m.p.: 56–61 ◦C; [α]23

D = −9.3 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.98, 1.99, 2.04, 2.15 (4s, 12H, CH3CO), 2.79 (s, 3H, CH3), 3.06 (m, 1H, CHS), 3.28 (m, 1H, CHS), 3.90
(ddd, 1H, J = 0.7 Hz, J = 6.0 Hz, J = 7.0 Hz, H-5Gal), 4.07 (dd, 1H, J = 6.0 Hz, J = 11.9 Hz, H-6aGal), 4.11
(dd, 1H, J = 7.0 Hz, J = 11.9 Hz, H-6bGal), 4.45 (d, 1H, J = 9.9 Hz, H-1Gal), 4.53–4.69 (m, 2H, CH2N3),
5.02 (dd, 1H, J = 3.3 Hz, J = 10.0 Hz, H-3Gal), 5.24 (dd~t, 1H, J = 9.9 Hz, J = 10.0 Hz, H-2Gal), 5.42
(dd, 1H, J = 0.7 Hz, J = 3.3 Hz, H-4Gal), 5.60 (s, 2H, CH2O), 7.28 (m, 1H, H-7Quin), 7.31 (d, 1H, J = 8.4 Hz,
H-3Quin), 7.33–7.39 (m, 2H, H-5Quin, H-6Quin), 7.83 (s, 1H, H-5Triaz), 8.01 (d, 1H, J = 8.4 Hz, H-4Quin); 13C
NMR (100 MHz, CDCl3): δ 20.56, 20.63, 20.67, 20.74 (CH3CO), 25.79 (CH3), 30.30 (CH2S) 50.65 (CH2N),
61.62, 63.33 (C-6Gal, CH2O), 66.75, 67.24, 71.64, 74.89 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 84.15 (C-1Gal),
110.59 (C-7Quin), 120.25 (C-5Quin), 122.58 (C-3Quin), 123.69 (C-5Triaz), 125.70 (C-6Quin), 127.75 (C-4aQuin),
136.17 (C-4Quin), 139.90 (C-8aQuin), 144.44 (C-4Triaz), 153.36 (C-2Quin), 158.20 (C-8Quin), 169.61, 169.93,
170.12, 170.33 (CH3CO); HRMS (ESI-TOF): calcd for C29H35N4O10S ([M + H]+): m/z 631.2074; found:
m/z 631.2070.

Glycoconjugate 55: Starting from sugar derivative 21 and 8-HQ derivative 39, the product was obtained as a
brown solid (99% yield), m.p.: 65–69 ◦C; [α]23

D = −4.0 (c = 1.0, CH3OH); 1H NMR (400 MHz, DMSO):
δ 2.97–3.24 (m, 6H, H-2Glu, H-3Glu, H-4Glu H-5Glu, CH2S), 3.45 (m, 1H, 6aGlu), 3.72 (m, 1H, 6bGlu), 4.37
(d, 1H, J = 9.6 Hz, H-1Glu), 4.57–4.73 (m, 3H, CH2N3, 6-OH), 4.95 (d, 1H, J = 5.3 Hz, OH), 5.03 (d, 1H,
J = 4.8 Hz, OH), 5.21 (d, 1H, J = 5.8 Hz, OH), 5.35 (s, 2H, CH2O), 7.41 (dd, 1H, J = 3.8 Hz, J = 5.3 Hz,
H-7Quin), 7.50–7.57 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 8.32 (dd, 1H, J = 1.8 Hz, J = 8.3 Hz, H-4Quin),
8.34 (s, 1H, H-5Triaz), 8.83 (dd, 1H, J = 1.8 Hz, J = 4.1 Hz, H-2Quin); 13C NMR (100 MHz, DMSO): δ 29.78
(CH2S), 49.91 (CH2N3), 61.28, 61.91 (C-6Glu, CH2O), 70.06, 72.95, 78.10, 81.00 (C-2Glu, C-3Glu, C-4Glu,
C-5Glu), 85.36 (C-1Glu), 110.06 (C-7Quin), 120.01 (C-5Quin), 121.84 (C-3Quin), 125.39 (C-5Triaz), 126.75
(C-6Quin), 129.06 (C-4aQuin), 135.81 (C-4Quin), 139.70 (C-8aQuin), 142.21 (C-4Triaz), 148.95 (C-2Quin), 153.86
(C-8Quin); HRMS (ESI-TOF): calcd for C20H25N4O6S ([M + H]+): m/z 449.1495; found: m/z 449.1492.

Glycoconjugate 56: Starting from sugar derivative 22 and 8-HQ derivative 39, the product was obtained
as a beige solid (77% yield), m.p.: 125–128 ◦C; [α]23

D = 6.2 (c = 1.0, CH3OH); 1H NMR (400 MHz,
DMSO): δ 3.06 (m, 1H, CHS), 3.19 (m, 1H, CHS), 3.28 (m, 1H, H-3Gal), 3.36–3.46 (m, 2H, 2Gal, 5Gal),
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3.47–3.58 (m, 2H, 6aGal, 6bGal), 3.69 (m, 1H, H-4Gal), 4.30 (d, 1H, J = 9.4 Hz Hz, H-1Gal), 4.45 (d, 1H,
J = 4.5 Hz, OH), 4.58–4.73 (m, 3H, CH2N3, 6-OH), 4.82 (d, 1H, J = 5.4 Hz, OH), 5.06 (d, 1H, J = 5.7 Hz,
OH), 5.35 (s, 2H, CH2O), 7.42 (dd, 1H, J = 4.2 Hz, J = 4.9 Hz, H-7Quin), 7.50–7.57 (m, 3H, H-3Quin,
H-5Quin, H-6Quin), 8.32 (dd, 1H, J = 1.8 Hz, J = 8.3 Hz, H-4Quin), 8.34 (s, 1H, H-5Triaz), 8.83 (dd, 1H,
J = 1.8 Hz, J = 4.1 Hz, H-2Quin); 13C NMR (100 MHz, DMSO): δ 29.66 (CH2S), 50.04 (CH2N3), 60.82,
61.91 (C-6Gal, CH2O), 68.57, 69.65, 74.64, 79.36 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 85.80 (C-1Gal), 110.07
(C-7Quin), 120.06 (C-5Quin), 121.92 (C-3Quin), 125.37 (C-5Triaz), 126.83 (C-6Quin), 129.11 (C-4aQuin), 135.89
(C-4Quin), 139.71 (C-8aQuin), 142.31 (C-4Triaz), 149.03 (C-2Quin), 153.88 (C-8Quin); HRMS (ESI-TOF): calcd
for C20H25N4O6S ([M + H]+): m/z 449.1495; found: m/z 449.1494.

Glycoconjugate 57: Starting from sugar derivative 21 and 8-HQ derivative 40, the product was obtained as a
brown solid (87% yield), m.p.: 91–95 ◦C; [α]23

D = 5.0 (c = 1.0, CH3OH); 1H NMR (400 MHz, DMSO):
δ 2.63 (s, 3H, CH3), 2.98–3.23 (m, 6H, H-2Glu, H-3Glu, H-4Glu H-5Glu, CH2S), 3.44 (m, 1H, 6aGlu), 3.72
(m, 1H, 6bGlu), 4.38 (d, 1H, J = 9.6 Hz, H-1Glu), 4.55–4.73 (m, 3H, CH2N3, 6-OH), 4.95 (d, 1H, J = 5.3 Hz,
OH), 5.03 (d, 1H, J = 4.8 Hz, OH), 5.20 (d, 1H, J = 5.8 Hz, OH), 5.35 (s, 2H, CH2O), 7.37 (dd, 1H,
J = 1.7 Hz, J = 8.1 Hz, H-7Quin), 7.39–7.44 (m, 2H, H-3Quin, H-6Quin), 7.47 (dd, 1H, J = 1.7 Hz, J = 7.4 Hz,
H-5Quin), 8.19 (d, 1H, J = 8.4 Hz, H-4Quin), 8.33 (s, 1H, H-5Triaz); 13C NMR (100 MHz, DMSO): δ 24.83
(CH3), 29.70 (CH2S), 49.82 (CH2N), 61.19, 61.68 (C-6Glu, CH2O), 69.96, 72.85, 78.01, 80.91 (C-2Glu, C-3Glu,
C-4Glu, C-5Glu), 85.30 (C-1Glu), 110.21 (C-7Quin), 119.74 (C-5Quin), 122.36 (C-3Quin), 125.34 (C-5Triaz),
125.57 (C-6Quin), 127.24 (C-4aQuin), 135.88 (C-4Quin), 139.10 (C-8aQuin), 142.21 (C-4Triaz), 153.28 (C-2Quin),
157.16 (C-8Quin); HRMS (ESI-TOF): calcd for C21H27N4O6S ([M + H]+): m/z 463.1651; found: m/z
463.1651.

Glycoconjugate 58: Starting from sugar derivative 22 and 8-HQ derivative 40, the product was obtained as a
brown solid (88% yield), m.p.: 83–87 ◦C; [α]23

D = 10.2 (c = 1.0, CH3OH); 1H NMR (400 MHz, DMSO):
δ 2.63 (s, 3H, CH3), 3.05 (m, 1H, CHS), 3.18 (m, 1H, CHS), 3.28 (m, 1H, H-3Gal), 3.36–3.46 (m, 2H,
H-2Gal, H-5Gal), 3.48–3.58 (m, 2H, 6aGal, 6bGal), 3.68 (m, 1H, H-4Gal), 4.30 (d, 1H, J = 9.5 Hz, H-1Gal),
4.47 (d, 1H, J = 4.6 Hz, OH), 4.57–4.72 (m, 3H, CH2N3, 6-OH), 4.86 (d, 1H, J = 5.6 Hz, OH), 5.09 (d, 1H,
J = 5.8 Hz, OH), 5.34 (s, 2H, CH2O), 7.37 (dd, 1H, J = 1.8 Hz, J = 7.4 Hz, H-7Quin), 7.40–7.46 (m, 2H,
H-3Quin, H-6Quin), 7.47 (dd, 1H, J = 1.8 Hz, J = 8.1 Hz, H-5Quin), 8.19 (d, 1H, J = 8.4 Hz, H-4Quin),
8.33 (s, 1H, H-5Triaz); 13C NMR (100 MHz, DMSO): δ 24.97 (CH3), 29.67 (CH2S), 50.01 (CH2N3), 60.77,
61.71 (C-6Gal, CH2O), 68.52, 69.60, 74.63, 79.36 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 85.84 (C-1Gal), 110.23
(C-7Quin), 119.85 (C-5Quin), 122.52 (C-3Quin), 125.43, 125.72 (C-5Triaz, C-6Quin), 127.36 (C-4aQuin), 136.03
(C-4Quin), 139.19 (C-8aQuin), 142.34 (C-4Triaz), 153.39 (C-2Quin), 157.32 (C-8Quin); HRMS (ESI-TOF): calcd
for C21H27N4O6S ([M + H]+): m/z 463.1651; found: m/z 463.1654.

Glycoconjugate 59: Starting from sugar derivative 23 and 8-HQ derivative 41, the product was obtained as
a brown oil (94% yield), [α]23

D = 36.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.98, 2.00, 2.02,
2.06 (4s, 12H, CH3CO), 2.63 (p, 2H, J = 6.3 Hz, CH2), 3.67 (ddd, 1H, J = 2.2 Hz, J = 4.6 Hz, J = 10.0 Hz,
H-5Glu), 3.85 and 4.05 (qAB, 2H, J = 14.3 Hz, CH2S), 4.07 (dd, 1H, J = 2.2 Hz, J = 12.4 Hz, H-6aGlu),
4.20 (dd, 1H, J = 4.6 Hz, J = 12.4 Hz, H-6bGlu), 4.24 (t, 2H, J = 5.9 Hz, CH2O), 4.60 (d, 1H, J = 10.1 Hz,
H-1Glu), 4.73 (t, 2H, J = 6.7 Hz, CH2N), 5.02 (dd~t, 1H, J = 9.3 Hz, J = 10.1 Hz, H-2Glu), 5.08 (dd~t, 1H,
J = 9.4 Hz, J = 10.0 Hz, H-4Glu), 5.19 (dd~t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-3Glu), 7.05 (dd, 1H, J = 2.1 Hz,
J = 6.7 Hz, H-7Quin), 7.39–7.52 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.67 (s, 1H, H-5Triaz), 8.17 (dd, 1H,
J = 1.6 Hz, J = 8.3 Hz, H-4Quin), 8.96 (dd, 1H, J = 1.6 Hz, J = 4.0 Hz, H-2Quin); 13C NMR (100 MHz,
CDCl3): δ 20.60, 20.62, 20.66, 20.77 (CH3CO), 24.39 (CH2), 29.61 (CH2S) 47.28 (CH2N), 61.85 (C-6Glu),
65.19 (CH2O), 68.15, 69.89, 73.82, 75.76 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.75 (C-1Glu), 109.40 (C-7Quin),
120.34 (C-5Quin), 121.74 (C-3Quin), 123.03 (C-5Triaz), 126.71 (C-6Quin), 129.56 (C-4aQuin), 136.08 (C-4Quin),
140.30 (C-8aQuin), 144.53 (C-4Triaz), 149.41 (C-2Quin), 154.20 (C-8Quin), 169.40, 169.81, 170.14, 170.65
(CH3CO); HRMS (ESI-TOF): calcd for C29H35N4O10S ([M + H]+): m/z 631.2074; found: m/z 631.2070.
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Glycoconjugate 60: Starting from sugar derivative 24 and 8-HQ derivative 41, the product was obtained as a
beige solid (79% yield), m.p.: 56–58 ◦C; [α]25

D = −27.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.97, 1.99, 2.02, 2.14 (4s, 12H, CH3CO), 2.63 (p, 2H, J = 6.3 Hz, CH2), 3.80 (m, 1H, H-5Gal), 3.88 and 4.07
(qAB, 2H, J = 14.2 Hz, CH2S), 3.96–4.07 (m, 2H, CH2O), 4.16–4.31 (m, 2H, H-6aGal, H-6bGal), 4.55 (d, 1H,
J = 10.0 Hz, H-1Gal), 4.73 (t, 2H, J = 6.7 Hz, CH2N), 5.00 (dd~t, 1H, J = 3.4 Hz, J = 10.0 Hz, H-3Gal), 5.22
(dd~t, 1H, J = 10.0 Hz, J = 10.0 Hz, H-2Gal), 5.38 (d, 1H, J = 2.9 Hz, H-4Gal), 7.06 (dd, 1H, J = 1.6 Hz,
J = 7.0 Hz, H-7Quin), 7.40–7.51 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.66 (s, 1H, H-5Triaz), 8.16 (dd, 1H,
J = 1.5 Hz, J = 8.3 Hz, H-4Quin), 8.96 (dd, 1H, J = 1.4 Hz, J = 4.0 Hz, H-2Quin); 13C NMR (100 MHz,
CDCl3): δ 20.58, 20.67, 20.69, 20.74 (CH3CO), 24.24 (CH2), 29.65 (CH2S) 47.25 (CH2N), 61.42 (C-6Gal),
65.19 (CH2O), 67.30, 71.78, 74.45, 77.23 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 83.04 (C-1Gal), 109.44 (C-7Quin),
120.38 (C-5Quin), 121.77 (C-3Quin), 123.04 (C-5Triaz), 126.74 (C-6Quin), 129.59 (C-4aQuin), 136.06 (C-4Quin),
140.35 (C-8aQuin), 144.38 (C-4Triaz), 149.43 (C-2Quin), 154.26 (C-8Quin), 169.58, 169.97, 170.21, 170.31
(CH3CO); HRMS (ESI-TOF): calcd for C29H35N4O10S ([M + H]+): m/z 631.2074; found: m/z 631.2076.

Glycoconjugate 61: Starting from sugar derivative 23 and 8-HQ derivative 42, the product was obtained as a
brown solid (77% yield), m.p.: 48–49 ◦C; [α]23

D = 36.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.97, 2.00, 2.02, 2.06 (4s, 12H, CH3CO), 2.56 (p, 2H, J = 6.3 Hz, CH2), 2.79 (s, 3H, CH3), 3.65 (ddd, 1H,
J = 2.1 Hz, J = 4.5 Hz, J = 10.0 Hz, H-5Glu), 3.85 and 4.05 (qAB, 2H, J = 14.3 Hz, CH2S), 4.06 (dd, 1H,
J = 2.1 Hz, J = 12.4 Hz, H-6aGlu), 4.19 (dd, 1H, J = 4.5 Hz, J = 12.4 Hz, H-6bGlu), 4.24 (t, 2H, J = 5.4 Hz,
CH2O), 4.60 (d, 1H, J = 10.1 Hz, H-1Glu), 4.74 (t, 2H, J = 6.7 Hz, CH2N), 5.01 (dd~t, 1H, J = 9.3 Hz, J =

10.1 Hz, H-2Glu), 5.08 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz, H-4Glu), 5.18 (dd~t, 1H, J = 9.3 Hz, J = 9.4 Hz,
H-3Glu), 7.04 (dd, 1H, J = 2.8 Hz, J = 6.1 Hz, H-7Quin), 7.30–7.43 (m, 3H, H-3Quin, H-5Quin, H-6Quin),
7.74 (s, 1H, H-5Triaz), 8.04 (d, 1H, J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, CDCl3): δ 20.60, 20.61,
20.65, 20.77 (CH3CO), 24.42 (CH2), 25.75 (CH3), 29.63 (CH2S) 47.20 (CH2N), 61.84 (C-6Glu), 65.34
(CH2O), 68.14, 69.91, 73.83, 75.72 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.74 (C-1Glu), 110.06 (C-7Quin), 120.32
(C-5Quin), 122.63 (C-3Quin), 123.08 (C-5Triaz), 125.70 (C-6Quin), 127.76 (C-4aQuin), 136.19 (C-4Quin), 139.91
(C-8aQuin), 144.47 (C-4Triaz), 153.64 (C-2Quin), 158.23 (C-8Quin), 169.40, 169.77, 170.14, 170.65 (CH3CO);
HRMS (ESI-TOF): calcd for C30H37N4O10S ([M + H]+): m/z 645.2230; found: m/z 645.2233.

Glycoconjugate 62: Starting from sugar derivative 24 and 8-HQ derivative 42, the product was obtained as a
beige solid (80% yield), m.p.: 56–58 ◦C; [α]24

D = −26.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.97, 1.98, 2.02, 2.14 (4s, 12H, CH3CO), 2.60 (p, 2H, J = 6.3 Hz, CH2), 2.79 (s, 3H, CH3), 3.78 (m, 1H,
H-5Gal), 3.88 and 4.07 (qAB, 2H, J = 14.1 Hz, CH2S), 3.96–4.10 (m, 2H, CH2O), 4.15–4.31 (m, 2H, H-6aGal,
H-6bGal), 4.54 (d, 1H, J = 10.0 Hz, H-1Gal), 4.75 (t, 2H, J = 6.7 Hz, CH2N), 5.00 (dd~t, 1H, J = 3.2 Hz,
J = 10.0 Hz, H-3Gal), 5.22 (dd~t, 1H, J = 10.0 Hz, J = 10.0 Hz, H-2Gal), 5.37 (d, 1H, J = 3.2 Hz, H-4Gal),
7.04 (m, 1H, H-7Quin), 7.33 (d, 1H, J = 8.4 Hz, H-3Quin), 7.36–7.43 (m, 2H, H-5Quin, H-6Quin), 7.72 (s, 1H,
H-5Triaz), 8.04 (d, 1H, J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, CDCl3): δ 20.58, 20.62, 20.68, 20.74
(CH3CO), 24.26 (CH2), 25.70 (CH3), 29.67 (CH2S) 47.18 (CH2N), 61.41 (C-6Gal), 65.32 (CH2O), 67.30,
67.32, 71.78, 74.42 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 83.02 (C-1Gal), 110.07 (C-7Quin), 120.34 (C-5Quin),
122.65 (C-3Quin), 123.07 (C-5Triaz), 125.73 (C-6Quin), 127.80 (C-4aQuin), 136.20 (C-4Quin), 139.93 (C-8aQuin),
144.31 (C-4Triaz), 153.70 (C-2Quin), 158.25 (C-8Quin), 169.58, 169.97, 170.22, 170.30 (CH3CO); HRMS
(ESI-TOF): calcd for C30H37N4O10S ([M + H]+): m/z 645.2230; found: m/z 645.2233.

Glycoconjugate 63: Starting from sugar derivative 25 and 8-HQ derivative 41, the product was obtained as a
beige solid (81% yield), m.p.: 59–62 ◦C; [α]25

D = −51.0 (c = 1.0, CH3OH); 1H NMR (400 MHz, DMSO):
δ 2.41 (p, 2H, J = 6.5 Hz, CH2), 3.02–3.10 (m, 2H, H-3Glu, H-5Glu), 3.11–3.19 (m, 2H, H-2Glu, H-6aGlu),
3.45 (m, 1H, H-6bGlu), 3.73 (m, 1H, H-4Glu), 3.85 and 3.98 (qAB, 2H, J = 14.2, CH2S), 4.19 (t, 2H,
J = 6.1 Hz CH2O), 4.27 (d, 1H, J = 9.6 Hz, H-1Glu), 4.61 (t, 2H, J = 7.0 Hz, CH2N), 4.75 (t, 1H, J = 5.7
Hz, 6-OH), 4.97 (d, 1H, J = 5.3 Hz, OH), 5.00 (d, 1H, J = 4.9 Hz, OH), 5.17 (d, 1H, J = 5.9 Hz, OH),
7.20 (dd, 1H, J = 1.8 Hz, J = 7.1 Hz, H-7Quin), 7.48–7.54 (m, 2H, H-5Quin, H-6Quin), 7.59 (dd, 1H, J =

4.1 Hz, J = 8.3 Hz, H-3Quin), 8.20 (s, 1H, H-5Triaz), 8.33 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4Quin), 8.90
(dd, 1H, J = 1.7 Hz, J = 4.1 Hz, H-2Quin); 13C NMR (100 MHz, DMSO): δ 23.16 (CH2), 29.61 (CH2S),
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46.59 (CH2N), 61.35 (C-6Glu), 65.38 (CH2O), 70.14, 73.08, 78.16, 81.06 (C-2Glu, C-3Glu, C-4Glu, C-5Glu),
84.26 (C-1Glu), 109.80 (C-7Quin), 119.89 (C-5Quin), 121.86 (C-3Quin), 123.52 (C-5Triaz), 126.82 (C-6Quin),
129.05 (C-4aQuin), 135.85 (C-4Quin), 139.72 (C-8aQuin), 144.39 (C-4Triaz), 149.07 (C-2Quin), 154.15 (C-8Quin);
HRMS (ESI-TOF): calcd for C21H27N4O6S ([M + H]+): m/z 463.1651; found: m/z 463.1653.

Glycoconjugate 64: Starting from sugar derivative 26 and 8-HQ derivative 41, the product was obtained as a
white solid (89% yield), m.p.: 150–153 ◦C; [α]26

D = −30.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO):
δ 2.42 (p, 2H, J = 6.5 Hz, CH2), 3.25 (m, 1H, H-3Gal), 3.34–3.46 (m, 2H, H-2Gal, H-5Gal), 3.45–3.58 (m,
2H, H-6aGal, H-6bGal), 3.65 (m, 1H, H-4Gal), 3.84 and 3.96 (qAB, 2H, J = 14.1 Hz, CH2S), 4.13–4.24
(m, 2H, CH2O), 4.20 (d, 1H, J = 9.5 Hz, H-1Gal), 4.42 (d, 1H, J = 3.8 Hz, OH), 4.61 (t, 2H, J = 7.0 Hz,
CH2N), 4.72 (bs, 1H, 6-OH), 4.78 (d, 1H, J = 4.4 Hz, OH), 5.00 (d, 1H, J = 5.5 Hz, OH), 7.19 (dd, 1H,
J = 2.2 Hz, J = 6.8 Hz, H-7Quin), 7.47–7.54 (m, 2H, H-5Quin, H-6Quin), 7.59 (dd, 1H, J = 4.2 Hz, J = 8.3 Hz,
H-3Quin), 8.18 (s, 1H, H-5Triaz), 8.32 (dd, 1H, J = 1.7 Hz, J = 8.3 Hz, H-4Quin), 8.90 (dd, 1H, J = 1.7 Hz,
J = 4.2 Hz, H-2Quin); 13C NMR (100 MHz, DMSO): δ 23.08 (CH2), 29.59 (CH2S), 46.58 (CH2N), 60.86
(C-6Gal), 65.34 (CH2O), 68.60, 69.84, 74.64, 79.38 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 84.70 (C-1Gal), 109.78
(C-7Quin), 119.90 (C-5Quin), 121.87 (C-3Quin), 123.53 (C-5Triaz), 126.82 (C-6Quin), 129.05 (C-4aQuin), 135.85
(C-4Quin), 139.73 (C-8aQuin), 144.41 (C-4Triaz), 149.09 (C-2Quin), 154.16 (C-8Quin); HRMS (ESI-TOF): calcd
for C21H27N4O6S ([M + H]+): m/z 463.1651; found: m/z 463.1651.

Glycoconjugate 65: Starting from sugar derivative 25 and 8-HQ derivative 42, the product was obtained as a
brown solid (91% yield), m.p.: 55–58 ◦C; [α]26

D = −40.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO):
δ 2.40 (p, 2H, J = 6.6 Hz, CH2), 2.67 (s, 3H, CH3), 2.99–3.19 (m, 4H, H-2Glu, H-3Glu, H-4Glu, H-5Glu),
3.43 (m, 1H, H-6aGlu), 3.71 (m, 1H, H-6bGlu), 3.84 and 3.98 (qAB, 2H, J = 14.1 Hz, CH2S), 4.19 (t, 2H,
J = 6.2 Hz, CH2O), 4.26 (d, 1H, J = 9.6 Hz, H-1Glu), 4.61 (t, 2H, J = 7.0 Hz, CH2N), 4.69 (t, 1H, J = 5.8 Hz,
6-OH), 4.94 (d, 1H, J = 5.1 Hz, OH), 5.01 (d, 1H, J = 4.7 Hz, OH), 5.15 (d, 1H, J = 5.8 Hz, OH), 7.15 (dd, 1H,
J = 1.3 Hz, J = 7.5 Hz, H-7Quin), 7.38–7.49 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 8.17 (s, 1H, H-5Triaz), 8.19
(d, 1H, J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, DMSO): δ 23.10 (CH2), 25.07 (CH3), 29.54 (CH2S),
46.58 (CH2N), 61.31 (C-6Glu), 65.54 (CH2O), 70.13, 73.09, 78.16, 81.06 (C-2Glu, C-3Glu, C-4Glu, C-5Glu),
84.21 (C-1Glu), 110.33 (C-7Quin), 119.83 (C-5Quin), 122.47 (C-3Quin), 123.45 (C-5Triaz), 125.75 (C-6Quin),
127.33 (C-4aQuin), 136.00 (C-4Quin), 139.31 (C-8aQuin), 144.36 (C-4Triaz), 153.67 (C-2Quin), 157.32 (C-8Quin);
HRMS (ESI-TOF): calcd for C22H29N4O6S ([M + H]+): m/z 477.1808; found: m/z 477.1806.

Glycoconjugate 66: Starting from sugar derivative 26 and 8-HQ derivative 42, the product was obtained as
a beige solid (90% yield), m.p.: 83–87 ◦C; [α]23

D = 10.2 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO):
δ 2.41 (p, 2H, J = 6.3 Hz, CH2), 3.43 (s, 3H, CH3), 3.23 (m, 1H, H-3Gal), 3.34–3.42 (m, 2H, H-2Gal, H-5Gal),
3.43–3.58 (m, 2H, H-6aGal, H-6bGal), 3.65 (m, 1H, H-4Gal), 3.83 and 3.96 (qAB, 2H, J = 14.1 Hz, CH2S),
4.12–4.24 (m, 2H, CH2O), 4.19 (d, 1H, J = 9.4 Hz, H-1Gal), 4.41 (d, 1H, J = 4.0 Hz, OH), 4.61 (t, 2H,
J = 7.0 Hz, CH2N), 4.68 (bs, 1H, 6-OH), 4.77 (d, 1H, J = 4.7 Hz, OH), 4.99 (d, 1H, J = 5.6 Hz, OH), 7.16
(dd, 1H, J = 1.3 Hz, J = 7.6 Hz, H-7Quin), 7.38–7.45 (m, 2H, H-3Quin, H-6Quin), 7.47 (dd, 1H, J = 1.4 Hz,
J = 8.2 Hz, H-5Quin), 8.16 (s, 1H, H-5Triaz), 8.19 (d, 1H, J = 8.4 Hz, H-4Quin); 13C NMR (100 MHz, DMSO):
δ 23.02 (CH2), 25.08 (CH3), 29.52 (CH2S), 46.56 (CH2N), 60.81 (C-6Gal), 65.50 (CH2O), 68.57, 69.83, 74.64,
79.36 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 84.65 (C-1Gal), 110.31 (C-7Quin), 119.83 (C-5Quin), 122.47 (C-3Quin),
123.43 (C-5Triaz), 125.73 (C-6Quin), 127.33 (C-4aQuin), 135.99 (C-4Quin), 139.31 (C-8aQuin), 144.37 (C-4Triaz),
153.67 (C-2Quin), 157.33 (C-8Quin); HRMS (ESI-TOF): calcd for C22H29N4O6S ([M + H]+): m/z 477.1808;
found: m/z 477.1807.

Glycoconjugate 67: Starting from sugar derivative 33 and 8-HQ derivative 39, the product was obtained as a
brown solid (84% yield), m.p.: 114–115 ◦C; [α]20

D = −2.2 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.97, 2.00, 2.00, 2.02 (4s, 12H, CH3CO), 3.80 (ddd, 1H, J = 2.2 Hz, J = 4.4 Hz, J = 10.1 Hz, H-5Glu), 4.07
(dd, 1H, J = 2.2 Hz, J = 12.4 Hz, H-6aGlu), 4.22 (dd, 1H, J = 4.4 Hz, J = 12.4 Hz, H-6bGlu), 5.05–5.20
(m, 4H, H-2Glu, H-4Glu, CH2O), 5.29 (dd~t, 1H, J = 9.3 Hz, J = 9.3 Hz, H-3Glu), 5.40 (s, 2H, CH2O), 5.59
(d, 1H, J = 10.4 Hz, H-1Glu), 6.89 (d, 1H, J = 8.4 Hz, H-3Pyr), 7.34 (d, 1H, J = 6.6 Hz, H-7Quin), 7.44–7.59
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(m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.76 (d, 1H, J = 8.4 Hz, H-4Pyr), 7.97 (s, 1H, H-5Triaz), 8.25 (d, 1H,
J = 7.7 Hz, H-4Quin), 8.41 (s, 1H, H-6Pyr), 8.84 (bs, 1H, H-2Quin), 10.84 (bs, 1H, NH); 13C NMR (100 MHz,
CDCl3): δ 20.60, 20.62, 20.71, 20.71 (CH3CO), 52.80 (CH2N), 61. 87, 62.04 (CH2O, C-6Glu), 68.20,
69.47, 74.11, 75.83 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.22 (C-1Glu), 109.56 (C-7Quin), 120.45 (C-5Quin),
122.10 (C-3Quin), 123.27 (C-5Triaz), 125.92 (CPyr), 127.29 (CPyr), 128.09 (C-6Quin), 129.73 (C-4aQuin), 132.80
(C-7Quin), 136.99 (C-4Quin), 139.54 (C-7Quin), 141.30 (C-8aQuin), 142.92 (C-4Triaz), 148.63 (C-7Quin), 149.61
(C-2Quin), 153.69 (C-8Quin), 163.96 (C=O), 169.44, 169.53, 170.11, 170.65 (CH3CO); HRMS (ESI-TOF):
calcd for C33H35N6O11S ([M + H]+): m/z 732.2085; found: m/z 732.2084.

Glycoconjugate 68: Starting from sugar derivative 34 and 8-HQ derivative 39, the product was obtained as a
beige solid (83% yield), m.p.: 128–129 ◦C; [α]21

D = 9.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 1.94, 1.98, 2,01, 2.15 (4s, 12H, CH3CO), 4.01 (m, 1H, H-5Gal), 4.05–4.10 (m, 2H, H-6aGal, H-6bGal), 5.11
(s, 2H, CH2O), 5.14 (dd, 1H, J = 3.4 Hz, J = 10.1 Hz, H-3Gal), 5.36 (dd~t, 1H, J = 10.1 Hz, J = 10.2 Hz,
H-2Gal), 5.40 (s, 2H, CH2N), 5.45 (dd, 1H, J = 0.7 Hz, J = 3.4 Hz, H-4Gal), 5.58 (d, 1H, J = 10.2 Hz, H-1Gal),
7.00 (d, 1H, J = 8.7 Hz, H-3Pyr), 7.33 (d, 1H, J = 7.4 Hz, H-7Quin), 7.44–7.58 (m, 3H, H-3Quin, H-5Quin,
H-6Quin), 7.81 (dd, 1H, J = 2.3 Hz, J = 8.7 Hz, H-4Pyr), 7.97 (s, 1H, H-5Triaz), 8.24 (d, 1H, J = 8.3 Hz,
H-4Quin), 8.43 (d, 1H, J = 1.9 Hz, H-6Pyr), 8.32 (d, 1H, J = 3.0 Hz, H-2Quin), 10.77 (bs, 1H, NH); 13C NMR
(100 MHz, CDCl3): δ 20.60, 20.64, 20.68, 20.80 (CH3CO), 52.83 (CH2N), 61. 23, 62.07 (CH2O, C-6Gal),
66.84, 67.29, 72.04, 74.46 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 82.75 (C-1Gal), 109.57 (C-7Quin), 120.49 (C-5Quin),
122.08 (C-3Quin), 123.29 (C-5Triaz), 125.85 (CPyr), 127.24 (CPyr), 128.21 (C-6Quin), 129.73 (C-4aQuin), 132.76
(C-7Quin), 136.96 (C-4Quin), 139.55 (C-7Quin), 141.36 (C-8aQuin), 143.02 (C-4Triaz), 148.65 (C-7Quin), 149.93
(C-2Quin), 153.67 (C-8Quin), 163.91 (C=O), 169.72, 169.98, 170.24, 170.33 (CH3CO); HRMS (ESI-TOF):
calcd for C33H35N6O11S ([M + H]+): m/z 723.2085; found: m/z 723.2086.

Glycoconjugate 69: Starting from sugar derivative 35 and 8-HQ derivative 39, the product was obtained as a
brown solid (77% yield), m.p.: 143–144 ◦C; [α]22

D = −24.0 (c = 0.5, H2O); 1H NMR (400 MHz, DMSO):
δ 3.13 (m, 1H, H-2Glu), 3.21–3.29 (m, 2H, H-3Glu, H-4Glu), 3.37–3.50 (m, 2H, H-6aGlu, H-6bGlu), 3.66
(m, 1H, H-5Glu), 4.51 (t, 1H, J = 5.7 Hz, 6-OH), 5.00 (d, 1H, J = 5.3 Hz, OH), 5.07 (d, 1H, J = 9.9 Hz,
H-1Glu),5.13 (d, 1H, J = 4.9 Hz, OH), 5.36 (d, 1H, J = 6.1 Hz, OH), 5.39 (t, 2H, J = 6.0 Hz, CH2O),
5.42 (t, 2H, J = 6.9 Hz, CH2N), 7.40 (d, 1H, J = 8.6 Hz, H-3Pyr), 7.44 (dd, 1H, J = 4.4 Hz, J = 8.9 Hz,
H-7Quin), 7.50–7.58 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 7.92 (dd, 1H, J = 2.6 Hz, J = 8.6 Hz, H-4Pyr),
8.32 (dd, 1H, J = 1.8 Hz, J = 8.3 Hz, H-4Quin), 8.35 (s, 1H, H-5Triaz), 8.63 (d, 1H, J = 2.6 Hz, H-6Pyr),
8.84 (dd, 1H, J = 1.7 Hz, J = 4.1 Hz, H-2Quin), 10.73 (s, 1H, NH); 13C NMR (100 MHz, DMSO): δ 52.10
(CH2N), 60. 83, 61.77 (CH2O, C-6Glu), 69.71, 72.39, 78.28, 81.05 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 84.60
(C-1Glu), 109.94 (C-7Quin), 119.98 (C-5Quin), 121.85 (C-3Quin), 122.17 (C-5Triaz), 126.51 (CPyr), 126.74
(CPyr), 127.76 (C-6Quin), 129.06 (C-4aQuin), 132.35 (C-7Quin), 135.77 (C-4Quin), 139.73 (C-7Quin), 140.29
(C-8aQuin), 142.49 (C-4Triaz), 148.98 (C-7Quin), 152.52 (C-2Quin), 153.87 (C-8Quin), 164.69 (C=O); HRMS
(ESI-TOF): calcd for C25H27N6O7S ([M + H]+): m/z 555.1662; found: m/z 555.1667.

Glycoconjugate 70: Starting from sugar derivative 36 and 8-HQ derivative 41, the product was obtained as a
white solid (72% yield), m.p.: 93–95 ◦C; [α]21

D = −3.0 (c = 1, CHCl3); 1H NMR (400 MHz, DMSO): δ 1.96,
1.97, 1.98, 2.00 (4s, 12H, CH3CO), 2.43 (bs, 2H, CH2), 4.02 (m, 1H, H-5Glu), 4.10–4.17 (m, 2H, H-6aGlu,
H-6bGlu), 4.21 (bs, 2H, CH2O), 4.67 (t, 2H, J = 6.0 Hz, CH2N), 4.93–5.02 (m, 2H, H-2Glu, H-4Glu), 5.22
(s, 2H, CH2OCO), 5.41 (dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3Glu), 5.69 (d, 1H, J = 10.3 Hz, H-1Glu), 7.21
(d, 1H, J = 8.0 Hz, H-7Quin), 7.37 (d, 1H, J = 8.7 Hz, H-3Pyr), 7.50 (dd~t, 1H, J = 7.5 Hz, J = 8.0 Hz,
H-3Quin), 7.47–7.64 (m, 2H, H-5Quin, H-6Quin), 7.83 (dd, 1H, J = 2.4 Hz, J = 8.7 Hz, H-4Pyr), 8.32–8.40
(m, 2H, H-4Quin, H-6Pyr), 8.54 (s, 1H, H-5Triaz), 8.91 (bs, 1H, H-2Quin), 10.00 (s, 1H, NH); 13C NMR
(100 MHz, DMSO): δ 20.19, 20.24, 20.28, 20.24 (CH3CO), 29.51 (CH2), 46.63 (CH2N), 57.63 (CH2OCO),
61.73 (C-6Glu), 65.36 (CH2O), 67.94, 69.33, 72.91, 74.41 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 81.26 (C-1Glu),
109.82 (C-7Quin), 119.92 (C-5Quin), 121.81 (C-3Quin), 123.05 (C-5Triaz), 125.00 (CPyr), 126.60 (CPyr), 126.78
(C-6Quin), 128.98 (C-4aQuin), 133.84 (CPyr), 135.92 (C-4Quin), 139.43 (CPyr), 139.68 (C-8aQuin), 141.91
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(C-4Triaz), 148.01 (CPyr), 148.84 (C-2Quin), 153.10 (C-8Quin), 153.99 (C=O), 168.99, 169.18, 169.38, 169.80
(CH3CO); HRMS (ESI-TOF): calcd for C35H39N6O12S ([M + H]+): m/z 767.2347; found: m/z 767.2344.

Glycoconjugate 71: Starting from sugar derivative 37 and 8-HQ derivative 41, the product was obtained as a
white solid (73% yield), m.p.: 97–99 ◦C; [α]21

D = 9.8 (c = 1.0, CHCl3); 1H NMR (400 MHz, DMSO): δ 1.94,
1.95, 2.00, 2.14 (4s, 12H, CH3CO), 2.43 (bs, 2H, CH2), 3.97–4.07 (m, 2H, H-6aGal, H-6bGal), 4.21 (bs, 2H,
CH2O), 4.35 (m, 1H, H-5Gal), 4.67 (t, 2H, J = 6.5 Hz, CH2N), 5.13 (dd~t, 1H, J = 9.9 Hz, J = 10.2 Hz,
H-2Gal), 5.22 (s, 2H, CH2OCO), 5.30–5.38 (m, 2H, H-3Gal, H-4Gal), 5.65 (d, 1H, J = 10.2 Hz, H-1Gal), 7.21
(d, 1H, J = 8.4 Hz, H-7Quin), 7.38 (d, 1H, J = 8.7 Hz, H-3Pyr), 7.50 (dd~t, 1H, J = 7.5 Hz, J = 8.1 Hz,
H-3Quin), 7.50–7.65 (m, 2H, H-5Quin, H-6Quin), 7.84 (dd, 1H, J = 2.4 Hz, J = 8.7 Hz, H-4Pyr), 8.32–8.40
(m, 2H, H-4Quin, H-6Pyr), 8.54 (s, 1H, H-5Triaz), 8.90 (bs, 1H, H-2Quin), 10.00 (s, 1H, NH); 13C NMR
(100 MHz, DMSO): δ 20.33, 20.39, 20.41, 20.43 (CH3CO), 29.60 (CH2), 46.72 (CH2N), 57.72 (CH2OCO),
61.51 (C-6Gal), 65.44 (CH2O), 66.80, 67.55, 71.01, 73.66 (C-2Gal, C-3Gal, C-4Gal, C-5Gal), 81.77 (C-1Gal),
109.89 (C-7Quin), 120.00 (C-5Quin), 121.91 (C-3Quin), 123.04 (C-5Triaz), 125.08 (CPyr), 126.67 (CPyr), 126.85
(C-6Quin), 129.08 (C-4aQuin), 133.87 (CPyr), 135.95 (C-4Quin), 139.36 (CPyr), 139.78 (C-8aQuin), 142.00
(C-4Triaz), 148.29 (CPyr), 148.90 (C-2Quin), 153.19 (C-8Quin), 154.18 (C=O), 169.31, 169.39, 169.75, 169.94
(CH3CO); HRMS (ESI-TOF): calcd for C35H39N6O12S ([M + H]+): m/z 767.2347; found: m/z 767.2345.

Glycoconjugate 72: Starting from sugar derivative 38 and 8-HQ derivative 41, the product was obtained as a
white solid (78% yield), m.p.: 152–154 ◦C; [α]22

D = −36.0 (c = 1.0, CH3OH); 1H NMR (400 MHz, DMSO):
δ 2.43 (p, 2H, J = 6.3 Hz, CH2),3.09–3.19 (m, 2H, H-2Glu, H-4Glu), 3.21–3.29 (m, 2H, H-3Glu, H-5Glu), 3.44
(m, 1H, H-6aGlu), 3.66 (m, 1H, H-6bGlu), 4.19 (t, 2H, J = 6.0 Hz, CH2O), 4.51 (t, 1H, J = 5.7 Hz, 6-OH),
4.67 (t, 2H, J = 6.9 Hz, CH2N), 4.99 (d, 1H, J = 5.3 Hz, OH), 5.03 (d, 1H, J = 9.9 Hz, H-1Glu), 5.11 (d, 1H,
J = 4.8 Hz, OH), 5.21 (s, 2H, CH2OCO), 5.34 (d, 1H, J = 6.1 Hz, OH), 7.19 (dd, 1H, J = 1.7 Hz, J = 7.1 Hz,
H-7Quin), 7.36 (d, 1H, J = 8.7 Hz, H-3Pyr), 7.45–7.60 (m, 2H, H-5Quin, H-6Quin), 7.56 (dd, 1H, J = 4.0 Hz,
J = 8.3 Hz, H-3Quin), 7.76 (dd, 1H, J = 2.1 Hz, J = 8.7 Hz, H-4Pyr), 8.32 (dd, 1H, J = 1.3 Hz, J = 7.0 Hz,
H-4Quin), 8.37 (s, 1H, H-5Triaz), 8.49 (d, 1H, J = 2.1 Hz, H-6Pyr), 8.89 (bs, 1H, H-2Quin), 9.92 (bs, 1H,
NH); 13C NMR (100 MHz, DMSO): δ 29.51 (CH2), 46.62 (CH2N), 57.56 (CH2OCO), 60.76 (C-6Glu),
65.32 (CH2O), 69.65, 72.30, 78.20, 80.97 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 84.71 (C-1Glu), 109.75 (C-7Quin),
119.86 (C-5Quin), 121.77 (C-3Quin), 122.19 (C-5Triaz), 124.99 (CPyr), 126.58 (CPyr), 126.68 (C-6Quin), 128.96
(C-4aQuin), 132.91 (C-7Quin), 135.71 (C-4Quin), 139.38 (C-7Quin), 139.68 (C-8aQuin), 141.96 (C-4Triaz), 148.95
(C-7Quin), 150.91 (C-2Quin), 153.12 (C-8Quin), 154.09 (C=O); HRMS (ESI-TOF): calcd for C27H31N6O8S
([M + H]+): m/z 599.1924; found: m/z 599.1919.

3.3. Biological Assays

3.3.1. Cell Lines

The human colon adenocarcinoma cell line HCT-116 was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). The human cell line MCF-7 was obtained from collections at
the Maria Sklodowska-Curie Memorial Cancer Center and Institute of Oncology, branch in Gliwice,
Poland. The Normal Human Dermal Fibroblasts-Neonatal (NHDF-Neo) was purchased from LONZA
(Cat. No. CC-2509, NHDF-Neo, Dermal Fibroblasts, Neonatal, Lonza, Poland). The culture media
consisted of RPMI 1640 or DMEM+F12 medium, supplemented with 10% fetal bovine serum and 1% of
standard antibiotics (penicillin and streptomycin). The culture media were purchased from EuroClone
and HyClone. Fetal bovine serum (FBS) was delivered by EURx, Poland, and Antibiotic Antimycotic
Solution (100×) by Sigma-Aldrich, Germany. The cells were cultured under standard conditions at
37 ◦C in a humidified atmosphere at 5% CO2.

3.3.2. MTT Assay

The viability of the cells was determined using an MTT (3-[4,5–dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) test (Sigma-Aldrich). Stock solutions of tested compounds were prepared
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in DMSO and diluted with the appropriate volumes of the growth medium directly before the experiment.
The cells were seeded into 96-well plates at concentration 1 × 104 (HCT 116, NHDF-Neo) or 5 × 103

(MCF-7) per well. The cell cultures were incubated for 24 h at 37 ◦C in a humidified atmosphere of 5%
CO2. Then, the culture medium was removed, replaced with the solution of the tested compounds in
medium with varying concentrations, and incubated for further 24 h or 72 h. After that, the medium
was removed, and the MTT solution (50 µL, 0.5 mg/mL in PBS) was added. After 3 h of incubation,
the MTT solution was removed, and the precipitated formazan was dissolved in DMSO. Finally, the
absorbance at the 570 nm wavelength was measured spectrophotometrically with the plate reader.
The experiment was conducted in at least three independent iterations with four technical repetitions.
The IC50 values were calculated using CalcuSyn software (version 2.0, Biosoft, Cambridge, UK).

3.3.3. Influence of Metal Ions on Cellular Proliferation

The cells were seeded into 96-well plates at concentration 1 × 104 (HCT 116, NHDF-Neo) or
5 × 103 (MCF-7) per well. The cell cultures were incubated for 24 h at 37 ◦C in a humidified atmosphere
of 5% CO2. Then, the culture medium was removed, replaced with the solution of the tested compounds
in medium with varying concentrations. Additionally, 100 µM solution of Cu(CH3COO)2 was added
into wells with tested compounds. After 24 h or 72 h incubation, the MTT assay was performed.

4. Conclusions

Glycoconjugation of quinoline derivatives with appropriately functionalized 1-sugar derivatives
was supposed to increase the selectivity of such obtained prodrugs in relation to the cancer cells,
thanks to the facilitation of its transport through GLUT transporters, whose overexpression is seen in
some types of cancer. The cytotoxic activity in vitro of the new quinoline glycoconjugates was tested
against the MCF-7, HCT-116, and NHDF-Neo cell lines. In order to approximate the mechanism of
glycoconjugates transport into the cell, both types of glycoconjugates: Protected in the sugar part and
their unprotected counterparts were investigated. Based on the obtained results, it can be stated that
only compounds with acetyl protection of hydroxyl groups in the sugar part have the ability to inhibit
the proliferation of tumor cells. Thus, lipophilicity has a significant influence on the biological activity
of the tested compounds, which can be explained by the facilitation of passive transport through
biological membranes into the cells. Derivatives with an unprotected sugar fragment showed low
activity, probably due to their high hydrophilicity and low affinity for the cell membrane, as well as the
inability to bind to GLUT transporters. It is likely that the functionalization of the anomeric position
in sugar and the use of the compounds thus obtained to binding with 8-HQ derivatives reduces the
affinity of the sugar residue for GLUT transporters. In this situation, the improvement of the hydrolytic
stability of the obtained glycoconjugates by introducing a sulfur atom into the anomeric position
of the sugar did not affect their selectivity, but only in some cases (compounds 51–54), increased
cytotoxicity compared to their oxygen counterparts. This can be explained by the fact that they were not
prematurely degraded before entering the cell, and, as a consequence of facilitated passive transport,
their concentration in the cells was higher.

Among the tested compounds, the glycoconjugates 67–71 containing an additional heteroaromatic
(5-amine-2-pyridyl) moiety in the linker structure turned out to be the most active. For these compounds,
the additional experiments of antiproliferative activity in the presence of Cu2+ ions were carried out. It was
observed that the activity of glycoconjugates increased significantly in the presence of copper compared to
cells treated with alone glycoconjugates in the absence of Cu2+. The highest cytotoxicity of the compounds
was observed against the MCF-7 cell line. This confirmed the strong sensitivity of breast cancer cells to the
presence of copper ions as well as their sensitivity to compounds capable of complexing these ions, such
as 8-HQ or sugar derivatives containing 2-thio-5-amino-pyridine moiety. Unfortunately, in the case of the
latter, cytotoxicity to non-cancer cells was also observed. In such a case, the research on the dependence of
glycoconjugates’ cytotoxic activity on their structure should be extended in the direction that allows better
matching of glycoconjugates to GLUT transporters, which should improve their selectivity. According to
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some literature reports, the 6-OH group is the position in the sugar that is least involved in binding to
the GLUT transporter. Perhaps the use of this position for binding with quinoline derivatives will prove
effective and allow to increase the selectivity of the obtained glycoconjugates.

Supplementary Materials: Determination of glycoconjugates stability under the action of β-galactosidase from
Aspergillus oryzae, and the 1H NMR and 13C NMR spectra of all obtained compounds.
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Abstract: Based on the Warburg effect and the increased demand for glucose by tumor cells, a
targeted drug delivery strategy was developed. A series of new glycoconjugates with increased
ability to interact with GLUT transporters, responsible for the transport of sugars to cancer cells,
were synthesized. Glycoconjugation was performed using the C-6 position in the sugar unit, as
the least involved in the formation of hydrogen bonds with various aminoacids residues of the
transporter. The carbohydrate moiety was connected with the 8-hydroxyquinoline scaffold via a
1,2,3-triazole linker. For the obtained compounds, several in vitro biological tests were performed
using HCT-116 and MCF-7 cancer cells as well as NHDF-Neo healthy cells. The highest cytotoxicity
of both cancer cell lines in the MTT test was noted for glycoconjugates in which the triazole-quinoline
was attached through the triazole nitrogen atom to the D-glucose unit directly to the carbon at the
C-6 position. These compounds were more selective than the analogous glycoconjugates formed by
the C-1 anomeric position of D-glucose. Experiments with an EDG inhibitor have shown that GLUTs
can be involved in the transport of glycoconjugates. The results of apoptosis and cell cycle analyses
by flow cytometry confirmed that the new type of glycoconjugates shows pro-apoptotic properties,
without significantly affecting changes in the distribution of the cell cycle. Moreover, glycoconjugates
were able to decrease the clonogenic potential of cancer cells, inhibit the migration capacity of cells
and intercalate with DNA.

Keywords: quinoline glycoconjugates; 1,2,3-triazole; click chemistry; anticancer activity; drug targeting;
GLUT transporter; Warburg effect

1. Introduction

Efficacy, as well as safety, are the main criteria influencing the approval of any new
drug by regulatory agencies. The latest medicine aims for treatment that is precise and
personalized with the needs of each patient, in which drugs will be delivered specifically to
diseased cells, but not healthy ones. One of the attractive strategies to increase the efficacy
and safety of the treatment is the use of a proven therapeutic agent with the addition
of a targeting ligand, which should exhibit low affinity for healthy cells, but high for
pathological cells. The efficacy of the formed conjugate is primarily determined by the
activity of the drug, while the safety of the conjugate is dependent on the specificity of the
targeting ligand to diseased cells. By separating the selectivity and therapeutic activity into
two separate parts of the conjugate, it is possible to optimize drug action by avoiding side
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damage to healthy tissues [1–5]. The safety profile of a targeted drug is mainly dependent
on the expression of a given receptor, and precisely its ratio in diseased and normal tissues.
It has been found that at least 3-fold overexpression of the receptors in pathological tissues
is usually sufficient to avoid high toxicity for healthy tissues. Receptors in pathological cells
can be overexpressed both intracellularly and on the cell surface [1,6–8]. It is preferable,
that the ligand targets receptors found mainly on the surface of the diseased cell where they
are overexpressed relative to normal cells with low receptor expression, whereas conjugates
targeting intracellular receptors must first be well permeable through the cell membrane,
which may be associated with low selectivity and systemic toxicity of the drug.

New strategies for the rational design of anticancer drug candidates relate to the
improvement of the transport of the active molecule directly into the cancer cell. This is
achieved by binding potential drugs to appropriate ligands (sugars, peptides, vitamins,
proteins, or antibodies) specific to a given receptor. The ligand-based prodrug then binds
to its receptor, which should be present only in the cancer cell or be overexpressed in it. In
particular, in recent years, there has been a lot of interest in research involving liposomes,
polymer micelles, nanoparticles, dendrimers, monoclonal antibodies, or specialized trans-
membrane proteins characteristic of the target cells [9–11]. In the design of ligand-targeting
drugs in cancer therapy, the focus is on differences in the metabolism of healthy cells and
cancer cells. An important difference is the carbohydrate metabolism mechanism described
by Warburg [12,13]. Compared to healthy cells, rapidly proliferating tumor cells are char-
acterized by a high rate of the glycolysis process. To provide enough nutrients for this
process and to meet their energy demand, cancer cells have an increased need for glucose.
Glucose, as the basic source of energy, is actively transported inside the cells by specialized
proteins, the so-called GLUT transporters [14,15]. Increased glucose consumption requires
overexpression of the GLUT transporters in cancer cells as compared to normal cells [16].
This observation has become an attractive strategy for the controlled delivery of prodrugs
obtained by coupling biologically active compounds with sugar derivatives. Due to the
high affinity of glycoconjugates for GLUT protein, glycoconjugation can be seen as a system
for the selective delivery of anti-cancer drugs [17–19].

The oldest example of a drug actively transported by GLUT proteins is glufosfamide,
discovered in 1995 [20]. Since then, numerous clinical trials have been conducted with glu-
fosfamide in the treatment of various types of cancer. It turned out that the glycoconjugate
is safer and more selective than its aglycon, and its antiproliferative activity is similar to
the original aglycone. Its mechanism of action favors cancers with overexpression of GLUT
transporters [21,22]. Following the success of glufosfamide, the glycoconjugation strategy
gained popularity. In targeted cancer therapy using GLUT, various glycoconjugates based
on molecules such as oxaliplatin [23], chlorambucil [24], paclitaxel [25], adriamycin [26],
azomycin [27], methotrexate [28], as well as derivatives of thiosemicarbazone [29] have been
designed. Numerous glycoconjugates showed better cancer specificity, reduced systemic
toxicity, and increased anticancer activity both in vitro and in vivo.

GLUT1 is one of the most common glucose transporters in the vicinity of neoplastic
cells. Encoded by SLC2A1, it can bind to glucose, galactose, mannose, or ascorbic acid
and then transport these molecules across membranes into the cell. It has been shown
that increased GLUT1 expression appears to be strongly correlated with poor prognosis in
many neoplastic diseases [19,30]. However, the ability of GLUT to transport a substrate
may be influenced by factors such as the structure of the carbohydrate, the position of its
substitution, the type of linkers, and the properties of the aglycons themselves. Recently,
the crystalline structure of human GLUT1 has been published [31]. This structure revealed
that all hydroxyl groups of D-glucose, except for this at the C-6 position, are involved in
the formation of hydrogen bonds with various residues of aminoacids of the transporter.
Therefore, modification at the C-6 position of D-glucose should not affect the binding
of the receptor to the transporter. The Fernandez group synthesized several glycosyl
derivatives of dopamine and tested the affinity of the resulting prodrugs for GLUT1 in
human erythrocytes. Dopamine was connected with C-1, C-3, or C-6 positions of D-glucose
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using various linkages. The glucose absorption inhibition results showed that derivatives
of glucose conjugated at the C-6 position had the best affinity for GLUT1 [32]. It was also
found that C-6-glucose conjugates of 4-nitrobenzofurazane, ketoprofen, and indomethacin
connect to GLUT1 with even better affinity than unmodified D-glucose. Patra et al. designed
glucose-platinum conjugates in which the chelator was connected via the C-6 position of
the sugar. They found that the obtained glycoconjugates show a high level of cytotoxicity
against a panel of cancer cells, and GLUT transporters are involved in their transport [33].

So far, as part of the research cycle, our team has developed methods of connecting
biologically active compounds with derivatives of D-glucose and D-galactose differently
functionalized at the anomeric position. Our research focuses on the use of small quinoline
derivative molecules as aglycones in potential anti-cancer agents [34–36]. The cytotoxic
potential of derivatives of 8-hydroxyquinoline (8HQ) is related to its ability to complex
many metal ions [37–39]. It is well known that cancer cells have an increased need for
metal ions such as iron, copper, zinc, calcium, etc. As these microelements are involved
in major cellular processes, the use of chelators appears to be an ideal way to control the
level of metals in the body and is important in developing new treatment strategies [40–42].
However, to be effective, the glycoconjugate must meet several conditions on its way
from blood vessels to a molecular target in cancer tissue. It is necessary that attaching the
cytotoxic compound to the sugar does not interfere with its receptor binding specificity.
Moreover, the linker between the drug and the carrier must be stable in the extracellular
space and be easily degraded in target cells after uptake by receptors. Cleavage of the linker
should release the unmodified drug inside the neoplastic cells. Additionally, to observe
the desired cytotoxicity, sufficient intracellular drug concentration must be achieved. In
the project on the targeted transport of prodrugs, we used a fragment of 1,2,3-triazole in
the linker structure, a base which, due to the low extracellular pH in cancer cells, will
allow for the selective placement of the prodrug in the tumor microenvironment. On the
other hand, after protonation, the created cation due to the delocalization of the charge
should not constitute a barrier preventing the penetration of the prodrug into the neoplastic
cell [43–45].

Based on literature reports and insights gained during the research on the targeted
introduction of prodrugs into cancer cells, we designed a series of new compounds to better
match GLUT transporters. As part of the structural modification, new glycoconjugates will
be formed via the C-6 position in the sugar unit. This approach should allow increasing
the selectivity in targeting glycoconjugates to tumor cells, where the units released from
the prodrug will be able to induce cytotoxicity. The functionalized at the C-6 position
sugar structures planned to be obtained and connected through this position to the 8HQ
derivative, the fragment responsible for inducing the cytotoxic effect, are shown in Figure 1.
The research includes both the synthesis of glycoconjugates and the assessment of their
biological activity in vitro against selected cancer cell lines and healthy cells.
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Figure 1. Strategies for the synthesis of quinoline glycoconjugates. 

2. Results and Discussion 
2.1. Synthesis 

As mentioned above, the structure of the molecules presented in this work was de-
signed based on the recently published crystal structure of the human GLUT1 transporter, 
according to which the least significant group for binding to the receptor is the 6-OH 
group. Therefore, the group at the C-6 position seems to be the best functional group to 
which a molecule of the drug could be attached to maintain the affinity of the glucose 
conjugate for the transporter. Based on assumption that the glycoconjugate will be selec-
tively transferred to the neoplastic cell by GLUT transporters, in the first place, synthetic 
pathways of several sugar derivatives substituted with different groups at the C-6 posi-
tion were developed. To accurately determine the route of drug absorption, both com-
pounds with free hydroxyl groups as substrates for binding to GLUT transporters as well 
as compounds with acetyl protection of hydroxyl groups in the sugar unit were designed. 
The comparison of the effect of these two groups of compounds will allow determining 
whether a given compound enters the cell using passive transport (diffusion of the lipo-
philic compound through cell membranes) or active transport (by GLUT transporters). 

In order to obtain 6-azido-6-deoxy-D-glucopyranose, in the first approach reaction of 
D-glucose with p-toluenesulfonyl chloride in pyridine was performed [46]. The reaction 
was to selectively introduce into the C-6 position the tosyl as a good leaving group. The 
obtained product can be first treated with an acetylating agent to protect the remaining 
hydroxyl groups or the tosyl substitution reaction with an azide moiety can be performed 
right away. Unfortunately, in both approaches, a complicated, difficult to separate prod-
uct mixture was obtained. Therefore, the synthesis of sugar derivatives functionalized 
only at the C-6 position requires other, multi-step sequences of reactions shown in Scheme 
1. First, the primary hydroxyl group of D-glucose 1 at the C-6 position was selectively 
protected with a sterically large triphenylmethyl (trityl, Tr) group which was introduced 
using triphenylmethyl chloride in the presence of a catalytic amount of DMAP [47]. The 
reaction was carried out in pyridine until the substrate was completely converted to the 
product as monitored by TLC. The remaining secondary sugar hydroxyl groups were then 
protected with an acetyl moiety by adding acetyl chloride to the reaction mixture, result-
ing in the formation of fully protected 1,2,3,4-tetra-O-acetyl-6-O-triphenylmethyl-D-glu-
copyranose 2 with 84% yield. In the next step, the trityl protection at C-6 carbon was re-
moved under acidic conditions with 33% HBr in acetic acid, receiving 1,2,3,4-tetra-O-ace-
tyl-D-glucopyranose 3 [47]. Then, an easily leaving p-toluenesulfonyl group (tosyl, Ts) was 
introduced into the 6-OH position using p-toluenesulfonyl chloride [48]. This group was 
substituted with an azide moiety in the reaction with sodium azide in DMF to give 1,2,3,4-
tetra-O-acetyl-6-azido-6-deoxy-D-glucopyranose 5 [46]. The introduction of the azide 
group required heating of the reaction mixture at 80 °C for 2 h. The lower reaction tem-
perature did not allow the substrate to react completely even despite the significant 
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2. Results and Discussion
2.1. Synthesis

As mentioned above, the structure of the molecules presented in this work was
designed based on the recently published crystal structure of the human GLUT1 transporter,
according to which the least significant group for binding to the receptor is the 6-OH group.
Therefore, the group at the C-6 position seems to be the best functional group to which a
molecule of the drug could be attached to maintain the affinity of the glucose conjugate for
the transporter. Based on assumption that the glycoconjugate will be selectively transferred
to the neoplastic cell by GLUT transporters, in the first place, synthetic pathways of several
sugar derivatives substituted with different groups at the C-6 position were developed. To
accurately determine the route of drug absorption, both compounds with free hydroxyl
groups as substrates for binding to GLUT transporters as well as compounds with acetyl
protection of hydroxyl groups in the sugar unit were designed. The comparison of the effect
of these two groups of compounds will allow determining whether a given compound
enters the cell using passive transport (diffusion of the lipophilic compound through cell
membranes) or active transport (by GLUT transporters).

In order to obtain 6-azido-6-deoxy-D-glucopyranose, in the first approach reaction of
D-glucose with p-toluenesulfonyl chloride in pyridine was performed [46]. The reaction
was to selectively introduce into the C-6 position the tosyl as a good leaving group. The
obtained product can be first treated with an acetylating agent to protect the remaining
hydroxyl groups or the tosyl substitution reaction with an azide moiety can be performed
right away. Unfortunately, in both approaches, a complicated, difficult to separate product
mixture was obtained. Therefore, the synthesis of sugar derivatives functionalized only at
the C-6 position requires other, multi-step sequences of reactions shown in Scheme 1. First,
the primary hydroxyl group of D-glucose 1 at the C-6 position was selectively protected
with a sterically large triphenylmethyl (trityl, Tr) group which was introduced using
triphenylmethyl chloride in the presence of a catalytic amount of DMAP [47]. The reaction
was carried out in pyridine until the substrate was completely converted to the product as
monitored by TLC. The remaining secondary sugar hydroxyl groups were then protected
with an acetyl moiety by adding acetyl chloride to the reaction mixture, resulting in the
formation of fully protected 1,2,3,4-tetra-O-acetyl-6-O-triphenylmethyl-D-glucopyranose 2
with 84% yield. In the next step, the trityl protection at C-6 carbon was removed under acidic
conditions with 33% HBr in acetic acid, receiving 1,2,3,4-tetra-O-acetyl-D-glucopyranose
3 [47]. Then, an easily leaving p-toluenesulfonyl group (tosyl, Ts) was introduced into
the 6-OH position using p-toluenesulfonyl chloride [48]. This group was substituted with
an azide moiety in the reaction with sodium azide in DMF to give 1,2,3,4-tetra-O-acetyl-
6-azido-6-deoxy-D-glucopyranose 5 [46]. The introduction of the azide group required
heating of the reaction mixture at 80 ◦C for 2 h. The lower reaction temperature did not
allow the substrate to react completely even despite the significant increase in reaction
time. The presence of the CH2N3 carbon signal with a shift of about 50 ppm in the 13C
NMR spectra confirms obtaining the product with an azide moiety. Removal of acetyl
protecting groups from product 5 was performed according to the classic Zemplén protocol
under alkaline conditions using a solution of sodium methoxide in methanol to give the
desired product 6-azido-6-deoxy-D-glucopyranose 6 with 83% yield [49]. The structures of
all intermediates were confirmed by analysis of 1H and 13C NMR spectra. As a result of
individual reactions, the formation of products in the form of a mixture of α and β anomers
was observed.

The derivative of D-galactose containing the azide moiety at position C-6 was obtained
according to the sequence shown in Scheme 2. For one-step protection of the galactose
hydroxyl groups at C1–C4 positions, isopropylidene groups were applied. For this purpose,
di-O-isopropylideneation of D-galactose was carried out using acetone both as a solvent
and as a reagent. The reaction was performed in the presence of catalytic amounts of
iodine at room temperature giving product 8 with a very good yield [50]. As in the case
of D-glucose derivatives, activation of the hydroxyl group at the C-6 position was carried
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out by introducing a good leaving group using p-toluenesulfonyl chloride in pyridine in
the presence of a catalytic amount of DMAP to give product 9, which participated in the
nucleophilic substitution reaction with sodium azide in DMF carried out at an increased
temperature of 120 ◦C [48]. Removal of the isopropylidene groups from 10 was performed
in an acidic environment with 80% trifluoroacetic acid [50] to obtain the desired 6-azido-
6-deoxy-D-galactopyranose 11. Acetylation of the latter one with acetic anhydride in the
presence of sodium acetate allowed to obtain 1,2,3,4-tetra-O-acetyl-6-azido-6-deoxy-D-
galactopyranose 12. Product structures were confirmed by analysis of the NMR spectra.
Products 11 and 12 were obtained as a mixture of α and β anomers.
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Having glucuronic acid, i.e., a monosaccharide in which the C-6 position is oxidized
to the carboxyl group, we decided to obtain derivatives containing an amide bond in the
structure. The propargyl sugar derivative was prepared as shown in Scheme 3, according
to the previously described procedure [51]. The synthesis started with the acetylation of
commercially available D-glucuronic acid 13 using acetic anhydride in the presence of a
catalytic amount of iodine as the acetyl transfer reagent. The obtained mixed anhydride
14 was treated with propargylamine in dichloromethane to give the protected amide 15
with 44% yield after column chromatographic purification. From the NMR spectra, it can
be seen that compounds 14 and 15 were obtained only as a β-anomer. This is confirmed by
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the high coupling constant from proton H-1 equal to about J = 8.0 Hz observed in the 1H
NMR spectra. In the last step, the protective groups were removed under basic conditions
by the Zemplén method, giving the expected N-(prop-2-yn-1-yl)-D-glucopyranuronic acid
amide 16 as a mixture of anomers, as confirmed by NMR analysis.
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Next, structures based on trehalose were designed. Trehalose is a disaccharide com-
posed of two D-glucose molecules linked by α,α-1,1′-O-glycosidic bond. For this reason,
it is quite easy to modify the C-6 position in this molecule. This disaccharide was se-
lected because, as a result of the hydrolysis of the glycosidic bond in trehalose, two C-6
substituted glucoconjugate molecules will be released, preferred as ligands of the GLUT1
transmembrane protein responsible for glucose transport to pathological cells, where the
units released from the prodrug will be able to induce cytotoxicity. The synthesis was
started according to the previously described procedure, which involved tosylation of
the substrate followed by displacement with azide [52]. Unexpectedly, the tosylation of
trehalose led to a mixture of products. After the purification of the reaction mixture
by crystallization and column chromatography, only traces of the expected product are
isolated. Therefore, the reaction sequence shown in Scheme 4 was performed to obtain
6,6′-diazido-6,6′-dideoxy-D-trehalose [53,54]. Trehalose 17 was first dissolved in DMF and
then brominated with NBS or iodinated with I2 in the presence of triphenylphosphine. As
a result of these reactions, the corresponding halide derivatives 18 or 19 with high yields
were obtained. Then, two synthesis variants were tested. The first was the substitution
of halogen atoms in 6,6′-dibromo-6,6′-dideoxy-D-trehalose 18 with sodium azide in DMF
(Procedure A). Product 20, after purification from the multi-component reaction mixture,
was isolated with a moderate yield of 55%. Modification of the temperature and reaction
time also did not help in this case. The second method (Procedure B) assumes acetylation
of compounds 18 or 19 with acetic anhydride in pyridine, isolation of acetylation products
21 or 22 by column chromatography, and then substitution of bromine or iodine from such
protected compounds with an azide moiety using sodium azide. Nucleophilic substitution
of the protected sugars 21 and 22 with sodium azide proceeds with a much better yield
(98%) than in the case of the reaction with the unprotected molecule. De-O-acetylation
of compound 23 under Zemplén conditions gave 6,6′-diazido-6,6′-dideoxy-D-trehalose 20
with 87% yield.

The glycoconjugates described in this paper have been divided into 4 types and their
synthesis is presented in Schemes 5–8. The designed constructs contain sugar derivatives
functionalized at the C-6 position linked via a linker containing a 1,2,3-triazole moiety to
8-hydroxyquinoline derivatives. The synthesis of 8-(2-propyn-1-yloxy)quinoline 24, 8-(2-
azidoethoxy)quinoline 25, and 8-(3-azidopropoxy)quinoline 26 were described in the earlier
works [34,35]. Glycoconjugates were prepared by the copper(I)-catalyzed 1,3-dipolar azide-
alkyne cycloaddition, in a variant developed by Sharples [55,56]. The synthesis procedure
consists of mixing the terminal alkyne and the terminal azide in an equimolar ratio in the
solvent system of tetrahydrofuran and isopropanol and then adding to the mixture an
aqueous catalyst system consisting of copper sulfate and sodium ascorbate. The last one is
used to reduce Cu(II) to Cu(I), needed for accelerates the reaction and guarantee control
over its regioselectivity. The use of such reaction conditions leads to the target products
being obtained with high yields. This reaction does not generate any byproducts, only the
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1,4-disubstituted isomers of 1,2,3-triazole are obtained. Already after a few hours at room
temperature, TLC analysis of the reaction mixture showed almost complete conversion
of the starting materials to the target product. In order to purify the crude product, it is
sufficient to filter the precipitate of inorganic salts from the reaction mixture, remove the
solvent in vacuo, and load onto a chromatographic column.
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The resulting glycoconjugates were designed as prodrugs that could be metabolized
in the cell by hydrolytic enzymes into simpler compounds. Therefore, except for the assess-
ment of the cytotoxicity of the glycoconjugates themselves, it is also worth determining
the activity of potential products of their degradation [57]. For this purpose, the potential
sugar metabolites 29–36 presented in Scheme 9 were designed and prepared. The obtained
sugar derivatives were reacted with propargyl alcohol 27 or 2-azidoethanol 28, under the
same reaction conditions as described for glycoconjugates synthesis.

The structures of all newly created products were confirmed using nuclear magnetic
resonance spectroscopy (1H NMR and 13C NMR) and high-resolution mass spectrometry
(HRMS). The formation of the desired products was indicated by the presence of char-
acteristic signals from the 1,2,3-triazole ring in the NMR spectra. These are the singlet
signal observed at about δ = 8.0 ppm from the H-C(5) proton of triazole ring in 1H NMR
spectra and two characteristic carbon signals at about 124 ppm and 144 ppm for C(4) and
C(5) in the 13C NMR spectra. The double signals for the sugar part observed in the NMR
spectra and the characteristic coupling constants from the H-1 protons (J = 8.2 Hz for the
β anomer and J = 3.7 Hz for the α anomer) indicate the formation of glycoconjugates as
a mixture of anomers. The NMR spectra of all synthesized products are presented in the
Supplementary Materials.
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2.2. Biological Evaluation
2.2.1. Antiproliferative Studies

An in vitro biological test package was performed for the obtained derivatives. All
newly synthesized compounds were assessed for their cytotoxic activity against human cell
lines with increased GLUT expression: the colon cancer cell line (HCT-116) and the breast
cancer cell line (MCF-7), as well as on normal human dermal fibroblasts cells (NHDF-Neo),
using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). The
MTT test is a colorimetric method for detecting proliferating cells. It is based on the ability
of the enzyme mitochondrial dehydrogenase to convert yellow tetrazole salt (MTT) into
purple formazan. The amount of the product formed in the reaction, determined spec-
trophotometrically, is proportional to the number of living cells [58]. The antiproliferative
activity was expressed as the concentration that caused 50% inhibition of the growth of the
population of cells treated with the test compounds relative to the control cells (inhibitory
concentration activity—IC50). Tables 1 and 2 summarize the IC50 values calculated for all
tested compounds.
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Table 1. Summary of cytotoxicity of substrates used for glycoconjugation and metabolites of sugar
derivatives.

Compound
Activity IC50 [µM] a

HCT-116 b MCF-7 c

5 >800 201.12 ± 2.09
6 >800 >800
11 >800 >800
12 >800 641.24 ± 1.79
15 584.30 ± 9.39 713.59 ± 15.69
16 >800 >800
20 >800 >800
23 >800 >800
24 >800 95.95 ± 4.29
25 83.02 ± 1.83 27.27 ± 0.06
26 461.39 ± 1.34 244.44 ± 1.34
29 >800 >800
30 >800 >800
31 >800 >800
32 >800 >800
33 >800 >800
34 >800 >800
35 >800 >800
36 >800 >800

a Cytotoxicity was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h. Data are
presented as the mean ± standard deviation (n = 3).

Table 2. Cytotoxicity of quinoline glycoconjugates evaluated by the MTT test.

Compound
Activity IC50 [µM] a

HCT-116 b HCT-116 c MCF-7 c NHDF-Neo c

A-1 83.51 ± 1.91 11.98 ± 0.90 52.84 ± 0.75 129.73 ± 1.49
A-2 191.15 ± 2.46 22.32 ± 0.70 54.92 ± 8.71 317.22 ± 9.46
B-1 75.08 ± 1.30 - 36.67 ± 0.03 81.42 ± 0.52
B-2 293.19 ± 8.00 - 155.73 ± 7.40 271.60 ± 0.35
C-1 173.40 ± 6.68 81.49 ± 3.36 223.67 ± 7.34 215.24 ± 3.10
C-2 94.24 ± 1.48 62.35 ± 0.32 157.15 ± 7.86 318.53 ± 3.09
C-3 >800 767.00 ± 2.39 706.60 ± 2.87 >800
D-1 46.26 ± 3.12 26.33 ± 0.72 30.71 ± 0.99 34.48 ± 0.39
D-2 53.44 ± 5.14 21.28 ± 0.94 34.04 ± 0.95 70.66 ± 0.75
E-1 69.00 ± 2.53 45.73 ± 1.81 57.69 ± 3.32 55.28 ± 5.08
E-2 212.00 ± 7.71 162.47 ± 5.97 185.34 ± 2.21 232.75 ± 9.44

a Cytotoxicity was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h. Data are
presented as the mean ± standard deviation (n = 3).

The conducted cytotoxicity studies show that both sugar substrates and possible
potential glycoconjugate metabolites did not show significant growth inhibitory activity on
the tested cells (Table 1). This means that for the obtained constructs to show the expected
activity, they should reach the interior of the cell in an unchanged form, without any
degradation. The tested glycoconjugates inhibited cell growth in a dose-dependent manner,
which allowed the expression of their activity through IC50 values (Table 2). 24 h treatment
with candidate drugs of the HCT-116 cell line showed moderate cytotoxic potency of the
tested glycoconjugates. After increasing the incubation time to 72 h, the HCT-116 cell
line was more sensitive to the presence of the tested derivatives. Experiments for MCF-7
and NHDF-Neo cell lines were carried out for 72 h due to longer times of cell division
of this line. Owing to the tests performed on healthy cells, it was possible to assess the
selectivity of the tested compounds in relation to neoplastic cells, which is crucial in the
design and synthesis of antiproliferative compounds. It is worth noting that most of the
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tested compounds showed lower cytotoxicity on normal human NHDF-Neo cells than on
cancer cells. The selectivity index (SI) was calculated as a ratio of the IC50 value for healthy
cells (NHDF-Neo) and the IC50 value for cancer cells (HCT-116 or MCF-7) and is presented
in Table 3.

Table 3. Selectivity index (SI) of tested compounds after 72 h incubation time.

Compound
Selectivity Index (SI) a

HCT-116 MCF-7

A-1 10.83 2.46
A-2 14.21 5.78
B-1 1.08 b 2.22
B-2 0.93 b 1.74
C-1 2.64 0.96
C-2 5.11 2.03
C-3 - -
D-1 1.31 1.12
D-2 3.32 2.08
E-1 1.21 0.96
E-2 1.43 1.26

a Selectivity index (SI) was calculated as a ratio of the IC50 value for healthy cells (NHDF-Neo) and the IC50 value
for cancer cells (HCT-116 or MCF-7); b Incubation time 24 h.

The highest growth inhibitory activity of both cancer cell lines was noted for glycocon-
jugates type A and type D. In these derivatives, the triazole-quinoline was attached through
the triazolic nitrogen atom to the D-glucose unit directly to the carbon at the C-6 position. In
the case of compounds A-1 and A-2, the calculated IC50 values after 72 h of incubation for
HCT-116 were equal to 11.98 ± 0.90 µM and 22.32 ± 0.70 µM, respectively, while for MCF-7
were equal to 52.84 ± 0.75 µM and 54.92 ± 8.71 µM. For compounds D-1 and D-2, IC50
values were recorded of 26.33± 0.72 µM and 21.28± 0.94 µM for HCT-116 and 30.71± 0.99
and 34.04 ± 0.95 µM for MCF-7, whereas glycoconjugates type A were characterized by a
higher selectivity index (SI = 10.83, 14.21 for HCT-116 and 2.46, 5.78 for MCF-7), in contrast
to trehalose derivatives type D, which showed a similar level of antiproliferative activity
against healthy NHDF-Neo cells (SI = 1.31, 3.32 for HCT-116 and 1.12, 2.08 for MCF-7). The
HCT-116 cell line was characterized by higher sensitivity to the tested compounds. The
selectivity indexes for this line were also more favorable. It is also worth emphasizing that
the A-2 derivative shows comparable antiproliferative activity to the A-1 derivative against
cancer cell lines. However, the selectivity of A-2, i.e., a conjugate containing an unprotected
glucose residue and thus having an increased affinity for GLUT1, was higher compared
to derivative A-1 with acetylated sugar part. GLUT transporters are not overexpressed
in NHDF-Neo cells, therefore in the case of deprotected derivatives, it was expected to
observe lower cytotoxicity than in the case of acetylated derivatives, where passive trans-
port of compounds across the cell membrane is not selective. Similarly, due to the lack
of selectivity, the involvement of GLUT proteins in the transport of trehalose derivatives
should be excluded. Probably in the case of D-type glycoconjugates, the disaccharide was
not hydrolyzed to two glucose units, which made the binding to the GLUT transporter
much more difficult.

Type B glycoconjugates derived from D-galactose cannot be considered compatible with
the GLUT transporter. The deprotected B-2 derivative was shown to be less cytotoxic than
its acetylated counterpart B-1 and had one of the highest IC50 values among all compounds
tested. The higher anticancer activity of the B-1 derivative with acetyl protection in the
sugar part indicates that this type of compound prefers passive transport across the cell
membrane. At the same time, this derivative is also cytotoxic to healthy cells, because this
transport is not selective.

Tests show that glycoconjugates type C are also not good substrates for GLUT trans-
porter proteins. After 72 h of incubation time, the C-3 derivative remained inactive against
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the cancer cell lines tested. Probably a rigid amide fragment in the structure between the
sugar moiety and the triazole ring limits the flexibility of the molecule and its possibility
to fit into the GLUT transporter. The presence of the amide bond also did not improve
the activity of glycoconjugates with acetyl protections, as compounds C-1 and C-2 did
not show significant ability to inhibit cell growth and are characterized by quite high IC50
values. This suggests that a too stable linker is unable to release the cytotoxic charge. It
was noted that the C-2 derivative was slightly more active than the C-1 derivative. This
is due to the difference in linker length between the quinoline and triazole parts. Such
regularity has already been observed during the cytotoxicity testing of previously prepared
glycoconjugates [35]. Interestingly, compound C-2 was not highly toxic to normal human
skin cells (SI = 5.11 for HCT-116 and 2.03 for MCF-7). Because of these observations, it
is advisable to test these structures on a different panel of tumor cell lines in the future.
Additionally, for these derivatives, the reverse orientation of the 1,2,3-triazole system in the
linker structure was designed compared to the other tested glycoconjugates. Perhaps this
treatment also has a negative impact on the biological activity of these connections.

Several additional experiments were performed to evaluate the effect of the substitu-
tion position of a given hydroxyl group of a sugar unit on the activity of glycoconjugates.
The cytotoxicity of the most active derivatives described for the first time in this paper was
compared with the previously obtained analogous glycoconjugates formed through the C-1
anomeric position of D-glucose [34]. Figure 2 shows the structures of analogous quinoline
glycoconjugates functionalized at the C-6 position (A-1, A-2) and the anomeric position
(E-1, E-2), and Figure 3 compares their cytotoxic activity as well as calculated and predicted
IC50 values and selectivity indexes.
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Figure 2. Structures of analogous quinoline glycoconjugates functionalized at the C-6 position (A-1,
A-2) or the anomeric position (E-1, E-2).

The presented data show that the C-6 functionalized glycoconjugates show some
differences in activity compared to the analogous structures of the C-1 functionalized
glycoconjugates. Namely, after 72 h of incubation of cells with tested compounds, type A
glycoconjugates compared to type E glycoconjugates, show increased toxicity against HCT-
116 and MCF-7 cancer cells. For both tumor cell lines, 100% inhibition of cell growth was
recorded at the highest doses of A-1, A-2, and E-1. It should be noted that in both cell
lines it is the deprotected A-2 derivative that is characterized by much better cytotoxicity
than the analogous E-2 derivative, which practically did not affect the cell viability. This
suggests an increased permeability of the cell membrane, possibly through the involvement
of GLUT proteins to transport a new type of glycoconjugate across the cell membrane.
In addition, both the A-1 and A-2 derivatives exhibit reduced toxicity to normal cells as
compared to previously reported glycoconjugates modified in an anomeric position which
were characterized by rather a low SI. These results indicate that the C-6 substitution of D-
glucose is preferable to the C-1 substitution for cellular uptake of quinoline glycoconjugates
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in neoplastic cells. These properties suggest that the newly designed glycoconjugates show
great potential for further research.

Figure 3. Comparison of the viability of HCT-116, MCF-7, and NHDF-Neo cells treated with different
concentrations of the tested glucoconjugates: A-1, A-2, E-1, and E-2. Cell viability was measured by
the MTT test. Data are presented as the mean ± standard deviation (n = 3).

2.2.2. Effect of the GLUT1 Inhibitor

To investigate the possible interaction of the tested compounds with glucose receptors
and thus to check whether they target the Warburg effect, tests of the influence of the
presence of the GLUT inhibitor on the effectiveness of the glycoconjugates were carried out.
For this, cells were treated each time with the test compounds in the presence of 100 µM of
the GLUT1 inhibitor 4,6-O-ethylidene-α-D-glucose (EDG). After 72 h of incubation with
test compounds, cell viability was measured and presented in Figure 4.

The obtained results confirmed that GLUT transporters are involved in the transport
of type A glycoconjugates to the cell. Following the use of an EDG inhibitor and partial
inhibition of GLUT activity, probably decreased compound uptake occurred, which resulted
in less accumulation in cells and less anti-cancer activity. For the HCT-116 cell line, a 13–25%
increase in cell viability was observed in the concentration range tested for compound A-2
and by 3–19% for compound A-1. While MCF-7 cell viability was increased by 6–15% in the
concentration range tested for compound A-2 and 2–10% for compound A-1. In the case of
the NHDF cell line, even a slight decrease in cell viability was observed in the presence of
EDG as compared to cells without the inhibitor. The increase in cytotoxicity in the presence
of a GLUT inhibitor is due to the restriction of glucose transport, which is the main nutrient
entry for proliferating cells. The observations for the A-2 glycoconjugate are as expected
as its structure allows for a fit with GLUT transporters. In contrast, compound A-1 is a
hydrophobic molecule, so it is unlikely that in this form it undergoes a different transport
than passive diffusion through the lipid cell membrane. The possible explanation for the
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partial uptake of A-1 by GLUT transporters may be the possibility of partial hydrolysis
of acetyl protections by hydrolytic enzymes in the extracellular space. To determine how
the position of the substitution in D-glucose influences the specific uptake of the resulting
conjugates, glycoconjugates type E were also used for the tests. It turned out that in both
tumor cell lines there was little or no significant change in cell viability in the presence of the
EDG inhibitor. This result supports the hypothesis that the position of the sugar substitution
is an important parameter in determining the GLUT1 specificity of the glycoconjugates. As
expected, it was also found that the use of an EDG inhibitor did not have any effect on the
cellular uptake of D-type glycoconjugates and the 8HQ aglycone.
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GLUTs are the most common transporters that facilitate the recognition and uptake of
glycoconjugates. As mentioned, the use of an EDG inhibitor had the effect of changing the
survival of cells treated with glycoconjugates A-type. However, it cannot be clearly stated
that the cellular uptake of the newly designed A-2 glycoconjugate depends only on GLUT.
Perhaps the dose of the inhibitor turned out to be too low and increasing its concentration
would result in greater inhibition of uptake. It should also be noted that the transport of
sugars is mediated not only by GLUT but also by other receptors, such as SGLT, SWEET,
OCT2, or ASGPR [19,59].

2.2.3. Clonogenic Assay

Then, the clonogenic potential of cells exposed to the tested compounds was inves-
tigated [60]. The ability of a cell to form colonies is one of the defining features of cancer
and determines its ability to metastasize. Thus, the test is used to evaluate the efficacy of
anticancer therapy in vitro by observing the ability of the treated cell to divide.

MCF-7 and HCT-116 cells were treated with type A glycoconjugates and their ability
to proliferate was observed. Cells were incubated with compounds at IC50 concentrations
for 72 h, and then the cells were collected, seeded again, and incubated for 10 days in a
fresh medium. The formed colonies were stained with crystal violet (Figure 5). The control
shows the ability of a single cell to grow back into a large colony that can be seen with
the naked eye. The results indicate that A-1 and A-2 derivatives were able to decrease
the clonogenic potential of HCT-116 and MCF-7 cells under the experimental conditions.
Similar effects were observed for both compounds.
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2.2.4. Wound Healing Assay

Cell migration is a hallmark of many physiological and pathological processes such as
wound healing, cancer invasion, and metastasis. To investigate the migration capacity of
cells after exposure to test compounds, a wound-healing assay was performed, which is
a standard in vitro technique used in small molecule screening for the discovery of drug
candidates [61,62].
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This experiment consisted in making a “wound” in a confluent monolayer of HCT-
116 and MCF-7 cells, which were next treated with the test compounds at their IC50
concentrations. Then, the migration of cells was observed for 72 h in order to fill the
formed gap (Figure 6). In the control, cell migration from the edges of the wound is visible,
gradually filling the gap. After 72 h, the wounds are almost completely covered with cells.
In the same way, cell migration is observed in healthy NHDF cells. On the other hand, a
significantly slower migration of HCT-116 and MCF-7 cells was observed after treatment
with the tested A-1 and A-2 glycoconjugates under experimental conditions. After 72 h, an
open wound comparable to the initial one can be noticed.
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Figure 6. Representative images of: (A) HCT-116 cancer cells, (B) MCF-7 cancer cells, and (C) NHDF-
Neo healthy cells, were acquired at time 0 and after 24 h and 72 h incubation with compounds A-1
and A-2 in wound healing assay. Better quality and larger images are included in Supplementary
Materials (Figure S75).
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2.2.5. Apoptosis and Cell Cycle Analyses by Flow Cytometry

After determining the cytotoxic activity of the tested compounds in the MTT test and
calculating their IC50 parameters, cytometric measurements were started to determine what
kind of cell death was caused by the most active compounds. This is important information
from the point of view of drug design, as it provides detailed information on the cytotoxicity
of a compound. Apoptosis is a natural biological process involving programmed cell death
and plays an important role in maintaining correct homeostasis between cell proliferation
and cell death. This is in contrast to necrosis, which is accompanied by acute inflammation,
preceded by cell degradation due to the loss of the integrity of the cell membrane. It is
possible to distinguish viable cells from apoptotic and necrotic cell fractions using Annexin
V-FITC and Propidium Iodide (PI). Annexin V-FITC labels phosphatidylserine residues that,
after the start of apoptosis, are located on the outer surface of the cell membrane, enabling
the identification of cells in the early stages of apoptosis. PI binds stoichiometrically to
intracellular DNA during late apoptosis and necrosis when the cell membrane has been
damaged. This combination allows for the differentiation of early apoptotic (A+/P−), late
apoptotic (A+/P+), necrosis (A−/P+), and normal (A−/P−) cells that can be quantified
by flow cytometry. The experiments were performed on the HCT-116 and MCF-7 cancer
cell lines and the NHDF-Neo healthy cell line. Cells were treated with compounds at
concentrations equal to their previously calculated IC50 value and allowed to incubate for
24 h. The results of the level of apoptosis induction by the tested compounds are presented
in Figure 7 and in the Supplementary Materials (Figure S73).
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for 24 h with test compounds used in their IC50 doses. The fractions of dead cells were detected by the
FITC Annexin-V Apoptosis Detection Kit with PI. Means ± SD from three independent experiments.
* p-value < 0.05, in comparison to the control.

After 24-h incubation of HCT-116 and MCF-7 cancer cells with test compounds, the
appearance of a certain percentage of apoptotic cells was observed. However, fortunately,
neither compound caused necrotic cell death. This means that the applied IC50 dose affects
the entry of cells into the apoptotic pathway and does not cause uncontrolled pathological
cell death as a result of mechanical damage. Induction of apoptosis as a result of DNA
damage in precancerous lesions can remove potentially pathological cells, thus inhibiting
tumor proliferation. Comparing the obtained results with the control fraction, a higher
percentage of apoptotic cells was noted for the HCT-116 line, which confirms the previous
conclusions about the high sensitivity of this cell line to the tested compounds. In the
case of the MCF-7 cell line, a lower percentage of apoptotic cells was observed under the
experimental conditions, which may be due to the short incubation time of the cells with
the test drugs. A noticeably higher fraction of cells in early and late apoptosis was observed
during the action of compounds without the protection of the hydroxyl groups in the sugar
unit, compared to their acetylated counterparts. Moreover, the glycoconjugates induce both
early and late apoptosis much more efficiently than the 8HQ aglycone, for which results
were similar to the control fraction. The opposite is true for the healthy NHDF-Neo cell line,
where most of the glycoconjugates showed less toxicity. After 24 h of incubation of cells
with test compounds, the derivative of trehalose D-2 showed the strongest pro-apoptotic
properties (87% apoptotic cells for HCT-116 and 70% apoptotic cells for MCF-7). At the
same time, this compound showed high toxicity also to healthy cells (51% of the dead
cell fraction for NHDF-Neo). This indicates that under the influence of this compound,
healthy cells were also damaged and entered the apoptotic pathway. The glycoconjugate
E-1 more strongly inhibited the proliferation of cancer cells in the MTT assay than the
glycoconjugate E-2, but as it turned out, it did not induce apoptosis in the HCT-116 or
MCF-7 cell lines. Interestingly, it was the deprotected derivative that was characterized by
better proapoptotic properties than the protected compound. In addition, in the case of the
NHDF-Neo cell line, for glycoconjugates type E, i.e., compounds with an aglycon attached
through the anomeric position of the sugar, some necrotic cells (14% for E-1 and 9% for E-2)
and a very large number of cells in late apoptosis (61% and 57%) were noted. Finally, cells
treated with derivatives A-1 and A-2 showed signs of apoptosis in HCT-116 (29% and 46%
apoptotic cells, respectively) and MCF-7 (35% and 39% apoptotic cells, respectively). In
contrast, in the case of the NHDF-Neo cell line, no increased percentage of dead cells for
these compounds was observed compared to the control. After 24 h of incubation, 98% and
95% of normal cells remained for A-1 and A-2, respectively. The remaining compounds
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induced apoptosis in NHDF cells as compared to control. This confirms the higher safety
of C-6 functionalized glycoconjugates previously noted in the MTT test compared to the
glycoconjugates modified at the anomeric position.

After determining the type of cell death caused by the test compounds, the flow
cytometry technique was used to study their influence on potential changes in the course of
the cell cycle of the HCT-116, MCF-7, and NHDF-Neo lines. The cell cycle is the sequence
of growth and division of cells, both normal and cancerous. This process begins from
the resting phase (G0) through the active growth phases (G1, S, G2), leading to mitosis
(M) in which the cell’s nucleus divides. For experiments, cells were incubated with test
compounds for 24 h at concentrations equal to their previously calculated IC50 value. After
this time, cells were harvested and treated with a buffer to lysate the cells and isolate the
cell nuclei. Propidium iodide was used to assess the amount of DNA in particular phases
of the cell cycle. The results of the distribution of the cell cycle phases after exposure to test
compounds are shown in Figure 8. Histograms of DNA content in cells are presented in
the Supplementary Materials (Figure S74).
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The cytometric evaluation showed that the tested compounds did not significantly
alter the cell cycle phase distribution of the HCT-116 line as compared to populations of
untreated control. It cannot be ruled out that the incubation time of cells with solutions
of potential drugs turned out to be too short and the extension of the experiment time
would change the course of the cell cycle. In the MCF-7 cell line, an increase in the cells
of the subG1 fraction was noted for glycoconjugates type D. The increase of the subG1
phase corresponds to the apoptotic and necrotic cell fractions. These results are consistent
with cytotoxicity and apoptosis studies, in which trehalose derivatives showed the highest
cytotoxicity within this cell line. Whereas for glycoconjugates of type A and type E, an
increase in the number of cells in the G0/G1 phase was observed, this also indicates the
cytostatic potential of these compounds. In the case of the NHDF-Neo cell line, compounds
A-1 and A-2 slightly decreased the number of cells in the G2/M phase with a simultaneous
slight increase in the percentage of cells in the G0/G1 phase. The other compounds changed
the progression of the cell cycle oppositely. Namely, an increased G2/M fraction and a
decreased G0/G1 fraction were observed for them. It follows that, under the influence of
the tested compounds, the cell cycle was arrested and cell division was inhibited. Changes
in this phase of the cycle may also result from the initiation of repair processes of the
damaged cell. Moreover, for the healthy cell line, cell’s death and damage, presented as the
subG1 phase increasing was noted for compound 8HQ, which is consistent with the results
of the apoptosis assays.

2.2.6. Intercalation Study

Due to the steric and electron features, quinoline-based compounds are well-known
DNA intercalating agents [63]. Therefore, the antiproliferative action of quinoline-related
compounds can be related among others to intercalating between two adjacent base pairs
of duplex DNA and inhibiting nucleic acid synthesis [64]. In order to evaluate the ability of
DNA intercalation by synthesized glycoconjugates, we performed DNA-binding studies
on the example of compounds A-2 and E-2. The binding of the A-2 and E-2 to ctDNA has
been characterized through absorption titration, which is an effective technique for DNA
intercalation studies [65]. The experiments were carried out for a constant concentration
of glycoconjugates with increasing concentrations of ctDNA. As shown in UV-Vis absorp-
tion spectrums (Figure 9) the glycoconjugates show the hypochromic and bathochromic
effects that were observed upon binding to increasing concentrations of ctDNA. Both the
hypochromic and bathochromic effects strongly suggest that synthesized glycoconjugates
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intercalate DNA, due to a strong interaction between the electronic states of the 8HQ
scaffold and those of the DNA bases [66]. Accordingly introducing a sugar unit with a
triazole linker does not interfere DNA intercalation ability of the 8HQ scaffold.

Figure 9. UV-Vis titrations of compounds: (A) A-2 and (B) E-2 with ctDNA.

3. Materials and Methods
3.1. General Information

All used reagents and solvents were purchased from Sigma-Aldrich (Saint Louis, MO,
USA), ACROS Organics (Geel, Belgium), and Avantor Performance Materials (Gliwice,
Poland) and were used without further purification. All evaporations were performed
on a rotary evaporator under reduced pressure at 40 ◦C. Thin layer chromatography
(TLC) was used to monitor the progress of the reaction. The TLC plates precoated of
silica gel 60 F254 (Merck Millipore, Burlington, MA, USA) were visualized under UV
light (λ = 254 nm) or by charring after spraying with 10% solution of sulfuric acid in
ethanol. Column chromatography was carried out on Silica Gel 60 (70–230 mesh, Fluka, St.
Louis, MI, USA). NMR spectra were recorded on an Agilent spectrometer at a frequency of
400 MHz using CDCl3, DMSO-d6, or CD3OD as the solvents and tetramethylsilane (TMS)
as an internal standard, which were purchased from ACROS Organics (Geel, Belgium).
The chemical shifts (δ) values were reported in ppm and the coupling constants (J) in Hz.
The following abbreviations were used to explain the observed multiplicities: s: singlet,
bs: broad singlet, d: doublet, dd: doublet of doublets, ddd: doublet of doublet of doublets,
t: triplet, dd~t: doublet of doublets resembling a triplet (with similar values of coupling
constants), q: quintet, m: multiplet. High-resolution mass spectra (HRMS) were recorded
on a WATERS LCT Premier XE system using the electrospray ionization (ESI) technique.
Optical rotations were measured on a JASCO P-2000 polarimeter using a sodium lamp
(λ = 589.3 nm) at room temperature. Melting points were determined on an OptiMelt
(MPA 100) Stanford Research Systems. The absorbance on the MTT assay was measured
spectrophotometrically at the 570 nm wavelength using a plate reader (Epoch, BioTek,
Winooski, VT, USA).

8-(2-Propyn-1-yloxy)quinoline 24 [34], 8-(2-azidoethoxy)quinoline 25 [35], 8-(3-azidopropoxy)
quinoline 26 [35] and 2-azidoethanol 28 [67] were synthesized according to the respective
published procedures. D-Glucose 1, D-galactose 7, D-glucuronic acid 13, trehalose 17, propar-
gyl alcohol 27, 8-hydroxyquinoline (8HQ), and 4,6-O-ethylidene-α-D-glucose (EDG) are
commercially available (Sigma-Aldrich).
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3.2. Chemistry
3.2.1. General Procedure for the Synthesis of Sugar Derivatives

Synthesis of 1,2,3,4-Tetra-O-acetyl-6-O-triphenylmethyl-D-glucopyranose 2: D-Glucose 1 (1.507 g,
8.365 mmol) was dissolved in pyridine (8 mL), and then trityl chloride (2.350 g, 8.430 mmol)
and DMAP (0.180 g, 1.473 mmol) were added. The reaction mixture was stirred for 24 h
at room temperature. After this time, acetyl chloride (4 mL) was added in portions to
the reaction mixture and stirred for 1 h at room temperature. Then, the reaction diluted
with dichloromethane (100 mL) and washed with brine (3 × 30 mL). The organic layer was
dried over anhydrous MgSO4, filtered off, and the solvent was concentrated under reduced
pressure. The crude product was purified by column chromatography (toluene/ethyl
acetate; gradient 100:1 to 10:1) to give product 2 as a white solid (4.155 g, 84%); ratio of
anomers (α:β = 1:1.3). 1H NMR (400 MHz, CDCl3): δ 1.73, 1.74, 2.00, 2.01, 2.03, 2.04, 2.15,
2.15 (8s, 24H, 4 × CH3-α, 4 × CH3-β), 3.02 (dd, 1H, J = 3.9 Hz, J = 10.7 Hz, H6a-α), 3.07
(dd, 1H, J = 4.2 Hz, J = 10.6 Hz, H6a-β), 3.32 (dd, 1H, J = 2.2 Hz, J = 10.7 Hz, H6b-α), 3.34
(dd, 1H, J = 2.5 Hz, J = 10.6 Hz, H6a-β), 3.69 (ddd, 1H, J = 2.5 Hz, J = 4.2 Hz, J = 9.8 Hz,
H5-β), 4.02 (ddd, 1H, J = 2.2 Hz, J = 3.9 Hz, J = 10.2 Hz, H5-α), 5.14–5.29 (m, 4H, H2-α,
H4-α, H2-β, H4-β), 5.31 (dd~t, 1H, J = 9.6 Hz, J = 10.1 Hz, H3-β), 5.41 (dd~t, 1H, J = 9.7 Hz,
J = 10.0 Hz, H3-α), 5.72 (d, 1H, J = 8.0 Hz, H1-β), 6.44 (d, 1H, J = 3.7 Hz, H1-α), 7.12–7.46
(m, 30H, 3 × Ph-α, 3 × Ph-β); 13C NMR (100 MHz, CDCl3): δ 20.42, 20.45, 20.49, 20.60,
20.64, 20.74, 20.87, 20.93 (4 × CH3-α, 4 × CH3-β), 61.24, 61.69 (C6-α, C6-β), 68.29, 68.34,
69.50, 70.36, 70.56, 71.26, 73.19, 74.07 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β),
86.54, 86.66 (C-Ph3-α, C-Ph3-β), 89.36, 91.94 (C1-α, C1-β), 127.02, 127.02, 127.79, 127.81,
128.70, 128.72 (C2Ph-α, C3Ph-α, C4Ph-α, C2Ph-β, C3Ph-β, C4Ph-β), 143.46, 143.48 (C1Ph-α,
C1Ph-β), 168.88, 168.89, 168.93, 168.97, 169.33, 169.76, 170.24, 170.43 (4 × CO-α, 4 × CO-β);
HRMS (ESI-TOF): calcd for C33H34O10Na ([M + Na]+): m/z 613.2050; found: m/z 613.2050.

Synthesis of 1,2,3,4-Tetra-O-acetyl-D-glucopyranose 3: Compound 2 (1.251 g, 2.116 mmol)
was suspended in glacial acetic acid (10 mL). The solution was cooled to 0 ◦C and 33%
solution of hydrogen bromide in acetic acid (0.370 mL, 6.494 mmol) was added. Stirring
was continued at room temperature for 1 h. After completion, the reaction was diluted with
chloroform (50 mL) and water (50 mL). The aqueous phase was washed with chloroform
(2 × 30 mL), and the combined organic phases were washed with NaHCO3 (2× 50 mL) and
brine (1 × 50 mL). Next, the organic layer was dried over anhydrous MgSO4, filtered off,
and the solvent was concentrated under reduced pressure. The crude product was purified
by column chromatography (toluene/ethyl acetate; gradient 20:1 to 1:1) to give product 3
as a yellow oil (0.597 g, 81%); ratio of anomers (α:β = 1:3.3). 1H NMR (400 MHz, CDCl3):
δ 2.02, 2.03, 2.03, 2.04, 2.07, 2.08, 2.11, 2.18 (8s, 24H, 4 × CH3-α, 4 × CH3-β), 3.54–3.62
(m, 2H, H6a-α, H6a-β), 3.65 (ddd, 1H, J = 2.2 Hz, J = 4.2 Hz, J = 9.9 Hz, H5-β), 3.69–3.81
(m, 2H, H6b-α, H6b-β), 3.93 (ddd, 1H, J = 2.3 Hz, J = 4.0 Hz, J = 10.2 Hz, H5-α), 5.04–5.15
(m, 4H, H2-α, H4-α, H2-β, H4-β), 5.31 (dd~t, 1H, J = 9.5 Hz, J = 9.5 Hz, H3-β), 5.53 (dd~t,
1H, J = 9.9 Hz, J = 10.0 Hz, H3-α), 5.73 (d, 1H, J = 8.3 Hz, H1-β), 6.35 (d, 1H, J = 3.7 Hz,
H1-α); 13C NMR (100 MHz, CDCl3): δ 20.46, 20.56, 20.60, 20.63, 20.69, 20.81, 20.89, 21.33
(4 × CH3-α, 4 × CH3-β), 60.85, 62.44 (C6-α, C6-β), 68.20, 68.31, 69.38, 69.60, 70.43, 72.05,
72.64, 74.92 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 89.12, 91.74 (C1-α, C1-β),
168.89, 168.98, 169.06, 169.26, 169.66, 170.09, 170.19, 170.26 (4 × CO-α, 4 × CO-β); HRMS
(ESI-TOF): calcd for C14H20O10Na ([M + Na]+): m/z 371.0954; found: m/z 371.0951.

Synthesis of 1,2,3,4-Tetra-O-acetyl-6-O-p-toluenesulfonyl-D-glucopyranose 4: To a solution of 3
(0.338 g, 0.970 mmol) in pyridine (5 mL), p-toluenosulfonyl chloride (0.461 g, 2.418 mmol)
and DMAP (23.8 mg, 0.195 mmol) were added. The reaction mixture was stirred at room
temperature for 24 h. After completion, the reaction was diluted with water (50 mL) and
washed with chloroform (3 × 50 mL). The organic layer was dried over anhydrous MgSO4,
filtered off, and the solvent was concentrated under reduced pressure. The crude product
was purified by column chromatography (toluene/ethyl acetate; gradient 30:1 to 2:1) to give
product 4 as a white solid (0.352 g, 72%); ratio of anomers (α:β = 1:4). 1H NMR (400 MHz,
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CDCl3): δ 1.98, 1.99, 2.00, 2.01, 2.02, 2.02, 2.09, 2.16 (8s, 24H, 4 × CH3-α, 4 × CH3-β), 2.46
(s, 6H, Ar-CH3-α, Ar-CH3-β), 3.84 (m, 1H, H5-β), 4.04–5.25 (m, 5H, H5-α, H6a-α, H6b-α,
H6a-β, H6b-β), 4.93–5.09 (m, 4H, H2-α, H4-α, H2-β, H4-β), 5.20 (dd~t, 1H, J = 9.4 Hz,
J = 9.4 Hz, H3-β), 5.42 (dd~t, 1H, J = 9.6 Hz, J = 10.2 Hz, H3-α), 5.65 (d, 1H, J = 8.2 Hz,
H1-β), 6.21 (d, 1H, J = 3.7 Hz, H1-α), 7.32–7.38 (m, 4H, Ar-H-α, Ar-H-β), 7.75–7.80 (m, 4H,
Ar-H-α, Ar-H-β); 13C NMR (100 MHz, CDCl3): δ 20.40, 20.49, 20.52, 20.55, 20.58, 20.64,
20.74, 20.84 (4 × CH3-α, 4 × CH3-β), 21.68 (Ar-CH3-α, Ar-CH3-β), 66.74, 67.16, 67.95, 68.11,
69.00, 69.61, 70.05, 70.29, 72.17, 72.58 (C2-α, C3-α, C4-α, C5-α, C6-α, C2-β, C3-β, C4-β,
C5-β, C6-β), 88.70, 91.53 (C1-α, C1-β), 128.16, 129.85, 132.43, 145.13 (Ar-α, Ar-β), 168.62,
168.74, 169.11, 169.26, 169.29, 169.55, 170.08, 170.20 (4× CO-α, 4× CO-β); HRMS (ESI-TOF):
calcd for C21H26O12SNa ([M + Na]+): m/z 525.1043; found: m/z 525.1043.

Synthesis of 1,2,3,4-Tetra-O-acetyl-6-azido-6-deoxy-D-glucopyranose 5: To a solution of 4 (0.319 g,
0.635 mmol) in dry DMF (5 mL), sodium azide (0.208 g, 3.200 mmol) was added. The re-
action mixture was stirred at 80 ◦C for 2 h. After this time, the solution was diluted with
chloroform (50 mL) and water (50 mL). The aqueous phase was washed with chloroform
(2 × 30 mL), and the combined organic phases were washed with brine (2 × 30 mL). Next,
the organic layer was dried over anhydrous MgSO4, filtered off, and the solvent was con-
centrated at reduced pressure. The crude product was purified by column chromatography
(toluene/ethyl acetate; gradient 30:1 to 10:1) to give product 5 as a white solid (0.216 g,
91%); ratio of anomers (α:β = 1.7:1). 1H NMR (400 MHz, CDCl3): δ 2.02, 2.02, 2.03, 2.04,
2.04, 2.05, 2.12, 2.19 (8s, 24H, 4 × CH3-α, 4 × CH3-β), 3.27–3.45 (m, 4H, H6a-α, H6b-α,
H6a-β, H6b-β), 3.81 (ddd, 1H, J = 3.4 Hz, J = 5.2 Hz, J = 9.9 Hz, H5-β), 4.08 (ddd, 1H,
J = 2.8 Hz, J = 5.5 Hz, J = 10.1 Hz, H5-α), 5.04–5.17 (m, 4H, H2-α, H4-α, H2-β, H4-β), 5.25
(dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H3-β), 5.47 (dd~t, 1H, J = 9.7 Hz, J = 10.0 Hz, H3-α),
5.73 (d, 1H, J = 8.3 Hz, H1-β), 6.36 (d, 1H, J = 3.7 Hz, H1-α); 13C NMR (100 MHz, CDCl3):
δ 20.44, 20.55, 20.57, 20.59, 20.66, 20.75, 20.82, 20.85 (4 × CH3-α, 4 × CH3-β), 50.65, 50.73
(C6-α, C6-β), 69.01, 69.07, 69.17, 69.68, 70.15, 70.92, 72.69, 73.84 (C2-α, C3-α, C4-α, C5-α,
C2-β, C3-β, C4-β, C5-β), 88.88, 91.54 (C1-α, C1-β), 168.69, 168.93, 169.20, 169.42, 169.61,
169.93, 170.11, 170.24 (4 × CO-α, 4 × CO-β); HRMS (ESI-TOF): calcd for C14H19N3O9Na
([M + Na]+): m/z 396.1019; found: m/z 396.1022.

Synthesis of 6-Azido-6-deoxy-D-glucopyranose 6: Compound 5 (0.479 g, 1.283 mmol) was sus-
pended in MeOH (10 mL), and then 1 M solution of MeONa in MeOH (1.3 mL, 1.3 mmol)
was added. The reaction mixture was stirred for 0.5 h at room temperature. The reaction
progress was monitored on TLC. After the reaction was complete, the mixture was neutral-
ized with Amberlyst-15 ion exchange resin, filtered off, and the filtrate was concentrated
under reduced pressure to give product 6 as a white solid (0.218 g, 83%); ratio of anomers
(α:β = 1:1). 1H NMR (400 MHz, DMSO): δ 2.93 (dd, 1H, J = 7.7 Hz, J = 8.9 Hz, H2-β),
2.99–3.05 (m, 2H, H4-α, H4-β), 3.10–3.17 (m, 2H, H2-α, H3-β), 3.23–3.31 (m, 2H, H3-α,
H5-β), 3.32–3.42 (m, 2H, H6a-α, H6a-β), 3.43–3.52 (m, 2H, H6b-α, H6b-β), 3.74 (ddd, 1H,
J = 2.4 Hz, J = 6.4 Hz, J = 9.3 Hz, H5-α), 4.31 (d, 1H, J = 7.7 Hz, H1-β), 4.93 (d, 1H, J = 3.6 Hz,
H1-α); 13C NMR (100 MHz, DMSO): δ51.60, 51.69 (C6-α, C6-β), 70.45, 70.93, 71.34, 72.22,
72.71, 74.60, 74.64, 76.34 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 92.43, 97.06
(C1-α, C1-β); HRMS (ESI-TOF): calcd for C6H11N3O5Na ([M + Na]+): m/z 228.0596; found:
m/z 228.0604.

Synthesis of 1,2:3,4-Di-O-isopropylidene-α-D-galactopyranose 8: To a solution of D-galactose 7
(3.122 g, 17.329 mmol) in dry acetone (150 mL), iodine (0.923 g, 3.637 mmol) was added.
The reaction mixture was stirred at room temperature for 24 h. After the completion
reaction, 10% Na2S2O3 aqueous solution (18 mL) was added to the reaction mixture and
then the solvent was evaporated under reduced pressure. The residue was diluted with
dichloromethane (150 mL) and washed with brine (2 × 50 mL). The organic layer was
dried over anhydrous MgSO4, filtered off, and the solvent was concentrated under reduced
pressure. The crude product was purified by column chromatography (toluene/ethyl
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acetate; gradient 44:1 to 2:1) to give product 8 as a yellow oil (4.150 g, 92%). [α]26
D = −50.4

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.34, 1.34, 1.46, 1.54 (4s, 12H, 4 × CH3),
3.75 (m, 1H, H5), 3.83–3.91 (m, 2H, H6a, H6b), 4.28 (dd, 1H, J = 1.7 Hz, J = 7.9 Hz, H4), 4.34
(dd, 1H, J = 2.4 Hz, J = 5.0 Hz, H2), 4.62 (dd, 1H, J = 2.4 Hz, J = 7.9 Hz, H3), 5.57 (d, 1H,
J = 5.0 Hz, H1); 13C NMR (100 MHz, CDCl3): δ 24.45, 25.08, 26.07, 26.18 (4xCH3), 62.49 (C6),
68.23, 70.73, 70.91, 71.76 (C2, C3, C4, C5), 96.44 (C1), 108.82, 109.62 (2 × C(CH3)2); HRMS
(ESI-TOF): calcd for C12H20O6Na ([M + Na]+): m/z 283.1158; found: m/z 283.1162.

Synthesis of 1,2:3,4-Di-O-isopropylidene-6-O-p-toluenesulfonyl-α-D-galactopyranose 9: To a solu-
tion of compound 8 (1.324 g, 5.087 mmol) in pyridine (10 mL), p-toluenosulfonyl chloride
(2.378 g, 12.473 mmol) and DMAP (0.120 g, 0.982 mmol) were added. The reaction mixture
was stirred at room temperature for 24 h. After completion, the reaction was diluted with
water (80 mL) and washed with chloroform (3 × 80 mL). The organic layer was dried over
anhydrous MgSO4, filtered off, and the solvent was concentrated under reduced pressure.
The crude product was purified by column chromatography (toluene/ethyl acetate; gra-
dient 100:1 to 5:1) to give product 9 as a yellow oil (1.886 g, 90%). [α]26

D = −24.4 (c = 1.0,
CHCl3); 1H NMR (400 MHz, CDCl3): δ 1.28, 1.32, 1.35, 1.50 (4s, 12H, 4 × CH3), 2.44 (s, 3H,
Ar-CH3), 4.02–4.13 (m, 2H, H6a, H6b), 4.17–4.23 (m, 2H, H4, H5), 4.29 (dd, 1H, J = 2.5 Hz,
J = 5.0 Hz, H2), 4.59 (dd, 1H, J = 2.5 Hz, J = 7.9 Hz, H3), 5.46 (d, 1H, J = 5.0 Hz, H1), 7.33
(d, 2H, J = 8.2 Hz, Ar-H), 7.81 (d, 2H, J = 8.2 Hz, Ar-H); 13C NMR (100 MHz, CDCl3): δ 21.63
(Ar-CH3), 24.36, 24.92, 25.82, 25.99 (4 × CH3), 65.88 (C6), 68.20, 70.38, 70.42, 70.53 (C2, C3,
C4, C5), 96.13 (C1), 108.95, 109.59 (2 × C(CH3)2), 128.12, 129.74, 132.84, 144.75 (Ar); HRMS
(ESI-TOF): calcd for C19H26O8SNa ([M + Na]+): m/z 437.1246; found: m/z 473.1248.

Synthesis of 1,2:3,4-Di-O-isopropylidene-6-azido-6-deoxy-α-D-galactopyranose 10: To a solution
of compound 9 (0.798 g, 1.925 mmol) in dry DMF (7 mL), sodium azide (0.507 g, 7.799 mmol)
was added. The reaction mixture was stirred at 120 ◦C for 24 h. After this time, the reaction
was diluted with chloroform (30 mL) and water (30 mL). The aqueous phase was washed
with chloroform (2 × 30 mL), and the combined organic phases were washed with water
(1 × 30 mL) and brine (1 × 30 mL). Next, the organic layer was dried over anhydrous
MgSO4, filtered off, and the solvent was concentrated under reduced pressure. The crude
product was purified by column chromatography (toluene/ethyl acetate; gradient 30:1 to
10:1) to give product 10 as a colorless oil (0.432 g, 79%). [α]24

D =−104.2 (c = 1.0, CHCl3); 1H
NMR (400 MHz, CDCl3): δ 1.34, 1.35, 1.46, 1.55 (4s, 12H, 4 × CH3), 3.37 (dd, 1H, J = 5.4 Hz,
J = 12.7 Hz, H6a), 3.52 (dd, 1H, J = 7.8 Hz, J = 12.7 Hz, H6b), 3.92 (ddd, 1H, J = 2.0 Hz,
J = 5.4 Hz, J = 7.8 Hz, H5), 4.20 (dd, 1H, J = 2.0 Hz, J = 7.9 Hz, H4), 4.34 (dd, 1H, J = 2.5 Hz,
J = 5.0 Hz, H2), 4.63 (dd, 1H, J = 2.5 Hz, J = 7.9 Hz, H3), 5.55 (d, 1H, J = 5.0 Hz, H1);
13C NMR (100 MHz, CDCl3): δ 24.44, 24.89, 25.95, 26.03 (4 × CH3), 50.68 (C6), 67.00, 70.40,
70.81, 71.17 (C2, C3, C4, C5), 96.35 (C1), 108.81, 109.63 (2 × C(CH3)2); HRMS (ESI-TOF):
calcd for C12H19N3O5Na ([M + Na]+): m/z 308.1222; found: m/z 308.1224.

Synthesis of 6-Azido-6-deoxy-D-galactopyranose 11: Compound 10 (0.410 g, 1.437 mmol) was
suspended in water (0.9 mL). The solution was cooled to 0 ◦C and trifluoroacetic acid
(3.5 mL) was added in portions. Stirring was continued at room temperature for 2 h.
After completion, the reaction mixture was concentrated under reduced pressure with the
addition of i-propanol. Next, the residue was purified by column chromatography (dry
loading: chloroform/methanol; gradient 50:1 to 5:1) to give product 11 as a white solid
(0.193 g, 65%); ratio of anomers (α:β = 6.3:1). 1H NMR (400 MHz, DMSO): δ 3.17 (m, 1H,
H6a-β), 3.28 (dd, 1H, J = 4.3 Hz, J = 12.7 Hz, H6a-α), 3.37–3.47 (m, 2H, H6b-α, H6b-β),
3.48–3.59 (m, 4H, H2-α, H2-β, H3-α, H3-β), 3.61 (m, 1H, H5-α), 3.68 (m, 1H, H5-β), 3.95
(dd, 1H, J = 4.2 Hz, J = 8.6 Hz, H4-α), 4.09 (dd, 1H, J = 5.2 Hz, J = 10.5 Hz, H4-β), 4.26 (t, 1H,
J = 7.1 Hz, OH-β), 4.33 (d, 1H, J = 6.6 Hz, OH-α), 4.53 (d, 1H, J = 5.2 Hz, OH-α), 4.54 (d, 1H,
J = 6.7 Hz, OH-α), 4.58 (d, 1H, J = 4.5 Hz, OH-β), 4.71 (d, 1H, J = 5.2 Hz, OH-β), 4.75 (d, 1H,
J = 4.3 Hz, OH-β), 4.95 (t, 1H, J = 4.1 Hz, OH-α), 6.29 (d, 1H, J = 4.8 Hz, H1-α), 6.62 (d, 1H,
J = 6.9 Hz, H1-β); 13C NMR (100 MHz, DMSO): δ 51.36, 51.46 (C6-α, C6-β), 68.40, 68.83,
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68.97, 69.60 (C2-α, C3-α, C4-α, C5-α), 71.72, 71.74, 72.97, 73.08 (C2-β, C3-β, C4-β, C5-β),
92.71 (C1-α), 97.42 (C1-β); HRMS (ESI-TOF): calcd for C6H11N3O5Na ([M + Na]+): m/z
228.0596; found: m/z 228.0595.

Synthesis of 1,2,3,4-Tetra-O-acetyl-6-azido-6-deoxy-D-galactopyranose 12: Unprotected com-
pound 11 (0.308 g, 1.501 mmol) was suspended in acetic anhydride (5 mL) and sodium
acetate (0.286 g, 3.487 mmol) was added. The reaction mixture was heated to reflux for 1 h.
After completion, the reaction was diluted with water (30 mL) and chloroform (30 mL).
The aqueous phase was washed with chloroform (3 × 30 mL), and the combined organic
phases were washed with NaHCO3 (1 × 30 mL) and brine (1 × 30 mL). Next, the organic
layer was dried over anhydrous MgSO4, filtered off, and the solvent was concentrated
under reduced pressure. The crude product was purified by column chromatography
(toluene/ethyl acetate; gradient 30:1 to 10:1) to give product 12 as a colorless oil (0.377 g,
67%); ratio of anomers (α:β = 1:2.6). 1H NMR (400 MHz, CDCl3): δ 2.00, 2.05, 2.12, 2.19
(4s, 12H, 4xCH3-β), 2.01, 2.02, 2.17, 2.18 (4s, 12H, 4 × CH3-α), 3.22 (dd, 1H, J = 5.4 Hz,
J = 12.8 Hz, H6a-β), 3.23 (dd, 1H, J = 5.5 Hz, J = 12.8 Hz, H6a-α), 3.45 (dd, 1H, J = 7.4 Hz,
J = 12.8 Hz, H6b-α), 3.53 (dd, 1H, J = 7.4 Hz, J = 12.8 Hz, H6b-β), 3.95 (m, 1H, H5-β), 4.23
(m, 1H, H5-α), 5.08 (dd, 1H, J = 3.4 Hz, J = 10.4 Hz, H3-β), 5.30–5.37 (m, 3H, H2-β, H2-α,
H3-α), 5.41 (dd, 1H, J = 1.1 Hz, J = 3.4 Hz, H4-β), 5.48 (m, 1H, H4-α), 5.72 (d, 1H, J = 8.3 Hz,
H1-β), 6.40 (bs, 1H, H1-α); 13C NMR (100 MHz, CDCl3): δ 20.52, 20.53, 20.61, 20.63, 20.65,
20.68, 20.76, 20.88 (4 × CH3-α, 4 × CH3-β), 50.08, 50.32 (C6-α, C6-β), 66.36, 67.37, 67.52,
67.69, 68.14, 70.13, 70.83, 73.20 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 89.63,
92.13 (C1-α, C1-β), 168.86, 168.88, 169.36, 169.39, 169.87, 169.88, 170.05, 170.08 (4 × CO-α,
4 × CO-β); HRMS (ESI-TOF): calcd for C14H19N3O9Na ([M + Na]+): m/z 396.1019; found:
m/z 396.1020.

Synthesis of 1,2,3,4-Tetra-O-acetyl-β-D-glucopyranuronic acetic anhydride 14: D-Glucuronic acid
13 (2.003 g, 10.317 mmol) was suspended in acetic anhydride (30 mL). The solution was
cooled to 0 ◦C and iodine (150.0 mg, 0.591 mmol) was added. Stirring was continued
at 0 ◦C for 1 h and further at room temperature for 3 h. After the completion reaction,
acetic anhydride was removed under reduced pressure, and the residue was diluted with
dichloromethane (40 mL) and washed with 1M Na2S2O3 (2 × 40 mL). The organic layer
was dried over anhydrous MgSO4, filtered off, and the solvent was concentrated under
reduced pressure and recrystallized from dichloromethane/hexane to give product 14 as
a white solid (3.511 g, 84%). 1H NMR (400 MHz, CDCl3): δ 2.04, 2.06, 2.07, 2.13, 2.28 (5s,
15H, 5 × CH3), 4.34 (d, 1H, J = 9.2 Hz, H5), 5.13 (dd, 1H, J = 6.9 Hz, J = 8.6 Hz, H2), 5.30
(dd~t, 1H, J = 8.6 Hz, J = 9.1 Hz, H3), 5.38 (dd~t, 1H, J = 9.1 Hz, J = 9.2 Hz, H4), 5.82 (d, 1H,
J = 6.9 Hz, H1); 13C NMR (100 MHz, CDCl3): δ 20.58, 20.64, 20.64, 20.81, 22.19 (5 × CH3),
68.20, 70.19, 71.44, 73.13 (C2, C3, C4, C5), 91.49 (C1), 162.69 (C6), 164.87, 168.80, 169.33,
169.48, 169.97 (5 × COCH3); HRMS (ESI-TOF): calcd for C16H20O12Na ([M + Na]+): m/z
427.0852; found: m/z 427.0851.

Synthesis of 1,2,3,4-Tetra-O-acetyl-N-(prop-2-yn-1-yl)-β-D-glucopyranuronic acid amide 15: To a
solution of anhydride 14 (1.7 g, 4.205 mmol) in dry dichloromethane (20 mL), propargyl
amine (400 µL, 6.245 mmol) was added. The reaction mixture was stirred overnight at
room temperature. Afterward, the solvent was evaporated under reduced pressure, and
the residue was purified by column chromatography (toluene/ethyl acetate; gradient 50:1
to 5:1) to give product 15 as a white solid (0.745 g, 44%). 1H NMR (400 MHz, CDCl3): δ 2.03,
2.05, 2.08, 2.15 (4s, 12H, 4 × CH3), 2.26 (t, 1H, J = 2.6 Hz, CCH), 4.03 (m, 2H, CH2), 4.12
(d, 1H, J = 9.6 Hz, H5), 5.11 (dd, 1H, J = 7.9 Hz, J = 8.9 Hz, H2), 5.22 (dd~t, 1H, J = 9.2 Hz,
J = 9.6 Hz, H4), 5.31 (dd~t, 1H, J = 8.9 Hz, J = 9.2 Hz, H3), 5.77 (d, 1H, J = 7.9 Hz, H1), 6.50
(t, 1H, J = 5.1 Hz, NH); 13C NMR (100 MHz, CDCl3): δ 20.54, 20.54, 20.68, 20.78 (4 × CH3),
28.92 (CH2), 68.75, 70.23, 71.94, 72.12 (C2, C3, C4, C5), 72.88 (CCH), 78.62 (CCH), 91.40 (C1),
165.71 (CONH), 168.78, 169.23, 169.61, 169.81 (4 × COCH3); HRMS (ESI-TOF): calcd for
C17H21NO10Na ([M + Na]+): m/z 422.1063; found: m/z 422.1064.
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Synthesis of N-(prop-2-yn-1-yl)-D-glucopyranuronic acid amide 16: Acetylated amide 15 (0.526 g,
1.317 mmol) was suspended in MeOH (20 mL), and then 1 M solution of MeONa in
MeOH (1.3 mL, 1.3 mmol) was added. The reaction mixture was stirred for 0.5 h at room
temperature. The reaction progress was monitored on TLC. After the reaction was complete,
the mixture was neutralized with Amberlyst-15 ion exchange resin, filtered off, and the
filtrate was concentrated under reduced pressure to give product 16 as a white solid (0.301 g,
99%); ratio of anomers (α:β = 1.3:1). 1H NMR (400 MHz, CD3OD): δ 2.55–2.60 (m, 2H,
CCH-α, CCH-β), 3.18 (dd, 1H, J = 7.8 Hz, J = 9.2 Hz, H2-β), 3.36–3.52 (m, 4H, H2-α, H3-β,
H4-α, H4-β), 3.69 (d, 1H, J = 9.7 Hz, H5-β), 3.72 (dd~t, 1H, J = 9.2 Hz, J = 9.6 Hz, H3-α),
3.98–4.02 (m, 4H, CH2-α, CH2-β), 4.18 (d, 1H, J = 9.9 Hz, H5-α), 4.53 (d, 1H, J = 7.8 Hz,
H1-β), 5.18 (d, 1H, J = 3.7 Hz, H1-α), 8.52 (s, 2H, NH-α, NH-β); 13C NMR (100 MHz,
CD3OD): δ 29.17, 29.24 (CH2-α, CH2-β), 71.91, 72.19, 73.30, 73.50, 73.98, 74.41, 75.80, 76.29
(C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 72.13, 72.33 (CCH-α, CCH-β), 80.32,
80.43 (CCH-α, CCH-β), 94.27, 98.52 (C1-α, C1-β), 169.97, 171.69 (CONH-α, CONH-β);
HRMS (ESI-TOF): calcd for C9H13NO6Na ([M + Na]+): m/z 254.0641; found: m/z 254.0641.

Synthesis of 6,6′-Dibromo-6,6′-dideoxy-D-trehalose 18: To a solution of D-trehalose 17 (1.008 g,
2.945 mmol) in dry DMF (10 mL), triphenylphosphine (3.325 g, 12.677 mmol) and NBS
(2.268 g, 12.742 mmol) were added. The reaction mixture was stirred at room temperature
for 72 h. Afterward, the solvent was evaporated under reduced pressure, and the residue
was purified by column chromatography (chloroform/methanol; gradient 50:1 to 1:1) to
give product 18 as a white solid (1.368 g, 99%). m.p.: 131–132 ◦C; [α]24

D = 109.0 (c = 1.0,
DMSO); 1H NMR (400 MHz, DMSO): δ 3.11 (dd~t, 2H, J = 9.1 Hz, J = 9.2 Hz, 2 × H4), 3.27
(dd, 2H, J = 3.6 Hz, J = 9.5 Hz, 2 × H2), 3.52–3.63 (m, 4H, 2 × H3, 2 × H6a), 3.69 (dd, 2H,
J = 2.3 Hz, J = 10.8 Hz, 2 × H6b), 3.87 (ddd, 2H, J = 2.3 Hz, J = 5.5 Hz, J = 9.3 Hz, 2 × H5),
4.92 (d, 2H, J = 3.6 Hz, 2 × H1); 13C NMR (100 MHz, DMSO): δ 35.57 (2 × C6), 70.35, 71.35,
72.02, 72.41 (2 × C2, 2 × C3, 2 × C4, 2 × C5), 93.40 (2 × C1); HRMS (ESI-TOF): calcd for
C12H20Br2O9Na ([M + Na]+): m/z 488.9372; found: m/z 488.9367.

Synthesis of 6,6′-Diiodo-6,6′-dideoxy-D-trehalose 19: To a solution of D-trehalose 17 (1.018 g,
2.974 mmol) in dry DMF (10 mL), triphenylphosphine (3.281 g, 12.509 mmol) and iodine
(3.224 g, 12.702 mmol) were added. The reaction mixture was stirred at room temperature
for 72 h. Afterward, the solvent was evaporated under reduced pressure, and the residue
was purified by column chromatography (chloroform/methanol; gradient 50:1 to 1:1) to
give product 19 as a white solid (1.588 g, 95%). m.p.: 62–63 ◦C; [α]24

D = 95.0 (c = 1.0, DMSO);
1H NMR (400 MHz, DMSO): δ 3.00 (m, 2H, 2 × H4), 3.26–3.35 (m, 4H, 2 × H2, 2 × H6a),
3.45–3.52 (m, 4H, 2 × H3, 2 × H6b), 3.59 (m, 2H, 2 × H5), 4.81 (d, 2H, J = 6.2 Hz, 2 × OH),
4.91 (m, 2H, 2 × OH), 4.96 (d, 2H, J = 3.7 Hz, 2 × H1), 5.16 (d, 2H, J = 5.4 Hz, 2 × OH);
13C NMR (100 MHz, DMSO): δ 10.59 (2 × C6), 69.92, 71.39, 72.12, 73.96 (2 × C2, 2 × C3,
2 × C4, 2 × C5), 93.19 (2 × C1); HRMS (ESI-TOF): calcd for C12H20I2O9Na ([M + Na]+):
m/z 584.9094; found: m/z 584.9090.

Synthesis of 6,6′-Diazido-6,6′-dideoxy-D-trehalose 20 (Procedure A): To a solution of 18 (1.234 g,
2.637 mmol) in dry DMF (20 mL), sodium azide (1.030 g, 15.844 mmol) was added. The
reaction mixture was stirred at 60 ◦C for 24 h. After completion reaction, the residual salt
was filtered off and the solvent was concentrated under reduced pressure. The residue was
purified by column chromatography (chloroform/methanol; gradient 20:1 to 1:1) to give
product 20 as a white solid (0.568 g, 55%).

Synthesis of 6,6′-Diazido-6,6′-dideoxy-D-trehalose 20 (Procedure B): Compound 23 (0.202 g,
0.313 mmol) was suspended in MeOH (10 mL), and then 1 M solution of MeONa in MeOH
(0.5 mL, 0.5 mmol) was added. The reaction mixture was stirred for 1 h at room temperature.
The reaction progress was monitored on TLC. After the reaction was complete, the mixture
was neutralized with Amberlyst-15 ion exchange resin, filtered off, and the filtrate was
concentrated under reduced pressure to give product 20b as a white solid (0.107 g, 87%).
m.p.: 144 ◦C; [α]24

D = 47.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO): δ 3.10 (m, 2H,
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2 × H4), 3.29 (m, 2H, 2 × H2), 3.39 (m, 4H, 2 × H6a, 2 × H6b), 3.54 (m, 2H, 2 × H3), 3.95
(m, 2H, 2 × H5), 4.86–4.93 (m, 6H, 2 × H1, 4 × OH), 5.12 (d, 2H, J = 5.3 Hz, 2 × OH);
13C NMR (100 MHz, DMSO): δ 51.26 (2 × C6), 70.95, 71.30, 71.37, 72.46 (2 × C2, 2 × C3,
2 × C4, 2 × C5), 93.91 (2 × C1); HRMS (ESI-TOF): calcd for C12H20N6O9Na ([M + Na]+):
m/z 415.1189; found: m/z 415.1193.

Synthesis of 2,3,4,2′,3′,4′-Hexa-O-acetyl-6,6′-dibromo-6,6′-dideoxy-D-trehalose 21: Compound
18 (1 g, 2.136 mmol) was dissolved in pyridine (3 mL), the solution was cooled to 0 ◦C and
Ac2O (3 mL) was added. Stirring was continued overnight at room temperature. After
completion, the reaction solution was poured into ice water. The precipitated crystals are
filtered off under reduced pressure and recrystallized from methanol to give product 21
as a white solid (1.072 g, 70%). m.p.: 161 ◦C; [α]24

D = 114.0 (c = 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3): δ 2.03, 2.08, 2.13 (3s, 18H, 6 × CH3), 3.32 (dd, 2H, J = 7.8 Hz, J = 11.2
Hz, 2 × H6a), 3.39 (dd, 2H, J = 2.6 Hz, J = 11.2 Hz, 2 × H6b), 4.12 (ddd, 2H, J = 2.6 Hz,
J = 7.8 Hz, J = 10.1 Hz, 2 × H5), 4.97 (dd, 2H, J = 9.2 Hz, J = 10.1 Hz, 2 × H4), 5.16 (dd, 2H,
J = 3.9 Hz, J = 10.2 Hz, 2 × H2), 5.38 (d, 2H, J = 3.9 Hz, 2 × H1), 5.49 (dd, 2H, J = 9.2 Hz,
J = 10.2 Hz, 2 × H3); 13C NMR (100 MHz, CDCl3): δ 20.66, 20.68, 20.94 (6 × CH3), 30.40
(2 × C6), 69.36, 69.80, 69.96, 71.23 (2 × C2, 2 × C3, 2 × C4, 2 × C5), 91.91 (2 × C1), 169.47,
169.57, 169.92 (6 × CO); HRMS (ESI-TOF): calcd for C24H32Br2O15Na ([M + Na]+): m/z
741.0006; found: m/z 741.0008.

Synthesis of 2,3,4,2′,3′,4′-Hexa-O-acetyl-6,6′-diiodo-6,6′-dideoxy-D-trehalose 22: Compound 19
(1.646 g, 2.928 mmol) was dissolved in pyridine (5 mL), the solution was cooled to 0 ◦C
and Ac2O (5 mL) was added. Stirring was continued overnight at room temperature. After
completion, the reaction solution was poured into ice water. The precipitated crystals are
filtered off under reduced pressure and recrystallized from methanol to give product 22
as a white solid (1.788 g, 75%). m.p.: 190 ◦C; [α]23

D = 84.2 (c = 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3): δ 2.02, 2.08, 2.15 (3s, 18H, 6 × CH3), 3.07 (dd, 2H, J = 9.0 Hz, J = 10.9 Hz,
2 × H6a), 3.23 (dd, 2H, J = 2.5 Hz, J = 10.9 Hz, 2×H6b), 3.96 (ddd, 2H, J = 2.5 Hz, J = 9.0 Hz,
J = 9.8 Hz, 2 × H5), 4.90 (dd, 2H, J = 9.2 Hz, J = 9.8 Hz, 2 × H4), 5.20 (dd, 2H, J = 3.9 Hz,
J = 10.2 Hz, 2 × H2), 5.42 (d, 2H, J = 3.9 Hz, 2 × H1), 5.48 (dd, 2H, J = 9.2 Hz, J = 10.2 Hz,
2 × H3); 13C NMR (100 MHz, CDCl3): δ 2.49 (2 × C6), 20.64, 20.70, 21.20 (6 × CH3), 69.30,
69.75, 69.96, 72.34 (2 × C2, 2 × C3, 2 × C4, 2 × C5), 91.78 (2 × C1), 169.45, 169.58, 169.91
(6 × CO); HRMS (ESI-TOF): calcd for C24H32I2O15Na ([M + Na]+): m/z 836.9728; found:
m/z 836.9733.

Synthesis of 2,3,4,2′,3′,4′-Hexa-O-acetyl-6,6′-diazido-6,6′-dideoxy-D-trehalose 23: To a solution of
21 or 22 (0.484 g, 0.672 mmol) in dry DMF (10 mL), sodium azide (0.273 g, 4.199 mmol) was
added. The reaction mixture was stirred at 60 ◦C for 24 h. After completion, the reaction
was diluted with ethyl acetate (30 mL) and water (30 mL). The aqueous phase was washed
with ethyl acetate (2 × 30 mL), and the combined organic phases were washed with water
(1 × 30 mL) and brine (1 × 30 mL). Next, the organic layer was dried over anhydrous
MgSO4, filtered, and the solvent was concentrated under reduced pressure. The crude
product was purified by column chromatography (toluene/ethyl acetate; gradient 20:1
to 1:1) to give product 23 as a white solid (0.425 g, 98%). m.p.: 150–151 ◦C; [α]24

D = 39.5
(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.03, 2.07, 2.13 (3s, 18H, 6 × CH3), 3.17 (dd,
2H, J = 2.5 Hz, J = 13.3 Hz, 2 × H6a), 3.37 (dd, 2H, J = 7.3 Hz, J = 13.3 Hz, 2 × H6b), 4.09
(ddd, 2H, J = 2.5 Hz, J = 7.3 Hz, J = 10.2 Hz, 2 × H5), 5.00 (dd, 2H, J = 9.3 Hz, J = 10.2 Hz,
2 × H4), 5.09 (dd, 2H, J = 3.9 Hz, J = 10.3 Hz, 2 × H2), 5.34 (d, 2H, J = 3.9 Hz, 2 × H1),
5.48 (dd, 2H, J = 9.3 Hz, J = 10.3 Hz, 2 × H3); 13C NMR (100 MHz, CDCl3): δ 20.64, 20.66,
20.67 (6 × CH3), 50.99 (2 × C6), 69.67, 69.72, 69.83, 69.92 (2 × C2, 2 × C3, 2 × C4, 2 × C5),
93.01 (2 × C1), 169.62, 169.65, 169.96 (6 × CO); HRMS (ESI-TOF): calcd for C24H32N6O15Na
([M + Na]+): m/z 667.1823; found: m/z 667.1819.
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3.2.2. General Procedure for the Synthesis of Glycoconjugates
Synthesis of Glycoconjugates Type A

The 1,2,3,4-tetra-O-acetyl-6-azido-6-deoxy-D-glucopyranose 5 (0.118 g, 0.316 mmol) or
6-azido-6-deoxy-D-glucopyranose 6 (0.100 g, 0.487 mmol) and 8-(2-propyn-1-yloxy)quinoline
24 (1 equiv) were dissolved in i-PrOH (3 mL) and THF (3 mL). Then, sodium ascorbate
(0.4 equiv) dissolved in H2O (1.5 mL) and CuSO4·5H2O (0.2 equiv) dissolved in H2O
(1.5 mL), mixed together and added to the obtained solution. The reaction mixture was
stirred overnight at room temperature. The reaction progress was monitored on TLC in
an eluent system CHCl3:MeOH (10:1 for protected or 2:1 for unprotected compounds).
After completion of the reaction, the precipitate of inorganic salts was filtered off, and
the filtrate was concentrated under reduced pressure. The crude product was purified
by column chromatography (toluene:ethyl acetate, 2:1 and chloroform:methanol, 70:1 for
fully protected glycoconjugates or chloroform:methanol, gradient: 50:1 to 10:1 for unpro-
tected glycoconjugates).

• Glycoconjugate A-1

The product was obtained as a green solid (0.163 g, 93%); ratio of anomers (α:β = 1:1.4);
1H NMR (400 MHz, CDCl3): δ 1.99, 2.00, 2.01, 2.02, 2.04, 2.05, 2.09, 2.09 (8s, 24H, 4 × CH3-α,
4 × CH3-β), 4.00 (m, 1H, H5-β), 4.32 (m, 1H, H5-α), 4.36–4.44 (m, 2H, H6a-α, H6a-β),
4.51–4.64 (m, 2H, H6b-α, H6b-β), 4.82 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz, H4-β), 4.83 (dd~t,
1H, J = 9.4 Hz, J = 10.1 Hz, H4-α), 4.99 (dd, 1H, J = 3.7 Hz, J = 10.2 Hz, H2-α), 5.06 (dd, 1H,
J = 8.3 Hz, J = 9.5 Hz, H2-β), 5.23 (dd~t, 1H, J = 9.4 Hz, J = 9.5 Hz, H3-β), 5.45 (dd, 1H, J
= 9.4 Hz, J = 10.2 Hz, H3-α), 5.56, 5.58 (2s, 4H, CH2O-α, CH2O-β), 5.59 (d, 1H, J = 8.3 Hz,
H1-β), 6.24 (d, 1H, J = 3.7 Hz, H1-α), 7.28–7.35 (m, 2H, H7quin-α, H7quin-β), 7.37–7.48
(m, 6H, H3quin-α, H5quin-α, H6quin-α, H3quin-β, H5quin-β, H6quin-β), 7.81, 7.83 (2s, 2H,
H5triaz-α, H5triaz-β), 8.10–8.16 (m, 2H, H4quin-α, H4quin-β), 8.91–8.96 (m, 2H, H2quin-α,
H2quin-β); 13C NMR (100 MHz, CDCl3): δ 19.73, 20.39, 20.51, 20.52, 20.63, 20.70, 20.95,
21.05 (4 × CH3-α, 4 × CH3-β), 50.44, 50.55 (C6-α, C6-β), 62.78, 62.83 (CH2O-α, CH2O-β),
68.97, 69.04, 69.27, 69.51, 69.99, 70.27, 72.45, 73.15 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β,
C4-β, C5-β), 88.62, 91.61 (C1-α, C1-β), 110.06, 110.06 (C7quin-α, C7quin-β), 120.16, 120.28
(C5quin-α, C5quin-β), 121.57, 121.64 (C3quin-α, C3quin-β), 124.68, 124.81 (C5triaz-α, C5triaz-β),
126.68, 126.79 (C6quin-α, C6quin-β), 129.49, 129.57 (C4aquin-α, C4aquin-β), 135.95, 136.49
(C4quin-α, C4quin-β), 140.39, 140.39 (C8aquin-α, C8aquin-β), 144.37, 144.50 (C4triaz-α, C4triaz-
β), 149.29, 149.38 (C2quin-α, C2quin-β), 153.84, 153.85 (C8quin-α, C8quin-β), 168.46, 168.62,
169.10, 169.45, 169.49, 169.55, 169.96, 170.09 (4 × CO-α, 4 × CO-β); HRMS (ESI-TOF): calcd
for C26H29N4O10 ([M + H]+): m/z 557.1884; found: m/z 557.1887.

• Glycoconjugate A-2

The product was obtained as a brown solid (0.130 g, 69%); ratio of anomers (α:β = 1.3:1);
1H NMR (400 MHz, DMSO): δ 2.91–3.08 (m, 3H, H2-β, H4-α, H4-β), 3.15–3.21 (m, 2H,
H2-α, H3-β), 3.49 (m, 1H, H3-α), 3.63 (m, 1H, H5-β), 4.05 (m, 1H, H5-α), 4.30 (t, 1H,
J = 6.3 Hz, OH-α), 4.38–4.48 (m, 2H, H6a-α, H6a-β), 4.52 (d, 1H, J = 4.8 Hz, OH-β), 4.57
(t, 1H, J = 6.5 Hz, OH-α), 4.73 (dd, 1H, J = 2.2 Hz, J = 9.0 Hz, H6b-α), 4.77 (dd, 1H, J = 2.2 Hz,
J = 9.1 Hz, H6b-β), 4.83 (d, 1H, J = 4.0 Hz, OH-α), 4.90 (t, 1H, J = 4.2 Hz, OH-α), 4.95 (d,
1H, J = 4.6 Hz, OH-β), 5.03 (d, 1H, J = 4.4 Hz, OH-β), 5.31, 5.32 (2s, 4H, CH2O-α, CH2O-β),
5.37 (d, 1H, J = 5.5 Hz, OH-β), 6.55 (d, 1H, J = 4.9 Hz, H1-α), 6.89 (d, 1H, J = 6.3 Hz, H1-β),
7.40–7.46 (m, 2H, H7quin-α, H7quin-β), 7.50–7.58 (m, 6H, H3quin-α, H5quin-α, H6quin-α,
H3quin-β, H5quin-β, H6quin-β), 8.23, 8.26 (2s, 2H, H5triaz-α, H5triaz-β), 8.30–8.34 (m, 2H,
H4quin-α, H4quin-β), 8.79–8.83 (m, 2H, H2quin-α, H2quin-β); 13C NMR (100 MHz, DMSO):
δ 51.29, 51.41 (C6-α, C6-β), 61.68, 61.70 (CH2O-α, CH2O-β), 70.13, 71.53, 72.07, 72.61,
74.26, 74.53, 76.02, 76.13 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 92.34, 96.81
(C1-α, C1-β), 109.76, 109.81 (C7quin-α, C7quin-β), 119.94, 119.98 (C5quin-α, C5quin-β), 121.88,
121.92 (C3quin-α, C3quin-β), 125.89, 125.97 (C5triaz-α, C5triaz-β), 126.75, 126.78 (C6quin-α,
C6quin-β), 129.05, 129.08 (C4aquin-α, C4aquin-β), 135.80, 135.84 (C4quin-α, C4quin-β), 139.60,
139.63 (C8aquin-α, C8aquin-β), 142.04, 142.16 (C4triaz-α, C4triaz-β), 148.93, 148.96 (C2quin-α,
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C2quin-β), 153.90, 153.93 (C8quin-α, C8quin-β); HRMS (ESI-TOF): calcd for C18H21N4O6
([M + H]+): m/z 389.1461; found: m/z 389.1461.

Synthesis of Glycoconjugates Type B

The 1,2,3,4-tetra-O-acetyl-6-azido-6-deoxy-D-galactopyranose 12 (0.086 g, 0.230 mmol)
or 6-azido-6-deoxy-D-galactopyranose 11 (0.106 g, 0.517 mmol) and 8-(2-propyn-1-yloxy)
quinoline 24 (1 equiv) were dissolved in i-PrOH (3 mL) and THF (3 mL). Then, sodium
ascorbate (0.4 equiv) dissolved in H2O (1.5 mL) and CuSO4·5H2O (0.2 equiv) dissolved in
H2O (1.5 mL), mixed together and added to the obtained solution. The reaction mixture
was stirred overnight at room temperature. The reaction progress was monitored on TLC
in an eluent system CHCl3:MeOH (10:1 for protected or 2:1 for unprotected compounds).
After completion of the reaction, the precipitate of inorganic salts was filtered off, and
the filtrate was concentrated under reduced pressure. The crude product was purified by
column chromatography (toluene:ethyl acetate, 2:1 and chloroform:methanol, 70:1 for fully
protected glycoconjugates or chloroform:methanol, gradient: 50:1 to 10:1 for unprotected
glycoconjugates).

• Glycoconjugate B-1

The product was obtained as a brown solid (0.110 g, 86%); ratio of anomers (α:β = 1:2);
1H NMR (400 MHz, CDCl3): δ 1.98, 2.03, 2.05, 2.16 (4s, 12H, 4 × CH3-β), 1.99, 2.01, 2.03,
2.16 (4s, 12H, 4 × CH3-α), 4.22 (m, 1H, H5-β), 4.31–4.44 (m, 2H, H6a-α, H6a-β), 4.50 (dd,
1H, J = 4.2 Hz, J = 14.1 Hz, H6b-α), 4.55 (m, 1H, H5-α), 4.59 (dd, 1H, J = 3.9 Hz, J = 14.4 Hz,
H6b-β), 5.07 (dd, 1H, J = 3.4 Hz, J = 10.4 Hz, H3-β), 5.28–5.36 (m, 3H, H2-α, H2-β, H3-α),
5.42 (m, 1H, H4-β), 5.49 (m, 1H, H4-α), 5.53–5.58 (m, 4H, CH2O-α, CH2O-β), 5.59 (d, 1H,
J = 8.3 Hz, H1-β), 6.32 (bs, 1H, H1-α), 7.29–7.35 (m, 2H, H7quin-α, H7quin-β), 7.36–7.60
(m, 6H, H3quin-α, H5quin-α, H6quin-α, H3quin-β, H5quin-β, H6quin-β), 7.77 (s, 1H, H5triaz-α),
7.79 (s, 1H, H5triaz-β), 8.07–8.19 (m, 2H, H4quin-α, H4quin-β), 8.88–8.99 (m, 2H, H2quin-α,
H2quin-β); 13C NMR (100 MHz, CDCl3): δ 20.48, 20.50, 20.58, 20.60, 20.62, 20.69, 20.75,
20.83 (4 × CH3-α, 4 × CH3-β), 50.06, 50.14 (C6-α, C6-β), 62.70, 62.77 (CH2O-α, CH2O-β),
66.22, 67.18, 67.51, 67.62, 68.16, 69.85, 70.56, 72.74 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β,
C4-β, C5-β), 89.43 (C1-α), 92.09 (C1-β), 109.51, 109.99 (C7quin-α, C7quin-β), 120.12, 120.24
(C5quin-α, C5quin-β), 121.59, 121.61 (C3quin-α, C3quin-β), 124.45, 124.55 (C5triaz-α, C5triaz-β),
126.73, 126.81 (C6quin-α, C6quin-β), 129.48, 129.50 (C4aquin-α, C4aquin-β), 135.96, 136.03
(C4quin-α, C4quin-β), 140.34, 140.40 (C8aquin-α, C8aquin-β), 144.31, 144.44 (C4triaz-α, C4triaz-
β), 149.27, 149.33 (C2quin-α, C2quin-β), 153.77, 153.80 (C8quin-α, C8quin-β), 168.62, 168.67,
169.33, 169.74, 169.84, 169.89, 169.92, 169.96 (4 × CO-α, 4 × CO-β); HRMS (ESI-TOF): calcd
for C26H29N4O10 ([M + H]+): m/z 557.1884; found: m/z 557.1885.

• Glycoconjugate B-2

The product was obtained as a brown solid (0.129 g, 64%); ratio of anomers (α:β = 1.4:1);
1H NMR (400 MHz, DMSO): δ 3.17 (m, 1H, H6a-β), 3.28 (m, 1H, H6a-α), 3.53–3.66 (m,
2H, H2-α, H3-α), 3.68 (m, 1H, H5-β), 3.76 (m, 1H, H5-α), 3.97 (dd, 1H, J = 3.5 Hz,
J = 8.9 Hz, H3-β), 4.23 (dd, 1H, J = 6.5 Hz, J = 7.2 Hz, H2-β), 4.29–4.39 (m, 3H, H4-α,
H4-β, H6b-β), 4.47–4.61 (m, 4H, 3 × OH-β, H6b-α), 4.63 (m, 1H, OH-α), 4.74–4.82 (m, 3H,
2 × OH-α, OH-β), 4.93 (m, 1H, OH-α), 5.28–5.36 (m, 4H, CH2O-α, CH2O-β), 6.41 (d, 1H,
J = 4.5 Hz, H1-α), 6.79 (d, 1H, J = 6.4 Hz, H1-β), 7.39–7.46 (m, 2H, H7quin-α, H7quin-β),
7.49–7.60 (m, 6H, H3quin-α, H5quin-α, H6quin-α, H3quin-β, H5quin-β, H6quin-β), 8.30–8.35
(m, 2H, H4quin-α, H4quin-β), 8.30 (s, 1H, H5triaz-α), 8.31 (s, 1H, H5triaz-β), 8.78–8.84 (m, 2H,
H2quin-α, H2quin-β); 13C NMR (100 MHz, DMSO): δ 51.23 (C6-α, C6-β), 61.73 (CH2O-α,
CH2O-β), 68.32, 68.89, 68.92, 69.06, 69.69, 71.51, 72.86, 72.91 (C2-α, C3-α, C4-α, C5-α, C2-β,
C3-β, C4-β, C5-β), 92.66 (C1-α), 97.25 (C1-β), 109.78, 109.81 (C7quin-α, C7quin-β), 119.97,
119.99 (C5quin-α, C5quin-β), 121.85, 121.88 (C3quin-α, C3quin-β), 125.68, 125.78 (C5triaz-α,
C5triaz-β), 126.76, 126.79 (C6quin-α, C6quin-β), 129.03, 129.05 (C4aquin-α, C4aquin-β), 135.79,
135.84 (C4quin-α, C4quin-β), 139.62, 139.63 (C8aquin-α, C8aquin-β), 142.02, 142.15 (C4triaz-α,
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C4triaz-β), 148.95, 148.97 (C2quin-α, C2quin-β), 153.90, 153.91 (C8quin-α, C8quin-β); HRMS
(ESI-TOF): calcd for C18H21N4O6 ([M + H]+): m/z 389.1464; found: m/z 389.1461.

Synthesis of Glycoconjugates Type C

The 1,2,3,4-tetra-O-acetyl-N-(prop-2-yn-1-yl)-β-D-glucopyranuronic acid amide 15
(0.085 g, 0.213 mmol) or N-(prop-2-yn-1-yl)-D-glucopyranuronic acid amide 16 (0.095 g,
0.411 mmol) and 8-(2-azidoethoxy)quinolone 25 (1 equiv) or 8-(3-azidopropoxy)quinolone
26 (1 equiv) were dissolved in i-PrOH (3 mL) and THF (3 mL). Then, sodium ascorbate
(0.4 equiv) dissolved in H2O (1.5 mL) and CuSO4·5H2O (0.2 equiv) dissolved in H2O
(1.5 mL), mixed together and added to the obtained solution. The reaction mixture was
stirred overnight at room temperature. The reaction progress was monitored on TLC in
an eluent system CHCl3:MeOH (10:1 for protected or 2:1 for unprotected compounds).
After completion of the reaction, the precipitate of inorganic salts was filtered off, and
the filtrate was concentrated under reduced pressure. The crude product was purified by
column chromatography (toluene:ethyl acetate, 2:1 and chloroform:methanol, 80:1 for fully
protected glycoconjugates or chloroform:methanol, gradient: 50:1 to 5:1 for unprotected
glycoconjugates).

• Glycoconjugate C-1

The product was obtained as a white solid (0.0989 g, 76%); 1H NMR (400 MHz, CDCl3):
δ 2.01, 2.03, 2.04, 2.11 (4s, 12H, 4× CH3), 4.04 (d, 1H, J = 9.8 Hz, H5), 4.46 (dd, 1H, J = 5.3 Hz,
J = 15.2 Hz, CH2), 4.51 (dd, 1H, J = 5.6 Hz, J = 15.2 Hz, CH2), 4.66 (m, 2H, CH2), 4.97 (t,
2H, J = 5.2 Hz, CH2), 5.08 (dd, 1H, J = 8.2 Hz, J = 9.2 Hz, H2), 5.14 (dd~t, 1H, J = 9.3 Hz,
J = 9.8 Hz, H4), 5.28 (dd~t, 1H, J = 9.2 Hz, J = 9.3 Hz, H3), 5.73 (d, 1H, J = 8.2 Hz, H1), 6.89
(m, 1H, NH), 7.04 (d, 1H, J = 7.2 Hz, H7quin), 7.41–7.50 (m, 3H, H3quin, H5quin, H6quin), 8.12
(s, 1H, H5triaz), 8.17 (d, 1H, J = 8.2 Hz, H4quin), 8.98 (m, 1H, H2quin); 13C NMR (100 MHz,
CDCl3): δ 20.54, 20.54, 20.69, 20.75 (4 × CH3), 34.59, 49.64, 67.56 (3 × CH2), 68.93, 70.17,
72.01, 72.90 (C2, C3, C4, C5), 91.21 (C1), 109.99 (C7quin), 121.03 (C5quin), 121.91 (C3quin),
124.14 (C5triaz), 126.52 (C6quin), 129.62 (C4aquin), 136.05 (C4quin), 140.32 (C8aquin), 143.96
(C4triaz), 149.64 (C2quin), 153.78 (C8quin), 165.86 (CONH), 168.75, 169.19, 169.60, 169.80
(4 × COCH3); HRMS (ESI-TOF): calcd for C28H32N5O11 ([M + H]+): m/z 614.2098; found:
m/z 614.2091.

• Glycoconjugate C-2

The product was obtained as a white solid (0.101 g, 76%); 1H NMR (400 MHz, CDCl3):
δ 2.01, 2.03, 2.04, 2.12 (4s, 12H, 4× CH3), 2.63 (q, 2H, J = 6.2 Hz, CH2), 4.03 (d, 1H, J = 9.9 Hz,
H5), 4.26 (m, 2H, CH2), 4.43 (dd, 1H, J = 5.5 Hz, J = 15.2 Hz, CH2), 4.53 (dd, 1H, J = 6.2 Hz,
J = 15.2 Hz, CH2), 4.72 (t, 2H, J = 6.6 Hz, CH2), 5.09 (dd, 1H, J = 8.2 Hz, J = 9.3 Hz, H2),
5.14 (dd~t, 1H, J = 9.3 Hz, J = 9.9 Hz, H4), 5.29 (dd~t, 1H, J = 9.3 Hz, J = 9.3 Hz, H3), 5.73
(d, 1H, J = 8.2 Hz, H1), 6.90 (t, 1H, J = 5.5 Hz, NH), 7.05 (m, 1H, H7quin), 7.41–7.48 (m, 3H,
H3quin, H5quin, H6quin), 7.70 (s, 1H, H5triaz), 8.16 (m, 1H, H4quin), 8.96 (m, 1H, H2quin); 13C
NMR (100 MHz, CDCl3): δ 20.53, 20.53, 20.70, 20.75 (4 × CH3), 29.67, 34.53, 47.36, 65.37
(4 × CH2), 68.93, 70.15, 71.98, 72.86 (C2, C3, C4, C5), 91.21 (C1), 109.47 (C7quin), 120.26
(C5quin), 121.71 (C3quin), 123.22 (C5triaz), 126.73 (C6quin), 129.57 (C4aquin), 136.16 (C4quin),
140.21 (C8aquin), 143.96 (C4triaz), 149.33 (C2quin), 154.24 (C8quin), 165.93 (CONH), 168.77,
169.19, 169.64, 169.79 (4 × COCH3); HRMS (ESI-TOF): calcd for C29H34N5O11 ([M + H]+):
m/z 628.2255; found: m/z 628.2252.

• Glycoconjugate C-3

The product was obtained as a white solid (0.127 g, 67%); ratio of anomers (α:β = 1:1.1);
1H NMR (400 MHz, DMSO): δ 2.34–2.44 (m, 4H, CH2-α, CH2-β), 2.96 (m, 1H, H2-β), 3.14 (m,
1H, H4-β), 3.21 (m, 1H, H2-α), 3.29 (m, 1H, H4-α), 3.38 (m, 1H, H3-β), 3.44 (m, 1H, H3-α),
3.58 (d, 1H, J = 9.7 Hz, H5-β), 4.00 (d, 1H, J = 9.8 Hz, H5-α), 4.15–4.23 (m, 4H, CH2-α, CH2-
β), 4.29–4.35 (m, 5H, CH2-α, CH2-β, OH), 4.56–4.64 (m, 5H, CH2-α, CH2-β, OH), 4.80 (m,
1H, OH), 4.93 (m, 1H, OH), 4.95 (m, 1H, OH), 4.97 (m, 1H, OH), 5.04 (m, 1H, OH), 5.09 (m,
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1H, OH), 6.45 (d, 1H, J = 4.7 Hz, H1-α), 6.76 (d, 1H, J = 6.6 Hz, H1-β), 7.20 (m, 2H, H7quin-α,
H7quin-β), 7.47–7.61 (m, 6H, H3quin-α, H5quin-α, H6quin-α, H3quin-β, H5quin-β, H6quin-β),
7.99, 8.02 (2s, 2H, H5triaz-α, H5triaz-β), 8.33 (m, 2H, H4quin-α, H4quin-β), 8.41 (m, 2H, NH-α,
NH-β), 8.90 (bs, 2H, H2quin-α, H2quin-β); 13C NMR (100 MHz, DMSO): δ 29.66, 29.66,
34.22, 34.22, 46.56, 46.56, 65.40, 65.40 (4 × CH2-α, 4 × CH2-β), 71.27, 71.48, 71.88, 72.20,
72.71, 74.46, 75.56, 76.32 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 92.77, 97.36
(C1-α, C1-β), 109.82, 109.88 (C7quin-α, C7quin-β), 119.86, 119.94 (C5quin-α, C5quin-β), 121.78,
121.87 (C3quin-α, C3quin-β), 122.97, 123.03 (C5triaz-α, C5triaz-β), 126.81, 126.89 (C6quin-α,
C6quin-β), 129.04, 129.10 (C4aquin-α, C4aquin-β), 135.77, 135.86 (C4quin-α, C4quin-β), 139.77,
139.82 (C8aquin-α, C8aquin-β), 144.74, 144.92 (C4triaz-α, C4triaz-β), 149.01, 149.05 (C2quin-α,
C2quin-β), 154.15, 154.21 (C8quin-α, C8quin-β), 168.78, 169.82 (CONH-α, CONH-β); HRMS
(ESI-TOF): calcd for C21H26N5O7 ([M + H]+): m/z 460.1832; found: m/z 460.1829.

Synthesis of Glycoconjugates Type D

The 2,3,4,2′,3′,4′-hexa-O-acetyl-6,6′-diazido-6,6′-dideoxy-D-trehalose 23 (0.095 g,
0.147 mmol) or 6,6′-diazido-6,6′-dideoxy-D-trehalose 20 (0.203 g, 0.517 mmol) and 8-(2-
propyn-1-yloxy)quinoline 24 (2 equiv) were dissolved in i-PrOH (4 mL) and THF (4 mL).
Then, sodium ascorbate (0.4 equiv) dissolved in H2O (2 mL) and CuSO4·5H2O (0.2 equiv)
dissolved in H2O (2 mL), mixed together and added to the obtained solution. The reaction
mixture was stirred overnight at room temperature. The reaction progress was monitored
on TLC in an eluent system CHCl3:MeOH (10:1 for protected or 1:1 for unprotected com-
pounds). After completion of the reaction, the precipitate of inorganic salts was filtered
off, and the filtrate was concentrated under reduced pressure. The crude product was
purified by column chromatography (toluene:ethyl acetate, 2:1 and chloroform:methanol,
50:1 for fully protected glycoconjugates or chloroform:methanol, gradient: 50:1 to 5:1 for
unprotected glycoconjugates).

• Glycoconjugate D-1

The product was obtained as a yellow solid (0.113 g, 76%); m.p.: 118 ◦C; [α]23
D = 15.8

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.00, 2.03, 2.09 (3s, 18H, 6 × CH3), 3.88
(dd, 2H, J = 9.4 Hz, J = 13.9 Hz, 2 × H6a), 3.99 (ddd, 2H, J = 1.3 Hz, J = 9.4 Hz, J = 10.0 Hz,
2 × H5), 4.32 (d, 2H, J = 3.8 Hz, 2 × H1), 4.44 (dd, 2H, J = 1.3 Hz, J = 13.9 Hz, 2 × H6b), 4.70
(dd~t, 2H, J = 9.7 Hz, J = 10.0 Hz, 2 × H4), 4.72 (dd, 2H, J = 3.8 Hz, J = 9.7 Hz, 2 × H2), 5.31
(dd~t, 2H, J = 9.7 Hz, J = 9.7 Hz, 2 × H3), 5.53 i 5.57 (qAB, 4H, J = 13.2 Hz, 2 × CH2O), 7.32
(m, 2H, 2 × H7quin), 7.39 (dd, 2H, J = 4.1 Hz, J = 8.3 Hz, 2×H5quin), 7.44 (m, 2H, 2 × H6quin),
7.50 (t, 2H, J = 7.9 Hz, 2 × H3quin), 7.64 (s, 2H, 2 × H5triaz), 8.14 (dd, 2H, J = 1.2 Hz,
J = 8.3 Hz, 2×H4quin), 8.88 (m, 2H, 2×H2quin); 13C NMR (100 MHz, CDCl3): δ 20.51, 20.59,
20.65 (6× CH3), 50.56 (2× C6), 62.72 (2× CH2OH), 68.54, 68.83, 69.63, 69.73 (2× C2, 2× C3,
2× C4, 2× C5), 90.97 (2× C1), 109.87 (2× C7quin), 120.10 (2 × C5quin), 121.71 (2 × C3quin),
124.78 (2 × C5triaz), 127.07 (2 × C6quin), 129.49 (2 × C4aquin), 136.00 (2 × C4quin), 140.38
(2 × C8aquin), 144.48 (2 × C4triaz), 149.30 (2 × C2quin), 153.91 (2 × C8quin), 169.24, 169.70,
169.81 (6 × CO); HRMS (ESI-TOF): calcd for C48H51N8O17 ([M + H]+): m/z 1011.3372;
found: m/z 1011.3370.

• Glycoconjugate D-2

The product was obtained as a brown solid (0.244 g, 62%); m.p.: 182–183 ◦C; [α]24
D = 40.0

(c = 1.0, DMSO); 1H NMR (400 MHz, DMSO): δ 3.00 (m, 2H, 2 × H4), 3.22 (m, 2H, 2 × H2),
3.61 (m, 2H, 2 × H3), 4.25 (m, 2H, 2 × H5), 4.47 (dd, 2H, J = 8.2 Hz, J = 14.2 Hz, 2 × H6a),
4.62 (d, 2H, J = 3.6 Hz, 2 × H1), 4.65 (dd, 2H, J = 2.3 Hz, J = 14.2 Hz, 2 × H6b), 5.11
(bs, 2H, 2 × OH), 5.32 i 5.35 (qAB, 4H, J = 12.0 Hz, 2 × CH2O), 5.36 (bs, 2H, 2 × OH),
5.44 (bs, 2H, 2 × OH), 7.38 (m, 2H, J = 2.7 Hz, J = 6.3 Hz, 2 × H7quin), 7.47–7.56 (m,
6H, 2 × H3quin, 2 × H5quin, 2 × H6quin), 8.27 (s, 2H, 2 × H5triaz), 8.32 (dd, 2H, J = 1.7 Hz,
J = 8.3 Hz, 2 × H4quin), 8.89 (dd, 2H, J = 1.7 Hz, J = 4.2 Hz, 2×H2quin); 13C NMR (100 MHz,
DMSO): δ 50.80 (2 × C6), 62.17 (2 × CH2OH), 69.75, 70.97, 71.34, 72.64 (2 × C2, 2 × C3,
2 × C4, 2 × C5), 94.57 (2× C1), 109.94 (2× C7quin), 119.96 (2× C5quin), 121.78 (2 × C3quin),
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124.53 (2 × C5triaz), 126.73 (2 × C6quin), 129.05 (2 × C4aquin), 136.01 (2 × C4quin), 139.46
(2 × C8aquin), 142.68 (2× C4triaz), 149.32 (2× C2quin), 153.70 (2× C8quin); HRMS (ESI-TOF):
calcd for C36H39N8O11 ([M + H]+): m/z 759.2738; found: m/z 759.2735.

3.2.3. General Procedure for the Synthesis of Metabolites of Glycoconjugates

The appropriate sugar derivatives 5, 6, 11, 12, 15, 16, 20, or 23 (1 equiv) and propargyl
alcohol 27 or 2-azidoethanol 28 (1 equiv) were dissolved in i-PrOH (4 mL) and THF (4 mL).
Then, sodium ascorbate (0.4 equiv) dissolved in H2O (2 mL) and CuSO4·5H2O (0.2 equiv)
dissolved in H2O (2 mL), mixed together and added to the obtained solution. The reaction
mixture was stirred overnight at room temperature. The reaction progress was monitored
on TLC in an eluent system CHCl3:MeOH (10:1 for protected or 2:1 for unprotected com-
pounds). After completion of the reaction, the precipitate of inorganic salts was filtered off,
and the filtrate was concentrated under reduced pressure. The crude product was purified
by column chromatography (toluene:ethyl acetate, 2:1 and chloroform:methanol, 20:1 for
protected products or chloroform:methanol, gradient: 50:1 to 1:1 for unprotected products)
to give metabolites 29–36.

• Metabolite 29

Starting from 1,2,3,4-tetra-O-acetyl-6-azido-6-deoxy-D-glucopyranose 5 (0.527 g,
1.412 mmol) and propargyl alcohol 27 (83 µL, 1.421 mmol). The product was obtained as
a white solid (0.522 g, 86%); ratio of anomers (α:β = 1.5:1); 1H NMR (400 MHz, DMSO):
δ 1.93, 1.97, 1.98, 2.00, 2.00, 2.01, 2.05, 2.14 (8s, 24H, 4 × CH3-α, 4 × CH3-β), 4.40–4.48 (m,
2H, H5-α, H5-β), 4.50, 4.51 (2s, 4H, CH2O-α, CH2O-β), 4.52–4.63 (m, 4H, H6a-α, H6b-α,
H6a-β, H6b-β), 4.82 (dd~t, 1H, J = 9.4 Hz, J = 9.5 Hz, H4-β), 4.91 (dd, 1H, J = 9.4 Hz,
J = 10.1 Hz, H4-α), 4.92 (dd, 1H, J = 8.3 Hz, J = 9.8 Hz, H2-β), 4.99 (dd, 1H, J = 3.7 Hz,
J = 10.3 Hz, H2-α), 5.15–5.19 (m, 2H, OH-α, OH-β), 5.32 (dd, 1H, J = 9.4 Hz, J = 10.3 Hz,
H3-α), 5.42 (dd~t, 1H, J = 9.5 Hz, J = 9.8 Hz, H3-β), 5.93 (d, 1H, J = 8.3 Hz, H1-β), 6.14 (d,
1H, J = 3.7 Hz, H1-α), 7.80 (s, 1H, H5triaz-β), 7.88 (s, 1H, H5triaz-α); 13C NMR (100 MHz,
DMSO): δ 20.24, 20.25, 20.30, 20.33, 20.43, 20.45, 20.49, 20.52 (4 × CH3-α, 4 × CH3-β), 49.42,
49.54 (C6-α, C6-β), 54.95, 54.97 (CH2OH-α, CH2OH-β), 68.44, 68.80, 69.03, 69.28, 69.30,
69.80, 71.76, 71.78 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 88.02, 90.77 (C1-α,
C1-β), 123.36, 123.47 (C5triaz-α, C5triaz-β), 147.95, 147.97 (C4triaz-α, C4triaz-β), 168.59, 168.81,
169.05, 169.08, 169.24, 169.48, 169.51, 169.68 (4 × CO-α, 4 × CO-β); HRMS (ESI-TOF): calcd
for C17H24N3O10 ([M + H]+): m/z 430.1462; found: m/z 430.1463.

• Metabolite 30

Starting from 6-azido-6-deoxy-D-glucopyranose 6 (0.093 g, 0.453 mmol) and propargyl
alcohol 27 (30 µL, 0.514 mmol). The product was obtained as a brown solid (0.82 g, 69%);
ratio of anomers (α:β = 1:1); 1H NMR (400 MHz, DMSO): δ 2.87–3.03 (m, 3H, H2-β, H4-α,
H4-β), 3.09–3.15 (m, 2H, H2-α, H3-β), 3.19 (m, 1H, H3-α), 3.40–3.46 (m, 2H, H6a-α, H6a-β),
3.47–3.55 (m, 2H, H6b-α, H6b-β), 3.93 (ddd, 1H, J = 2.2 Hz, J = 8.4 Hz, J = 10.2 Hz, H5-α),
4.25 (d, 1H, J = 7.8 Hz, H1-β), 4.35 (ddd, 1H, J = 3.3 Hz, J = 8.3 Hz, J = 14.3 Hz, H5-β), 4.50,
4.51 (2s, 4H, CH2O-α, CH2O-β), 4.66 (m, 2H, OH-α, OH-β), 4.88 (d, 1H, J = 3.4 Hz, H1-α),
7.83, 7.87 (2s, 2H, H5triaz-α, H5triaz-β); 13C NMR (100 MHz, DMSO): δ 50.92, 50.99 (C6-α,
C6-β), 54.97, 54.98 (CH2OH-α, CH2OH-β), 70.01, 71.35, 71.82, 72.06, 72.62, 74.21, 74.54,
76.13 (C2-α, C3-α, C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 92.30, 96.84 (C1-α, C1-β), 123.45,
123.51 (C5triaz-α, C5triaz-β), 147.55, 147.64 (C4triaz-α, C4triaz-β); HRMS (ESI-TOF): calcd for
C9H16N3O6 ([M + H]+): m/z 262.1039; found: m/z 262.1040.

• Metabolite 31

Starting from 1,2,3,4-tetra-O-acetylo-6-azido-6-deoxy-D-galactopyranose 12 (0.111 g,
0.297 mmol) and propargyl alcohol 27 (20 µL, 0.342 mmol). The product was obtained as a
white solid (0.111 g, 87%); ratio of anomers (α:β = 1:2.5); 1H NMR (400 MHz, DMSO): δ 1.91,
2.00, 2.05, 2.16 (4s, 12H, 4 × CH3-β), 1.94, 2.00, 2.11, 2.15 (4s, 12H, 4 × CH3-α), 4.45–4.52
(m, 6H, H6a-α, H6a-β, CH2-α, CH2-β), 4.53 (m, 1H, H6b-β), 4.57 (m, 1H, H6b-α), 4.65
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(m, 1H, H5-β), 4.73 (m, 1H, H5-α), 5.06–5.14 (m, 2H, H2-α, H2-β), 5.15–5.22 (m, 4H, H4-α,
H4-β, OH-α, OH-β), 5.26 (dd, 1H, J = 3.3 Hz, J = 10.9 Hz, H3-α), 5.32 (dd, 1H, J = 3.5 Hz,
J = 10.5 Hz, H3-β), 5.86 (d, 1H, J = 8.3 Hz, H1-β), 6.21 (d, 1H, J = 3.7 Hz, H1-α), 7.87 (s, 1H,
H5triaz-β), 7.90 (s, 1H, H5triaz-α); 13C NMR (100 MHz, DMSO): δ 20.19, 20.21, 20.26, 20.29,
20.33, 20.35, 20.37, 20.42 (4 × CH3-α, 4 × CH3-β), 48.48, 48.68 (C6-α, C6-β), 54.86, 54.89
(CH2OH-α, CH2OH-β), 65.90, 66.77, 67.26, 67.34, 67.44, 69.09, 69.82, 71.69 (C2-α, C3-α,
C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 88.53 (C1-α), 91.17 (C1-β), 123.04, 123.09 (C5triaz-α,
C5triaz-β), 147.88, 147.97 (C4triaz-α, C4triaz-β), 168.57, 168.81, 169.11, 169.16, 169.30, 169.41,
169.67, 169.70 (4 × CO-α, 4 × CO-β); HRMS (ESI-TOF): calcd for C17H24N3O10 ([M + H]+):
m/z 430.1462; found: m/z 430.1461.

• Metabolite 32

Starting from 6-azido-6-deoxy-D-galactopyranose 11 (0.126 g, 0.614 mmol) and propar-
gyl alcohol 27 (36 µL, 0.616 mmol). The product was obtained as a brown solid (0.098 g,
61%); ratio of anomers (α:β = 2.2:1); 1H NMR (400 MHz, DMSO): δ 3.17 (m, 1H, H6a-β), 3.28
(m, 1H, H6a-α), 3.50–3.59 (m, 4H, H2-α, H3-α, H2-β, H3-β), 3.67 (m, 1H, H5-α), 3.87 (m, 1H,
H5-β), 4.19 (m, 1H, H4-β), 4.23 (m, 1H, H4-α), 4.35 (m, 1H, H6b-α), 4.40–4.53 (m, 9H, H6b-β,
CH2-α, CH2-β, 4×OH-β), 4.61 (d, 1H, J = 5.1 Hz, OH-α), 4.70–4.80 (m, 2H, 2 × OH-α), 4.90
(m, 1H, OH-α), 5.11–5.21 (m, 2H, CH2OH-α, CH2OH-β), 6.24 (d, 1H, J = 4.8 Hz, H1-α), 6.63
(d, 1H, J = 6.7 Hz, H1-β), 7.90 (s, 1H, H5triaz-α), 7.92 (s, 1H, H5triaz-β); 13C NMR (100 MHz,
DMSO): δ 50.81, 50.86 (C6-α, C6-β), 55.01, 55.06 (CH2OH-α, CH2OH-β), 68.34, 68.89, 68.91,
69.53 (C2-α, C3-α, C4-α, C5-α), 71.60, 71.66, 72.89, 72.94 (C2-β, C3-β, C4-β, C5-β), 92.66
(C1-α), 97.33 (C1-β), 123.32, 123.35 (C5triaz-α, C5triaz-β), 147.58, 147.67 (C4triaz-α, C4triaz-β);
HRMS (ESI-TOF): calcd for C9H16N3O6 ([M + H]+): m/z 262.1039; found: m/z 262.1039.

• Metabolite 33

Starting from 1,2,3,4-tetra-O-acetyl-N-(prop-2-yn-1-yl)-β-D-glucopyranuronic acid
amide 15 (0.104 g, 0.260 mmol) and 2-azidoethanol 28 (0.023 g, 0.264 mmol). The product
was obtained as a white solid (0.092 g, 73%); 1H NMR (400 MHz, CDCl3): δ 2.00, 2.03, 2.06,
2.13 (4s, 12H, 4 × CH3), 4.04 (d, 1H, J = 9.9 Hz, H5), 4.05 (m, 2H, CH2), 4.30–4.45 (m, 2H,
CH2), 4.51–4.66 (m, 2H, CH2), 5.06 (dd~t, 1H, J = 9.4 Hz, J = 9.9 Hz, H4), 5.09 (dd, 1H,
J = 8.2 Hz, J = 9.4 Hz, H2), 5.30 (dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H3), 5.74 (d, 1H, J = 8.2 Hz,
H1), 7.10 (m, 1H, NH), 7.67 (s, 1H, H5triaz); 13C NMR (100 MHz, CDCl3): δ 20.52, 20.52,
20.71, 20.75 (4 × CH3), 34.31, 53.07, 61.23 (3 × CH2), 69.15, 70.07, 71.76, 72.87 (C2, C3,
C4, C5), 91.16 (C1), 123.77 (C5triaz), 144.09 (C4triaz), 166.04 (CONH), 168.85, 169.21, 169.75,
170.71 (4 × COCH3); HRMS (ESI-TOF): calcd for C19H27N4O11 ([M + H]+): m/z 487.1676;
found: m/z 487.1672.

• Metabolite 34

Starting from N-(prop-2-yn-1-yl)-D-glucopyranuronic acid amide 16 (0.318 g, 1.375
mmol) and 2-azidoethanol 28 (0.120 g, 1.378 mmol). The product was obtained as a brown
solid (0.280 g, 64%); ratio of anomers (α:β = 1:1); 1H NMR (400 MHz, DMSO): δ 2.95 (dd,
1H, J = 8.2 Hz, J = 9.0 Hz, H2-β), 3.14 (m, 1H, H4-β), 3.19 (dd, 1H, J = 3.6 Hz, J = 9.2 Hz,
H2-α), 3.31 (m, 1H, H4-α), 3.36 (m, 1H, H3-β), 3.44 (dd~t, 1H, J = 9.0 Hz, J = 9.2 Hz, H3-α),
3.58 (d, 1H, J = 9.6 Hz, H5-β), 3.72–3.77 (m, 4H, CH2-α, CH2-β), 4.00 (d, 1H, J = 9.6 Hz,
H5-α), 4.29–4.33 (m, 4H, CH2-α, CH2-β), 4.31 (d, 1H, J = 8.2 Hz, H1-β), 4.33–4.37 (m, 4H,
CH2-α, CH2-β), 4.95 (d, 1H, J = 3.6 Hz, H1-α), 7.81, 7.84 (2s, 2H, H5triaz-α, H5triaz-β), 8.42
(m, 2H, NH-α, NH-β); 13C NMR (100 MHz, DMSO): δ 34.04, 34.09, 51.97, 52.04, 59.71, 59.76
(3 × CH2-α, 3 × CH2-β), 71.17, 71.39, 71.78, 72.11, 72.62, 74.35, 75.46, 76.22 (C2-α, C3-α,
C4-α, C5-α, C2-β, C3-β, C4-β, C5-β), 92.67, 97.26 (C1-α, C1-β), 123.07, 123.13 (C5triaz-α,
C5triaz-β), 144.29, 144.49 (C4triaz-α, C4triaz-β), 168.67, 169.71 (CONH-α, CONH-β); HRMS
(ESI-TOF): calcd for C11H18N4O7Na ([M + Na]+): m/z 341.1073; found: m/z 341.1072.

• Metabolite 35

Starting from 2,3,4,2′,3′,4′-hexa-O-acetyl-6,6′-diazido-6,6′-dideoxy-D-trehalose 23 (0.076 g,
0.118 mmol) and propargyl alcohol 27 (15 µL, 0.257 mmol). The product was obtained as
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a yellow solid (0.081 g, 91%); m.p.: 92–93 ◦C; [α]23
D = 72.9 (c = 0.27, CHCl3); 1H NMR

(400 MHz, DMSO): δ 1.95, 2.00, 2.02 (3s, 18H, 6× CH3), 4.23 (ddd, 2H, J = 2.8 Hz, J = 7.8 Hz,
J = 10.4 Hz, 2 ×H5), 4.48 (d, 4H, J = 5.6 Hz, 2 × CH2O), 4.50 (dd, 2H, J = 7.8 Hz, J = 14.4 Hz,
2 × H6a), 4.60 (dd, 2H, J = 2.8 Hz, J = 14.4 Hz, 2 × H6b), 4.85 (d, 2H, J = 3.6 Hz, 2 × H1),
4.95 (dd~t, 2H, J = 9.4 Hz, J = 10.4 Hz, 2×H4), 5.01 (dd, 2H, J = 3.6 Hz, J = 10.3 Hz, 2 × H2),
5.12 (t, 2H, J = 5.6 Hz, 2 × OH), 5.27 (dd, 2H, J = 9.4 Hz, J = 10.3 Hz, 2 × H3), 7.84 (s, 2H,
2 × H5triaz); 13C NMR (100 MHz, DMSO): δ 20.33, 20.36, 20.46 (6 × CH3), 49.42 (2 × C6),
54.96 (2 × CH2OH), 68.05, 68.43, 69.14, 69.53 (2 × C2, 2 × C3, 2 × C4, 2 × C5), 90.92
(2 × C1), 123.67 (2 × C5triaz), 148.01 (2 × C4triaz), 169.00, 169.30, 169.69 (6 × CO); HRMS
(ESI-TOF): calcd for C30H41N6O17 ([M + H]+): m/z 757.2528; found: m/z 757.2526.

• Metabolite 36

Starting from 6,6′-diazido-6,6′-dideoxy-D-trehalose 20 (0.097 g, 0.247 mmol) and
propargyl alcohol 27 (30 µL, 0.514 mmol). The product was obtained as a yellow solid (0.102
g, 82%); m.p.: 118 ◦C; [α]24

D = 102.0 (c = 1.0, DMSO); 1H NMR (400 MHz, DMSO): δ 2.95
(dd~t, 2H, J = 9.1 Hz, J = 9.9 Hz, 2 × H4), 3.17 (dd, 2H, J = 3.6 Hz, J = 9.2 Hz, 2 × H2), 3.55
(dd~t, 2H, J = 9.1 Hz, J = 9.2 Hz, 2 × H3), 4.12 (ddd, 2H, J = 2.6 Hz, J = 7.2 Hz, J = 9.9 Hz,
2 × H5), 4.43 (dd, 2H, J = 7.2 Hz, J = 14.3 Hz, 2×H6a), 4.49 (s, 4H, 2× CH2O), 4.56 (dd, 2H,
J = 2.6 Hz, J = 14.3 Hz, 2 × H6b), 4.60 (d, 2H, J = 3.6 Hz, 2 × H1), 7.84 (s, 2H, 2 × H5triaz);
13C NMR (100 MHz, DMSO): δ 50.46 (2 × C6), 54.97 (2 × CH2OH), 69.77, 71.14, 71.19, 72.60
(2 × C2, 2 × C3, 2 × C4, 2 × C5), 93.74 (2 × C1), 123.13 (2 × C5triaz), 147.76 (2 × C4triaz);
HRMS (ESI-TOF): calcd for C18H29N6O11 ([M + H]+): m/z 505.1894; found: m/z 505.1895.

3.3. Biological Evaluation
3.3.1. Cell Cultures

Three cell lines were used for biological assays. The human colon adenocarcinoma
cell line (HCT-116) was purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The human breast adenocarcinoma cell line (MCF-7) was obtained
from the collection of the Maria Skłodowska-Curie Memorial Cancer Center and the Na-
tional Institute of Oncology branch in Gliwice, Poland. The Normal Human Dermal
Fibroblasts-Neonatal (NHDF-Neo) was purchased from Lonza (Cat. No. CC-2509, NHDF-
Neo, Dermal Fibroblasts, Neonatal, Lonza, Warsaw, Poland). All cells were cultured as a
monolayer in a complete medium under standard conditions in a humidified incubator
with 5% CO2 at 37 ◦C. The complete culture media consisted of RPMI 1640 or DMEM/F12
medium (HyClone Laboratories, Inc., Logan, UT, USA), supplemented with 10% of heat-
inactivated fetal bovine serum (FBS; EURx, Gdańsk, Poland) and 1% of Antibiotic Antimy-
cotic Solution: penicillin (10,000 U/mL) and streptomycin (10,000 µg/mL) (Sigma-Aldrich,
Taufkirchen, Germany).

3.3.2. MTT Cytotoxicity Assay

The in vitro cytotoxicity of the test compounds was determined by the MTT (3-[4,5–
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test (Sigma-Aldrich, Taufkirchen,
Germany) according to the manufacturer’s protocol [58]. At the beginning, for each cell line
were determined the optimal seeding densities to ensure exponential growth throughout
the experimental period. The confluent layer of cells were trypsinized, collected, and
suspended in a growth medium. The cell suspension were then seeded into 96-well plates
at a density of 1 × 104 or 2 × 103 (HCT-116) or 5 × 103 (MCF-7, NHDF-Neo) per well
and incubated for 24 h under standard conditions (5% CO2, 37 ◦C). Then, the culture
medium was replaced with solutions of different concentrations of test compounds in a
fresh medium. Stock solutions of test compounds were prepared in DMSO and diluted to
final concentrations with appropriate volumes of the growth medium directly before the
experiment. Cells suspended in a medium supplemented with 0.5% DMSO (the amount
of DMSO necessary to dissolve the highest dose of the respective sample) were used as
a control of the experiment. The final DMSO concentration did not affect cell viability.
The compound-treated cells were incubated for a further 24–72 h. After that, the medium
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was removed and the MTT solution (50 µL, 0.5 mg/mL in PBS) was added into each
well and incubated for another 3 h under standard conditions (5% CO2, 37 ◦C). After
this time, the MTT dye was carefully removed, and the acquired formazan crystals were
dissolved by DMSO (Chempur, Piekary Śląskie, Poland). The proliferation was evaluated by
measuring the formazan product’s absorbance at a wavelength of 570 nm with a microplate
spectrophotometer (Epoch, BioTek, Winooski, VT, USA). All experiments were conducted in
triplicate with four technical repeats for each tested concentration. Results were expressed
as the percentage change in the viability of the test cells relative to the untreated control cells
and calculated as the inhibitory concentration (IC50). The IC50 values were defined as the
drug concentration that was necessary to reduce cell proliferation to 50% of the untreated
control and this parameter was calculated using CalcuSyn software (version 2.0, Biosoft,
Cambridge, UK). The results are expressed as the average value ± standard deviation (SD).

3.3.3. Clonogenic Assay

To determine the number of colonies forming by cells after exposure to the test com-
pounds, a clonogenic assay was performed as reported in the literature [60]. The cells were
seeded into 6-well plates at a density of 1 × 105 (HCT-116) or 2 × 105 (MCF-7, NHDF-Neo)
per well (3 mL) and allowed to attach for 24 h under standard conditions with 5% CO2 at
37 ◦C. The following day, the medium was removed and cells were treated with solutions
of test compounds in fresh medium at a dose equal to their IC50 values. Control cells
were grown with fresh medium supplemented with 0.5% DMSO. After 72 h of incubation,
the cells were collected by trypsinization and then reseeded into new 6-well plates at a
density of 1000 cells/well/3 mL. The plates with cells were incubated for 10 days under
standard conditions with 5% CO2 at 37 ◦C. After this time, the medium was removed and
the cells were washed with PBS, fixed with ice-cold ethanol (-20 ◦C) for 3 min, and washed
again with PBS. Finally, cells were stained with crystal violet (0.01% in H2O; Sigma-Aldrich,
Taufkirchen, Germany) for 20 min. The plates were then washed with H2O and allowed
to air-dry.

3.3.4. Wound-Healing Assay

To analyze the migration properties of cells exposed to test compounds, a wound-
healing assay was performed as reported in the literature [61,62]. The cells were seeded
into 6-well plates at a density of 3 × 105 (HCT-116) or 4 × 105 (MCF-7, NHDF-Neo) per
well (3 mL) and allowed to attach for 24 h under standard conditions with 5% CO2 at 37 ◦C.
After forming a confluent monolayer, a linear scratch in each sample with a 200 µL pipette
tip was made and the first photo at time zero was taken. The cells were washed with PBS
and then treated with solutions of test compounds in a fresh medium at a dose equal to
their IC50 values. Control cells were grown with fresh medium supplemented with 0.5%
DMSO. The cells were incubated and monitored for 72 h under standard conditions with
5% CO2 at 37 ◦C. Cell monitoring and photos were taken using Live Cell Movie Analyzer,
JuLI™ Br & FL (NanoEnTek Inc., Seoul, Korea).

3.3.5. Apoptosis and Cell Cycle Analyses by Flow Cytometry

The cell cycle and the type of cell death induced by the test compounds were measured
by using flow cytometry according to the manufacturer’s protocol. The cells were seeded
into 6-well plates at a density of 3 × 105 (HCT-116) or 4 × 105 (MCF-7, NHDF-Neo) per
well (3 mL) and allowed to attach for 24 h under standard conditions with 5% CO2 at 37 ◦C.
The following day, the medium was removed and cells were treated with solutions of test
compounds in fresh medium at a dose equal to their IC50 values. Control cells were grown
with fresh medium supplemented with 0.5% DMSO. After 24 h of incubation, the cells were
collected by trypsinization. Then, samples were centrifuged (3 min, 2000 rpm, RT) and
washed with PBS, after which the cells were centrifuged again (3 min, 2000 rpm, RT) and
the supernatant was carefully removed. The resulting precipitate contained cells, which
were used for flow cytometry experiments.
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The fraction of dead cells after treatment with the test compounds were detected
using the FITC Annexin-V Apoptosis Detection Kit with PI (BioLegend, San Diego, CA,
USA). First, cells were suspended in 50 µL of cold Annexin-V Binding Buffer (BioLegend,
San Diego, CA, USA) and incubated in the dark with 2.5 µL of antibody Annexin-V FITC
and 10 µL of propidium iodide (PI) at 37 ◦C for 20 min. 250 µL of the Annexin-V Binding
Buffer was then added and the samples were incubated in the dark on ice for 15 min.
Cytometric analyses were performed using an Aria III flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) with the FITC configuration (488 nm excitation; emission: LP
mirror 503, BP filter 530/30) or PE configuration (547 nm excitation; emission: 585 nm) and
at least 10,000 cells were counted.

For cell cycle analysis, the cells were suspended in 300 µL of hypotonic buffer
(consisting of: sodium citrate dihydrate 1 g/L, propidium iodide (PI) 1 mg/mL, RNAse A
10 mg/mL (EURx, Gdańsk, Poland), Triton X-100 1:9), mixed gently and incubated in the
dark at room temperature for 20–30 min. Cytometric analyses were performed immediately
using an Aria III flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA), using at least
10,000 cells per sample. The cytofluorimetric configurations (PE) used are described above.

The experiment was conducted in three independent repetitions. The obtained results
were analyzed using Flowing Software (Cell Imaging Core, Turku Center for Biotechnology,
Turku, Finland).

3.3.6. Intercalation Study

For the DNA binding studies, all experiments were carried out in molecular biology
grade Tris-HCl buffer at pH 7.5 (EURx, Poland). The purity of the calf thymus DNA
(ctDNA) (Sigma-Aldrich, St. Louis, MO, USA) was determined by measuring the ratio of
UV absorbance at 260 and 280 nm. Here, the ratio was in the range of 1.8–1.9, indicating the
DNA was sufficiently free from protein. The concentration of ctDNA was determined from
the absorbance at 260 nm and using a molar absorption coefficient ε = 6600 M−1 cm−1 [68].
The glycoconjugates A-2 and E-2 were dissolved in DMSO to a concentration of 10 mM,
followed by diluting with Tris-HCl buffer to a concentration of 1 mM, which were used
as the stock solutions, respectively. The absorption titration experiments were carried out
by keeping the concentration of the glycoconjugates at a constant concentration of 50 µM
while varying the ctDNA concentration from 3 to 300 µM. The samples were incubated
for 2 h at 37 ◦C with gently shaking and the absorption spectra were measured using a
UV–Vis-NIR spectrophotometer JASCO V-570 (Tokyo, Japan) in the range of 200–400 nm.

3.3.7. Statistical Analysis

For biological evaluation, at least three replicates were performed for every kind of
experiment. The results were presented as means ± standard deviation (SD). The statistical
analysis was based on a t-test, and a p-value less than 0.05 was considered statistically
significant, indicated on the figures with an asterisk (*).

4. Conclusions

Focusing on the characteristic feature of cancer, which is increased demand for glucose,
an anti-cancer treatment strategy based on the use of GLUT transporters for the targeted
transport of drugs to the tumor cell has been developed. This strategy is a promising way
to avoid the systemic toxicity of potential pharmaceuticals.

First, the synthesis pathways of sugar derivatives functionalized at the C-6 position
were designed. D-Glucose, D-galactose, as well as glucuronic acid, and trehalose were used
for this purpose. New glycoconjugates were prepared by the copper(I)-catalyzed 1,3-dipolar
azide-alkyne cycloaddition between sugar derivatives and appropriately functionalized
8-hydroxyquinoline derivatives. The structures of all created products were confirmed
using spectroscopy of nuclear magnetic resonance (1H NMR and 13C NMR) and high-
resolution mass spectrometry (HRMS). Glycoconjugates were assessed in vitro for their
cytotoxic activity against HCT-116 and MCF-7 cell lines, as well as against healthy NHDF-
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Neo cells. The results show that the most active are glycoconjugates derivatives of D-
glucose in which the triazole-quinoline was attached through the triazole nitrogen atom
to the D-glucose unit directly to the carbon at the C-6 position. These glycoconjugates
are more cytotoxic and selective than the analogous glycoconjugates formed by the C-
1 anomeric position of D-glucose. Following the use of an EDG inhibitor and partial
inhibition of GLUT activity, probably decreased compound uptake occurred, which resulted
in less accumulation in cells and less anti-cancer activity. Additionally, glycoconjugates
containing an unprotected glucose residue are more selective compared to the derivative
with an acetylated sugar moiety. This proves the use of GLUT proteins in the transport
of glycoconjugates to cancer cells. Compounds with acetyl protection in the sugar part
are characterized by high lipophilicity, so this type of compound prefers passive transport
across the cell membrane. This transport is non-selective, so these compounds also damage
healthy cells. The results of the apoptosis and cell cycle analyses by flow cytometry
confirmed the anticancer potential of the tested compounds. Experiments have shown
that the new type of glycoconjugates shows pro-apoptotic properties, without causing
inflammatory processes and without significantly affecting changes in the distribution
of the cell cycle. The ability of glycoconjugates to interact with DNA by intercalation,
which may subsequently induce damage to nucleic acids, was also confirmed. Moreover,
glycoconjugates were able to reduce the clonogenic potential of cancer cells and inhibit
their migration process.

In conclusion, the glycoconjugates formed through the C-6 position of D-glucose
should be considered promising in therapy for the targeted transport of drugs into the
tumor cell. It has been proven that the new type of glycoconjugates shows an increased
affinity for GLUT, which means that they can be transported directly to tumor cells, avoid-
ing systemic toxicity. The strategies for the synthesis of sugar derivatives using the C-6
position developed here may be used in the further design of new active sugar derivatives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27206918/s1, Figures S1–S72: 1H NMR and 13C NMR
spectra of all synthesized compounds; Figure S73: Representative graphs of Annexin V/PI double
staining apoptosis assay; Figure S74: Representative histograms of PI-stained DNA content; Figure
S75: Representative images of cells in wound healing assay.
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Abstract: The design of prodrugs is one of the important strategies for selective anti-cancer therapies.
When designing prodrugs, attention is paid to the possibility of their targeting tumor-specific markers
such as proteins responsible for glucose uptake. That is why glycoconjugation of biologically active
compounds is a frequently used strategy. Glycoconjugates consisting of three basic building blocks:
a sugar unit, a linker containing a 1,2,3-triazole ring, and an 8-hydroxyquinoline fragment was
described earlier. It is not known whether their cytotoxicity is due to whole glycoconjugates action or
their metabolites. To check the biological activity of products that can be released from glycoconju-
gates under the action of hydrolytic enzymes, the synthetically obtained potential metabolites were
tested in vitro for the inhibition of proliferation of HCT-116, MCF-7, and NHDF-Neo cell lines using
the MTT assay. Research shows that for the full activity of glycoconjugates, the presence of all three
building blocks in the structure of a potential drug is necessary. For selected derivatives, additional
tests of targeted drug delivery to tumor cells were carried out using polymer nanocarriers in which
they are encapsulated. This approach significantly lowered the determined IC50 values of the tested
compounds and improved their selectivity and effectiveness.

Keywords: quinoline glycoconjugates; metabolites; cytotoxicity; anticancer activity; click chemistry

1. Introduction

Designing anticancer drugs is one of the greatest challenges in medicinal chemistry in
the XXI century. There are many therapeutic strategies for the treatment of cancer, such as
surgery, radiation therapy, and chemotherapy. However, most of the available anti-cancer
therapies are characterized by narrow therapeutic windows, which are mainly due to their
high systemic toxicity, caused by a lack of tumor-specific selectivity. Therefore, it is neces-
sary to search for new, effective drugs for the treatment of cancer. An important element of
this search is the increasingly better understanding of the mechanisms of action of potential
drugs, which may result in the implementation of safer, more selective therapies.

One of the many directions offered by medical chemistry is the concept of designing
prodrugs, i.e., substances that become active only as a result of their metabolism inside the
body. According to the definition proposed 60 years ago, prodrugs are inactive derivatives
of drugs that undergo biotransformation in vivo to release active molecules, allowing
specific drug delivery and triggering a therapeutic effect. The prodrug strategy minimizes
drug deactivation before achieving the expected molecular goal and is the starting point
for research into mechanisms that determine the bioavailability of potential drugs [1–3].

Molecules 2022, 27, 1040. https://doi.org/10.3390/molecules27031040 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27031040
https://doi.org/10.3390/molecules27031040
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-7400-3488
https://orcid.org/0000-0001-8753-1143
https://orcid.org/0000-0002-7716-5597
https://orcid.org/0000-0002-8748-1649
https://orcid.org/0000-0002-7280-8979
https://doi.org/10.3390/molecules27031040
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27031040?type=check_update&version=2


Molecules 2022, 27, 1040 2 of 21

Most prodrugs are designed to improve the physicochemical, biopharmaceutical, or phar-
macokinetic properties of a compound. The main aim is to improve the solubility and
bioavailability of the drug and to increase its penetration into the cell. In most cases, pro-
drugs are simple chemical derivatives that require only one to two chemical or enzymatic
transformation steps to yield the active parent drug. In some cases, a prodrug may consist
of two pharmacologically active drugs that are coupled together into a single molecule so
that each drug acts as a promoiety for the other such derivatives, called co-drugs [4]. A
significant amount of the conventional chemotherapeutic agents have poor pharmacoki-
netic profiles and are distributed non-specifically in the body, leading to systemic toxicity
with serious side effects. When designing prodrugs, attention is paid to the possibility of
targeting tumor-specific markers. The microenvironment of tumors differs significantly
from normal tissues. Compared to healthy counterparts, cancer tissues are characterized by
unique pathophysiological markers such as hypoxia or a reducing microenvironment, high
intracellular glutathione level, low pH, specific proteins overexpression, and elevated level
of reactive oxygen species. All of these factors can act as promoters of prodrugs activation
to induce a pharmacological effect without damaging normal tissues [5,6].

Cancer cells are characterized by changed energy metabolism compared to healthy
cells. This fact contributes to the Warburg effect and is one of the most common features
of cancer. Cancer cells produce their energy through glycolysis followed by lactic acid
fermentation, characteristic of hypoxic conditions, and its level is much higher (over a
hundred times) than in healthy cells, for which mitochondrial oxidative phosphorylation
is the main source of energy [7,8]. The high rate of glycolysis consumes large amounts of
glucose, hence the cells of some neoplasms are characterized by overexpression of proteins
responsible for glucose uptake into their interior, the so-called GLUT transporters [9–11].
This fact can be exploited for the selective delivery of drugs by glycoconjugation of biologi-
cally active compounds [12,13]. The glycoconjugate prodrugs aim to reduce the systemic
toxicity of the drug by targeted transport to cancer cells via GLUT transporters and the
release of the active form of the drug in the intracellular microenvironment.

It is also known that cancer cells have an increased need for metal ions such as zinc,
calcium, iron, and copper. They are involved in basic cellular processes, therefore their
chelation effect plays an important role in drug design [14–16]. The elevated amount of
copper in cancerous tissues, combined with the fact that copper promotes angiogenesis,
cancer growth, and metastasis, has led to attempts to obtain copper-complexing com-
pounds and use them in anti-cancer therapy [17–19]. An example of such a compound
is 8-hydroxyquinoline, the derivatives of which constitute one of the important groups
of metal-chelating compounds necessary for the growth and angiogenesis of neoplastic
cells [20–23]. The conducted experiments proved that the conjugation of metallodrugs
with a molecule of sugar is able to deliver prodrugs to a specific tumor tissue due to the
overexpression of glucose receptors in neoplastic cells, which provides better antitumor
activity and reduction in systemic toxicity [24,25].

Considering the above, our research group conducted a series of experiments on the
glycoconjugation of 8-hydroxyquinoline (8-HQ) derivatives [26–28]. We assumed that due
to the addition of a sugar derivative to the active 8-HQ fragment, the obtained molecules
would be able to selectively enter a tumor cell using the Warburg effect. Moreover, the
addition of the 1,2,3-triazole fragment to the structure of glycoconjugates improved their
cytotoxic activity and had a positive effect on the ability to form complexes with metal
ions. Several of the designed glycoconjugates derivatives of 8-HQ have shown significant
cytotoxicity at the micromolar level against the variety of cell lines tested, compared to
their parent compounds. The designed bonds linking sugar and quinoline are stable in the
extracellular space. However, after entering the cell, these compounds can be degraded
under the action of hydrolytic enzymes, releasing the active form of the drug, which
is able to induce cytotoxicity (Figure 1). Except for the cytotoxicity assessment of the
glycoconjugates themselves, it seems advisable to check the biological activity of products
that can be released in the tumor cell from glycoconjugates by the action of hydrolytic



Molecules 2022, 27, 1040 3 of 21

enzymes. Comprehensive research should focus on assessing the activity of each of the
possible metabolites of a given prodrug to determine exactly what role individual fragments
of the molecule play, as well as which of their structural elements are responsible for the
antitumor effect and whether these compounds are not toxic to healthy cells.

Figure 1. Interaction at the micro-environment. Targeted prodrug delivery.

2. Results and Discussion
2.1. Synthesis

The aim of the research was to obtain and evaluate the biological activity of potential
metabolites that may be formed in biological systems by the degradation of anti-cancer
prodrugs based on glycoconjugates derivatives of 8-hydroxyquinoline described in recent
works [26–28]. This will allow answering the question of which fragment of the molecule
is responsible for the obtained biological activity.

The designed compounds consist of an 8-hydroxyquinoline fragment linked by an
aliphatic chain of various lengths to a 1,2,3-triazole ring. The second type of metabolites
are D-glucose derivatives containing anomeric oxygen, nitrogen, or sulfur atom and also
connect to the 1,2,3-triazole ring by various linkers. Due to the stability of triazoles in
typical physiological conditions, the 1,2,3-triazole linker is present in glycoconjugates and
all metabolite structures. Studies have shown that the 1,2,3-triazole ring is an important
system that influences anti-cancer activity. Furthermore, their tendency to form hydrogen
bonds increases the solubility of such molecules in biological systems, which favor binding
to biomolecular targets, thus allowing in vivo administration [29].

The desired metabolites were prepared by the copper(I)-catalyzed 1,3-dipolar azide-
alkyne cycloaddition (CuAAC), in the variant used for the synthesis of biologically active
compounds belonging to the group of the so-called click-chemistry reactions developed
by Sharples [29–32]. This type of reaction allows for the quick and efficient synthesis of
new compounds and combinatorial libraries. This process is characterized by high yields,
stereospecificity, mild reaction conditions, the absence of by-products, and the simplicity of
product purification. The CuAAC reaction was carried out between the appropriate azide
or propargyl quinoline derivatives 3–10 or sugar derivatives 11–24 and 2-azidoethanol 1
or propargyl alcohol 2. A general procedure for the synthesis of metabolites is shown in
Schemes 1 and 2. Used for the reaction, quinoline substrates functionalized in the 8-OH po-
sition (Figure 2) and sugar derivatives substituted at the anomeric position (Figure 3) were
prepared according to the previously published procedures [26–28]. Propargyl alcohol 2 is
a commercially available reagent, whereas 2-azidoethanol 1 was obtained by substituting
2-bromoethanol with sodium azide in DMF [33]. Confirmation of bromine atom exchange
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to the azide moiety was the appearance in the 13C-NMR spectra of the signal of CH2N3
carbon with a shift of about 53.5 ppm.

Scheme 1. Strategies for the synthesis of metabolites of 8-hydroxyquinoline derivatives.

Scheme 2. Strategies for the synthesis of metabolites of sugar derivatives.

Figure 2. Structures of substrates derivatives of 8-hydroxyquinoline.

The reaction for the synthesis of metabolites was carried out by dissolving the men-
tioned reagents in an equimolar ratio in the THF/i-PrOH solvent system, followed by
adding the CuSO4·5H2O/NaAsc aqueous catalyst system to the reaction mixture. CuSO4
was used as the source of copper ions. Meanwhile, sodium ascorbate was a reducing agent
of Cu(II) to Cu(I) in situ and avoided the formation of oxidation byproducts. The reaction
was carried out for 24 h at room temperature. Pure products were isolated by column
chromatography in good or very good yields. As a result of the reaction, structures contain-
ing only a 1,4-disubstituted 1,2,3-triazole ring in the linker were obtained. The structures
of all synthesized metabolites, as well as the standard glycoconjugates, are presented in
Tables 1 and 2. The new structures were confirmed using NMR and HRMS spectroscopy
methods. The presence of characteristic signals in the NMR spectra originating from the
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1,2,3-triazole ring indicated the formation of the desired product. These are signal a singlet
at about δ = 7.9 ppm from the H-C(5) proton triazole ring in 1H-NMR spectra and two
characteristic carbon signals at about 123 ppm and 144 ppm for C(4) and C(5) from triazole
ring in the 13C-NMR spectra. The NMR spectra of all synthesized products are presented
in the Supplementary Materials. The physicochemical properties, such as melting point
and optical rotation, were also determined.

Figure 3. Structures of substrates derivatives of sugar.

2.2. Cytotoxicity Studies

The obtained compounds were tested in vitro for the inhibition of the proliferation of
several tumor cell lines. Cell lines were selected for the experiments, on which glycoconju-
gates from which described metabolites could arise were previously tested. HCT-116 (col-
orectal carcinoma cell line) and MCF-7 (human breast adenocarcinoma cell line) are charac-
terized by a high demand for glucose and overexpression of the GLUT transporters [34,35].
In addition, an excess of copper ions was observed near the above-mentioned lines [36,37].
NHDF-Neo (Normal Human Dermal Fibroblasts-Neonatal) is a healthy cell line and is a
reference point to evaluate the selectivity of compounds. Screening of cell viability after
exposure to the compounds was performed using the MTT assay. It is used to measure
cellular metabolic activity as an indicator of cell viability, proliferation, and cytotoxicity.
The basis of the MTT method is the ability of mitochondrial dehydrogenase present in the
mitochondria of metabolically active cells to convert the yellow tetrazolium salt (MTT)
into purple formazan crystals. MTT assay was carried out according to the protocol (MTT,
Sigma-Aldrich, Taufkirchen, Germany) [38]. Cells were treated with various concentrations
of test compounds for 24–72 h. The activity of test compounds is expressed by IC50 values,
defined as 50% inhibition of cell growth compared to the untreated control. The results
are presented in Tables 1 and 2 and compared with the activity of glycoconjugates, which
could theoretically form the tested potential metabolites.
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Table 1. Biological activity of the obtained compounds (metabolites of 8-hydroxyquinoline derivatives and glycoconjugates from which they could arise).

Compound
Number

Structure
Activity IC50 [µM] a Glycoconjugate

Structure d
Activity IC50 [µM]

HCT-116b MCF-7c NHDFb HCT-116 MCF-7 NHDF

M1 >800 >800 - 239.95 ± 2.27 105.91 ± 4.06 216.12 ± 9.68

M2 >800 >800 - 290.62 ± 7.02 135.97 ± 1.47 715.16 ± 10.63

M3 >800 >800 - 216.95 ± 4.73 196.49 ± 1.91 405.85 ± 5.73

M4 >800 750.45 ± 1.07 - 229.56 ± 2.59 375.58 ± 8.34 -

M5 >800 602.95 ± 1.95 - 142.98 ± 2.30 200.60 ± 1.10 214.75 ± 6.43

M6 469.82 ± 8.61 194.13 ± 0.18 202.02 ± 3.29 135.07 ± 6.98 221.11 ± 2.40 426.80 ± 3.80

M7 196.18 ± 3.55 155.96 ± 0.45 131.99 ± 1.00 328.75 ± 9.02 254.81 ± 3.63 -

M8 564.85 ± 3.59 286.01± 1.42 - 294.74 ± 1.79 214.83 ± 1.65 >800

a Cytotoxicity was evaluated using the MTT assay; b Incubation time 24 h; c Incubation time 72 h; d The synthesis and biological activity of the presented glycoconjugates are described in
publications [26–28]. Data are presented as the mean ± standard deviation (n = 3).
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Table 2. Biological activity of the obtained compounds (metabolites of sugar derivatives and glycoconjugates from which they could arise).

Compound
Number

Structure
Activity IC50 [µM] a Glycoconjugate

Structure d
Activity IC50 [µM]

HCT-116 b MCF-7 c NHDF b HCT-116 MCF-7 NHDF

M9 >800 >800 - 69.00 ± 2.53 57.69 ± 3.32 57.37 ± 3.19

M10 >800 >800 - 212.00 ± 7.71 185.34 ± 2.21 247.24 ± 11.64

M11 >800 >800 - 239.95 ± 2.27 105.91 ± 4.06 216.12 ± 9.68

M12 >800 >800 - >800 >800 -

M13 >800 >800 - 216.95 ± 4.73 196.49 ± 1.91 405.85 ± 5.73

M14 258.32 ± 2.06 428.66 ± 2.11 101.15 ± 4.98 246.24 ± 6.19 192.66 ± 3.71 219.14 ± 2.40

M15 747.66 ± 8.29 >800 - 112.79 ± 1.58 87.89 ± 4.11 94.69 ± 0.46

M16 >800 >800 - 239.05 ± 2.97 203.78 ± 3.55 382.61 ± 2.42

M17 >800 >800 - 246.23 ± 1.31 176.40 ± 1.81 696.74 ± 1.60

M18 107.24 ± 2.17 248.77 ± 1.58 89.07 ± 8.63 106.71 ± 4.10 59.12 ± 1.46 54.62 ± 0.74

M19 >800 792.99 ± 1.30 - 127.05 ± 1.75 76.30 ± 1.33 105.32 ± 3.40
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Table 2. Cont.

Compound
Number

Structure
Activity IC50 [µM] a Glycoconjugate

Structure d
Activity IC50 [µM]

HCT-116 b MCF-7 c NHDF b HCT-116 MCF-7 NHDF

M20 >800 >800 - 172.83 ± 3.48 153.34 ± 0.25 229.12 ± 2.06

M21 >800 >800 - 146.16 ± 3.49 69.72 ± 3.50 71.81 ± 6.70

M22 >800 >800 -
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The motivation for obtaining the metabolites M1–M8 presented in Table 1 was to
check whether the addition of a sugar unit is necessary to improve the biological prop-
erties of 8-HQ or whether the introduction of the linker containing the 1,2,3-triazole ring
alone would be sufficient. In contrast to the glycoconjugates, which were mostly able to
inhibit cell proliferation in the concentration range studied, most of the resulting 8-HQ
derivative metabolites did not show interesting activity. Considering the influence of the
length of the alkyl chain between the quinoline fragment and the 1,2,3-triazole ring, the
most active turned out to be metabolites with three or four carbon atoms in the linker.
It is probably related to the possibility of the compound penetrating the phospholipid
membrane into the cells. The compound with the longest alkyl chain and the 1,2,3-triazole
ring is characterized by the highest lipophilicity, which may help in its transport across
cell membranes. The observed lower activity of the analogous glycoconjugate than the
most active metabolite M7 probably indicates incomplete hydrolysis of the glycosidic bond
in the cell by β-glycosidases, leading to the release of active aglycone, which is able to
complex copper(II) ions.

The obtained metabolites containing a sugar part and a linker with a 1,2,3-triazole ring
in the structure were also weakly active or completely inactive against the tested tumor
cell lines (Table 2). This confirms that the quinoline fragment is responsible for showing
antiproliferative activity. On the other hand, sugar molecules are also an additional source
of energy, allowing the proliferation of cells. The exceptions are the compounds M14 and
M18. Probably the combination of the 1,2,3-triazole ring with an amide moiety, as in the
case of the M14 compound, improves the ability to complex Cu2+ ions, thus inhibiting the
proliferation of neoplastic cells by eliminating an important factor of their growth. It is
worth adding that the sugar derivative 16 without the 1,2,3-triazole ring was completely
inactive against the tested cell lines. Due to the presence of acetyl protecting groups in the
sugar part, which improve the lipophilicity of the molecule, the metabolite M14 may be
able to cross biological barriers and enter cells by passive diffusion. The analogous metabo-
lite M15 with the unprotected sugar fragment showed no antiproliferative activity. The
deprotected derivatives apparently do not have sufficient affinity for GLUT transporters.
Cytotoxic activity was also demonstrated by the metabolite M18 containing a sulfur atom
in the anomeric position of the sugar. Probably the compounds with the S-glycosidic bond
do not undergo premature enzymatic degradation before entering the cell and therefore
the sulfur atom together with the 1,2,3-triazole ring is able to complex copper ions. It
was observed that the extension of the alkyl chain in the metabolite M19 did not improve
the cytotoxicity. On the other hand, the spatial orientation of the 1,2,3-triazole ring with
the linker turned out to be important. For comparison, in order to create a 1,2,3-triazole
system in the structure of the metabolite M20, a derivative of 1-thiosugar with an anomeric
propargyl moiety was used. This reaction created an "inverted" system of 1,2,3-triazole in
relation to that in the M18 metabolite. This compound did not show any antiproliferative
activity. It can be assumed that not only the hydrolytic stability is important for biological
activity, but also the mutual spatial orientation of the atom in the anomeric position of the
sugar and the 1,2,3-triazole ring. In view of the above results, the lack of activity of the
M21 and M22 derivatives is surprising. Quite unexpectedly, no beneficial effect was found
to introduce an additional pyridine fragment together with an amide or carbamate bond
into the linker structure between the 1-thiosugar moiety and the 1,2,3 triazole ring. This
additional fragment was supposed to increase the ability of metabolites to complex copper
ions, which are needed for the growth of cancer cells. Perhaps additional cytotoxicity
studies on an extended panel of tumor cell lines are worth carrying out for these molecules.

Compounds showing activity against the tested tumor cell lines turned out to be toxic
to healthy cells at the same time. This is because passive transport, which allows them to
enter the cell, is not preferred for designed prodrugs and does not guarantee selectivity. As
a result, the tested compounds damage both cancer cells and healthy cells. Experiments
should be extended in the direction allowing for better matching of compounds to the
structure of GLUT transporters, which should ultimately improve their selectivity.
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The above experiments do not explain whether the low cytotoxic activity of the
obtained metabolites results from the real lack of activity of the structures or because of
the difficulties crossing of biological membranes by 8-HQ derivatives. To investigate this
issue in detail, additional targeted drug delivery experiments to tumor cells were required.
One of the strategies to increase the bioavailability and selectivity of drugs is the use of
polymeric carriers in which they are encapsulated. Their action is based on the controlled
release of encapsulated drugs under the influence of appropriate intracellular stimuli (e.g.,
temperature, pH), thus improving the drug’s ability to target cancer cells [39,40]. It is known
that in the microenvironment of neoplastic tissues there is a mildly acidic environment,
which results from excessive glycolysis in tumors [41]. Therefore, for the targeted transport
of selected, previously tested, metabolites M5 and M7, specially developed biodegradable
pH-sensitive polymer nanocarriers were used, which decompose with the release of the
drug under the influence of pH changes [42]. Herein, pH-responsive micelles consisting
of poly(ethylene glycol)-b-poly(acetal-functionalized aliphatic carbonate)-b-oligo([R]-3-
hydroxybutyrate) triblock copolymer were used as nanocarriers for metabolites. Recent
studies have shown that the encapsulation of 8-HQ derivative glycoconjugates in pH-
sensitive nanocarriers significantly improved their effectiveness by avoiding systemic side
effects and reducing the doses of administered prodrugs [42].

The in vitro cytotoxic activity of free drugs (M5 and M7) and drug-loaded pH-responsive
micelles (M5-micelles and M7-micelles) was determined by the MTT test. Cells were incu-
bated with the appropriate compounds for 72 h in a concentration range oscillating within
the IC50 activity of the above-mentioned compounds. The polymeric material can be safely
used in research because it is not toxic to the cell lines tested [42]. The relationship between
cell viability and the concentration of free drugs and drug-loaded micelles is shown in
Figure 4. The IC50 value was also determined for each case and is summarized in Table 3.
The results demonstrate that the drug-loaded micelles showed a much stronger cytotoxic
effect against all tested cell lines as compared to the free drugs. M5 and M7 loaded into
micelles achieve much lower IC50 values compared to their free counterparts. It is worth
noting that the inhibitory effect of micelles loaded with metabolites on the proliferation of
healthy NHDF-Neo cells, in comparison to free drugs, is not as great as in case wherein
they are applied to neoplastic cells. As a result, metabolites-loaded micelles showed a
higher selectivity index compared to free metabolites, which may be due to the specific
microenvironment of tumor cells. It can be assumed that the use of micelles facilitates the
active transport of compounds directly to the cancer cell, thus increasing the accumulation
of the drug in cancer cells and its effectiveness. The lower cytotoxic activity of free metabo-
lites as well as of free glycoconjugates is probably due to their difficult penetration into
the cell through phospholipid membranes. The low activity of analogous glycoconjugates
may also be caused by too early hydrolysis of the glycosidic linkage and therefore difficult
crossing of biological membranes, or by an incompatibility between the sugar derivatives
and GLUT transporters. However, no mechanism of action can be ruled out at this stage.

Table 3. Biological activity of the free metabolites and metabolites loaded into micelles.

Compound Number Structure
Activity IC50 [µM] a

HCT-116 b MCF-7 b NHDF b

M5
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>800 602.95 ± 1.95 509.52 ± 3.26

M5-micelles 23.59 ± 1.44 33.04 ± 1.73 59.54 ± 2.81

M7 169.19 ± 3.90 155.96 ± 0.45 85.14 ± 4.16

M7-micelles 12.41 ± 0.41 4.46 ± 0.36 45.76 ± 1.78
a Cytotoxicity was evaluated using the MTT assay; b Incubation time 72 h. Data are presented as the
mean ± standard deviation (n = 3).
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Figure 4. The cell viability of free metabolites and metabolites loaded into micelles for HCT-116, MCF-7, and NHDF-Neo cells after 72 h of incubation. Data are
presented as the mean ± standard deviation (n = 3).
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3. Materials and Methods
3.1. General Information

NMR spectra were recorded with an Agilent spectrometer at a frequency of 400 MHz
or Varian spectrometer at a frequency of 600 MHz using tetramethylsilane (TMS) as the
internal standard and CDCl3 or DMSO-d6 as the solvents, which were purchased from
ACROS Organics (Geel, Belgium). Chemical shifts (δ) were reported in ppm and the cou-
pling constants (J) in Hz. The following abbreviations were used to explain the observed
multiplicities: s: singlet, d: doublet, dd: doublet of doublets, ddd: doublet of doublet of
doublets, t: triplet, dd~t: doublet of doublets resembling a triplet (with similar values of
coupling constants), m: multiplet, b: broad. High-resolution mass spectra (HRMS) were
recorded with a WATERS LCT Premier XE system using the electrospray-ionization (ESI)
technique. Optical rotations were measured with a JASCO P-2000 polarimeter using a
sodium lamp (589.3 nm) at room temperature. Melting point measurements were per-
formed on OptiMelt (MPA 100) Stanford Research Systems. Reactions were monitored by
thin-layer chromatography (TLC) on precoated plates of silica gel 60 F254 (Merck Millipore,
Burlington, MA, USA). The TLC plates were visualized under UV light (λ = 254 nm) or by
charring after spraying with 10% solution of sulfuric acid in ethanol. Crude products were
purified using column chromatography performed on Silica Gel 60 (70–230 mesh, Fluka,
St. Louis, MI, USA), developed with toluene:EtOAc or CHCl3:MeOH as solvent systems.
Organic solvents were evaporated on a rotary evaporator under diminished pressure at
40 ◦C. The absorbance on the MTT assay was measured spectrophotometrically at the
570 nm wavelength using a plate reader (Epoch, BioTek, Winooski, VT, USA).

All used chemicals and solvents were purchased from Sigma-Aldrich (Saint Louis,
MO, USA), ACROS Organics (Geel, Belgium), and Avantor Performance Materials (Gliwice,
Poland) and were used without further purification. D-Glucose, 8-hydroxyquinoline,
8-hydroxyquinaldine, and propargyl alcohol 2 are commercially available (Sigma-Aldrich).
2-Azidoethanol 1, 8-Hydroxyquinoline derivatives 3–10 and sugar derivatives 11–24 were
prepared according to the respective published procedures [26–28,33].

3.2. Chemistry
3.2.1. General Procedure for the Synthesis of Metabolites M1–M22

The appropriate 8-hydroxyquinoline derivative 3–10 or sugar derivative 11–24 (1 eq.)
was dissolved in dry THF (2 mL) and i-PrOH (2 mL) and then 2-azidoethanol 1 or propargyl
alcohol 2 (1 eq.) was added. The solutions of sodium ascorbate (0.4 eq.) in H2O (1 mL) and
CuSO4·5H2O (0.2 eq.) in H2O (1 mL) were mixed and immediately added to the reaction
mixture. The reaction was stirred at room temperature for 24 h. The reaction progress
was monitored by TLC in an eluents system CHCl3:MeOH (20:1 or 2:1). After comple-
tion of the reaction, the catalyst systems were filtered off and solvents were concentrated
under reduced pressure. The crude residues were purified using column chromatogra-
phy (toluene:AcOEt, 2:1 and CHCl3:MeOH, 100:1 for fully protected glycoconjugates and
analogs of 8-HQ or gradient of CHCl3:MeOH from 50:1 to 2:1 for products with unprotected
sugar part).

1-Hydroxyethyl-4-(8-quinolinyloxymethyl)-1H-1,2,3-triazol M1: Starting from 8-(prop-
2-yn-1-yloxy)quinoline 3 and 2-azidoethanol 1, the product was obtained as a brown solid
(81% yield); m.p.: 126–128 ◦C; [α]25

D = −0.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3):
δ 4.01 (t, 2H, J = 5.0 Hz, CH2), 4.45 (t, 2H, J = 5.0 Hz, CH2), 5.46 (s, 2H, CH2OQuin), 7.28
(dd, 1H, J = 1.4 Hz, J = 8.2 Hz, H-7Quin), 7.35–7.48 (m, 3H, H-3Quin, H-5Quin, H-6Quin),
7.94 (s, 1H, H-5Triaz), 8.12 (d, 1H, J = 8.3 Hz, H-4Quin), 8.83 (bs, 1H, H-2Quin); 13C NMR
(100 MHz, CDCl3): δ 52.82 (CH2N), 61.02 (CH2O), 62.75 (CH2O), 109.78 (C-7Quin), 120.19
(C-5Quin), 121.68 (C-3Quin), 124.65 (C-5Triaz), 126.82 (C-6Quin), 129.50 (C-4aQuin), 136.19
(C-4Quin), 140.00 (C-8aQuin), 143.72 (C-4Triaz), 149.12 (C-2Quin), 153.76 (C-8Quin); HRMS
(ESI-TOF): calcd for C14H15N4O2 ([M + H]+): m/z 271.1195; found: m/z 271.1199.

1-Hydroxyethyl-4-(2-methyl-8-quinolinyloxymethyl)-1H-1,2,3-triazol M2: Starting
from 2-methyl-8-(prop-2-yn-1-yloxy)quinoline 4 and 2-azidoethanol 1, the product was ob-
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tained as a brown solid (80% yield); m.p.: 109–111 ◦C; [α]25
D = 0.2 (c = 1.0, CHCl3); 1H-NMR

(600 MHz, CDCl3): δ 2.73 (s, 3H, CH3), 3.99 (t, 2H, J = 5.0 Hz, CH2), 4.44 (t, 2H, J = 5.0 Hz,
CH2), 5.46 (s, 2H, CH2OQuin), 7.24 (m, 1H, H-7Quin), 7.29 (d, 1H, J = 8.4 Hz, H-3Quin),
7.34–7.38 (m, 2H, H-5chin, H-6Quin), 7.90 (s, 1H, H-5Triaz), 8.00 (d, 1H, J = 8.4 Hz, H-4Quin);
13C-NMR (150 MHz, CDCl3): δ 25.40 (CH3), 52.76 (CH2N), 61.01 (CH2O), 63.01 (CH2O),
110.24 (C-7Quin), 120.16 (C-5Quin), 122.67 (C-3Quin), 124.52 (C-5Triaz), 125.74 (C-6Quin), 127.73
(C-4aQuin), 136.28 (C-4Quin), 139.65 (C-8aQuin), 144.00 (C-4Triaz), 153.30 (C-2Quin), 158.20
(C-8Quin); HRMS (ESI-TOF): calcd for C15H17N4O2 ([M + H]+): m/z 285.1352; found: m/z
285.1357.

4-Hydroxymethyl-1-(8-quinolinyloxyethyl)-1H-1,2,3-triazol M3: Starting from 8-(2-
azidoethoxy)quinoline 5 and propargyl alcohol 2, the product was obtained as a brown
solid (91% yield); m.p.: 116–119 ◦C; [α]25

D = 23.0 (c = 1.0, CHCl3); 1H-NMR (400 MHz,
DMSO): δ 4.51 (s, 2H, CH2OH), 4.61 (t, 2H, J = 5.1 Hz, CH2), 4.89 (t, 2H, J = 5.1 Hz,
CH2), 7.25 (dd, 1H, J = 1.5 Hz, J = 7.5 Hz, H-7Quin), 7.47–7.58 (m, 3H, H-3Quin, H-5Quin,
H-6Quin), 8.25 (s, 1H, H-5Triaz), 8.33 (dd, 1H, J = 1.9 Hz, J = 8.6 Hz, H-4Quin), 8.89 (dd,
1H, J = 1.7 Hz, J = 4.1 Hz, H-2Quin); 13C-NMR (100 MHz, DMSO): δ 49.02 (CH2N), 55.04
(CH2O), 67.37 (CH2O), 110.39 (C-7Quin), 120.43 (C-5Quin), 121.90 (C-3Quin), 123.32 (C-5Triaz),
126.70 (C-6Quin), 129.07 (C-4aQuin), 135.82 (C-4Quin), 139.70 (C-8aQuin), 148.07 (C-4Triaz),
149.21 (C-2Quin), 153.71 (C-8Quin); HRMS (ESI-TOF): calcd for C14H15N4O2 ([M + H]+): m/z
271.1195; found: m/z 271.1197.

4-Hydroxymethyl-1-(2-methyl-8-quinolinyloxyethyl)-1H-1,2,3-triazol M4: Starting
from 2-methyl-8-(2-azidoethoxy)quinoline 6 and propargyl alcohol 2, the product was
obtained as a beige solid (83% yield); m.p.: 150–152 ◦C; [α]25

D = −27.0 (c = 1.0, CHCl3);
1H-NMR (400 MHz, DMSO): δ 2.69 (s, 3H, CH3), 4.53 (d, 2H, J = 4.2 Hz, CH2OH), 4.57 (t,
2H, J = 5.1 Hz, CH2), 4.88 (t, 2H, J = 5.1 Hz, CH2), 5.15 (bs, 1H, OH), 7.20 (dd, 1H, J = 1.3 Hz,
J = 7.7 Hz, H-7Quin), 7.39–7.46 (m, 2H, H-3Quin, H-6Quin), 7.50 (dd, 1H, J = 1.2 Hz, J = 8.2
Hz, H-5Quin), 8.20 (d, 1H, J = 8.4 Hz, H-4Quin); 8.46 (s, 1H, H-5Triaz), 13C-NMR (100 MHz,
DMSO): δ 25.02 (CH3), 49.02 (CH2N), 55.12 (CH2O), 67.54 (CH2O), 110.88 (C-7Quin), 120.33
(C-5Quin), 122.52 (C-3Quin), 123.71 (C-5Triaz), 125.66 (C-6Quin), 127.33 (C-4aQuin), 135.99
(C-4Quin), 139.26 (C-8aQuin), 148.08 (C-4Triaz), 153.23 (C-2Quin), 157.55 (C-8Quin); HRMS
(ESI-TOF): calcd for C15H17N4O2 ([M + H]+): m/z 285.1352; found: m/z 285.1353.

4-Hydroxymethyl-1-(8-quinolinyloxypropyl)-1H-1,2,3-triazol M5: Starting from 8-(3-
azidopropoxy)quinoline 7 and propargyl alcohol 2, the product was obtained as a brown
solid (86% yield); m.p.: 126–127 ◦C; [α]25

D = 19.0 (c = 1.0, CHCl3); 1H-NMR (400 MHz,
DMSO): δ 2.41 (p, 2H, J = 6.5 Hz, CH2), 4.19 (t, 2H, J = 6.1 Hz, CH2), 4.51 (s, 2H, CH2OH),
4.62 (t, 2H, J = 6.9 Hz, CH2), 7.19 (dd, 1H, J = 2.0 Hz, J = 7.0 Hz, H-7Quin), 7.47–7.59 (m, 3H,
H-3Quin, H-5Quin, H-6Quin), 8.10 (s, 1H, H-5Triaz), 8.32 (dd, 1H, J = 1.6 Hz, J = 8.2 Hz,
H-4Quin), 8.89 (bs, 1H, H-2Quin); 13C-NMR (100 MHz, DMSO): δ 29.56 (CH2), 46.37 (CH2N),
54.97 (CH2O), 65.31 (CH2O), 109.76 (C-7Quin), 119.83 (C-5Quin), 121.76 (C-3Quin), 122.76
(C-5Triaz), 126.70 (C-6Quin), 128.97 (C-4aQuin), 135.71 (C-4Quin), 139.70 (C-8aQuin), 147.96
(C-4Triaz), 148.95 (C-2Quin), 154.13 (C-8Quin); HRMS (ESI-TOF): calcd for C15H17N4O2
([M + H]+): m/z 285.1352; found: m/z 285.1354.

4-Hydroxymethyl-1-(2-methyl-8-quinolinyloxypropyl)-1H-1,2,3-triazol M6: Starting
from 2-methyl-8-(3-azidopropoxy)quinoline 8 and propargyl alcohol 2, the product was
obtained as a brown oil (79% yield); [α]25

D = 3.0 (c = 1.0, CHCl3); 1H-NMR (400 MHz,
DMSO): δ 2.41 (m, 2H, CH2), 2.68 (s, 3H, CH3), 4.19 (m, 2H, CH2), 4.51 (s, 2H, CH2OH),
4.63 (m, 2H, CH2), 7.18 (m, 1H, H-7Quin), 7.36–7.56 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 8.12
(s, 1H, H-5Triaz), 8.22 (m, 1H, H-4Quin); 13C-NMR (100 MHz, DMSO): δ 24.96 (CH3), 29.56
(CH2), 46.43 (CH2N), 55.03 (CH2O), 65.58 (CH2O), 110.40 (C-7Quin), 119.87 (C-5Quin), 122.53
(C-3Quin), 122.94 (C-5Triaz), 125.80 (C-6Quin), 128.93 (C-4aQuin), 136.05 (C-4Quin), 139.10
(C-8aQuin), 148.10 (C-4Triaz), 153.34 (C-2Quin), 158.93 (C-8Quin); HRMS (ESI-TOF): calcd for
C16H19N4O2 ([M + H]+): m/z 299.1508; found: m/z 299.1509.

4-Hydroxymethyl-1-(8-quinolinyloxybutyl)-1H-1,2,3-triazol M7: Starting from 8-(4-
azidobutoxy)quinoline 9 and propargyl alcohol 2, the product was obtained as a brown oil
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(80% yield); [α]25
D = 1.0 (c = 1.0, CHCl3); 1H-NMR (400 MHz, DMSO): δ 1.82 (m, 2H, CH2),

2.07 (m, 2H, CH2), 4.21 (t, 2H, J = 5.6 Hz, CH2), 4.51 (t, 2H, J = 5.6 Hz, CH2), 4.52 (s, 2H,
CH2OH), 7.20 (m, 1H, H-7Quin), 7.40–7.66 (m, 3H, H-3Quin, H-5Quin, H-6Quin), 8.12 (s, 1H,
H-5Triaz), 8.32 (m, 1H, H-4Quin), 8.87 (bs, 1H, H-2Quin); 13C-NMR (100 MHz, DMSO): δ 25.57
(CH2), 27.01 (CH2), 48.93 (CH2N), 55.08 (CH2O), 67.85 (CH2O), 109.36 (C-7Quin), 119.63
(C-5Quin), 121.84 (C-3Quin), 122.91 (C-5Triaz), 126.84 (C-6Quin), 128.85 (C-4aQuin), 135.75
(C-4Quin), 139.75 (C-8aQuin), 147.92 (C-4Triaz), 148.89 (C-2Quin), 154.50 (C-8Quin); HRMS
(ESI-TOF): calcd for C16H19N4O2 ([M + H]+): m/z 299.1508; found: m/z 299.1509.

4-Hydroxymethyl-1-(2-methyl-8-quinolinyloxybutyl)-1H-1,2,3-triazol M8: Starting
from 2-methyl-8-(4-azidobutoxy)quinoline 10 and propargyl alcohol 2, the product was
obtained as a brown oil (76% yield); [α]24

D = −2.0 (c = 0.9, CHCl3); 1H-NMR (400 MHz,
DMSO): δ 1.80 (m, 2H, CH2), 2.07 (m, 2H, CH2), 2.64 (s, 3H, CH3), 4.20 (m, 2H, CH2),
4.48–4.60 (m, 4H, CH2, CH2OH), 7.16 (m, 1H, H-7Quin), 7.34–7.50 (m, 3H, H-3Quin, H-5Quin,
H-6Quin), 8.18 (m, 1H, H-4Quin); 8.19 (s, 1H, H-5Triaz), 13C-NMR (100 MHz, DMSO): δ
24.97 (CH3), 25.30 (CH2), 27.19 (CH2), 48.93 (CH2N), 55.07 (CH2O), 68.11 (CH2O), 109.60
(C-7Quin), 119.40 (C-5Quin), 122.42 (C-3Quin), 123.15 (C-5Triaz), 125.74 (C-6Quin), 127.22
(C-4aQuin), 135.94 (C-4Quin), 139.16 (C-8aQuin), 147.95 (C-4Triaz), 153.88 (C-2Quin), 157.19
(C-8Quin); HRMS (ESI-TOF): calcd for C17H21N4O2 ([M + H]+): m/z 313.1665; found: m/z
313.1664.

4-Hydroxymethyl-1-N-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-triazol M9:
Starting from 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide 11 and propargyl alcohol 2,
the product was obtained as a white solid (91% yield); m.p.: 165–166 ◦C; [α]24

D = −15.8
(c = 1.0, CHCl3); 1H-NMR (400 MHz, CDCl3): δ 1.88, 2.03, 2.07, 2.08 (4s, 12H, CH3CO), 4.01
(ddd, 1H, J = 2.2 Hz, J = 5.0 Hz, J = 10.1 Hz, H-5Glu), 4.15 (dd, 1H, J = 2.2 Hz, J = 12.6 Hz,
H-6aGlu), 4.30 (dd, 1H, J = 5.0 Hz, J = 12.6 Hz, H-6bGlu), 4.81 (bs, 2H, CH2OH), 5.25
(dd~t, 1H, J = 9.5 Hz, J = 10.1 Hz, H-4Glu), 5.39–4.49 (m, 2H, H-2Glu, H-3Glu), 5.89 (d, 1H,
J = 9.3 Hz, H-1Glu), 7.79 (s, 1H, H-5Triaz); 13C-NMR (100 MHz, CDCl3): δ 20.19, 20.51, 20.54,
20.67 (CH3CO), 56.61 (CH2OH), 61.56 (C-6Glu), 67.73, 70.35, 72.67, 75.14 (C-2Glu, C-3Glu,
C-4Glu, C-5Glu), 85.76 (C-1Glu), 120.04 (C-5Triaz), 148.42 (C-4Triaz), 169.00, 169.36, 169.90,
170.48 (CH3CO); HRMS (ESI-TOF): calcd for C17H24N3O10 ([M + H]+): m/z 430.1462;
found: m/z 430.1457.

4-Hydroxymethyl-1-N-(β-D-glucopyranosyl)-1H-1,2,3-triazol M10: Starting from β-D-
glucopyranosyl azide 12 and propargyl alcohol 2, the product was obtained as a brown
solid (90% yield); m.p.: 142–145 ◦C; [α]24

D = 3.0 (c = 1.0, CH3OH); 1H-NMR (400 MHz,
DMSO): δ 3.23 (m, 1H, H-2Glu), 3.34–3.48 (m, 3H, H-3Glu, H-4Glu, H-5Glu), 3.64–3.80 (m,
2H, H-6aGlu, H-6bGlu), 4.53 (m, 2H, CH2OH), 4.60 (m, 1H, OH), 5.12 (d, 1H, J = 4.9 Hz,
OH), 5.18 (t, 1H, J = 4.3 Hz, 6-OH), 5.24 (d, 1H, J = 3.9 Hz, OH), 5.33 (d, 1H, J = 5.8 Hz,
OH), 5.50 (d, 1H, J = 9.3 Hz, H-1Glu), 8.11 (s, 1H, H-5Triaz); 13C-NMR (100 MHz, DMSO):
δ 54.91 (CH2OH), 60.77 (C-6Glu), 69.58, 72.04, 77.01, 79.87 (C-2Glu, C-3Glu, C-4Glu, C-5Glu),
87.37 (C-1Glu), 121.87 (C-5Triaz), 147.74 (C-4Triaz); HRMS (ESI-TOF): calcd for C9H16N3O6
([M + H]+): m/z 262.1039; found: m/z 262.1037.

4-Hydroxymethyl-1-(2-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyloxy)ethyl)-1H-1,2,3-
triazol M11: Starting from 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 13 and
propargyl alcohol 2, the product was obtained as a white solid (79% yield), m.p.: 151–152 ◦C;
[α]24

D = −5.6 (c = 1.0, CHCl3); 1H-NMR (400 MHz, CDCl3): δ 1.96, 2.00, 2.02, 2.08 (4s, 12H,
CH3CO), 3.71 (ddd, 1H, J = 2.4 Hz, J = 4.7 Hz, J = 9.9 Hz, H-5Glu), 3.92 (m, 1H, CH2O),
4.13 (dd, 1H, J = 2.4 Hz, J = 12.4 Hz, H-6aGlu), 4.23 (m, 1H, CH2O), 4.25 (dd, 1H, J = 4.7 Hz,
J = 12.4 Hz, H-6bGlu), 4.48 (d, 1H, J = 7.8 Hz, H-1Glu), 4.50–4.67 (m, 2H, CH2N), 4.79 (s, 2H,
CH2OH), 4.98 (dd, 1H, J = 7.8 Hz, J = 9.4 Hz H-2glu), 5.07 (dd~t, 1H, J = 9.4 Hz, J = 9.9 Hz,
H-4glu), 5.17 (dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3glu), 7.61 (s, 1H, H-5Triaz); 13C-NMR
(100 MHz, CDCl3): δ 20.57, 20.57, 20.60, 20.72 (CH3CO), 49.97 (CH2N), 56.65 (CH2OH),
61.74 (C-6Glu), 67.86, 68.22, 71.12, 71.98, 72.46 (C-2Glu, C-3Glu, C-4Glu, C-5Glu, CH2O), 100.43
(C-1Glu), 123.36 (C-5Triaz), 147.67 (C-4Triaz), 169.47, 169.67, 170.09, 170.63 (CH3CO); HRMS
(ESI-TOF): calcd for C19H28N3O11 ([M + H]+): m/z 474.1724; found: m/z 474.1725.
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4-Hydroxymethyl-1-(2-(β-D-glucopyranosyloxy)ethyl)-1H-1,2,3-triazol M12: Starting
from 2-azidoethyl β-D-glucopyranoside 14 and propargyl alcohol 2, the product was
obtained as a white solid (96% yield); m.p.: 60–63 ◦C; [α]22

D = −5.0 (c = 1.0, DMSO);
1H-NMR (400 MHz, DMSO): δ 2.96 (m, 1H, H-2Glu), 3.04 (m, 1H, H-4Glu), 3.09–3.16 (m, 2H,
H-3Glu, H-5Glu), 3.43 (m, 1H, H-6aGlu), 3.67 (m, 1H, H-6bGlu), 3.90 (m, 1H, CH2O), 4.00–4.14
(m, 3H, CH2O, CH2N), 4.23 (d, 1H, J = 7.8 Hz, H-1Glu), 4.51 (d, 2H, J = 5.4 Hz, CH2OH),
4.55 (t, 1H, J = 5.4 Hz, OH), 4.92 (d, 1H, J = 5.2 Hz, OH), 4.95 (d, 1H, J = 4.8 Hz, OH), 5.06 (d,
1H, J = 4.9 Hz, OH), 5.14 (t, 1H, J = 5.6 Hz, 6-OH), 8.01 (s, 1H, H-5triaz); 13C-NMR (100 MHz,
DMSO): δ 49.57 (CH2N), 55.02 (CH2OH), 61.07 (C-6Glu), 67.44, 70.02, 73.33, 76.62, 77.00
(C-2Glu, C-3Glu, C-4Glu, C-5Glu, CH2O), 102.96 (C-1Glu), 123.48 (C-5Triaz), 147.70 (C-4Triaz);
HRMS (ESI-TOF): calcd for C11H20N3O7 ([M + H]+): m/z 306.1301; found: m/z 306.1300.

1-Hydroxyethyl-4-((2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyloxy)methyl)-1H-1,2,3-triazol
M13: Starting from propargyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 15 and 2-azidoe-
thanol 1, the product was obtained as a colorless oil (76% yield); [α]25

D = −24.0 (c = 1.0,
CHCl3); 1H-NMR (400 MHz, CDCl3): δ 2.00, 2.00, 2.03, 2.09 (4s, 12H, CH3CO), 3.73 (ddd,
1H, J = 2.4 Hz, J = 4.7 Hz, J = 10.0 Hz, H-5Glu), 4.03–4.10 (m, 2H, CH2OH), 4.16 (dd, 1H,
J = 2.4 Hz, J = 12.3 Hz, H-6aGlu), 4.25 (dd, 1H, J = 4.7 Hz, J = 12.3 Hz, H-6bGlu), 4.42–4.56
(m, 2H, CH2N), 4.70 (d, 1H, J = 7.9 Hz, H-1Glu), 4.84 and 4.92 (qAB, 2H, J = 12.7 Hz, CH2C),
4.98 (dd, 1H, J = 7.9 Hz, J = 9.5 Hz H-2Glu), 5.09 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz, H-4Glu),
5.21 (dd~t, 1H, J = 9.4 Hz, J = 9.5 Hz, H-3Glu), 7.67 (s, 1H, H-5Triaz); 13C-NMR (100 MHz,
CDCl3): δ 20.60, 20.69, 20.78 (CH3CO), 52.72 (CH2N), 61.15, 61.82, 63.10 (CH2OH, CH2O,
C-6Glu), 68.36, 71.42, 71.94, 72.73 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 99.98 (C-1Glu), 124.10
(C-5Triaz), 144.09 (C-4Triaz), 169.43, 169.55, 170.20, 170.79 (CH3CO); HRMS (ESI-TOF): calcd
for C19H28N3O11 ([M + H]+): m/z 474.1724; found: m/z 474.1726.

2-(4-(Hydroxymethyl)-1H-1,2,3-triazol-1-yl)-N-(2,3,4,6-tetra-O-acetyl-β-D-glucopy-
ranosyl)acetamide M14: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)azido-
acetamide 16 and propargyl alcohol 2, the product was obtained as a white solid (92%
yield); m.p.: 173–174 ◦C; [α]24

D = 4.8 (c = 1.0, CHCl3); 1H-NMR (400 MHz, CDCl3): δ 2.00,
2.03, 2.03, 2.08 (4s, 12H, CH3CO), 3.82 (ddd, 1H, J = 2.2 Hz, J = 4.4 Hz, J = 10.0 Hz, H-5Glu),
4.10 (dd, 1H, J = 2.2 Hz, J = 12.5 Hz, H-6aGlu), 4.27 (dd, 1H, J = 4.4 Hz, J = 12.5 Hz, H-6bGlu),
4.82 (s, 2H, CH2OH), 4.87 (dd~t, 1H, J = 9.5 Hz, J = 9.5 Hz, H-2Glu), 5.03 and 5.14 (qAB,
2H, J = 16.6 Hz, CH2N), 5.04 (dd~t, 1H, J = 9.5 Hz, J = 10.0 Hz H-4Glu), 5.20 (dd~t, 1H,
J = 9.1 Hz, J = 9.5 Hz, H-1Glu), 5.28 (dd~t, 1H, J = 9.5 Hz, J = 9.5 Hz, H-3Glu), 6.92 (d, 1H,
J = 9.1 Hz, NH), 7.66 (s, 1H, H-5Triaz); 13C-NMR (100 MHz, CDCl3): δ 20.53, 20.56, 20.59,
20.72 (CH3CO), 52.74 (CH2N), 56.44 (CH2OH), 61.54 (C-6Glu), 68.01, 70.39, 72.54, 73.81
(C-2Glu, C-3Glu, C-4Glu, C-5Glu), 78.36 (C-1Glu), 123.38 (C-5Triaz), 148.62 (C-4Triaz), 165.90
(C=O), 169.49, 169.83, 170.62, 171.16 (CH3CO); HRMS (ESI-TOF): calcd for C19H27N4O11
([M + H]+): m/z 487.1676; found: m/z 487.1676.

2-(4-(Hydroxymethyl)-1H-1,2,3-triazol-1-yl)-N-(β-D-glucopyranosyl)acetamide M15:
Starting from N-(β-D-glucopyranosyl)azidoacetamide 17 and propargyl alcohol 2, the
product was obtained as a yellow solid (86% yield); m.p.: 155–158 ◦C; [α]23

D = 14.0
(c = 1.0, DMSO); 1H-NMR (400 MHz, DMSO): δ 3.03–3.15 (m, 3H, H-2Glu, H-4Glu, H-5Glu),
3.19 (m, 1H, H-3Glu), 3.42 (m, 1H, H-6aGlu), 3.64 (m, 1H, H-6bGlu), 4.52 (s, 2H, CH2OH),
4.71 (dd~t, 1H, J = 8.9 Hz, J = 9.0 Hz, H-1Glu), 5.08 and 5.13 (qAB, 2H, J = 16.4 Hz, CH2N),
7.91 (s, 1H, H-5Triaz), 8.94 (d, 1H, J = 9.0 Hz, NH); 13C-NMR (100 MHz, DMSO): δ 51.47
(CH2N), 55.02 (CH2OH), 60.82 (C-6Glu), 69.86, 72.61, 77.33, 78.73 (C-2Glu, C-3Glu, C-4Glu,
C-5Glu), 79.67 (C-1Glu), 124.31 (C-5Triaz), 147.70 (C-4Triaz), 165.95 (C=O), HRMS (ESI-TOF):
calcd for C11H19N4O7 ([M + H]+): m/z 319.1254; found: m/z 319.1251.

1-(2-Hydroxyethyl)-N-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-triazole-4-
carboxamide M16: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)propiolamide
18 and 2-azidoethanol 1, the product was obtained as a white solid (88% yield); m.p.:
194–196 ◦C; [α]23

D = −15.6 (c = 1.0, CHCl3); 1H-NMR (600 MHz, CDCl3): δ 1.99, 2.03, 2.05,
2.07 (4s, 12H, CH3CO), 3.91 (ddd, 1H, J = 2.2 Hz, J = 4.3 Hz, J = 10.0 Hz, H-5Glu), 4.06–4.11
(m, 2H, CH2OH), 4.10 (dd, 1H, J = 2.2 Hz, J = 12.5 Hz, H-6aGlu), 4.27 (dd, 1H, J = 4.3 Hz,
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J = 12.5 Hz, H-6bGlu), 4.51–4.59 (m, 2H, CH2N), 5.13 (dd~t, 1H, J = 9.6 Hz, J = 10.0 Hz,
H-4Glu), 5.15 (dd~t, 1H, J = 9.5 Hz, J = 9.5 Hz H-2glu), 5.35 (dd~t, 1H, J = 9.5 Hz, J = 9.5 Hz,
H-1glu), 5.47 (dd~t, 1H, J = 9.5 Hz, J = 9.6 Hz, H-3Glu), 7.93 (d, 1H, J = 9.6 Hz, NH), 8.27 (s,
1H, H-5Triaz); 13C-NMR (150 MHz, CDCl3): δ 20.58, 20.61, 20.73 (CH3CO), 52.97 (CH2N),
60.86 (CH2OH), 61.68 (C-6Glu), 68.16, 70.43, 73.07, 73.63 (C-2Glu, C-3Glu, C-4Glu, C-5Glu),
77.84 (C-1Glu), 127.38 (C-5Triaz), 141.85 (C-4Triaz), 160.53 (C=O), 169.55, 170.06, 170.30, 170.71
(CH3CO); HRMS (ESI-TOF): calcd for C19H27N4O11 ([M + H]+): m/z 487.1676; found: m/z
487.1678.

(1-(2-Hydroxyethyl)-1H-1,2,3-triazol-4-yl)methyl (2,3,4,6-tetra-O-acetyl-β-D-glucopy-
ranosyl)carbamate M17: Starting from 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)-O-
propargyl carbamate 19 and 2-azidoethanol 1, the product was obtained as a white solid
(83% yield); m.p.: 93–95 ◦C; [α]23

D = 0.8 (c = 1.0, CHCl3); 1H-NMR (400 MHz, CDCl3): δ
2.01, 2.03, 2.07 (4s, 12H, CH3CO), 3.83 (m, 1H, H-5Glu), 4.00–4.08 (m, 2H, CH2OH), 4.13
(m, 1H, H-6aGlu), 4.29 (m, 1H, H-6bGlu), 4.40–4.58 (m, 2H, CH2N), 4.94 (m, 1H, H-1Glu),
4.99–5.19 (m, 3H, CH2O, H-2Glu), 5.20–5.35 (m, 2H, H-3Glu, H-4Glu), 6.06 (m, 1H, NH),
7.75 (s, 1H, H-5Triaz); 13C NMR (100 MHz, CDCl3): δ 20.57, 20.58, 20.66, 20.73 (CH3CO),
52.74 (CH2N), 58.64, 61.00, 61.58 (CH2OH, CH2O, C-6Glu), 68.07, 70.18, 72.93, 73.32 (C-2Glu,
C-3Glu, C-4Glu, C-5Glu), 80.78 (C-1Glu), 125.01 (C-5Triaz), 142.36 (C-4Triaz), 155.49 (C=O),
169.53, 169.95, 170.56, 170.64 (CH3CO); HRMS (ESI-TOF): calcd for C20H29N4O12 ([M + H]+):
m/z 517.1782; found: m/z 517.1780.

4-Hydroxymethyl-1-((2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)thiomethyl)-1H-1,2,3-
triazol M18: Starting from azidomethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside
20 and propargyl alcohol 2, the product was obtained as a white solid (78% yield); m.p.:
135–137 ◦C; [α]25

D = −33.0 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.00, 2.03, 2.05,
2.10 (4s, 12H, CH3CO), 3.69 (ddd, 1H, J = 2.5 Hz, J = 4.2 Hz, J = 10.0 Hz, H-5Glu), 4.12 (dd,
1H, J = 4.2 Hz, J = 12.5 Hz, H-6aGlu), 4.17 (dd, 1H, J = 2.5 Hz, J = 12.5 Hz, H-6bGlu), 4.64
(d, 1H, J = 10.1 Hz, H-1Glu), 4.81 (bs, 2H, CH2OH), 5.03 (dd~t, 1H, J = 9.3 Hz, J = 10.1 Hz,
H-2Glu), 5.09 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz, H-4Glu), 5.20 (dd~t, 1H, J = 9.3 Hz,
J = 9.4 Hz, H-3Glu), 5.39 i 5.67 (qAB, 2H, J = 14.7 Hz, CH2N), 7.77 (s, 1H, H-5Triaz); 13C-NMR
(100 MHz, CDCl3): δ 20.56, 20.58, 20.61, 20.82 (CH3CO), 48.61 (CH2N), 56.78 (CH2OH), 61.52
(C-6Glu), 67.92, 69.58, 73.57, 76.21 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.37 (C-1Glu), 121.69
(C-5Triaz), 148.96 (C-4Triaz), 169.33, 169.45, 170.02, 170.83 (CH3CO); HRMS (ESI-TOF): calcd
for C18H26N3O10S ([M + H]+): m/z 476.1339; found: m/z 476.1339.

4-Hydroxymethyl-1-((2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)thioethyl)-1H-1,2,3-
triazol M19: Starting from 2-azidoethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside
21 and propargyl alcohol 2, the product was obtained as a white solid (86% yield); m.p.:
150 ◦C; [α]24

D = −31.8 (c = 1.0, CHCl3); 1H-NMR (400 MHz, CDCl3): δ 2.01, 2.04, 2.06, 2.08
(4s, 12H, CH3CO), 3.06 (m, 1H, CHS), 3.27 (m, 1H, CHS), 3.73 (ddd, 1H, J = 3.1 Hz, J = 4.3 Hz,
J = 10.1 Hz, H-5Glu), 4.19 (dd, 1H, J = 3.1 Hz, J = 12.5 Hz, H-6aGlu), 4.23 (dd, 1H, J = 4.3 Hz,
J = 12.5 Hz, H-6bGlu), 4.44 (d, 1H, J = 10.0 Hz, H-1Glu), 4.53–4.69 (m, 2H, CH2N), 4.81 (s, 2H,
CH2OH), 5.04 (dd~t, 1H, J = 9.4 Hz, J = 10.0 Hz, H-2Glu), 5.08 (dd~t, 1H, J = 9.4 Hz, J = 10.1
Hz, H-4Glu), 5.22 (dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3Glu), 7.68 (s, 1H, H-5Triaz); 13C-NMR
(100 MHz, CDCl3): δ 20.57, 20.58, 20.66, 20.75 (CH3CO), 30.34 (CH2S), 50.50 (CH2N), 56.61
(CH2OH), 61.92 (C-6Glu), 68.12, 69.48, 73.54, 76.23 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 83.63
(C-1Glu), 122.77 (C-5Triaz), 147.63 (C-4Triaz), 169.40, 169.46, 170.08, 170.62 (CH3CO); HRMS
(ESI-TOF): calcd for C19H28N3O10S ([M + H]+): m/z 490.1495; found: m/z 490.1497.

1-Hydroxyethyl-4-((2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)thiomethyl)-1H-1,2,3-
triazol M20: Starting from propargyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glycopyranosides 22
and 2-azidoethanol 1, the product was obtained as a colorless oil (73% yield); [α]25

D = −24.4
(c = 0.5, CHCl3); 1H-NMR (600 MHz, CDCl3): δ 2.00, 2.02, 2.03, 2.09 (4s, 12H, CH3CO), 3.73
(ddd, 1H, J = 2.4 Hz, J = 4.5 Hz, J = 10.1 Hz, H-5Glu), 3.93 and 4.03 (qAB, 2H, J = 14.8 Hz,
CH2S), 4.03–4.09 (m, 2H, CH2OH), 4.15 (dd, 1H, J = 2.4 Hz, J = 12.4 Hz, H-6aGlu), 4.21 (dd,
1H, J = 4.5 Hz, J = 12.4 Hz, H-6bGlu), 4.43–4.52 (m, 2H, CH2N), 4.62 (d, 1H, J = 10.1 Hz,
H-1Glu), 4.99 (dd, 1H, J = 9.3 Hz, J = 10.1 Hz H-4Glu), 5.10 (dd~t, 1H, J = 9.4 Hz, J = 10.1 Hz,
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H-2Glu), 5.20 (dd~t, 1H, J = 9.3 Hz, J = 9.4 Hz, H-3Glu), 7.65 (s, 1H, H-5Triaz); 13C-NMR
(150 MHz, CDCl3): δ 20.58, 20.69, 20.79 (CH3CO), 24.23 (CH2S), 52.80 (CH2N), 61.12, 61.96
(CH2OH, C-6Glu), 68.29, 70.08, 73.84, 75.88 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 82.72 (C-1Glu),
123.49 (C-5Triaz), 144.79 (C-4Triaz), 169.43, 169.64, 170.14, 170.82 (CH3CO); HRMS (ESI-TOF):
calcd for C19H28N3O10S ([M + H]+): m/z 490.1495; found: m/z 490.1493.

2-(4-(Hydroxymethyl)-1H-1,2,3-triazol-1-yl)-N-(6-((2,3,4,6-tetra-O-acetyl-β-D-glucopy-
ranosyl)thio)pyridin-3-yl)acetamide M21: Starting from (5-azidoacetamide-2-pyridyl) 2,3,4,6-
tetra-O-acetyl-1-thio-β-D-glucopyranoside 23 and propargyl alcohol 2, the product was
obtained as a white solid (83% yield); m.p.: 171–174 ◦C; [α]25

D = −7.8 (c = 0.9, CHCl3);
1H-NMR (400 MHz, DMSO): δ 1.96, 1.98, 1.98, 2.00 (4s, 12H, CH3CO), 4.02 (m, 1H, H-5Glu),
4.10–4.20 (m, 2H, H-6aGlu, H-6bGlu), 4.55 (d, 2H, J = 5.6 Hz, CH2OH), 4.93–5.04 (m, 2H,
H-2Glu, H-4Glu), 5.20 (t, 1H, J = 5.6 Hz, OH), 5.34 (s, 2H, CH2N), 5.42 (dd~t, 1H, J = 9.4 Hz,
J = 9.4 Hz, H-3Glu), 5.73 (d, 1H, J = 10.3 Hz, H-1Glu), 7.42 (d, 1H, J = 8.7 Hz, H-3Pyr), 7.97
(dd, 1H, J = 2.6 Hz, J = 8.7 Hz, H-4Pyr), 7.99 (s, 1H, H-5Triaz), 8.67 (d, 1H, J = 2.1 Hz, H-6Pyr),
10.72 (s, 1H, NH); 13C-NMR (100 MHz, DMSO): δ 20.27, 20.32, 20.37, 20.45 (CH3CO), 51.95
(CH2N), 55.01 (CH2OH), 61.83 (C-6Glu), 68.02, 69.39, 72.96, 74.51 (C-2Glu, C-3Glu, C-4Glu,
C-5Glu), 81.15 (C-1Glu), 122.92 (C-5Triaz), 124.36 (CPyr), 127.82 (CPyr), 133.21 (CPyr), 140.55
(CPyr), 147.86 (C-4Triaz), 149.66 (CPyr), 164.94 (C=O), 169.08, 169.27, 169.47, 169.88 (CH3CO);
HRMS (ESI-TOF): calcd for C24H30N5O11S ([M + H]+): m/z 596.1663; found: m/z 596.1662.

(1-(2-Hydroxyethyl)-1H-1,2,3-triazol-4-yl)methyl (6-((2,3,4,6-tetra-O-acetyl-β-D-glucopy-
ranosyl)thio)pyridin-3-yl)carbamate M22: Starting from (5-(((prop-2-yn-1-yloxy)carbonyl)
amino)-2-pyridyl) 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside 24 and 2-azidoethanol
1, the product was obtained as a white solid (86% yield); m.p.: 124–126 ◦C; [α]24

D = −4.2
(c = 1.0, CHCl3); 1H-NMR (400 MHz, DMSO): δ 1.95, 1.97, 1.98, 2.00 (4s, 12H, CH3CO),
3.73–3.82 (m, 2H, CH2OH), 4.02 (m, 1H, H-5Glu), 4.09–4.19 (m, 2H, H-6aGlu, H-6bGlu), 4.41
(d, 2H, J = 5.4 Hz, CH2N), 4.93–5.06 (m, 2H, H-2Glu, H-4Glu), 5.22 (s, 2H, CH2O), 5.41
(dd~t, 1H, J = 9.4 Hz, J = 9.4 Hz, H-3Glu), 5.69 (d, 1H, J = 10.3 Hz, H-1Glu), 7.38 (d, 1H,
J = 8.7 Hz, H-3Pyr), 7.84 (dd, 1H, J = 2.1 Hz, J = 8.7 Hz, H-4Pyr), 8.15 (s, 1H, H-5Triaz), 8.54
(d, 1H, J = 2.1 Hz, H-6Pyr), 10.02 (s, 1H, NH); 13C-NMR (100 MHz, DMSO): δ 20.18, 20.23,
20.28, 20.34 (CH3CO), 52.08 (CH2N), 57.67 (CH2O), 59.71 (CH2OH), 61.73 (C-6Glu), 67.93,
69.33, 72.90, 74.40 (C-2Glu, C-3Glu, C-4Glu, C-5Glu), 81.26 (C-1Glu), 123.05 (C-5Triaz), 125.17
(CPyr), 126.59 (CPyr), 133.84 (CPyr), 139.68 (CPyr), 141.52 (C-4Triaz), 148.02 (CPyr), 153.12
(C=O), 168.98, 169.17, 169.38, 169.80 (CH3CO); HRMS (ESI-TOF): calcd for C25H32N5O12S
([M + H]+): m/z 626.1768; found: m/z 626.1769.

3.2.2. Preparation and Characterization of Micelles

Micelles were prepared by standard solvent evaporation method from pH-responsive
amphiphilic poly(ethylene glycol)-b-polycarbonate-b-oligo([R]-3-hydroxybutyrate) copoly-
mer which was synthesized by PEG/organocatalyst-initiated ring-opening polymerization
of ketal-protected six-membered cyclic carbonate and subsequent esterification with natural
oligo([R]-3-hydroxybutyrate) as described in our previous study [42]. The size and morphol-
ogy of micelles were determined by dynamic light scattering (DLS) measurements using
a Brookhaven BI-200 goniometer equipped with a Brookhaven BI-9000 AT (Brookhaven
Instruments Corp., Holtsville, NY, USA) and cryo-TEM (Tecnai F20 X TWIN mi-croscope
(FEI Company, Hillsboro, OR, USA), respectively. The DLS and cryo-TEM measurement
of the drug free micelles showed a relatively small hydrodynamic size of ~25.5 nm with
a spherical shape [42] (Figure S45a,b). Meanwhile, metabolite-loaded mi-celles revealed
particles size of around ~34 nm and ~36 nm for M5-micelles and M7-micelles, respectively
(Figure S45c,d). Furthermore, the drug loading efficiency (DLE) and the drug loading con-
tent (DLC) were determined according to standard formulas. The encapsulation properties
of pH-sensitive micelles were evaluated at the feed drug ratio of the copolymer was 1:10.
The DLC and DLE values for micelles loaded with M5 were 5.4% ± 0.1 and 49.9% ± 1.6
and with M7 5.2% ± 0.2 and 46.8% ± 2.9, respectively. No significant differences in encap-
sulation properties were observed between metabolites, which is probably related to the
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small difference in chemical structure. Detailed information on copolymer synthesis and
physicochemical characterization of micelles has been provided in our former studies [42].

3.3. Biological Evaluation
3.3.1. Cell Cultures

The human colon adenocarcinoma cell line (HCT-116) was purchased from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA). The human breast adenocar-
cinoma cell line (MCF-7) was obtained from collections at the Maria Sklodowska-Curie
Memorial Cancer Center and National Institute of Oncology (Gliwice, Poland). The Normal
Human Dermal Fibroblasts-Neonatal (NHDF-Neo) was purchased from LONZA (Cat.
No. CC-2509, NHDF-Neo, Dermal Fibroblasts, Neonatal, Lonza, Poland). Cells were
grown in a culture medium in a humidified atmosphere at 5% CO2 and 37 ◦C. The cul-
ture media consisted of RPMI 1640 or DMEM+F12 (HyClone), supplemented with 10% of
heat-inactivated fetal bovine serum (FBS, EURx, Poland) and 1% of Antibiotic Antimycotic
Solution, 100 U/mL penicillin, and 10 mg/mL streptomycin (Sigma-Aldrich, Taufkirchen,
Germany).

3.3.2. MTT Assay

Cells viability was assessed by the MTT (3-[4,5–dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide) test (Sigma-Aldrich, Taufkirchen, Germany) according to the manufac-
turer’s protocol. Stock solutions of tested compounds were prepared in DMSO and diluted
to the desired concentrations with the appropriate volumes of the growth medium directly
before the experiment (DMSO content in the highest concentration did not exceed 0.5%).
The cells were seeded into 96-well plates at concentration 1 × 104 (HCT-116, NHDF-Neo)
or 5 × 103 (MCF-7) per well and incubated for 24 h at 37 ◦C in a humidified atmosphere of
5% CO2. Then, the culture medium was removed, replaced with the solution of the tested
compounds in a fresh medium with varying concentrations. As a control in the cytotoxicity
studies, cells suspended in a medium supplemented with 0.5% DMSO were used. It was
the amount of DMSO necessary to dissolve the highest concentration of a given sample.
Then, cells were incubated for a further 24 h or 72 h. After this time, the medium was
removed, and the MTT solution (50 µL, 0.5 mg/mL in PBS) was added into each well. After
3 h of incubation, the MTT solution was carefully removed, and the acquired formazan
crystals were dissolved in DMSO. The absorbance was measured spectrophotometrically at
the 570 nm wavelength using a multi-well plate reader (Epoch, BioTek, Winooski, VT, USA).
The experiment was conducted in at least three independent repetitions with four technical
repetitions for each tested concentration, and the results were expressed as the survival
fraction (%) of the control. The IC50 values were calculated using CalcuSyn software (ver-
sion 2.0, Biosoft, Cambridge, UK). The IC50 parameter was defined as the concentration of
drug that was necessary to reduce the proliferation of cells to 50% of the untreated control.
The results are shown as the average value ± SD.

4. Conclusions

As part of the research, the ability to inhibit the proliferation of cancer cells by glycocon-
jugates derivatives of 8-hydroxyquinoline and their metabolites, which theoretically may
be released in biological systems under the action of hydrolytic enzymes, were compared.
For the study, compounds were selected consisting of an 8-hydroxyquinoline fragment
linked by an aliphatic chain of various lengths to a 1,2,3-triazole ring as well as D-glucose
derivatives containing anomeric oxygen, nitrogen, or sulfur atom also connected to the
1,2,3-triazole ring by various linkers. The applied CuAAC reaction allowed for a quick
and efficient synthesis of metabolites, which in the next stage were subjected to MTT
cytotoxicity screening tests.

The performed studies prove that the presence of all three building blocks is necessary
for the full cytotoxic activity of glycoconjugates: the sugar unit, the linker containing a
1,2,3-triazole ring, and the 8-hydroxyquinoline fragment. The sugar fragment improves
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the pharmacokinetic properties of potential drugs. On the other hand, a heteroaromatic
fragment increases the cytotoxicity of glycoconjugates, probably by improving the chelating
capacity of metal ions, thus inhibiting the growth of neoplastic cells. The toxic effect of
metabolites on normal cells indicates that further studies are necessary to improve the
transport of prodrugs directly to the tumor cells. Therefore, it is worth continuing the idea
of adding a sugar unit to 8-HQ, however, by using a position other than the anomeric
position that participates in binding to GLUT transporters, so that the obtained derivatives
will have sufficient affinity for these transporters.

The high IC50 values of the metabolites do not clearly indicate their lack of anticancer
activity. Perhaps these compounds cannot reach the target site of action. The encapsulation
of selected metabolites in micelles significantly improved their cytotoxic effect through the
possibility of using a much lower therapeutic dose of the drug. The use of pH-sensitive
micelles allows the drug to be released close to the tumor cell, preventing early release of
the drug into the systemic circulation, thus reducing its side effects.

Supplementary Materials: The following supporting information can be downloaded online.
Figures S1–S44: 1H and 13C-NMR spectra of all obtained compounds; Figure S45: Characteriza-
tion of micelles.
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A B S T R A C T

Biodegradable triblock copolymer poly(ethylene glycol)-b-polycarbonate-b-oligo([R]-3-hydroxybutyrate) was
prepared via metal-free ring-opening polymerization of ketal protected six-membered cyclic carbonate followed
by esterification with bacterial oligo([R]-3-hydroxybutyrate) (oPHB). Amphiphilic triblock copolymer self-or-
ganizes into micelles with a diameter of ~25 nm. Acid-triggered hydrolysis of ketal groups to two hydroxyl
groups causes an increase in hydrophilicity of the hydrophobic micelle core, resulting in the micelles swell and
drug release. oPHB was added as core-forming block to increase the stability of prepared micelles in all pH (7.4,
6.4, 5.5) studied. Doxorubicin and 8-hydroxyquinoline glucose- and galactose conjugates were loaded in the
micelles. In vitro drug release profiles in PBS buffers with different pH showed that a small amount of loaded
drug was released in PBS at pH 7.4, while the drug was released much faster at pH 5.5. MTT assay showed that
the blank micelles were non-toxic to different cell lines, while glycoconjugates-loaded micelles, showed sig-
nificantly increased ability to inhibit the proliferation of MCF-7 and HCT-116 cells compared to free glyco-
conjugates. The glycoconjugation of anti-cancer drugs and pH-responsive nanocarriers have separately shown
great potential to increase the tumor-targeted drug delivery efficiency. The combination of drug glycoconju-
gation and the use of pH-responsive nanocarrier opens up new possibilities to develop novel strategies for ef-
ficient tumor therapy.

1. Introduction

Nowadays, cancer is one of the biggest problems in modern society,
remaining the top three leading risks factor for global mortality [1].
Conventional chemotherapy is currently one of the most important
strategies in treating cancer. However, the high toxicity of anti-cancer
drugs, in combination with the growing multi-drug resistance of cancer
cells to a significant number of clinical pharmaceutics is a major ob-
stacle to obtaining effective anti-cancer therapy results [2,3]. When
designing new cancer treatments, it is vital to distinguish and take
advantage of the differences between cancer cells and normal cells. One
such difference is the specific metabolism of glucose by tumor tissues.
Tumors consume tremendous amounts of glucose compared to healthy
tissues due to a high rate of glycolysis, to obtain the energy needed to
increase proliferation [4–7]. This relationship between the high rate of
glucose uptake and increased cell proliferation with simultaneous

acidification of the tumor microenvironment due to lactate secretion is
known as the Warburg effect [8] and resulting from tumors mi-
tochondrial metabolic changes [9]. Tumor tissues present a very fast
rate of glycolysis leading to lactic acid fermentation which is char-
acteristic of hypoxic conditions [10–12]. The increased glycolysis is
associated with the overexpression of glucose transporters (GLUT).
GLUTs are special transmembrane proteins that facilitate concentra-
tion-dependent glucose uptake inside the cell [13,14]. This persistent
high lactate production by cancer cells provides intrinsic acidity of the
tumor microenvironment [4,11,15]. Due to this, scientists are ex-
ploiting the Warburg effect in many drug delivery applications to
achieve higher tumor-targeting efficacy and local drug concentrations,
as well as to minimize systemic exposure [16–21].

It has been broadly reported that conjugation of anti-cancer drugs
with the sugar units (especially glucose) can significantly enhance
bioavailability, water solubility as well as facilitate intermembrane
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transport and reduce toxicity of anti-cancer drugs [22–25]. Because of
the overexpression of GLUT in cancer cells, compared to normal cells,
the conjugation of therapeutics with sugar derivatives is a widely used
technique for designing anti-cancer therapeutic agents based on already
used anti-cancer drugs, such as glufosfamide [26], oxaliplatin [27],
paclitaxel [28], natural compounds [29], e.g., flavonoids or poly-
phenols or small-molecule compounds [30,31]. The addition of a sugar
unit into the therapeutic structure significantly improves drug absorp-
tion into highly glycolytic cancer cells, among others through active
transport by GLUT transporters, capable of transporting sugars such as
glucose, galactose, mannose and glucosamine [32], while not showing
toxicity to healthy tissues [23]. However, conventional or conjugated
therapeutics showed a series of problems, such as limited stability or
nonspecific toxicity [29]. Moreover, the tumor is heterogeneous and the
levels of GLUT transporters overexpression are different from cell to cell
in the tumor [33]. To overcome these challenges, tumor-targeted drug
delivery nanoparticles, e.g., micelles, polymersomes, etc. have been
developed, that may revolutionize conventional chemotherapy. Due to
the pH gradient in the internal and external microenvironment of
cancer cells (the physiological pH value is 7.4; in the tumor, the ex-
tracellular pH value is ~6.0–7.0, while inside cancer cells the pH value
is ~5.0–6.0 in endosomes and ~4.0–5.0 in lysosomes [34,35]), pH-
sensitive polymeric nanoconstructs have attracted great attention in
therapeutics delivery applications [36–38].

Micelles can be used to encapsulate fragile anti-cancer therapeutics,
but they can also be designed to respond to changes in pH by in-
corporating into a polymer structure acid-labile groups (acetal/ketal,
hydrazone, orthoester, etc. [39–43]). Because of these incorporated
acid-sensitive chemical groups, micelles can respond to the acidic mi-
croenvironment of cancer cells, by disassembling, changing micelle
size, shape or surface charge [44–47]. This leads to the release of the
encapsulated drugs in a controlled manner and improving the ability of
the drug to target the tumor cells. Particularly, it is interesting to in-
troduce the pH-sensitive groups to the polymeric nanocarriers based on
PEGylated biodegradable polymers such as: aliphatic polyesters (poly-
lactide [48], poly(3-hydroxybutyrate) [49], poly(ε-caprolactone) [50])
or aliphatic polycarbonates [51], which are all approved by the
American Food and Drug Administration (FDA).

The aliphatic polycarbonates deserve a special attention here, be-
cause of their easily-tuned functionality to achieve excellent tumor
targeting performance. Various biodegradable pH-sensitive micelles
based on aliphatic polycarbonate with different acid-sensitive groups,
e.g., acetal [52–54], hydrazone [55,56], Schiff-base linkage [57], ter-
tiary amine [35,58,59] have been developed. In particular, an acetal is
an attractive group due to its unique characteristics, such as its stability
at physiological pH and susceptibility to hydrolysis at acidic pH. Fur-
thermore, various pH-responsive micelles based on acetal group have
been reported and their physico-chemical properties and pH-triggered
hydrolysis behavior were characterized in detail [60,61]. However, the
major obstacle of the acetal-based polymeric micelles is the acid-trig-
gered hydrolysis of the acetal group into two hydroxyl groups, which
causes an increase in hydrophilicity of the hydrophobic micelle core.
That is why obtaining stable micelles is not an easy task. To overcome
these challenges, various pH-responsive core crosslinked micelles
showing improved stability against dilution and prolonged circulation
time have been developed [34,62–67]. The crosslinking of micelles may
also unfavorably influence drug release in the tumor, leading to the
worse therapeutic outcome [60–62]. Tuning of the share of individual
blocks in the copolymer is also a feasible method to control the stabi-
lity, size or drug encapsulation efficiency of micelles [49]. It is well
documented that the high crystallinity hydrophobic core-forming
blocks (i.e. poly([R]-3-hydroxybutyrate) [49] or poly(L-lactide) [68,69]
enhancing the colloidal stability of micelles in an aqueous medium but
a high degree of crystallinity significantly decreases the drug loading
efficiency [70,71]. However, addition of a short highly hydrophobic
crystalline biodegradable core-forming block into amphiphilic

copolymer might create a superior balance between stability and drug
release efficiency of acetal-base pH-responsive micelles.

The polymeric micelles that are designed to respond to only one
stimulus have shown limited success in clinical trials [37,38]. There-
fore, multi-stimuli polymeric micelles, that are sensitive to two or more
stimuli, have gained a broad interest in recent years [72,73]. The
conjugation of various tumor targeting ligands on the surface of mi-
celles to obtain the specific recognition by the overexpression of the
corresponding receptors in the tumor to enhancing the therapeutic ef-
fect was also studied [74,75].

The 8-hydroxyquinoline (8-HQ) is a promising biological activity
scaffold, in which its derivatives were successfully applied to design
therapeutics used in the treatment of neurodegenerative diseases, anti-
HIV, and a wide spectrum of solid tumors [76–78]. 8-HQ displays an
anti-cancer effect due to its interaction with metal ions (Cu, Zn, Fe etc.)
which tumor tissues have increased demand [79]. However, the 8-HQ
scaffold has poor bioavailability, solubility and pharmacokinetic para-
meters. For this reason, 8-HQ derivatives have been modified by the
conjugation with a sugar unit to facilitate intermembrane transport.
[80–82]. Besides, the encapsulation of such 8-HQ prodrugs in nano-
carriers should significantly improve their efficacy by avoiding systemic
side effects and reducing the doses of prodrugs administered.

The glycoconjugation of anti-cancer drugs and pH-responsive mi-
celles have separately shown great potential to increase the tumor
targeted drug delivery efficiency. On the other hand, a joint action
between glycoconjugation and pH-responsive nanocarrier system seems
to be a rationally designed synergistic anticancer therapy to sig-
nificantly improve selectivity in tumor-targeting drug delivery. Herein,
we develop 8-hydroxyquinoline glycoconjugates-loaded biodegradable
and non-toxic pH-responsive poly(ethylene glycol)-b-polycarbonate-b-
poly[R]-3-hydroxybutyrate micelles by functionalizing polycarbonate
repeating units with acetal groups. Acid-triggered hydrolysis of the
acetal group to two hydroxyl groups causes an increase in hydro-
philicity of the hydrophobic micelle core, causing the micelles to swell
and initiates prodrugs release. The addition of biodegradable and bio-
compatible hydrophobic bacterial poly([R]-3-hydroxybutyrate) as core-
forming unit was used to increase the stability of micelles, as well as to
prolong circulation time and drug release. The synthesis of copolymers,
preparation and characterization of micelles, pH-triggered degradation
and in vitro drug release profile were studied. Additionally, the cyto-
toxicity of blank micelles and in vitro activity of drug- and prodrugs-
loaded micelles were investigated against both healthy cells and cancer
cells by using MTT assay.

2. Experimental section

2.1. Materials

Pentaerythritol (99%, Sigma-Aldrich), p-toluenesulfonic acid
monohydrate (99%, Sigma-Aldrich), 2,2-dimethoxypropane (99%,
Sigma-Aldrich) were used as received. DOWEX-MARATHON and
Dowex 50WX8 (both Sigma-Aldrich) were washed with dry THF before
use. Methoxy poly(ethylene glycol) (mPEG5000, Sigma-Aldrich,
Mn = 5.0 kg mol−1) was dried by two azeotropic distillations using
anhydrous toluene. 1,5,7-Triazabicyclo-[4.4.0]dec-5-ene (TBD) (98%,
Sigma-Aldrich) was dried under vacuum at 60 °C for 24 h. 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) (98%, Sigma-Aldrich) was dis-
tilled under reduced pressure over BaO. Poly([R]-3-hydroxybutyrate)
(nPHB) (Mw = 430,000 Đ = 2.99; ICI product - PHB G08) was used as
received. Ethyl chloroformate (97%, Sigma-Aldrich), oxalyl chloride
(98%, Sigma-Aldrich) were used as received. Triethylamine (NEt3) and
N,N-diisopropylethylamine (both 99%, Sigma-Aldrich), di-
chloromethane (DCM) and N,N-dimethylformamide (DMF) (both
POCH) were dried over CaH2 and distilled under reduced pressure prior
to use THF (POCH) was distilled over a sodium-potassium alloy.
Petroleum ether (VWR Chemicals), diethyl ether (99%, VWR
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Chemicals), NaHCO3 (POCH), pyrene (+98%, Acros Organics), HClaq
(35–38%, POCH), CHCl3 (98%, POCH), n-hexane (95%, POCH) were all
used as received. Doxorubicin hydrochloride (DOX·HCl) was purchased
from LC Laboratories (Woburn, MA).

Model glycoconjugates used for in vitro cytotoxicity tests: 8-((1-
(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-triazol-4-yl)
methoxy)quinoline (8HQ-glucose conjugate – 8HQ-Glu) and 8-((1-
(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-1H-1,2,3-triazol-4-yl)
methoxy)quinoline (8HQ-galactose conjugate – 8HQ-Gal) were syn-
thesized according to literature protocol [80]. Structure of glyco-
conjugates is presented in Fig. S1.

Cell Lines

The human colon adenocarcinoma cell line HCT-116 was obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA).
The human cell line MCF-7 was obtained from collections at the Maria
Sklodowska-Curie Memorial Cancer Center and Institute of Oncology,
branch in Gliwice, Poland, as a kind gift from Monika Pietrowska and
prof. Wiesława Widłak. The Normal Human Dermal Fibroblasts-
Neonatal, NHDF-Neo were purchased from LONZA (Cat. No. CC-2509,
NHDF-Neo, Dermal Fibroblasts, Neonatal, Lonza, Poland). The culture
media consisted of RPMI 1640 or DMEM+ F12 medium, supplemented
with 10% fetal bovine serum and 5% antibiotics (penicillin and strep-
tomycin). The culture media were purchased from HyClone. Fetal bo-
vine serum (FBS) was delivered by Eurx, Poland and Antibiotic
Antimycotic Solution (100×) by Sigma-Aldrich, Germany.

2.2. Synthesis of the cyclic carbonate of 2,2-dimethyl-5,5 bis
(hydroxymethyl)-1,3-dioxane (KPC)

The cyclic carbonate monomer functionalized with ketal-protected
hydroxymethyl groups (KPC) (9,9-dimethyl-2,4,8,10-tetraoxaspiro[5.5]
undecan-3-one) was synthesized according to literature protocol [83].
Briefly, pentaerythritol (25 g, 0.184 mol, 1.0 eq.) and p-toluenesulfonic
acid monohydrate (0.3 g, 1.577 mmol) were dissolved in 300 mL of
DMF at 80 °C, then the reaction mixture was cooled to 40 °C and 2,2-
dimethoxypropane (22.6 mL, 19.12 g, 0.184 mol, 1.0 eq.) was added
and the reaction was carried out overnight at room temperature. Then,
5 g of DOWEX-MARATHON were added and stirred for 1 h, and the
reaction mixture was filtered. Next, the solvent was stripped-off under
reduced pressure, the dry product was extracted using Soxhlet appa-
ratus with petroleum ether for 6 h and then twice with diethyl ether for
6 h. The residual solid (2,2-dimethyl-5,5-bis(hydroxymethyl)-1,3-di-
oxane) was dried under vacuum to constant weight. Yield: 65%. 1H
NMR (600 MHz, CDCl3, δ): 1.42 ppm (s, 6H, CH3), 3.73 ppm (s, 4H,
CH2-OH), 3.77 ppm (s, 4H, CH2-O). Next, under the nitrogen flow, into
a reaction mixture composed of (2,2-dimethyl-5,5-bis(hydroxymethyl)-
1,3-dioxane (10 g, 0.057 mol, 1 eq.) and ethyl chloroformate
(13.51 mL, 15.40 g, 0.142 mol, 2.5 eq.) in 500 mL of anhydrous THF
and thermostated at 0 °C, solution of triethylamine (19.75 mL, 14.36 g,
0.142 mol, 2.5 eq.) in 50 mL dry THF was added dropwise. The reaction
mixture was stirred for 2 h at 0 °C. Then the cooling bath was taken out
and the mixture was stirred for another 1 h at room temperature. Next,
the precipitated triethylammonium chloride was filtered off, THF
stripped off and the residue was twice recrystallized from THF. The
white crystals of cyclic carbonate of 2,2-dimethyl-5,5-bis(hydro-
xymethyl)-1,3-dioxane were obtained with 51% yield. 1H NMR
(600 MHz, CDCl3, δ): 1.44 ppm (s, 6H, CH3), 3.80 ppm (s, 4H, CH2-O),
4.30 ppm (s, 4H, CH2-O-C(O)-O).

2.3. Synthesis of PEG-PKPC diblock copolymer

The polymerizations were performed in an anhydrous atmosphere
(glove-box, H2O < 1 ppm, O2 < 1 ppm). The diblock copolymer was
synthesized by ring-opening polymerization (ROP) of KPC using PEG as

an initiator and TBD as catalysts in dry THF at room temperature.
Typically, vial equipped with a stirring bar was charged with a solution
of KPC (0.0607 g, 0.3 mmol, 15 eq.) in 1.5 mL of dry THF. In another
vial, a solution of initiator mPEG-OH (Mn = 5000 g mol−1, 0.1 g,
0.02 mmol, 1 eq.) and TBD (0.0014 g, 0.01 mmol, 0.5 eq.) in 1.5 mL of
dry THF was prepared in next vial. Then, the initiator–catalyst solution
was added to the monomer solution. The conversion of the monomer
was monitored by using 1H NMR. The polymerization reaction was
quenched by acidification with Dowex 50WX8. The obtained copolymer
was precipitated in 20-fold cold diethyl ether twice and dried under
vacuum to constant weight. 1H NMR (600 MHz, CDCl3, δ): 1.42 ppm (s,
6nH, CH3), 3.37 ppm (s, 3H, CH3-O), 3.66 ppm (s, 4mH CH2-CH2-O),
3.76 ppm (s, 4nH, CH2-O), 4.2 ppm (s, 4nH, CH2-O-C(O)-O). SEC:
(CHCl3, PS standards): Mn = 7300 g mol−1, Đ = 1.42.

2.4. Synthesis of oligo([R]-3-hydroxybutyrate) via anionically controlled
temperature degradation of nPHB

The oligo([R]-3-hydroxybutyrate) (oPHB) was synthesized via re-
active extrusion degradation of the commercially available nPHB ac-
cording to our previously reported procedure [84]. Briefly, nPHB was
mixed with NaHCO3 then thermally treated in single screw extruder
with three heating zones (i), (ii) and (iii) each 8 cm length, respectively
applying temperatures: (i) 110 °C, (ii) 175 °C and (iii) 175 °C, 80 rpm
(polymer was in the extruder about 2 min). Obtained oligo([R]-3-hy-
droxybutyrate) were dissolved in 500 mL of CHCl3 and was washed
three times with 1 M HClaq followed by ten washings with distilled
water. Next, the polymer was isolated by precipitation in cold n-hexane
and dried under vacuum at rt. to constant weight. 1H NMR (600 MHz,
CDCl3, δ): 1.28 ppm (d, 3nH, CH3), 2.5 ppm (m, 2nH, CH2), 5.25 ppm
(m, 1nH, CH), 1.86 (d, 3H, CH3-CH), 5.8 ppm (d, 1H, CH3CH = CH),
6.95 ppm (m, 1H, CH3-CH = ). SEC: (CHCl3, PS standards):
Mn = 1000 g mol−1, Đ = 1.8.

2.5. Synthesis of PEG-PKPC-oPHB triblock copolymer

The solution of oPHB (0.08 g, 0.08 mmol, 1.2 eq.) in 20 mL of dry
DCM with 2 drops of dry DMF was thermostated in 0 °C. Next, a so-
lution of oxalyl chloride (0.008 mL, 0.012 g, 0.093 mmol, 1.4 eq.) in
10 mL of dry DCM was slowly added dropwise. The reaction was stirred
for 20 min at 0 °C, then the cooling bath was taken out and the mixture
was stirred for another 2 h at rt. Then, volatiles was stripped-off under
vacuum and the obtained acyl chloride was dissolved in 15 mL of dry
DCM and added dropwise into a solution of PEG-PKPC (0.5 g,
0.067 mmol, 1 eq.) and triethylamine (0.093 mL, 0.0675 g 0.667 mmol,
10 eq.) in 20 mL of anhydrous DCM thermostated in 0 °C. The reaction
was stirred for 20 min at 0 °C, then the cooling bath was removed and
the reaction was carried out for 3 h at rt. Next, volatiles were stripped-
off under vacuum and to the residue 20 mL THF was added. The pre-
cipitated triethylammonium chloride and oPHB excess were filtered off
through an aluminum oxide bed, which then was washed with an ad-
ditional 20 mL of THF. The obtained PEG-PKPC-oPHB copolymer was
isolated by precipitation in cold n-hexane and dried under vacuum at rt.
to constant weight. 1H NMR (600 MHz, CDCl3, δ): 1.42 ppm (s, 6nH,
CH3), 3.37 ppm (s, 3H, CH3-O), 3.66 ppm (s, 4mH CH2-CH2-O),
3.76 ppm (s, 4nH, CH2-O), 4.2 ppm (s, 4nH, CH2-O-C(O)-O), 1.28 ppm
(d, 3nH, CH3), 2.5 ppm (m, 2nH, CH2), 5.25 ppm (m, 1nH, CH), 1.86 (d,
3H, CH3-CH), 5.8 ppm (d, 1H, CH3CH = CH), 6.95 ppm (m, 1H, CH3-
CH = ). SEC: (CHCl3, PS standards): Mn = 8300 g mol−1, Đ = 1.57.

2.6. Characterization of synthetic copolymers

1H NMR spectra were recorded at Bruker-Avance II 600 MHz
(Fremont, CA, USA) in CDCl3 with tetramethylsilane (TMS) as an in-
ternal standard. Size exclusion chromatography (SEC) was performed in
CHCl3 at 35 °C with a flow rate of 1 mL min−1, using a Spectra-Physic
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8800 gel permeation chromatograph (Santa Clara, CA, USA), equipped
with a PL-gel 5 mm MIXED-E ultra-high efficiency column and Shodex
SE 61 differential refractive index detector with polystyrene standards
for calibration.

2.7. Preparation of micelles and self-assembly behavior characterization

Blank micelles were prepared by a solvent evaporation method as
follows: the respective copolymers were dissolved in DCM and then the
solvent was stripped-off to get a thin film at the bottom of the vial. After
removing the traces of organic solvent, the formed thin film was dis-
persed by the addition of 10 mL of deionized water to obtain a con-
centration of 1 mg mL−1. Then, the mixture was vigorously stirred for
60 min at rt. and treated for 30 min with sonicator in an ice cold bath.
The obtained solution (1 mg mL−1) was filtered through a syringe filter
(0.2 µm, Sartorius) to break up larger aggregates. The final con-
centration of the solution was ca. 1 mg mL−1 and obtained micelle
solutions were used for other characterization studies without any
further purification.

The critical micelle concentration (CMC) of the copolymers was
determined by a fluorescence method using pyrene as a probe. A pre-
determined amount of pyrene (1 · 10-6 mol L-1) in acetone was added
into a brown glass flask and acetone was evaporated completely in
dark. Then, 5 mL of each micelle solutions at different concentrations
(ranging from 1 · 10-5 to 1.0 mg mL−1) prepared by serial dilution
method were added to vials. The samples were then incubated over-
night at rt. in dark and characterized. The fluorescence spectra were
recorded on a Hitachi F-2500 Spectrometer (Tokyo, Japan). The scan-
ning range was from 300 to 360 nm and the excitation wavelength was
391 nm. The ratios of fluorescence intensities at 337 nm over 333 nm
(I337/I333) were plotted against the logarithm of polymer concentration.
The value of the intersection of two tangents was determined as the
critical micelle concentration.

The hydrodynamic size of micelles was determined by dynamic light
scattering (DLS) measurements using a Brookhaven BI-200 goniometer
equipped with a Brookhaven BI-9000 AT (New York, USA) digital au-
tocorrelator and a 35 mW laser with vertically polarized light with
wavelength λ = 637 nm. DLS measurements were carried out at a
constant temperature of 25 or 37 ℃. The correlation curve was devel-
oped using the CONTIN algorithm. Simultaneously, in order to in-
vestigate the stability and acid-triggered degradation of micelles at
different pH 5 mg of freeze-dried micelles were incubated at 37 °C in
5 mL PBS buffer with different pH 7.4, 6.4 and 5.5 respectively. At
predetermined time intervals, the change of micelles size was mea-
sured.

The morphologies of the micelles were observed using Cryogenic
Transmission Electron Microscopy (cryo-TEM). Images were obtained
using a Tecnai F20 X TWIN microscope (FEI Company, Hillsboro,
Oregon, USA) equipped with field emission gun, operating at an ac-
celeration voltage of 200 kV. Images were recorded on the Gatan Rio 16
CMOS 4k camera (Gatan Inc., Pleasanton, California, USA) and pro-
cessed with Gatan Microscopy Suite (GMS) software (Gatan Inc.,
Pleasanton, California, USA). Specimen preparation was done by vi-
trification of the aqueous solutions on grids with holey carbon film
(Quantifoil R 2/2; Quantifoil Micro Tools GmbH, Großlöbichau,
Germany). Prior to use, the grids were activated for 15 s in oxygen
plasma using a Femto plasma cleaner (Diener Electronic, Ebhausen,
Germany). Cryo-samples were prepared by applying a droplet (3 μL) of
the suspension to the grid, blotting with filter paper and immediate
freezing in liquid ethane using a fully automated blotting device
Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). After preparation, the vitrified specimens were kept under liquid
nitrogen until they were inserted into a cryo-TEM-holder Gatan 626
(Gatan Inc., Pleasanton, USA) and analyzed in the TEM at −178 °C.

2.8. Drug loading and in vitro release studies

Drug-loaded micelles were prepared using a procedure similar to
the preparation of the blank micelles. Briefly, 10 mg of the copolymer
and 1 mg of the drug, deprotonated doxorubicin or 8-hydroxyquinoline
glycoconjugates respectively, were dissolved in DCM, followed by sol-
vent evaporation, water addition, stirring and sonication. Then, solu-
tion was centrifuged at 3000 rpm for 5 min to eliminate the unloaded
drug. The supernatant was recovered and filtered through syringe filter,
lyophilized and kept in freeze-dried storage. The predetermined
amount of lyophilized drug-loaded micelles was redissolved in DMSO.
The drug concentration was measured by detecting the UV absorbance
at 481 nm for DOX and 260 nm for 8HQ-glycoconjugates using a two-
beam UV–Vis-NIR spectrophotometer JASCO V-570 (Tokyo, Japan) and
determined according to a calibration curve. The drug loading effi-
ciency (DLE) and drug loading content (DLC) were calculated according
to the following equations:

= ×

Drug loading efficiency DLE
weight of drug in micelles

weight of drug in feed

( %)

100%

= ×

Drug loading content DLC
weight of drug in micelles

weight of drug loaded micelles

( %)

100%

The in vitro drug release from micelles was performed at 37 °C in
PBS at pH 7.4, 6.4 and 5.5 by a dialysis method. Typically, 3 mL of
drug-loaded micelles with known drug concentration was introduced
into a 3 mL Float-A-Lyzer G2 dialysis device (MWCO 7000; Spectra/
Por). Each device was placed in 150 mL of corresponding PBS buffer at
37 °C with stirring at 100 rpm. At predetermined time intervals, a
sample of 50 μL was drawn and replaced with equal amount of fresh
buffer. Quantitative assessment of released drug was performed by
measuring the UV absorption at 481 nm for DOX and 260 nm for 8HQ-
glycoconjugates based on a calibration curve. The release experiments
were conducted in triplicate. The results presented are the average data.

2.9. MTT assay

A lifespan of the cells was assessed with an MTT (3-[4–di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay (Sigma-
Aldrich). Stock solutions of DOX or glycoconjugates were prepared in
DMSO and diluted with the appropriate volumes of the growth medium
directly before the experiment. Free micelles and drug-loaded micelles
were diluted with the appropriate volumes of the growth medium di-
rectly before the experiment. The cells were seeded into 96-well plates
at concentration 2 · 103 (HCT-116) or 5 · 103 (MCF-7, NHDF-Neo) per
well. The cell cultures were incubated for 24 h at 37 °C in a humidified
atmosphere of 5% CO2. Then the culture medium was removed, re-
placed with a solution of the tested compounds in medium with varying
concentrations and incubated further for 24 h, 48 h or 72 h. After that,
the medium was removed and the MTT solution (50 µL, 0.5 mg mL−1 in
PBS) was added. After 3 h of incubation, the MTT solution was removed
and the precipitated formazan was dissolved in DMSO. Finally, the
absorbance at the 570 nm wavelength was measured spectro-
photometrically with the plate reader (Epoch, BioTek, USA). The ex-
periment was conducted in at least three independent iterations with
four technical repetitions. The IC50 values were calculated using
CalcuSyn software. The IC50 parameter was defined as the compound
concentration that was necessary to reduce the proliferation of cells to
50% of the untreated control.
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3. Results and discussion

3.1. Synthesis and characterization of PEG-PKPC and PEG-PKPC-oPHB
copolymers

This work aims to develop biodegradable micelles for pH-triggered
release of anti-cancer 8-hydroxyquinoline gluco- and galactoconjugate
prodrugs, for which amphiphilic copolymer containing acid-responsive
ketal groups and bacterial oligo([R]-3-hydroxybutyrate) (oPHB) block
was designed. The acid-labile ketal groups were crucial to rapid drug
release in the acidic tumor microenvironment, whereas hydrophobic
oPHB core-forming block was hypothesized to offer increased micelles
stability, preventing premature drug release. The PEGylated ketal-
functionalized polycarbonate block copolymer (PEG-PKPC) was syn-
thesized by methoxy poly(ethylene glycol) (mPEG) initiated metal-free
ring-opening polymerization (ROP) of a six-membered cyclic carbonate
modified with a pH-responsive ketal group and the triblock copolymer
PEG-PKPC-oPHB was synthesized by the conjugation of oPHB with the

PEG-PKPC backbone in a simple esterification reaction. The ketal-
functionalized six-membered cyclic carbonate monomer (9,9-dimethyl-
2,4,8,10-tetraoxaspiro[5.5]undecan-3-one) was synthesized and its
chemical structure was confirmed by 1H NMR (Fig. S2). The ability to
controlled ROP of such acetal-functionalized monomer using organo-
catalyst was studied in the presence of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) or 1,5,7-triazabicyclo-[4.4.0]dec-5-ene (TBD). All poly-
merizations were performed at rt. in THF using mPEG5000-OH as an
initiator. Both catalytic systems enable to reach relatively high
monomer conversions (> 90%). However, in case DBU was used as a
catalyst, the polymerization proceeded slow, and monomer conversion
of< 5% in 24 h and 90% in 14 days was observed. Moreover, large
difference between theoretical and experimental molar mass was ob-
served, probably due to the side reactions occurring. However, much
better result i.e., monomer conversion> 90%, was reached in 24 h
using a more basic TBD as a catalyst. Obtained copolymer had a molar
mass matching the theoretical value and dispersity of Đ = 1.42.

Amphiphilic copolymers can self-organizing into micelles and this is

Fig. 1. 1H NMR spectrum (CDCl3, 600 MHz) of: (A) mPEG-PKPC, (B) oligo([R]-3-hydroxybutyrate) and (C) mPEG-PKPC-oPHB.
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primarily determined by the hydrophilic weight fraction (f), its molar
mass, and the interaction parameter of the hydrophobic block with
water [49]. The change in the hydrophilic weight fraction (f) affects the
hydrophobic interactions and the size of the self-organized system,
therefore micelles are mainly formed at the hydrophilic weight fraction
(f) of 45–70% [53]. Here, the average degree of polymerization of KPC
units was aimed to be 15 in order to keep the hydrophilic weight
fraction of fPEG at 60%. The 1H NMR spectrum of PEG-PKPC showed the
characteristic signals of both: mPEG units at δ = 3.38 and 3.64 ppm
and KPC units at δ= 1.42, 3.77 and 4.2 ppm, respectively. The average
degree of polymerization of KPC block was calculated to 12, from the
NMR spectrum basing on the integration of peaks areas at
δ = 3.38 ppm and δ = 4.2 ppm corresponding to the protons of the
mPEG methoxy group protons and PKPC methylene main chain signal,
respectively. Therefore, the molar mass of diblock copolymer de-
termined by using 1H NMR was 7.6 · 103 g mol−1 (fPEG = 68%), and
correlates with the number average molar mass determined by SEC. To
prepare PEG-PKPC-oPHB triblock copolymer, oligo[R]-3-hydro-
xybutyrate was firstly synthesized via anionically controlled tempera-
ture degradation of high molar mass bacterial nPHB. The commercially
available nPHB was mixed with NaHCO3 in weight ratio 10:1 and
thermally treated in a laboratory single screw extruder to obtain oli-
gomers of nPHB. 1H NMR spectrum of low molar mass nPHB obtained
in reactive extrusion degradation shows besides of oPHB polymer chain
characteristic signals at δ = 1.28 (CH3), 2.5 (CH2) and 5.25 (CH) ppm
and also signals corresponding to crotonate end group: CH3 at 1.86 ppm
and peaks at δ = 5.8 and 6.95 ppm assigned respectively to the CH3-
CH = and = CH-C(O)- protons of crotonate end group. The average
molar mass of oPHB was determined to be 1000 g mol−1. SEC mea-
surements revealed that obtained polymer has a Mn = 1000 g mol−1

with an acceptable level of dispersity (Đ = 1.8) confirming controlled
manner of degradation. Prepared oPHB was further reacted with PEG-
PKPC to obtain PEG-PKPC-oPHB triblock copolymer, wherein oPHB
carboxylic end group was esterified with hydroxyl end group from PEG-
PKPC. The ability to obtain quantitative esterification of PEG-PKPC
with oPHB was studied in presence of DCC/DMAP as typical catalytic
system in Steglich esterification. However, the yield of this reaction was
ca. 70% after 5 days. Moreover, so long reaction time lead to partial
deacetalization reaction. It turned out that the most effective method to
quantitative esterification is application of oPHB in the form of its acyl
chloride (α-crotonate-ω-acyl chloride-oPHB) in the presence of trie-
thylamine excess. The structure of PEG-PKPC-oPHB triblock copolymer
was verified by 1H NMR as shown in Fig. 1. All of the main char-
acteristic peaks of mPEG units (δ = 3.64 and 3.38 ppm), PKPC units
(δ= 1.42, 3.77, 4.2 ppm) and oPHB units (δ= 1.28, 2.5, 5.25 ppm) are
clearly detected. Furthermore, the intensity ratio of two different end
groups, at δ = 1.86 ppm corresponding to crotonate CH3 protons and
δ = 3.38 ppm from CH3-O-PEG was close to 1:1 (1:0.98, Fig. S3) which
might indicate the successful quantitative conjugation of PEG-KPC with
oPHB. It is worth mentioning that low intensity peak at δ = 2.18 ppm
in 1H NMR of crude post reaction mixture was ascribed to the protons of
acetone, which is the result of the deketalization reaction that is pro-
ceeding during conjugation. However, quantitative assessment based
on 1H NMR revealed that only less than 5% of acetal groups has been
hydrolyzed. Moreover, the SEC analysis proves the triblock copolymer
formation (Fig. S4; Table 1).

3.2. Preparation and characterization of micelles

The synthesized amphiphilic copolymers tend to self-organize into
core-shell micelles in aqueous solution. The hydrophobic copolymer
chain blocks self-assemble to form the core of the micelle, while the
outward shell consists of hydrophilic PEG. The structure of PEG-PKPC
and PEG-PKPC-oPHB micelles were determined by 1H NMR spectro-
scopy (Fig. S5). 1H NMR spectrum of PEG-PKPC-oPHB after micelliza-
tion shows that the peaks corresponding to polycarbonate block are

barely visible and the oligo-3-hydroxybutyrate peaks are not detected.
Furthermore, peaks corresponding to the PEG chains are clearly visible
after self-assembly. These results showed that hydrophobic PKPC-oPHB
blocks are located in the core after micellization to limit their interac-
tion with the aqueous media. Moreover, oPHB is the block that forms
the central core of the micelle, while the hydrophilic PEG chains are
located outside in a mobile state. Similar results were observed for PEG-
PKPC micelles (Fig. S5).

The critical micelle concentration (CMC) of synthesized copolymers
were determined using pyrene as a fluorescence probe and calculated
from the plot of the excitation intensity ratio as a function of the co-
polymer concentration (Fig. S6). The CMC value of micelles intended
for controlled release of drugs is a crucial parameter to determine the
stability of micelles. Hence, the lowering CMC value is highly desired
for increasing stability of the micelles in the in vivo bloodstream. The
calculated value of the CMC for the PEG-PKPC-oPHB was
0.0027 mg ml−1 and it was twice lower than that of PEG-PKPC which
was 0.0056 mg mL−1 (Table 1). This phenomenon is the effect of the
addition of the highly hydrophobic oPHB, which significantly increases
the hydrophobic interactions in the core of micelles.

The obtained micelles were characterized by DLS and cryo-TEM.
The DLS results for blank micelles showed that the average size of PEG-
PKPC and PEG-PKPC-oPHB micelles were 19.3 nm and 25.5 nm with a
narrow size distribution of 0.14 and 0.16, respectively. This results
indicated that the incorporation of short and highly hydrophobic oPHB
as core-forming block does not substantially affect the hydrodynamic
size and polydispersity index (PDI) of obtained micelles (Table 2). The
drug-loaded micelles were also analyzed by DLS. Obtained results re-
vealed that the average size of 8HQ-Glu-loaded PEG-PKPC micelles was
increased to 27.7 nm, and for the PEG-PKPC-oPHB, the average size was
also increased to 30 nm. These results indicate that the drug loading did
not substantially affect the size of micelles, however, it affects the
polydispersity index, which increased from 0.14 and 0.16 to 0.23 and
0.22 for PEG-PKPC and PEG-PKPC-oPHB respectively (see supplemen-
tary Fig. S7). The morphology of the micelles was also studied by cryo-
TEM. The images presented in Fig. 2, showed the obtained micelles had
a spherical structure and the approximate size of the micelles with
homogeneous size distribution corresponds to the one determined in
DLS measurements.

3.3. Stability and acid-triggered degradation of micelles

The stability and size changes of the PEG-PKPC and PEG-PKPC-
oPHB micelles were studied by DLS as a function of exposure time in
PBS buffers (pH 7.4, 6.4 and 5.5) at 37 °C as shown in Fig. 3. It can be
seen that the size of the PEG-PKPC micelles was substantially un-
changed and was about 25 nm after 8 h of incubation in PBS at pH 7.4.
However, after 24 h PEG-PKPC micelles tend to increase the size and
after 72 h micelles are disintegrating. These results may be attributed to

Table 1
Characteristics of copolymers.

Copolymera Mn,NMR
b,c

[g mol−1]
Mn,SEC
[g mol−1]

Đ fPEGd [%] CMC
[mg mL−1]

PEG-PKCP 7600 7300 1.42 68 0.0056
PEG-PKCP-

oPHB
8500 8300 1.57 61 0.0027

a mPEG block had Mn = 5200 and Đ = 1.24, (determined by SEC).
b Estimated form 1H NMR from equation: MnNMR PEG-PKPC = Mn PEG + [I

(PKPC) CH2/(ImPEGCH3-O/3)]/4 · 202, where 202 is molar mass of KPC re-
peating unit.

c Mn NMR PEG-PKPC-oPHB = Mn NMR PEG-PKPC + Mn NMR oPHB = Mn PEG + [I
(PKPC) CH2/(ImPEGCH3-O/3)]/4 · 202 + [Ipolym (oPHB) CH/(ImPEGCH3-O/
3)] · 86, where 86 is molar mass of HB repeating unit.

d fPEG content in copolymer.
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the spontaneous hydrolysis of ketal groups resulting in formation of two
hydroxyl groups, as their presence increasing the hydrophilicity of
micelle core (according to [62], polycarbonate functionalized with two
hydroxyl groups is highly hydrophilic but not water-soluble). The for-
mation of carbonate units with hydroxyl groups causes the micelles to
become unstable and the process of reorganization with the formation
of large aggregates is observed. PEG-PKPC-oPHB micelles size at pH 7.4
remained nearly unchanged up to 24 h, then after 48 h micelles start to
reorganize. In more acidic buffer (pH 6.4), it was observed that PEG-
PKPC micelles swell immediately and after 4 h start to form large ag-
gregates. At pH 5.5 PEG-PKPC micelles swell and become unstable
much faster than in buffers with pH 7.4 and 6.4 respectively. Their
complete disintegration can be observed after 8 h at pH 5.5, which is
due to the accelerated hydrolysis of ketal groups in an acidic environ-
ment. However, micelles containing oPHB block as core-forming units
are relatively more stable. In a slightly acidic environment, at pH 6.4,
micelles rapidly swell and as a result of reorganization begin to form
larger aggregates after 24 h. Equally, at pH 5.5 PEG-PKPC-oPHB mi-
celles swell instantly and form larger aggregates after 8 h. These results
establish that the addition of biodegradable highly hydrophobic oligo
[R]-3-hydroxybutyrate block as core-forming unit increasing the sta-
bility of prepared micelles at all pH values studied.

3.4. Drug loading and in vitro release studies

The drug-loading and release properties of micelles were studied
using the UV–Vis spectroscopy. Hydrophobic drugs: DOX, 8HQ-Glu and
8HQ-Gal were successfully loaded into micelles, where the feed drug
ratio to copolymer was 1/10. The drug-loading properties (drug loading
content - DLC) and (drug loading efficiency - DLE) were determined
using equations presented in experimental part. The DLC and DLE of
8HQ-Glu-loaded PEG-PKPC micelles were 45.1% and 4.7%, while the
values for DOX-loaded PEG-PKPC micelles were 48.2% and 5.4%. At
the same feed drug dose, DLC and DLE for PEG-PKPC-oPHB micelles
loaded with 8HQ-Glu were 49% and 5.2% and with DOX-loading 53.8%
and 6%, respectively. No significant differences in loading properties
were observed between 8HQ-Glu and 8HQ-Gal which is related to the
slight difference in chemical structure. PEG-PKPC-oPHB micelles
showed higher DLC than PEG-PKPC counterparts, due to a stronger
interaction between hydrophobic drugs with longer hydrophobic seg-
ments. In general, increasing the length of the hydrophobic copolymer
block leads to an increase in the content of the encapsulated drug.
However, a slight increase in DLE and DLC in the investigated triblock
copolymer micelles can be attributed to the presence of PHB in the
copolymer structure, since the crystallinity of the blocks forming the
micelles core does not favor drug loading [70,71]. The in vitro drug
release profiles of drug-loaded micelles were carried out in PBS buffer
solutions at different pH, i.e. 7.4, 6.4 and 5.5 respectively (Fig. 4).

The results indicate that at the pH 7.4 both studied micelles (diblock
and triblock) displayed a slow and sustained drug release and fairly
similar amount of drug i.e. after 72 h, 41% were released from PEG-
PKPC micelles and 46% from PEG-PKPC-oPHB micelles. Under a mild
acidic environment (pH 6.4) the much faster drug release was observed.
In fact, 67% and 60% drug release were observed for PEG-PKPC and
PEG-PKPC-oPHB in 24 h. The complete release of drug from PEG-PKPC
micelles was observed after 72 h, while 82% of encapsulated drug was
released after the same time from PEG-PKPC-oPHB micelles. Results
obtained in buffer with pH 5.5 showed that the drug was released
fastest. The release profile of the drug showed that 66% and 53% of the
drug were released within 8 h and 85% and 77% after 24 h from PEG-
PKPC and PEG-PKPC-oPHB micelles, respectively. For comparison, less
than 33% and 32% of drug were released at pH 7.4 after 24 h. As a
reference, the free drug release was also studied. The cumulative re-
lease of free drug showed a release of 82% within 8 h independently of
buffer pH. The above results indicate that encapsulated drug release
was faster under acidic environment as a result of accelerated acidTa
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Fig. 2. The size distribution and cryo-TEM images of PEG-PKPC (A and C) and PEG-PKPC-oPHB (B and D) micelles.

Fig. 3. Change in hydrodynamic diameter (d, nm) of PEG-PKPC (A–C) and PEG-PKPC-oPHB (D–F) micelles in PBS buffers at different pH monitored by DLS.
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hydrolysis of ketal groups. The addition of oPHB as core-forming seg-
ment increased stability and resulted in prolonged drug release. The
results correlate with earlier DLS micelles behavior measurements.

3.5. Cytotoxicity of blank and drug-loaded micelles

The cytotoxic activity in vitro of PEG-PKPC-oPHB blank micelles,
free drugs (DOX, 8HQ-Glu, 8HQ-Gal) and drug-loaded micelles was
determined by MTT assay. Tests were conducted on cell lines: HCT-116
(colorectal carcinoma cell line) and MCF-7 (human breast adenocarci-
noma cell line). In these cell lines, a slightly acidic microenvironment
was observed [85]. The selectivity of compounds was tested on Normal
Human Dermal Fibroblasts-Neonatal (NHDF-Neo). The use of micelles
as the carriers should facilitate the transport of drugs and their release
only directly into cancer tissues. Cells were incubated with the appro-
priate compounds for 24, 48 and 72 h in a concentration range oscil-
lating within the IC50 activity of the above-mentioned drugs.

In the beginning, the effect of blank micelles on cell viability was
assessed (Fig. 5.). Free micelles were analyzed at concentrations cor-
responding to drug-loaded micelles. It turned out, that even the highest
dose used was not toxic to the tested cell lines. The proliferation of cells

incubated with free micelles was maintained above 90% for 72 h of the
experiment, which indicates that the PEG-PKPC-oPHB micelles are
biocompatible with tested healthy cells NHDF-Neo and cancer cell lines
MCF-7 or HCT-116.

The relationship between cell proliferation and the concentration of
free drugs and drug-loaded micelles is shown in Fig. 6 for DOX as a
model drug commonly used for the studies of tumor-targeting drug
delivery systems, while Figs. 7 and 8 for 8HQ-Gal and 8HQ-Glu used as
model glycoconjugate, respectively. All compounds showed dose-de-
pendent inhibition of cell proliferation. Some deviations between the
effects of individual compounds were observed. This phenomenon is
probably related to the different mechanisms of action of compounds
released near the cancer cells. Doxorubicin is a commonly used cyto-
static in cancer therapies. However, its use is limited due to its non-
selectivity and numerous side effects, especially cardiotoxicity [86]. It
was decided to use the above-mentioned nanocarriers to improve the
selectivity of its action, through targeted delivery to tumor cells. As
shown in Fig. 6, free DOX has a strong cytotoxic effect on the MCF-7
and HCT-116 cell lines after 24, 48 and 72 h incubation. During the
incubation of cancer cells with drugs, DOX-loaded micelles showed
comparable cytotoxicity to the cells tested, as free drug. Interestingly, at

Fig. 4. pH-dependent drug release profiles for free 8HQ-Glu, PEG-PKPC and PEG-PKPC-oPHB micelles in PBS buffers at 37 °C. Data are presented as the mean ±
standard deviation (n = 3).

Fig. 5. Cytotoxicity of blank micelles (PEG-PKPC-oPHB) on cells: (a) MCF-7, (b) HCT-116, (c) NHDF-Neo. Data are presented as the mean ± standard deviation
(n = 3).
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a concentration above 5 µM, the cytotoxic activity of drug-loaded mi-
celles was higher compared to free DOX. Importantly, this effect was
not seen in case of healthy cells. At higher doses of the drug DOX-
loaded micelles showed increased antitumor activity while maintaining
unchanged, relative to the free DOX, toxicity to healthy cells.

MTT tests showed a higher ability to inhibit cell proliferation by
glycoconjugates-loaded micelles compared to free prodrugs (Figs. 7 and
8). It can be assumed that the use of micelles facilitates active transport

of the glycoconjugate directly into the cancer cell, thereby increasing
the accumulation of the drug in the cancer cells and its effectiveness.
The lower cytotoxic activity of free glycoconjugates is probably due to
their hindered penetration into the cell through the phospholipid
membranes. Moreover, the toxicity of the free glycoconjugate persists
over time, the effect did not increase with increasing incubation time
(Table 3). In contrast, the cytotoxicity of glycoconjugate loaded in
micelles increases over time. This suggests that this effect is achieved by

Fig. 6. The cell viability of free DOX and DOX-loaded micelles for MCF-7, HCT-116 and NHDF-Neo cells after 24 h (A, D, G, respectively), 48 h (B, E, H, respectively)
and 72 h (C, F, I, respectively). Data are presented as the mean ± standard deviation (n = 3).

Fig. 7. The cell viability of free 8HQ-Gal and 8HQ-Gal-loaded micelles for MCF-7, HCT-116 and NHDF-Neo cells after 24 h (A, D, G, respectively), 48 h (B, E, H,
respectively) and 72 h (C, F, I, respectively). Data are presented as the mean ± standard deviation (n = 3).
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transporting the glycoconjugate into the cells and their extended-re-
lease. Glycoconjugate-loaded micelles achieve significantly lower IC50

values than free glycoconjugates (Table 3). For example, for galacto-
conjugate, the dose resulting 50% cell growth inhibition compared to
the untreated control (IC50 activity) was calculated to be
24.86 ± 1.09 µM for MCF-7 and 20.03 ± 0.20 µM for HCT-116 after
72 h incubation. While the encapsulation of the drug in micelles al-
lowed to reduce this activity to 2.50 ± 0.01 µM for MCF-7 and
2.60 ± 0.09 µM for HCT-116, respectively. Therefore, the use of pH-
sensitive micelles allows the application of a much smaller dose of the
drug to kill the same amount of cancer cells as free drug. By using this
drug delivery system, the therapeutic dose of the drug can be sig-
nificantly reduced, thereby reducing its side effects.

4. Conclusions

In this study, biodegradable and biocompatible pH-responsive am-
phiphilic poly(ethylene glycol)-b-polycarbonate-b-oligo([R]-3-hydro-
xybutyrate) was synthesized by PEG/organocatalyst initiated ring-
opening polymerization of acetal-functionalized six-membered cyclic
carbonate and subsequent esterification with bacterial oPHB. The che-
mical structure of the copolymer was confirmed by both 1H NMR and
SEC. Synthesized amphiphilic copolymers self-organize into a core-shell
structure spherical micelle with an average hydrodynamic diameter of
20–30 nm. Acid-triggered hydrolysis of the acetal group to two hy-
droxyl groups increases the hydrophilicity of the hydrophobic micelles
core, causing swelling of the micelles and the release of encapsulated
therapeutic agents. Addition of hydrophobic bacterial oligo([R]-3-hy-
droxybutyrate) as core-forming block significantly increases the stabi-
lity of micelles, whereby micelles gain additional advantages such as
enhanced stability against dilution, prolonged circulation time and drug
release. An anti-cancer DOX, 8HQ-Glu, and 8HQ-Gal were encapsulated
into micelles, to improve the metabolic stability and delivery of gly-
coconjugated prodrugs in cancer cells for efficient tumor therapy. MTT
assay results show that the blank micelles were non-toxic to the tested
cell lines, while the therapeutics-loaded micelles showed noticeable
anticancer efficacy and confirmed the pH-dependent, controlled release

Fig. 8. The cell viability of free 8HQ-Glu and 8HQ-Glu loaded micelles for MCF-7, HCT-116 and NHDF-Neo cells after 24 h (A, D, G, respectively), 48 h (B, E, H,
respectively) and 72 h (C, F, I, respectively). Data are presented as the mean ± standard deviation (n = 3).

Table 3
Screening of cytotoxicity of tested compounds against MCF-7, HCT-116 and
NHDF-Neo cells for 24, 48 and 72 h incubation time.

Compound Activity IC50 [µM]a

MCF-7

24 h 48 h 72 h

DOX 5.19 ± 0.09 1.65 ± 0.04 0.52 ± 0.01
DOX-micelles 5.86 ± 0.12 1.07 ± 0.05 0.68 ± 0.01
8HQ-Glu 58.73 ± 2.53 56.93 ± 2.68 56.17 ± 3.10
8HQ-Glu-micb 45.09 ± 2.32 23.09 ± 0.95 13.48 ± 0.52
8HQ-Gal 25.28 ± 1.08 24.58 ± 1.23 24.86 ± 1.09
8HQ-Gal-micc 5.38 ± 0.03 2.69 ± 0.01 2.50 ± 0.01

Compound Activity IC50 [µM]a

HCT-116

24 h 48 h 72 h

DOX 1.85± 0.04 0.098± 0.01 0.102± 0.01
DOX-micelles 1.12± 0.02 0.072± 0.01 0.089± 0.01
8HQ-Glu 61.70± 2.84 53.94± 3.37 43.77± 2.51
8HQ-Glu-micb 46.24± 1.38 33.05± 0.89 25.62± 1.02
8HQ-Gal 20.07± 0.52 19.86± 0.65 20.03± 0.20
8HQ-Gal-micc 10.10± 0.11 5.62± 0.25 2.60± 0.09

Compound Activity IC50 [µM]a

NHDF-Neo

24 h 48 h 72 h

DOX >20 >20 0.49± 0.01
DOX-micelles > 20 >20 0.62± 0.01
8HQ-Glu 47.27± 1.38 48.40± 1.09 48.98± 0.96
8HQ-Glu-micb 32.45± 0.55 30.55± 0.98 29.82± 1.12
8HQ-Gal 19.26± 0.21 16.58± 0.25 18.29± 0.85
8HQ-Gal-micc 14.24± 1.02 11.96± 0.62 12.90± 0.55

a Cytotoxicity was evaluated using the MTT assay.
b 8HQ-Glu-loaded micelles.
c 8HQ-Gal-loaded micelles. Data are presented as the mean ± standard

deviation (n = 3).
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of drugs from micelles. This can significantly reduce the systemic
toxicity of the anticancer drugs used and it also confirms that the ob-
tained pH-responsive micelles can be used as non-toxic tumor-targeting
drug carriers for chemotherapy. Furthermore, glycoconjugates-loaded
micelles showed a significantly increased ability to inhibit the pro-
liferation of cancer cells compared to free glycoconjugates. This is due
to enhanced uptake and pH-triggered release of prodrugs, while free
glycoconjugates only showed passive diffusion through the lipid bar-
riers of cancer cells. The glycoconjugation of anti-cancer drugs and pH-
responsive nanocarriers have separately shown great potential to in-
crease the tumor targeted drug delivery efficiency. The combination of
drug glycoconjugation and the use of pH-responsive micelles opens up
new possibilities to develop novel strategies for efficient tumor therapy.
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Abstract: The development of selective delivery of anticancer drugs into tumor tissues to avoid
systemic toxicity is a crucial challenge in cancer therapy. In this context, we evaluated the efficacy of
a combination of nanocarrier pH-sensitivity and glycoconjugation of encapsulated drugs, since both
vectors take advantage of the tumor-specific Warburg effect. Herein, we synthesized biodegradable
diblock copolymer, a poly(ethylene glycol)-hydrazone linkage-poly[R,S]-3-hydroxybutyrate, which
could further self-assemble into micelles with a diameter of ~55 nm. The hydrazone bond was
incorporated between two copolymer blocks under an acidic pH, causing the shell-shedding of
micelles which results in the drug’s release. The micelles were stable at pH 7.4, but decompose in
acidic pH, as stated by DLS studies. The copolymer was used as a nanocarrier for 8-hydroxyquinoline
glucose and galactose conjugates as well as doxorubicin, and exhibited pH-dependent drug release
behavior. In vitro cytotoxicity, apoptosis, and life cycle assays studies of blank and drug-loaded
micelles were performed on Normal Human Dermal Fibroblasts-Neonatal (NHDF-Neo), colon carci-
noma (HCT-116), and breast cancer (MCF-7) for 24, 48, and 72 h. A lack of toxicity of blank micelles
was demonstrated, whereas the glycoconjugates-loaded micelles revealed enhanced selectivity to
inhibit the proliferation of cancer cells. The strategy of combining pH-responsive nanocarriers with
glycoconjugation of the drug molecule provides an alternative to the modus operandi of designing
multi-stimuli nanocarriers to increase the selectivity of anticancer therapy.

Keywords: micelles; pH-responsive; biodegradable; drug release; quinoline glycoconjugates;
Warburg effect

1. Introduction

Stimuli-responsive polymeric micelles based on amphiphilic well-defined block copoly-
mers have gained great attention over the past decade in the field of anticancer drug de-
livery [1,2]. Self-assembled nanostructures generally have a hydrophilic outer shell and
hydrophobic core. The hydrophilic shell of the micelle prevents steric recognition by the
immune system and its removal by the macrophage system from the bloodstream. In con-
trast, the hydrophobic core can encapsulate fragile hydrophobic anticancer therapeutics [3].
The encapsulation of anticancer drugs in nanocarriers enhances drug accumulation in the
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tumor tissues through enhanced permeability and the retention effect. Thus, the therapeu-
tic dose of the drug can be reduced, thereby minimizing its side effects [4]. In particular,
polymeric nanoparticles derived from biodegradable and biocompatible polyesters such
as polylactide [5], poly(ε-caprolactone) [6], poly(3-hydroxybutyrate) [7] or aliphatic poly-
carbonates [8] are broadly used as drug carriers. Among these, poly(3-hydroxybutyrate)
(PHB) is considered to be a future “green” material for biomedical or drug delivery ap-
plications [9]. To further its applications in drug delivery systems, it is crucial to obtain
PHB in a highly controlled manner with the desired stereochemistry, which is essential
for its physicochemical properties [10,11]. Therefore, extensive studies have focused on
the ring-opening polymerization of β-lactones to obtain the polymer with the desired
molar mass, low dispersity, microstructure, and reduced side reactions [12–16]. The isotac-
tic poly ([R]-3-hydroxybutyrate) is synthesized both biotechnologically through bacterial
fermentation and chemically by the polymerization of β-butyrolactone (β-BL) [17]. Both
anionic and coordination ring-opening polymerization of β-butyrolactone enable the ob-
taining of “tailor-made” poly (3-hydroxybutyrate), and its microstructure significantly
depends on both the absolute configuration of β-BL and the type of catalyst used [13].
However, the anionic ring-opening polymerization of racemic β-BL—atactic poly([R,S]-
3-hydroxybutyrate) (aPHB) is most often synthesized, due to the presence of a chiral C4
carbon in the β-butyrolactone molecule. OligoPHB has been used for drug conjugation
to increase metabolic stability, bioavailability, and avoid multi-drug resistance [18,19].
Additionally, poly(3-hydroxybutyrate) is degraded and further resorbs in vivo, meaning
that their degradation by-products are eliminated via natural pathways, both during the
filtration and after metabolization without causing cytotoxicity. Due to this, PHB has
great potential as a building material for anticancer drug delivery systems. However,
the non-stimuli-responsive PHB-based micelles have some drawbacks, i.e., the slow drug
release from nanocarriers, which significantly lowers the efficiency of therapeutic out-
come [20]. Understanding the differences between tumors and healthy tissues is very
important when designing new anti-cancer drug carriers. One such difference is the unique
metabolism of sugar derivatives by tumor tissues. During the progression, cancer cells
significantly increase the glycolysis rate other than mitochondrial oxidative phosphory-
lation to increase their proliferation [21]. As a consequence, the accumulated pyruvate is
mainly converted into lactic acid, which makes the microenvironment of neoplastic tissues
slightly acidic (pH 6.5–6.8) [22]. The increased sugar uptake of tumor tissues is related to
the overexpression of glucose transporters, which are membrane proteins that facilitate
concentration-dependent glucose and galactose uptake inside the cell [23]. This atypical
relationship between increased proliferation, the high uptake of sugar derivatives, and the
decrease in the extracellular pH of tumor tissues caused by lactate production is known
as the Warburg effect [24]. This effect has been found in almost all types of tumors [25].
Therefore, many studies use the Warburg effect in drug delivery applications to improve
cancer targeting and selectivity, e.g., by incorporating a sugar unit into the drug structure
(glycoconjugation) [26,27] or using pH-sensitive drug carriers [28,29]. Recently, our group
reported that a combination of pH-responsive nanocarriers loaded with glycoconjugates
significantly improves their selectivity to inhibit the proliferation of cancer cells [30]. In the
construction of the pH-responsive nanocarriers, acetal, imine, oxime, vinyl ether, hydrazone
or orthoester are typical acid-sensitive chemical linkages, which are stable at physiological
pH, but are rapidly hydrolyzed in an acidic environment [31]. The hydrazone linkage has
attracted considerable attention in anticancer drug delivery systems, due to its stability
at physiological pH and fast hydrolysis in a mildly acidic environment [32]. Moreover,
hydrazone-based doxorubicin prodrugs NC-6300 and INNO-206 were reported to be un-
der Phase I and II of clinical trials, respectively [33,34]. In both cases, data revealed that
hydrazone-based prodrugs showed significantly higher anticancer activity and reduced
side-effects compared to free drugs, an effect which is related to the release of the drug
in the tumor tissues. The incorporating acid-labile bonds into the polymer structure, so
nanocarriers can be designed to respond in the acidic tumor microenvironment by disas-
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sembling, changing their size, shape, surface charge, etc. [35]. As a result, the encapsulated
drugs are released in a controlled manner with the ability to target tumor tissues. It is well-
known that PEGylation is effective in forming the “stealth” surface of the micelles to avoid
non-specific interactions with proteins and prolong the circulation time of nanocarriers
in the bloodstream [36]. However, it is also known that PEGylation reduces the cellular
uptake of nanoparticles by cancer cells, leading to decreased therapeutic outcomes [37].
Therefore, nanocarriers for cancer treatment should be “stealth” protected with a PEG shell
layer, with the capability due to the shell-shedding effect at the tumor site to increase inter-
nalization by cancer cells [38]. The unique pathophysiological markers of tumor tissues,
i.e., lower pH in the microenvironment of cancer cells, the higher level of reactive oxygen
species, high intracellular glutathione levels, hypoxic conditions, or the overexpression of
various specific enzymes can act as an endogenous trigger to promote the shell-shedding
effect in nanocarriers. As a result, the drug is released in a controlled manner and the
ability of the drug to target the tumor tissues is improved. Yang et al. [39] reported a
pH-responsive shell-sheddable nanocarrier based on a copolymer of poly(ethylene glycol)
and polylactide with an acid-labile acetal linkage bridge for tumor-targeted paclitaxel
delivery. The PEG shedding was triggered by tumor’s acidic microenvironment, resulting
in prolonged circulation time, enhanced cellular uptake, and an improved in vivo tumor
inhibition rate. Manna et al. [40] reported that a four-arm star amphiphilic block copolymer
based on [star-(poly(D,L-lactide)-b-poly(N-vinylpyrrolidone)4] loaded with methotrexate
showed pH-dependent drug release and excellent antitumor efficacy against methotrexate-
resistant Dalton lymphoma and Raji cells, whereas a free drug was ineffective. Moreover,
the treatment of Dalton lymphoma tumor-bearing mice revealed the prolonged survival of
mice with active disease and the generation of CD8+ T-cell-mediated cytolytic responses
against the tumor, which was significantly reduced in untreated tumor-bearing mice.
Yang et al. [41] prepared dual pH-sensitive polymeric nanoparticles based on a diblock
copolymer, consisting of acetal-linked poly(ethylene glycol) and catechol-functionalized
aliphatic polycarbonate for anticancer drug delivery. The bortezomib was conjugated
to the copolymer through a pH-sensitive boronate ester bond between catechol groups
and a drug-derived phenylboronic acid group. The nanocarrier rapidly released borte-
zomib in response to the acidic tumor microenvironment. Furthermore, the conjugation of
paclitaxel via acetal bonding to the poly(ethylene glycol)-b-poly(acrylic acid) copolymer
was reported by Zhong and coauthors as a pH-sensitive micellar prodrug with potent
antitumor activity against multi-drug-resistant cancer cells [42]. Zhong et al. [43] devel-
oped reduction-responsive shell-sheddable micelles from a poly(ethylene glycol)-disulfide
linker-poly(ε-caprolactone) copolymer for paclitaxel delivery.

In this work, we report biodegradable copolymer comprising poly(ethylene glycol)
and poly([R,S]-3-hydroxybutyrate) blocks linked via hydrazone bond. The resulting am-
phiphilic copolymer can self-assemble into nanosized shell-sheddable micelles for pH-
triggered delivery of encapsulated anticancer agents (8-hydroxyquinoline glycoconjugates
and doxorubicin). The hydrazone bond incorporated between two copolymer blocks is
broken under the acidic media, causing the shedding of PEG shells, which results in the
decomposition of micelles and subsequent drug release. The synthesis of the copoly-
mers, characterization of micelles, pH-dependent degradation of nanocarriers, and drug
release profiles were investigated. Moreover, in vitro cytotoxicity of the blank micelles
and the activity of drug-loaded mPEG-hyd-aPHB micelles were studied using an MTT
(3-[4,5–dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay combined with apop-
tosis and cell cycle assays against healthy cells (NHDF-Neo) and cancer cells (HCT-116
and MCF-7).

2. Materials and Methods
2.1. Materials

Poly(ethylene glycol) monomethyl ether (mPEG, Mn = 5000 g mol−1, Sigma-Aldrich,
Steinheim, Germany) was dried by azeotropic distillation from anhydrous toluene. Tri-
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ethylamine (99%, Sigma-Aldrich, Steinheim, Germany), dichloromethane (DCM) (99%,
VWR Chemicals, Fontenary-Sous-Bois, France) were dried over CaH2 and distilled before
use. In addition, 4-Nitrophenyl chloroformate (p-NPC 99%, TCI Chemicals, Belgium),
hydrazine monohydrate (64–65%, Sigma-Aldrich, Steinheim, Germany) (>98%, Sigma-
Aldrich, Steinheim, Germany), levulinic acid (>98%, Alfa Aesar, Haverhill, MA, USA),
trifluoroacetic acid (TFA, >99%, Sigma-Aldrich, Steinheim, Germany), pyrene (+98%, Acros
Organics, Acros Organics, Geel, Belgium), methanol (MeOH), ethanol, and diethyl ether
(all 99%, VWR Chemicals, Fontenary-Sous-Bois, France) were used as received. DMSO
(99%, VWR Chemicals, Fontenary-Sous-Bois, France) was distilled under reduced pressure
over CaH2 and two subsequent reduced pressure distillations over BaO. β-Butyrolactone
(>98% Sigma-Aldrich, Steinheim, Germany) was purified as described in [44]. Doxorubicin
hydrochloride (DOX·HCl) was purchased from LC Laboratories. The mPEG-COONa was
prepared as described in [45]. Model glycoconjugates (see Figure S1) for in vitro cyto-
toxicity studies, i.e., 8-((1-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-triazol-4-
yl)methoxy)quinoline (8HQ-glucose conjugate–8HQ-Glu) and 8-((1-(2,3,4,6-tetra-O-acetyl-
β-D-galactopyranosyl)-1H-1,2,3-triazol-4-yl)methoxy)quinoline (8HQ-galactose conjugate—
8HQ-Gal) were synthesized as described earlier in [46].

Cell Cultures

The Normal Human Dermal Fibroblasts-Neonatal, NHDF-Neo were purchased from
LONZA (Cat. No. CC-2509, NHDF-Neo, Dermal Fibroblasts, Neonatal, Lonza, Poland).
The human breast adenocarcinoma cell line MCF-7 was obtained from the collection at
the Maria Sklodowska-Curie Memorial Cancer Center and National Institute of Oncology
(Gliwice, Poland). The human colon adenocarcinoma cell line HCT-116 was obtained from
an American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were grown in a
humidified atmosphere with 5% CO2 and at 37 ◦C in a culture medium. The culture media
consisted of RPMI 1640 (HyClone laboratories, Inc.) or DMEM+F12 (HyClone laboratories,
Inc.), supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Eurx, Gdańsk,
Poland) and 5% Antibiotic Antimycotic Solution, 100 U/mL penicillin, and 10 mg/mL
streptomycin (Sigma-Aldrich, Steinheim, Germany).

2.2. Synthesis of mPEG-hyd-LEV Macroinitiator

Under a dry nitrogen atmosphere, the solution of mPEG (5 g, 1.0 mmol, 1.0 eq.) and
triethylamine (0.21 mL, 1.5 mmol, 1.5 eq.) in 50 mL of dry DCM was thermostated in 0 ◦C.
Next, a solution of p-nitrophenyl chloroformate (p-NPC) (2.02 g, 10 mmol, 10 eq.) in 25 mL
of dry DCM was introduced dropwise. The reaction mixture was stirred for 30 min at 0 ◦C.
Next, the temperature was increased to room temperature (rt) and the reaction was carried
out for 48 h. The DCM was evaporated, excess methanol was added and stirred for 1 h to
remove unreacted p-NPC. Then, the volatiles were stripped off under reduced pressure,
the product was redissolved in DCM, washed three times with brine, and precipitated in
cold diethyl ether. The residual solid mPEG-NPC was dried under vacuum to a constant
weight. Yield: 85%. 1H NMR (600 MHz, CDCl3, Figure S2a) δ: 3.38 (3H, CH3-O), 3.65
(4mH, CH2-CH2-O), 4.44 (2H, CH2-O-C(O)), 7.4 (2H, Ar H), 8.28 (2H, Ar H). Next, the
PEG-NPC (3 g, 0.58 mmol, 1.0 eq.) was dissolved in 50 mL of DCM and slowly added
dropwise into hydrazine monohydrate (1.13 mL, 23.23 mmol, ~40 eq.) solution in 50 mL
of DCM thermostated at 0 ◦C. The reaction mixture was stirred for 30 min at 0 ◦C, and
then at rt for 24 h. Then, volatiles were stripped off under vacuum, and the obtained solid
was dissolved in deionized water, dialyzed against water (MWCO 1000) at rt for 48 h and
lyophilized to obtain mPEG-NH-NH2. Yield: 68%. 1H NMR (600 MHz, CDCl3, Figure
S2b) δ: 3.38 (3H, CH3-O), 3.65 (4mH, CH2-CH2-O), 4.27 (2H, CH2-O-C(O)). The solution of
mPEG-NH-NH2 (1 g, 0.2 mmol, 1 eq.) and levulinic acid potassium salt (0.03 g, 0.26 mmol,
1.3 eq.) in 20 mL of dry methanol with 2 drops of TFA was stirred for 48 h at 50 ◦C. Next,
the reaction solution was dialyzed (MWCO 1000) against KOH ethanol solution for 24 h,
and against ethanol for 24 h, followed by drying under vacuum at rt to a constant weight.
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The mPEG-hyd-LEV macroinitiator was stored at −4 ◦C in glovebox. Yield: 57%. 1H NMR
(600 MHz, CDCl3, Figure S2c) δ: 1.99 (3H, CH3-C=N), 2.47 (4H, C-CH2-CH2-C(O), 3.38 (3H,
CH3-O), 3.65 (4mH, CH2-CH2-O), 4.33 (2H, CH2-O-C(O)).

2.3. Synthesis of mPEG-hyd-aPHB

The polymerizations were performed in the glovebox (H2O < 1 ppm, O2 < 5 ppm).
The ring-opening of β-butyrolactone initiated with hydrazone bond-containing mPEG-hyd-
LEV macroinitiator was carried out in dry DMSO at a monomer concentration of 1 mol L−1

at rt. Briefly, mPEG-hyd-LEV (0.3 g, 0.05 mmol, 1 eq.) were dissolved in DMSO, after which
complete macroinitiator solubilization of the β-butyrolactone (187.9 µL, 2.31 mmol, 40 eq.)
was added. Conversion of the monomer was measured by 1H NMR spectroscopy, based
on the disappearance of the signals derived from the β-butyrolactone. After quantitative
monomer conversion, the resulting copolymer was lyophilized and stored at −4 ◦C in
the glovebox. 1H NMR (600 MHz, CDCl3) δ: 1.28 ppm (3nH, CH3), 2.02 (3H, CH3-C=N),
2.54 ppm (2nH, CH2), 3.38 (3H, CH3-O), 3.65 (4mH, CH2-CH2-O), 4.2 (2H, CH2-O-C(O)),
5.25 ppm (1nH, CH). SEC: (DMF, PEG standards): Mn = 8200 g mol−1, Ð = 1.14.

The mPEG-b-aPHB diblock copolymer was synthesized in similar conditions using
mPEG-COONa as the macroinitiator. 1H NMR (600 MHz, CDCl3, Figure S3) δ: 1.28 ppm
(3nH, CH3), 2.54 ppm (2nH, CH2), 3.38 ppm (3H, CH3-O), 3.65 ppm (4mH, CH2-CH2-
O), 4.2 ppm (2H, CH2-O-C(O)), 5.25 ppm (1nH, CH-CH2). SEC: (DMF, PEG standards):
Mn = 7900 g mol−1, Ð = 1.08.

2.4. Characterization of Synthetic Copolymers

The 1H NMR spectra were recorded on the Bruker-Avance II 600 MHz with Ultrashield
Plus Magnets (Fremont, CA, USA) at room temperature in CDCl3 with tetramethylsilane
(TMS) as an internal standard. Size exclusion chromatography (SEC) measurements were
performed at 45 ◦C in DMF with the addition of 5 mmol L−1 LiBr at a nominal flow rate of
1 mL min−1. The chromatography system contained a multiangle light scattering detector
(DAWN HELEOS, Wyatt Technology, λ = 658 nm), a refractive index detector (Dn-2010
RI, WGE Dr Bures), and a column system (PSS gel GRAM guard and three columns PSS
GRAM 100 Å, 1000 Å and 3000 Å). The molar mass and dispersity were evaluated using
ASTRA 5.3.4.10 software from Wyatt Technologies. Poly(ethylene glycol) standards with a
low dispersity mass distribution (Mn values ranging from 1010 to 29,600 g mol−1, Polymer
Laboratories) were used to generate a calibration curve.

2.5. Micelles Preparation and Characterization

The solvent evaporation method was used to prepare mPEG-hyd-aPHB and mPEG-
b-aPHB micelles. Briefly, 10 mg of the copolymer was dissolved in dry DCM. Next, after
the solvent evaporation, a thin film at the bottom of the vial was formed. After removing
the traces of organic solvent, the film was dispersed in PBS buffer (10 mL; copolymer
concentration was equal to 1 mg · mL−1). Next, the mixture was stirred for 60 min at room
temperature and sonicated for 30 min in an ice-cold bath. Then, the micelle suspension
was filtered using a syringe filter (0.2 µm, Sartorius). The obtained micelle solution was
lyophilized and stored at −4 ◦C in the glovebox. The critical micelle concentration (CMC)
was determined using pyrene as a fluorescence probe. A predetermined amount of pyrene
(6 × 10−6 mol · L−1) in acetone was added to micelle solutions of different concentrations
(ranging from 1 × 10−5 to 1.0 mg · mL−1) in phosphate buffer. The samples were incubated
overnight at rt in the dark. The fluorescence spectra were recorded on a Hitachi F-2500 Spec-
trometer (Tokyo, Japan) from 300 to 360 nm with the emission wavelength at 391 nm. The
intensity ratio of pyrene at 336 over 333 nm was plotted against the logarithm of copolymer
concentration to determine the critical micelle concentration. The hydrodynamic diameter
and size distribution of micelles were determined by dynamic light scattering (DLS) mea-
surements using a Zetasizer Nano ZS90 (Malvern Instruments). To examine the stability
and acid-triggered degradation of micelles at various pH levels, the 10 mg of freeze-dried
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micelles was dispersed in 10 mL of PBS buffer with pH 7.4, 6.4, and 5.5 respectively. The
mixture was incubated at 37 ◦C, and at predetermined time intervals, the hydrodynamic
diameter of the micelles was measured. The morphologies of the micelles were observed
using Cryogenic Transmission Electron Microscopy (cryo-TEM). Images were obtained
using a Tecnai F20 X TWIN microscope (FEI Company, Hillsboro, OR, USA) equipped with
a field emission gun, operating at an acceleration voltage of 200 kV. Images were recorded
on the Gatan Rio 16 CMOS 4k camera (Gatan Inc., Pleasanton, CA, USA) and processed
with Gatan Microscopy Suite (GMS) software (Gatan Inc., Pleasanton, CA, USA). Specimen
preparation was carried out by vitrification of the aqueous solutions on grids with holey
carbon film (Quantifoil R 2/2; Quantifoil Micro Tools GmbH, Großlöbichau, Germany).
Before use, the grids were activated for 15 s in oxygen plasma using a Femto plasma
cleaner (Diener Electronic, Ebhausen, Germany). Cryo-samples were prepared by applying
a droplet (3 µL) of the suspension to the grid, blotting with filter paper and immediate
freezing in liquid ethane using a fully automated blotting device Vitrobot Mark IV (Thermo
Fisher Scientific, Waltham, MA, USA). After preparation, the vitrified specimens were kept
under liquid nitrogen until they were inserted into a cryo-TEM-holder Gatan 626 (Gatan
Inc., Pleasanton, CA, USA) and analyzed in the TEM at −178 ◦C.

2.6. In Vitro Drug Loading and Release Studies

Drug loaded micelles were prepared identically to blank micelles using 10 mg of
copolymer, 1 mg of drug and 10 mL of DCM. Next, the unloaded drug was eliminated
by filtration through a syringe filter (0.2 µm, Sartorius), the drug-loaded micelles solution
was lyophilized, and then stored at −4 ◦C in the glovebox. To determine the drug loading
efficiency (DLE) and drug loading content (DLC) the lyophilized drug-loaded micelles
were redissolved in DMSO and analyzed with a UV-Vis-NIR spectrophotometer JASCO
V-570 (Tokyo, Japan) using a standard curve method. The DLE and DLC were calculated
according to the following equations:

Drug loading efficiency (DLE%) =
weight of drug in micelles

weight of drug in feed
× 100%

Drug loading content (DLC%) =
weight of drug in micelles

weight of drug loaded micelles
× 100%

In vitro drug release from micelles was carried out in PBS at pH 7.4, 6.4, and 5.5 at
37 ◦C via a dialysis method. Typically, 3 mL (1 mg · mL−1) of drug-loaded micelles were
transferred into a Float-A-Lyzer G2 dialysis device (MWCO 7000). Each dialysis device
was immersed into 150 mL of corresponding buffer at 37 ◦C, stirring at 100 rpm. At
predetermined time intervals, 50 µL of the solution was withdrawn from the dialysis device
and replaced with an equal amount of fresh buffer. Quantitative assessment of the released
drugs was carried out by UV-Vis spectroscopy. The release experiments were conducted in
triplicate, and the results presented are the average of the data.

2.7. MTT Assay

Cell viability was assessed by the MTT assay (Merck, Darmstadt, Germany). Stock
solutions of used compounds (glycoconjugates or DOX) were prepared in DMSO (DMSO
content in the highest concentration did not exceed 0.5%) and diluted to the desired
concentrations with the culture medium directly before the experiment. Blank micelles
and drug-loaded micelle solutions were also diluted to the desired concentrations with
the culture medium directly before the experiment. The cells were seeded into 96-well
plates at concentrations of 5 × 103 (MCF-7, NHDF-Neo) or 2 × 103 (HCT-116) per well
and incubated for 24 h in a humidified atmosphere of 5% CO2 at 37 ◦C. Next, the culture
medium was removed and replaced with a solution of the tested compounds in a medium
with varying concentrations. Cells treated with DMSO in the fresh medium (0.5%) were
used as controls. Then cells were incubated with compounds for a further 24 h, 48 h, or
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72 h. After that, the solutions were removed and the MTT solution (50 µL, 0.5 mg · mL−1

in PBS) was added into each well. After 3 h of incubation, the MTT solution was removed
and the precipitated formazan crystals were dissolved in DMSO. The absorbance was
measured spectrophotometrically at a 570 nm wavelength using the plate reader (Epoch,
BioTek, Winooski, VT, USA). The experiment was conducted in at least three independent
repetitions with four technical repeats for each tested concentration. The results were
expressed as the survival fraction (%) of the control. The IC50 values were calculated using
CalcuSyn software (version 2.0, Biosoft, Cambridge, UK). The IC50 parameter was defined
as the concentration of the drug that was necessary to reduce the proliferation of cells
to 50% of the untreated control. The results are shown as the average value ± standard
deviation (SD).

2.8. Apoptosis and Cell Cycle Analyses

The cell cycle and the type of cell death induced by the test compounds were measured
by using flow cytometry. The cells were seeded into 6-well plates at concentrations of
3 × 105 (HCT-116) or 4 × 105 (MCF-7, NHDF-Neo) per well and incubated for 24 h in a
humidified atmosphere of 5% CO2 at 37 ◦C. Then, the culture medium was removed and
replaced with a solution of the tested compounds at a concentration equal to the IC50 value.
Cells treated with blank micelle were also tested. The untreated cells with fresh medium
were used as the control. After 24 h of incubation, the solutions were removed and the
cells were collected by trypsinization. Then cells were centrifuged (3 min, 2000 rpm, RT)
and washed with PBS. Then the cells were centrifuged again (3 min, 2000 rpm, RT) and the
supernatant was removed. The resulting pellet contained cells, which were used for flow
cytometric experiments. The fraction of dead cells after treatment with the test compounds
were detected using the Annexin-V apoptosis assay (BioLegend, San Diego, CA, USA)
and propidium iodide (PI) solution (100 µg/mL (Merck, Darmstadt, Germany)) uptake
test. Cells were suspended in 50 µL of cold Annexin-V binding buffer and incubated in
the dark with 2.5 µL of antibody Annexin-V FITC and 10 µL of PI solution (3 mg/mL)
for 20 min at 37 ◦C. After this time, 250 µL of the Annexin-V binding buffer was added
and the samples were incubated in the dark on ice for 15 min. Cytometric analyses were
performed immediately using an Aria III flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA) with the FITC configuration (488 nm excitation; emission: LP mirror 503, BP filter
530/30) or PE configuration (547 nm excitation; emission: 585 nm) and at least 10,000 cells
were counted.

For cell cycle analysis, the cells were suspended in 250 µL of hypotonic buffer (con-
sisting of: sodium citrate dihydrate 1 g/L, propidium iodide (PI) 1 mg/mL, RNAse A
10 mg/mL, Triton X-100 1:9) and incubated in the dark at rt for 20 min. Measurement
was performed using an Aria III flow cytometer (Becton Dickinson, USA), using at least
10,000 cells per sample. The cytofluorimetric configurations used are described above. The
obtained data were analyzed using Flowing Software (Cell Imaging Core, Turku Center for
Biotechnology, Turku, Finland).

2.9. Cell Microscopy Imaging

Microscopic imaging of cells was performed using fluorescence microscopy (Olympus
FV1000 microscope). The cells were seeded into 35 mm Glass Bottom Dishes (MatTek
Corporation) at a concentration of 5 × 104 (HCT-116, MCF-7, NHDF-Neo) in 2 mL of
medium and incubated for 24 h in a humidified atmosphere of 5% CO2 at 37 ◦C. Then, the
culture medium was removed and replaced with a solution of the free DOX or DOX-loaded
micelles in a medium at a dose of 1 µM (concentration equal to the previously calculated
IC50 value). The untreated cells with the fresh medium were used as controls. After 24 h
of incubation, 2 µL of Hoechst 33342 dye was added to the medium and incubated in the
dark for 20 min at 37 ◦C. Then, the solutions were removed and the cells were washed
with PBS. To each dish, 500µL of PBS was introduced, then the cells were covered with a
coverslip and observed using a fluorescence microscope. All imaging conditions, including
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laser power, photomultiplier tube, and offset settings, were aligned with the fluorescence
intensity of the sample. Images were analyzed using free software ImageJ 1.47v (Wayne
Rasband, National Institute of Health, Bethesda, MD, USA).

2.10. Statistical Analysis

For biological evaluation, at least three replicates were performed for every kind of
experiment. The results were presented as the mean value +/− SD. The statistical analysis
was based on a t-test, and a p-value less than 0.05 was considered statistically significant,
indicated on the figures with an asterisk.

3. Results and Discussion
3.1. Copolymer Synthesis and Characterization

The synthetic route of mPEG-hyd-aPHB is shown in Figure 1a. The essential issue in
the design of shell-shedding micelles was the location of the pH-sensitive linkage between
the hydrophilic and hydrophobic blocks. Herein, an acid-labile hydrazone bond was
incorporated into the macroinitiator structure as described below. Namely, the amine-
terminated monomethoxy poly(ethylene glycol) (Mn = 5000 g mol−1) (mPEG-NH-NH2)
was first synthesized in two steps. Then, mPEG-NH-NH2 was reacted with levulinic
acid potassium salt to obtain a hydrazone-containing macroinitiator. Subsequently, chain
extension via anionic ring-opening polymerization of β-butyrolactone afforded the desired
amphiphilic copolymer.
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Firstly, the hydroxyl end group of mPEG was activated through a reaction with p-
nitrophenyl chloroformate to obtain mPEG-NPC. Upon activation of the mPEG hydroxyl
end group with p-NPC, the 1H NMR spectrum (Figure S2a) revealed signals of the mPEG
chain (3.65 and 3.38 ppm) and derived signals at δ = 7.4 and 8.28 ppm from aromatic
protons of the p-nitrophenyl group, as well as a peak at 4.44 ppm attributed to substitution
of mPEG with the NPC terminal methylene group. Then, the mPEG-NPC was reacted with
hydrazine to obtain mPEG-NH-NH2. The disappearance of the aromatic p-NPC signals and
the shifting of the signal of a methylene group from δ = 4.44 ppm to 4.27 ppm, observed in
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1H NMR spectrum of amine-terminated mPEG (Figure S2b), confirms the mPEG-NH-NH2
formation. Subsequently, amino-terminated mPEG was further reacted with levulinic acid
potassium salt. In a facile amine-ketone coupling reaction, a hydrazone bond containing
potassium carboxylate macroninitiator was formed. The chemical structure of the macroini-
tiator (mPEG-hyd-LEV) was verified by 1H NMR, which is shown in Figure S2c. The
presence of characteristic signals derived from incorporated levulinic acid potassium salt
was observed. Importantly, the signal of the methyl group of potassium levulinic acid salt
(see inset in Figure S2c) shifted from δ = 2.20 ppm to 1.99 ppm, indicating hydrazone bond
formation. The same effect was observed for the signals ascribed to levulinic acid methylene
groups (triplets at δ = 2.62 and 2.76 ppm) that overlapped after the formation of the hydra-
zone bond and were observed as a multiplet at δ = 2.47 ppm. Finally, the pH-responsive
amphiphilic poly(ethylene glycol)-hyd-poly([R,S]-3-hydroxybutyrate) copolymer (mPEG-
hyd-aPHB) was synthesized by anionic ring-opening polymerization of β-butyrolactone
initiated with obtained hydrazone linkage-containing macroinitiator. In aqueous media,
the amphiphilic block copolymers, depending on the copolymer hydrophilic block weight
fraction (f ), molar mass, and the interactions of the hydrophobic copolymer block with
water may self-organize into micelles [20]. The hydrophilic block weight fraction usu-
ally affects the hydrophobic interactions and size of self-assembled structures and, if f is
in the range of 45–75%, micelles are usually formed [47]. Therefore, the molar mass of
poly([R,S]-3-hydroxybutyrate) block was planned to be 3500 g · mol−1 to keep the mPEG,
i.e., hydrophilic block weight fraction, at the level of 60%. In β-butyrolactone anionic ring-
opening polymerization, the initiation reaction by a weak nucleophile, e.g., carboxylic acid
salt, the initiator attacks the C4 carbon of the β-butyrolactone ring by breaking the alkyl-
oxygen bonds. As a result, the carboxylate ions formed in this reaction are the propagation
centers. The activity of the initiator and the propagation species in such polymerization
strongly depend on counter-ion size, cation-anion interactions, and solvent polarity [48].
Playing with the counterion size and solvent polarity, the activity of the initiating system
and the reaction kinetics can be easily adjusted. For the sake of simplicity and efficiency, a
reaction system containing a potassium counter-ion and DMSO as a solvent was chosen
to obtain the appropriate polymerization conditions. The DMSO as a high-polar solvent
activates the carboxylate species by strong solvation of the cation, resulting in significant
increases in the reactivity of the system. As a result, the kinetics of the reaction allow for a
controlled polymerization process on carboxylate growing species. The 1H NMR spectrum
of mPEG-hyd-aPHB is shown in Figure 1b. All of the main characteristic signals assigned
to mPEG (δ = 3.38 and 3.65 ppm) and methylene group of hydrazone-functionalized lev-
ulinic acid at δ = 2.02 ppm and aPHB at δ = 1.28, 2.54, 5.25 ppm) were observed. Using
integral ratio with the molar mass of the mPEG block (5000 g mol−1), the molar mass
of mPEG-hyd-aPHB was determined to be 8600 g mol−1. This value correlates with the
theoretical one, 8600 g mol−1. SEC analysis, shown in Figure 1c, revealed that the obtained
copolymer had a molar mass of 8200 g mol−1 with a dispersity value Ð = 1.14. It is worth
mentioning that very low-intensity signals at δ = 1.86, 5.8 and 6.95 ppm in the 1H NMR
spectrum of the copolymer were ascribed to the crotonate protons, which are a result of
the abstraction of an acidic proton either from β-butyrolactone or aPHB (Figure S4) [13].
However, the amount is deemed to be negligible. The mPEG-b-aPHB diblock copolymer
with a similar composition was also synthesized (Figure S3) and used as a pH-insensitive
control in further studies. The results of the 1H NMR and SEC analyses for the synthesized
copolymers are summarized in Table 1.
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Table 1. Characteristics of copolymers.

Block Copolymer Mn,NMR
a

[g mol−1]
Mn,SEC

b

[g mol−1]
Ð f PEG [%] CMC c

[µg mL−1]

mPEG-hyd-aPHB 8600 8200 1.14 58 3.6
mPEG-b-aPHB 8100 7900 1.08 62 2.2

a The mPEG block had Mn = 5000 and Ð = 1.01 (determined by SEC). b Determined by SEC with DMF as solvent
and poly(ethylene glycol) standards. c Determined using pyrene as a fluorescence probe.

3.2. Self-Assembly of the Copolymers

The synthesized amphiphilic copolymers spontaneously aggregated into core-shell
structured micelles in an aqueous solution. Herein, the corresponding copolymers self-
assembled into micelles, in which a core consists of hydrophobic aPHB blocks and an
outer shell containing hydrophilic PEG chains. The structures of pH-responsive mPEG-
hyd-aPHB and non-pH-responsive mPEG-b-aPHB micelles were confirmed using 1H NMR
spectroscopy. Figure S5 shows the 1H NMR spectra corresponding to the lyophilized
micelles that were resuspended in D2O. After micellization, the signals ascribed to aPHB
blocks are barely visible, indicating that aPHB chains are located in the core of the micelles.
Moreover, peaks corresponding to PEG protons are visible after self-organizing because
poly(ethylene glycol) chains are in an outer mobile state. Similar results were observed
for both mPEG-hyd-aPHB and mPEG-b-aPHB micelles. The critical micelle concentration
was determined, using pyrene as a probe, from the plot of the excitation intensity ratio as a
function of the copolymer concentration (Figure S6). The CMC values of mPEG-hyd-aPHB
and mPEG-b-aPHB were determined to be 3.6 µg mL−1 and 2.2 µg mL−1, respectively
(Table 1). The obtained micelles were characterized by DLS and cryo-TEM. As shown in
Figure 2, the mPEG-hyd-aPHB formed micelles with a hydrodynamic diameter of ~55 nm
and with a narrow size distribution (PDI = 0.14). In contrast, the hydrodynamic diameter
for DOX-loaded mPEG-hyd-aPHB increased to ~86 nm, with a simultaneous increase in
the PDI value up to 0.22. This increase in the hydrodynamic diameter of the micelles could
be caused by drug encapsulation in the core. Additionally, it significantly increases the PDI
values for drug-loaded micelles (Table 2). Next, cryo-TEM studies were used to observe the
morphology of the micelles, revealing that the micelles had regular spherical shapes. The
mean hydrodynamic diameters of nanoparticles determined by cryo-TEM were slightly
lower compared with the values revealed by DLS, since the diameter obtained from DLS
studies shows the hydrodynamic diameters in a hydrated state in the solution, while the
diameter observed by cryo-TEM indicates the same for dried micelles [49].
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Table 2. Characterization of blank and drug-loaded micelles.

Sample
mPEG-hyd-aPHB mPEG-b-aPHB

Size [nm] PDI DLC
[%]

DLE
[%] Size [nm] PDI DLC

[%]
DLE
[%]

Blank micelles 55.3 ± 2.8 0.14 ± 0.01 _ _ 49.5 ± 4.1 0.18 ± 0.02 _ _
DOX-loaded

micelles 85.7 ± 5.1 0.22 ± 0.03 5.3 ± 0.4 48.6 ± 3.1 82.8 ± 6.2 0.2 ± 0.01 5.7 ± 0.2 54.1 ± 3.8

8HQ-loaded
micelles 77.7 ± 3.8 0.19 ± 0.02 6.0 ± 0.1 55.1 ± 1.9 87.9 ± 2.9 0.15 ± 0.02 5.8 ± 0.4 55.3 ± 2.3

8HQ-Glu-loaded
micelles 104.9 ± 4.5 0.25 ± 0.03 5.2 ± 0.2 45.6 ± 2.2 100.8 ± 3.1 0.28 ± 0.04 5.1 ± 0.3 47.1 ± 2.6

8HQ-Gal-loaded
micelles 92.5 ± 4.2 0.22 ± 0.02 5.3 ± 0.3 46.4 ± 2.5 99.9 ± 5.4 0.19 ± 0.02 5.3 ± 0.3 48.1 ± 3.2

3.3. Drug Loading and In Vitro Release Studies

To examine the pH-triggered degradation of mPEG-hyd-aPHB micelles, the DLS tech-
nique was used to monitor the size changes in the micelles under various acidic conditions
(PBS buffers with pH 7.4, 6.4, and 5.5) at 37 ◦C. In addition, non-pH-sensitive mPEG-b-aPHB
micelles were also studied as a control. As shown in Figure 3, at physiological pH (7.4)
the mPEG-hyd-aPHB micelles remained stable up to 24 h. After this, micelles slowly start
forming larger aggregates, probably due to very slow hydrolysis of hydrazone linkage
followed by reorganization. Under a mildly acidic environment (pH 6.4) mPEG-hyd-aPHB
micelles started reorganizing into larger structures after 2 h, and larger micelles with hydro-
dynamic diameters of ~150 nm were formed over 48 h. Furthermore, as shown in Figure 3f,
hydrazone bond-containing micelles immediately after dispersion in pH 5.5 buffer become
unstable and form >200 nm particles (it took about 15 min to disperse the freeze-dried
micelles in the corresponding buffer for measurement—which corresponds to sample “0 h”
in the graph in all cases). Within 2 h, the hydrodynamic diameter increased up to >300 nm.
After 24 h, populations from 100 to 800 nm were observed, meaning that the destruction of
the particles had occurred. The observed phenomenon may be attributed to the hydrolysis
of the hydrazone linkage, which leads to shedding of the hydrophilic PEG chains from
the micelle and subsequent aggregation of hydrophobic core-forming chains into larger
agglomerates [50]. In the case of control studies using non-pH-sensitive mPEG-b-aPHB mi-
celles, no significant changes in the hydrodynamic diameters were observed. The obtained
results indicate that mPEG-hyd-aPHB micelles are stable in the physiological environment
and possess pH-responsive properties.

The drug-loading and in vitro release studies were carried out to evaluate the feasibil-
ity of using mPEG-hyd-aPHB nanocarriers as a pH-responsive anticancer drug delivery
system. It is well-known that the hydrophobic core of micelles can encapsulate hydrophobic
drugs. In this work, 8-hydroxyquinoline (8HQ), 8-hydroxyquinoline glucose conjugate
(8HQ-Glu), 8-hydroxyquinoline galactose conjugate (8HQ-Gal), and doxorubicin (DOX)
were used as hydrophobic model drugs to evaluate drug-loading properties and in vitro
pH-dependent release behaviors from mPEG-hyd-aPHB and mPEG-b-aPHB micelles. The
drug to copolymer ratio was 1:10. The drug loading efficiency (DLE) and drug loading
content (DLC) are listed in Table 2. It shows that, in the case of loading doxorubicin or
both glycoconjugates, the DLC and DLE values show no significant differences. The DLC
and DLE values of DOX-loaded mPEG-hyd-aPHB micelles were 5.3% and 48.6%, while
the values for 8HQ-Glu and 8HQ-Gal were 5.2%, 45.6%, and 5.3%, 46.4% respectively.
Nevertheless, the DLC and DLE of 8HQ are slightly higher at 6% and 55.1% respectively.
This discrepancy may be due to the fact that highly hydrophobic low-molecular weight
compounds generally show better loading properties [51].
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The in vitro drug release profiles of mPEG-hyd-aPHB and mPEG-b-aPHB micelles
were studied under three different buffer solutions of pH 7.4, 6.4, and 5.5, respectively, at
37 ◦C. Figure 4 shows the doxorubicin release profiles for the pH-responsive and control
micelles at different pH values. These profiles showed that, at the physiological pH,
encapsulated DOX was released from mPEG-hyd-aPHB micelles at levels of 21% and 40%
after 8 h and 32 h, respectively. Under mildly acidic conditions (pH 6.4) corresponding to
the extracellular pH of tumor tissues, the drug was released faster, i.e., 37% and 51% after
8 and 24 h, respectively. However, at pH 5.5 (the endo-lysosomal pH in cancer cells) the
burst release of DOX was observed with 47% of the drug released after 8 h. The complete
release of DOX from mPEG-hyd-aPHB micelles was observed after 48 h, whereas 79% of
the drug was released. The control mPEG-b-aPHB micelles displayed a slower sustained
release profile under all studied pH conditions. Less than ~36% of the DOX was released
over 48 h in all pH values. The slight differences in the released DOX for mPEG-b-aPHB
are most likely due to the hydrophobic DOX solubility increases with lowered pH [52].
For comparison, the effect of the matrix was also examined, the cumulative release of
the free drug showed a release of 70% and 94%, within 4 and 8 h separately from pH
conditions. The above results demonstrate that encapsulated drug release from mPEG-hyd-
aPHB was significantly faster in acidic conditions as a result of accelerated hydrolysis of
hydrazone linkage.

3.4. In Vitro Cytotoxicity Assay

It has been well-reported that tumor tissues have an increased demand for metal ions
such as copper, iron, zinc, etc., since these microelements are involved in many cellular
processes. Therefore, ion binding agents acting as ionophores are considered a promising
therapeutic strategy in clinical practice [53,54]. Especially, the 8-hydroxyquinoline (8-HQ)
scaffold is a privileged structure used in designing new active agents with therapeutic
potential because of its ability of chelating metals [55]. On the other hand, the 8-HQ scaffold
possesses poor solubility, bioavailability, and pharmacokinetic parameters [56]. The major
challenge in the development of novel anticancer compounds is their selectivity towards
tumor tissues. Therefore, it seems rational to use all abnormalities of cancer cells to increase
the selectivity of anticancer therapies. Taking advantage of the Warburg effect, the 8-HQ
derivatives have been successfully modified by conjugation with different sugar units to
improve intramembrane transport and selectivity in drug targeting [57,58]. On the other
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hand, it has been widely described in the literature that tumor tissues are heterogeneous,
and the levels of overexpression in GLUT transporters are different from cell to cell [59].
Therefore, the combination of glycoconjugation with pH-responsive nanocarriers to exploit
the tumor-specific Warburg effect should improve the selectivity of anticancer therapy.
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Figure 4. In vitro release profiles for DOX from mPEG-hyd-aPHB micelles, mPEG-b-aPHB micelles
and free DOX in PBS buffers at 37 ◦C. Data are presented as the mean ± SD (n = 3).

In the present studies, the cytotoxic activity in vitro of mPEG-hyd-aPHB blank micelles
as well as model drugs, i.e., 8-hydroxyquinoline (8HQ), glucose-conjugate 8-hydroxyquinoline
(8HQ-Glu), galactose-conjugate 8-hydroxyquinoline (8HQ-Gal), doxorubicin (DOX), and
drug-loaded micelles (DOX-micelles, 8HQ-mic, 8HQ-Glu-mic, and 8HQ-Gal-mic) was
evaluated by MTT assay. The selectivity of compounds was tested on two cancer cell lines:
HCT-116 (colorectal carcinoma cell line) and MCF-7 (human breast adenocarcinoma cell
line), as well as, for comparison, on a healthy cell line—Normal Human Dermal Fibroblasts-
Neonatal (NHDF-Neo). Overexpression of GLUT transporters as well as a slightly acidic
microenvironment have been observed in these cell lines [60–62]. Cells were incubated with
the appropriate free drugs or drug-loaded micelles for 24, 48, and 72 h in a concentration
range oscillating within their IC50 activity.

In the beginning, the effect of blank micelles on cell viability was investigated (Figure 5).
The results of the cytotoxicity assay indicate that the blank micelles in the concentration
range tested were non-toxic to the tested cell lines, and therefore are not able to inhibit the
proliferation of cancer as well as normal cells. This confirms that these nanocarriers could
be safely used for research on the drug delivery system targeting cancer. The viability of
NHDF cells during incubation with the blank micelles remained in the range of 92–103% at
all of the tested concentrations, even after 72 h of the experiment.
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Figure 5. Cytotoxicity of the blank micelles on corresponding cells: (a) MCF-7, (b) HCT-116, (c) NHDF-
Neo. Data are presented as the mean ± SD (n = 3).

The effect of the nanocarriers was assessed by comparing the cytotoxic activity of free
drugs and drug-loaded micelles. The dose-dependent cytotoxic effect of each of the tested
compounds is shown in Figures 6–9. Results of the screening tests were used to determine
the IC50 value, defined as 50% cell growth inhibition in comparison to the untreated control,
and are summarized in Table 3. The results showed that free 8HQ-Glu and 8HQ-Gal exhibit
constant activity over time against all cell lines tested. The IC50 values obtained for free
glycoconjugates are mostly higher than for their micelle form (Table 3). The lower cytotoxic
activity of free glycoconjugates is probably caused by their hindered penetration through
the cell membranes. In the case of drug-loaded micelles, the cell viability decreases with
incubation time, which is not noticeable when free glycoconjugates are incubated. This
is due to the gradual slow release of the drug from the micelles. The cytotoxicity of the
glycoconjugate will increase with the degree of release of the drug from the polymeric
carriers. The closure of glycoconjugates in micelles significantly improved their cytotoxic
activity—the compound exhibited a strong effect at low doses.
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Figure 6. Cytotoxicity of different doses of free 8HQ-Glu and 8HQ-Glu-loaded micelles for MCF-7
(A), HCT-116 (B), and NHDF-Neo (C) cells after 24 h, 48 h, and 72 h of incubation. Data are presented
as the mean ± SD (n = 3). The statistical significance between compounds was calculated with a t-test
with p-value < 0.05, and indicated by an asterisk.
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Figure 7. Cytotoxicity of different doses of free 8HQ-Gal and 8HQ-Gal-loaded micelles for MCF-7
(A), HCT-116 (B), and NHDF-Neo (C) cells after 24 h, 48 h, and 72 h of incubation. Data are presented
as the mean ± SD (n = 3). The statistical significance between compounds was calculated with a t-test
with p-value < 0.05, and indicated by an asterisk.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 15 of 27 
 

 

presented as the mean ± SD (n = 3). The statistical significance between compounds was calculated 

with a t-test with p-value < 0.05, and indicated by an asterisk. 

 

Figure 7. Cytotoxicity of different doses of free 8HQ-Gal and 8HQ-Gal-loaded micelles for MCF-7 

(A), HCT-116 (B), and NHDF-Neo (C) cells after 24 h, 48 h, and 72 h of incubation. Data are pre-

sented as the mean ± SD (n = 3). The statistical significance between compounds was calculated 

with a t-test with p-value < 0.05, and indicated by an asterisk. 

 

Figure 8. Cytotoxicity of different doses of free 8HQ and 8HQ-loaded micelles for MCF-7 (A), 

HCT-116 (B), and NHDF-Neo (C) cells after 24 h, 48 h, and 72 h of incubation. Data are presented 

as the mean ± SD (n = 3). The statistical significance between compounds was calculated with a t-

test with p-value < 0.05, and indicated by an asterisk. 

Figure 8. Cytotoxicity of different doses of free 8HQ and 8HQ-loaded micelles for MCF-7 (A), HCT-
116 (B), and NHDF-Neo (C) cells after 24 h, 48 h, and 72 h of incubation. Data are presented as the
mean ± SD (n = 3). The statistical significance between compounds was calculated with a t-test with
p-value < 0.05, and indicated by an asterisk.
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Figure 9. Cytotoxicity of different doses of free DOX and DOX-loaded micelles for MCF-7 (A), HCT-
116 (B), and NHDF-Neo (C) cells after 24 h, 48 h, and 72 h of incubation. Data are presented as the
mean ± SD (n = 3). The statistical significance between compounds was calculated with a t-test with
p-value < 0.05, and indicated by an asterisk.

Table 3. Screening of cytotoxicity of tested compounds against MCF-7, HCT-116, and NHDF-Neo
cells for 24, 48, and 72 h incubation time.

Compound

Activity IC50 [µM] a

MCF-7

24 h 48 h 72 h

DOX 3.42 ± 0.03 0.58 ± 0.02 0.57 ± 0.02
DOX-micelles 1.96 ± 0.01 0.52 ± 0.02 0.13 ± 0.01

8HQ 7.17 ± 0.21 2.86 ± 0.09 3.01 ± 0.05
8HQ-mic b 4.82 ± 0.17 2.11 ± 0.11 0.75 ± 0.04
8HQ-Glu 65.86 ± 2.22 62.07 ± 1.84 63.57 ± 2.01

8HQ-Glu-mic c 37.57 ± 0.92 3.85 ± 0.19 0.59 ± 0.02
8HQ-Gal 26.39 ± 1.28 23.15 ± 0.99 24.60 ± 0.52

8HQ-Gal-mic d 5.59 ± 0.14 0.21 ± 0.01 0.19 ± 0.01

Compound

Activity IC50 [µM] a

HCT-116

24 h 48 h 72 h

DOX 6.94 ± 0.33 0.095 ± 0.01 0.105 ± 0.01
DOX-micelles 2.36 ± 0.08 0.45 ± 0.01 0.078 ± 0.01

8HQ 9.33 ± 0.22 4.12 ± 0.12 4.40 ± 0.08
8HQ-mic b 4.95 ± 0.16 1.80 ± 0.05 0.91 ± 0.04
8HQ-Glu 49.67 ± 1.32 47.20 ± 1.14 45.73 ± 1.81

8HQ-Glu-mic c 49.60 ± 2.11 8.46 ± 0.12 0.38 ± 0.02
8HQ-Gal 22.10 ± 0.84 23.09 ± 0.92 22.52 ± 1.02

8HQ-Gal-mic d 10.83 ± 0.33 2.64 ± 0.12 0.017 ± 0.01
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Table 3. Cont.

Compound

Activity IC50 [µM] a

NHDF-Neo

24 h 48 h 72 h

DOX >20 >20 2.71 ± 0.08
DOX-micelles >20 3.93 ± 0.12 2.50 ± 0.06

8HQ 9.34 ± 0.25 8.97 ± 0.19 9.64 ± 0.32
8HQ-mic b 5.18 ± 0.26 3.96 ± 0.12 3.97 ± 0.09
8HQ-Glu 41.00 ± 2.01 41.11 ± 1.73 30.02 ± 0.94

8HQ-Glu-mic c 41.70 ± 1.42 22.53 ± 0.65 13.38 ± 0.39
8HQ-Gal 20.14 ± 0.75 21.77 ± 0.89 18.30 ± 0.74

8HQ-Gal-mic d 7.47 ± 0.17 5.55 ± 0.17 2.79 ± 0.13
a Cytotoxicity was evaluated using the MTT assay; b 8HQ-loaded micelles; c 8HQ-Glu-loaded micelles; d 8HQ-
Gal-loaded micelles. Data are presented as the mean ± SD (n = 3).

The main challenge in the development of new pharmaceuticals is their selectivity.
The optimal drug should target only cancer cells and save healthy ones. Unfortunately,
the tested glycoconjugates (8HQ-Glu and 8HQ-Gal) turned out to be toxic also to healthy
cells (NHDF-Neo). The lack of selectivity is probably due to the mechanism by which the
drug penetrates the cell. Table 4 presents the selectivity index of the tested compounds
after 72 h of incubation. The selectivity index (SI) was calculated as a ratio of the IC50
value determined for normal cells to the IC50 value determined for cancer cells. The higher
the SI, the safer and more selective the test compound is. It is worth noting that 8HQ-
Glu-mic and 8HQ-Gal-mic showed high selectivity towards HCT-116 cells (SI = 35.21 and
164.12, respectively) and slightly lower selectivity towards MCF-7 cells (SI = 22.68 and
14.68, respectively).

Table 4. Selectivity index (SI) of tested compounds after 72 h incubation time.

Compound
Selectivity Index (SI) a

MCF-7 HCT-116

DOX 4.75 25.81
DOX-micelles 19.23 32.05

8HQ 3.20 2.19
8HQ-mic b 5.29 4.36
8HQ-Glu 0.47 1.39

8HQ-Glu-mic c 22.68 35.21
8HQ-Gal 0.74 0.81

8HQ-Gal-mic d 14.68 164.12
a Selectivity index (SI) was calculated as a ratio of the IC50 value for healthy cells (NHDF-Neo) and the IC50
value for cancer cells (MCF-7 or HCT-116); b 8HQ-loaded micelles; c 8HQ-Glu-loaded micelles; d 8HQ-Gal-
loaded micelles.

The above results suggest a different kind of drug-loaded micelle interactions with
normal cells compared to colon and breast cancer cells. The difference may be due to
the environment surrounding the cells. The use of micelles allows the release of the
drug in a low-pH environment, thereby increasing drug accumulation in the tumor and
preventing early drug release into systemic circulation. Thus, hydrazone linkage could
maintain stability in normal cells, but by taking advantage of the acidic environment
near the tumor cells, the micelles can release the drug already near the tumor cell. On
the other hand, the non-polar nature of the released glycoconjugates should facilitate the
process of crossing the phospholipid bilayer through passive diffusion and cell penetration,
where intracellular hydrolytic enzymes are then able to remove acetyl groups in sugar
units. Due to the nature of the micelles, it is necessary to load them with hydrophobic
compounds such as glycoconjugates with acetyl protection of the hydroxyl groups. One
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of the future possibilities to improve the selectivity even more is to develop a material
that allows the closure of hydrophilic glycoconjugates with free OH groups in the sugar
unit. Such compounds have the potential to penetrate the tumor cell by active transport
through GLUT transporters. Another possibility is for micelles to enter the neoplastic
cell by endocytosis. Then, there will be a gradual degradation of pH-sensitive micelles
already in the tumor cell and the gradual release of cytotoxic drugs. In healthy tissue, the
drug is released less or not at all, due to the less favorable environment not leading to the
degradation of the nanocarriers.

To approximate the mechanism of compound penetration cells, experiments were
performed with 8HQ. This compound shows poor bioavailability, so when released from
micelles near the cancer cell, it should show a similar effect to free 8HQ due to the impeded
ability of the compound to cross into the cell. The experiments showed that 8HQ-loaded
micelles exhibited higher proliferation inhibition compared to free 8HQ toward HCT-116
and MCF-7 cells in the concentration range tested. In addition, the maximum cytotoxic dose
of free 8HQ can be observed already after 48 h. In contrast, in the case of 8HQ-mic, the drug
is released over time and causes the gradual death of tumor cells for 72 h of the experiment.
Therefore, we are probably dealing with the penetration of micelles by endocytosis into the
tumor cell and the slow release of the loaded 8HQ inside the cell. However, no mechanism
of action can be excluded at this step. Additionally, more detailed studies are needed
to determine the penetration mechanism and treatment options. It should be noted that,
in the case of 8HQ and 8HQ-mic, there was only a slight improvement in the selectivity
index. This suggests that both the micelles and the sugar fragment are needed to improve
the activity of free 8HQ. Most of all, the addition of a sugar unit allowed improvement
of the selectivity of the tested compounds (as can be noticed from the examples of the
compounds 8HQ-Glu-mic and 8HQ-Gal-mic). Thus, the synergistic action of pH-responsive
nanocarriers and glycoconjugation could exhibit better efficacy through higher toxicity and
lower side effects.

Experiments have also been carried out on the standard drug used as an anticancer
agent—doxorubicin. As with glycoconjugates, it has been found that the DOX is released
gradually from the micelles. Finally, after 72 h of the experiment in vitro, DOX-loaded
micelles showed comparable antiproliferative activity compared to unmodified free DOX
against various cancer cell lines and a higher selectivity index in comparison to free DOX.
The entrapment of the drug in the carriers enhances the therapeutic effect by protecting
the drug from early degradation and prolongs the release of the reduced dose of the drug
locally, not systemically.

3.5. Apoptosis and Cell Cycle Analyses by Flow Cytometry

After completing the MTT cytotoxicity test and determining the IC50 parameters
for compounds, a test using Annexin V-FITC and Propidium Iodide (PI) was performed,
aimed at determining what type of cell death is caused by the tested compounds. The
compounds were selected at concentrations equal to their previously calculated IC50 value.
The experiments were carried out for the MCF-7 and HCT-116 tumor cell line and the
NHDF-Neo healthy cell line, for the one-time test of 24 h cell incubation with compound
solutions. The results of the apoptosis analysis using the flow cytometry method are shown
in Figures 10 and S7. Apoptosis is a natural biological process involving programmed or
suicidal cell death, which plays an important role in maintaining the correct homeostasis
between proliferation and cell death. The test carried out allows the distinguishing of live
cells from apoptotic and necrotic cell subpopulations, which is a source of important infor-
mation on the cytotoxicity of chemicals. Annexin V-FITC labels the phosphatidylserine sites
that, after the start of apoptosis, are located on an outer layer of the cell membrane, enabling
the detection of early apoptosis. PI labels intracellular DNA (PI binds stoichiometrically
to DNA) in cells during late apoptosis and necrosis, where the cell membrane has been
disturbed. This combination allows for the differentiation of early apoptotic (A+/P−), late
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apoptotic (A+/P+), necrotic (A−/P+), and viable cells (A−/P−), which can be quantified
by flow cytometry.
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Figure 10. Flow cytometry analysis of HCT-116, MCF-7, and NHDF-Neo cell apoptosis induced by
tested compounds at a dose equal to the previously calculated IC50 value after incubation for 24 h.
Apoptotic effects as determined by Annexin V-FITC and PI assays. Data are presented as mean ± SD
(n = 3).
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Figure 10 shows the level of induction of apoptosis by the tested compound. After
24 h of incubation, no necrotic conditions were detected in any of the cell lines used. On
the other hand, the percentage of cells in both early and late apoptosis was observed. This
means that the applied IC50 dose affects the entry of cells into the apoptosis pathway and
does not cause uncontrolled pathological cell death as a result of mechanical damage. As
can be seen, blank micelles, comparable to the untreated control group, show no apoptosis
characteristics after 24 h of incubation. Thus, the results of the apoptosis test confirmed the
negligible toxic effect of the nanocarriers on the cells tested. On the other hand, entrapment
of drugs in carriers, in almost every case, increased the rate of apoptosis of tumor cells
compared to free drugs. The highest rate of apoptosis in both cancer cell lines was recorded
for 8HQ-mic (79% for HCT-116 and 52% for MCF-7, respectively), which was much higher
than for free 8HQ (33% for HCT-116 and 40% for MCF-7). At the same time, this compound
showed high toxicity also to healthy cells (76% for NHDF-Neo). These results are in
agreement with the MTT cytotoxicity assays described previously. A high share of dead
cells was also observed for the compounds 8HQ-Glu-mic (69% for HCT-116 and 42% for
MCF-7) and DOX-mic (78% for HCT-116 and 42% for MCF-7). Moreover, 8HQ-Glu-mic and
DOX-mic induce both early and late apoptosis much more effectively than free 8HQ-Glu
(20% for HCT-116 and 41% for MCF-7) and free DOX (45% for HCT-116 and 34% for MCF-7).
The opposite is true for the NHDF-Neo healthy cell line, where the entrapment of drugs in
micelles resulted in lower toxicity to these cells. The percentage of apoptotic cells is higher
after treating healthy cells with free drugs than with drug-loaded micelles. The results of
the measurements performed do not show clear apoptotic changes for 8HQ-Gal and 8HQ-
Gal-mic, which may be due to the short incubation time. Extending the incubation time to
72 h would probably give better results, which would be reflected in the results of the MTT
cytotoxicity tests. A higher percentage of apoptotic cells was observed in the HCT-116 cell
line, which is also consistent with the results of the MTT cytotoxicity assays. This suggests
that the cells of the colon cancer line are particularly sensitive to the compounds tested.
The insensitivity of MCF-7 cells can be explained by the short incubation time of cells with
test drugs.

After analyzing the type of cell death that is induced by the tested compounds, their
influence on the progression of the cell cycle was investigated using the flow cytometry
technique. The method of cell lysis and isolation of cell nuclei was used for the study.
Namely, the collected cells were treated with a hypotonic buffer with a lysis effect, con-
taining propidium iodide, which can bind to DNA by intercalation. It is known that
cancer cells are characterized by uncontrolled cell proliferation. The cell cycle consists
of the sequence of cell growth and division. The results of the analysis of the cell cycle
distribution induced by tested drugs at a dose equal to the previously calculated IC50
value after incubation of 24 h are shown in Figure 11. Untreated cells were considered as
controls. For the HCT-116 cell line, an increased Sub-G1 cellular fraction was observed
after 24 h of incubation with the IC50 doses of 8HQ-mic as well as DOX and DOX-mic,
which may suggest an increased sensitivity of the cells of this line to the tested prodrugs
and the cytostatic potential of active substances released from the carriers. Cells in the
sub-G1 phase correspond to apoptotic cells, so the results are in agreement with the results
of the cell apoptosis analysis. Interestingly, the percentage of cells arrested in the Sub-G1
phase after treatment with 8HQ-loaded micelles is higher than for free 8HQ. The remaining
compounds tested did not significantly affect the change of cell cycle phases as compared
to the control. Cytometric evaluation for the MCF-7 cell line indicated that the effect of
the tested compounds after 24 h of incubation did not significantly change the cell cycle
phase distribution in comparison to the untreated control populations. The results are in
agreement with the apoptosis and cytotoxicity studies performed previously. Perhaps this
is caused by insufficient incubation time of the cells with the tested compounds. The results
of tests performed on the healthy NHDF-Neo cell line showed cell cycle arrest in the Sub-G1
phase for the compounds 8HQ and 8HQ-mic, as well as DOX and DOX-mic. At the same
time, the analyzes confirmed that neither the glycoconjugates nor the drug-loaded micelles



Pharmaceutics 2022, 14, 290 21 of 27

caused any detectable cytotoxic effects. Taking into account the fact that the drugs at the
IC50 dose were used in the research, inhibition of the NHDF-Neo cell cycle in the G2/M
phase, which controls mitosis, was noticed. In general, cells are able to repair damage
caused by drug doses. This reflects an increase in the G2/M phase, which does not result
in the cell cycle arrest and inhibition of cell division, but a delay in the progression of the
cell cycle due to mechanism repair processes that block the entry of cells into mitosis. It
is worth emphasizing that the distribution of the cell cycle for the used carriers did not
differ from the control data, which confirms the safety of their use in drug delivery systems.
These experiments have shown that the developed micelles are safe, which is consistent
with the earlier results of the MTT and Annexin V assays.
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Figure 11. Flow cytometry analysis of HCT-116, MCF-7, and NHDF-NEO cell cycle distribution
induced by tested drugs at a dose equal to the previously calculated IC50 value after incubation of
24 h. Data are presented as mean ± SD (n = 3).

The results of the apoptosis and cell cycle analyses by flow cytometry confirmed the
anticancer activity of the tested compounds and showed that they exhibit pro-apoptotic
properties, without pro-inflammatory processes, and without affecting changes in the cell
cycle distribution. The above results confirm that the use of nanocarriers increased the
effectiveness of the compounds in the selective destruction of tumor cells, which can be
attributed to the increased cellular uptake of carriers and the intracellular controlled release
of the active molecules triggered by pH changes.

3.6. Cellular Uptake and Intracellular Drug Release

Whether nanoparticles enter cells is an important factor in cancer therapy. The in-
tracellular localization of DOX-loaded mPEG-hyd-aPHB micelles was investigated in
both healthy cells (NHDF-Neo) and cancer cells (HCT116 and MCF-7) using fluorescence
microscopy. Cells were incubated with DOX or DOX-loaded micelles for 24 h at a concentra-
tion of 1 µM (concentration equal to the previously calculated IC50 value). After incubation,
the morphological characteristics of the cell nuclei were assessed by staining the cells with
Hoechst 33342 dye, which passes through intact cell membranes and intercalates into DNA,
then emits blue fluorescence. On the other hand, DOX, as a fluorescent compound, is
visible in the red fluorescence channel. As shown in Figure 12, the free doxorubicin was
found in the nuclei of all cell lines studied, as evidenced by a co-localization with the
blue fluorescence of Hoechst 33342. However, DOX-loaded micelles were observed in the
cytoplasm and nuclei. This can be attributed to the different cellular uptake mechanisms
of free drugs and drug-loaded micelles. Free DOX was brought immediately into the
cells through a passive diffusion mechanism, while nanosized DOX-loaded micelles were
mostly internalized via an endocytosis process. Controlled release of the drug from the
micelles, under the influence of pH, then delayed the delivery of DOX to the nucleus.
However, the tumor’s acidic microenvironment could cause the breaking of the hydrazone
linkage which could release the drug extracellularly. Because DOX itself is a fluorescent
molecule, the intensity of red fluorescence in the cells should be equal to the amount of
DOX uptake by cancer cells. The tested cancer cells (MCF-7 and HCT-116) treated with
DOX-loaded mPEG-hyd-aPHB micelles revealed a higher intensity of red fluorescence in
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the nuclei compared to healthy NHDF-Neo cells, in which most of the DOX was observed
in the cytoplasm. The observation could be attributed to the exhibition of intracellular
drug-release behavior by the pH-responsive mPEG-hyd-aPHB micelles after they were
internalized into cells. This is probably due to the faster release of DOX from micelles
at acidic endo-lysosomal pH in cancer cells and the self-quenching effect of doxorubicin
encapsulated in nanocarriers before release [63]. The acidic endo-lysosomal pH allows the
cleavage of hydrazone bonds in mPEG-hyd-aPHB micelles, thus leading to prompt intracel-
lular drug release from nanocarriers. The performed microscopic imaging confirmed that
mPEG-hyd-aPHB nanocarriers could efficiently deliver DOX to tumor cells. The fluores-
cence intensity quantization method from the row images is presented in Supplementary
File Figure S8. The signal intensity was measured, then followed by the digital quantization
procedure presented previously [64].
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Figure 12. Microscopic images of MCF-7, HCT-116, and NHDF-Neo cells after 24 h of incubation
with DOX and DOX-loaded mPEG-hyd-aPHB micelles (DOX dose: 1 µM). Images from left to right
show cell nuclei stained by Hoechst 33342 (blue), DOX fluorescence in cells (red), and overlays of
blue and red images. Scale bar: 50 µm.
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4. Conclusions

In summary, biodegradable poly(ethylene glycol)-hyd-poly([R,S]-3-hydroxybutyrate)
was synthesized via the anionic ring-opening polymerization of β-butyrolactone initiated
by a hydrazone-functionalized PEG macroinitiator. The amphiphilic diblock copolymer
could readily self-organize to form core-shell structured micelles (~70 nm determined by
DLS and TEM) in an aqueous medium. The micelles were stable in physiological conditions
(pH 7.4), while acid-triggered destruction of the hydrazone linkage caused shedding of
the PEG chains, resulting in the release of the drug. In vitro drug release studies revealed
that after 8 h, 21%, 37%, and 47% of the drug were released under pH 7.4, 6.4, and 5.5,
respectively, demonstrating pH-dependent drug release behavior. The anticancer agents
8HQ, 8HQ-Glu, 8HQ-Gal, and DOX were effectively loaded into micelles to improve the
metabolic stability and selectivity of tumor therapy. Red fluorescence signals, from the
row images obtained after 24 h of incubation with micelles loaded with doxorubicin, were
higher. The computational image preprocessing, as a quantization method, confirms better
bioavailability of the novel anticancer agents. The in vitro cytotoxicity studies confirmed
that blank mPEG-hyd-aPHB micelles are non-toxic towards HCT-116 and MCF-7 cells as
well as, most importantly, towards healthy cell lines NHDF-Neo. Moreover, MTT assay
results revealed that drug-loaded micelles efficiently inhibit cancer cell proliferation and
promote the apoptosis of tumor cells. In some cases, especially after 72 h of incubation,
8HQ-glycoconjugates, which are still being investigated as potential anti-neoplastic agents,
exhibit cytotoxicity comparable to the known drug DOX. However, even more impor-
tantly, the loading of drugs into micelles significantly increases their selectivity. This is
particularly evident in the case of 8-HQ-glycoconjugates, for which the selectivity index in
comparison to free drugs has increased, at best by up to two hundred times, and in other
cases in the range of 19 to 48 times. The enhanced selectivity and antitumor efficacy of
8HQ-glycoconjugate-loaded micelles over free 8HQ are attributed to the joint effects of
several factors, including taking advantage of the Warburg effect, i.e., the pH-triggered
drug release, facilitated intermembrane transport of glycoconjugates, and prolonged cir-
culation time or enhanced cellular internalization of nanocarriers by tumor cells. The
strategy of a combination of pH-sensitive nanocarriers with glycoconjugation of the drug
molecule provides an alternative for the design of sophisticated multi-stimuli nanocarriers
to increase the selectivity of anticancer therapy. These promising in vitro results encourage
the expansion of the panel of micelle loaded compounds, in which a sugar moiety has been
attached to the drug in order to improve its selectivity. If subsequent results confirm the
observations made so far, it will be advisable to select the best candidates for the next stage
of in vivo tests.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14020290/s1, Figure S1: Structure of glycoconjugates
(A) 8-((1-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1H-1,2,3-triazol-4-yl)methoxy)quinoline (8HQ-
glucose conjugate–8HQ-Glu) and (B) 8-((1-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-1H-1,2,3-
triazol-4-yl)methoxy)quinoline (8HQ-galactose conjugate–8HQ-Gal); Figure S2: 1H NMR spectrum
(CDCl3, 600 MHz) of PEG-NPC, PEG-NH-NH2 and PEG-hyd-LEV; Figure S3: (a) 1H NMR spectrum
(CDCl3, 600 MHz) and (b) SEC traces of mPEG-b-aPHB; Figure S4: The possible routes of crotonate
end-groups forming i.e. (i) abstraction of the acidic proton of a monomer methylene group with
formation of lactone enolate, followed by elimination reaction to form a crotonate anion, which
initiates further polymerization anionic ring-opening polymerization of β-butyrolactone; (ii) chain
transfer to the copolymer according to the E1cB mechanism; Figure S5: 1H NMR (D2O, 600MHz)
spectrum of (a) mPEG-hyd-aPHB micelles, (b) mPEG-hyd-aPHB micelles using water suppression
technique; (c) mPEG-b-aPHB micelles and (d) mPEG-b-aPHB micelles (water suppression); Figure S6:
CMC of (a) mPEG-hyd-aPHB and (b) mPEG-b-aPHB; Figure S7: Typical graphs of Annexin V/PI
double staining apoptosis assay; Figure S8: Image processing method for a fluorescence intensity
measurements, based on the Figure 12.
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Wiesław Szeja 2, Monika Krawczyk 2,3,* and Siddarth Agrawal 1,5,*

����������
�������

Citation: Woźniak, M.;
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Abstract: The oxygen and nutrient-deprived tumor microenvironment is considered a key mechanism
responsible for cancer resistance to chemotherapy. Methotrexate (MTX) is a widely incorporated
chemotherapeutic agent employed in the treatment of several malignancies. However, drug resistance
and systemic toxicity limit the curative effect in most cases. The present work aimed to design,
synthesize, and biologically evaluate a novel glucose-methotrexate conjugate (Glu-MTX). Our study
showed that Glu-MTX exerts an increased cytotoxic effect on cancer cells in comparison to MTX in
hypoxia (1% O2) and glucose starvation conditions. Furthermore, Glu-MTX was found to inhibit the
proliferation and migration of cancer cells more effectively than MTX does. Our results demonstrate
that the conjugation of MTX to glucose led to an increase in potency against malignant cells under
oxygen and nutrient stress. The observations shed light on a potential therapeutic approach to
overcome chemoresistance in cancer.

Keywords: glycoconjugates; tumor microenvironment; methotrexate conjugate; hypoxia; cancer

1. Introduction

Chemotherapy is the leading treatment modality in oncological care and is commonly
applied in combination with surgery or radiotherapy, depending on tumor advancement.
During cancer progression, the tumor increases in size and triggers a series of events,
including hypoxia and a nutrient-deficient environment [1]. These responses arise from
the increase in oxygen and nutrient consumption due to significant growth of malignant
proliferation, as well as an inadequate supply of substrates to the cells due to the formation
of an irregular tumor microvasculature with leaky vessels [2]. An oxygen- and nutrient-
deprived tumor microenvironment is considered a key mechanism responsible for cancer
resistance to current treatment modalities, including chemotherapy, radiotherapy, and
photodynamic therapy [3]. The critical role of hypoxia in chemotherapy resistance is well-
documented and involves several pathways, predominantly the upregulation of hypoxia-
inducible factor-1α (HIF-1α). The HIF-1α mediates the angiogenesis, invasion, metastasis
of malignant cells; induces glucose transporters (GLUT) to increase glucose import; and
contributes to chemotherapy resistance by enhancing the expression of membrane efflux
pump P-glycoprotein (P-gp), which identifies chemotherapeutic drugs and removes them
from cells [4]. These events are among the primary contributors to multidrug resistance,
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which often results in cancer relapse and higher mortality [5]. Thus, breaking hypoxia-
induced drug resistance is necessary to elevate the efficacy of cancer chemotherapy and
increase the patient’s lifespan.

To survive in an oxygen- and nutrient-deprived environment and address the energy
demands resulting from rapid proliferation, tumor cells significantly increase glucose
uptake and the flux of metabolites through glycolysis [6]. This metabolic shift, termed “the
Warburg effect”, is one of cancer’s most common traits and provides clinically corroborated
strategies for cancer diagnostics and treatment.

Chemotherapy is the leading treatment modality in oncological care and is commonly
applied in combination with surgery or radiotherapy, depending on tumor advancement.
The modification of biologically active compounds with polymers is one way to alter and
control their pharmacokinetics, biodistribution, and often toxicity [7]. The primary under-
lying mechanism proposed for nanomedicine-based cancer therapy is passive targeting
associated with enhanced permeability and retention [8]. To be most effective, anticancer
drugs must penetrate tissue efficiently, reaching all the cancer cells that comprise the target
population in a concentration sufficient to exert a therapeutic effect. The therapeutic effect
of conjugates of biologically active compounds with polymers is reduced because of limited
penetration [9].

Based on the overexpression of specific receptors on tumor cells, ligand-targeted drug
delivery has been developed with the ability to efficiently deliver imaging agents in the
tumor area or drugs into tumor cells via receptor-mediated endocytosis [10]. As mentioned
above, elevated glucose intake and GLUT overexpression frequently occur in neoplasms
and provide clinically corroborated strategies for cancer treatment [11–13]. Therefore,
glycoconjugation, in which known cytotoxins or targeted anticancer therapeutics have
been linked to glucose to improve cancer targeting and cellular selectivity, has become an
appealing strategy for the targeted delivery of anticancer drugs [14,15]. These strategies
employ the use of conjugates of D-glucose and bioactive molecule methotrexate (MTX) to
improve efficacy and lower toxicity. MTX has been successfully used for many years in the
treatment of patients with cancer and as an anti-inflammatory drug for the treatment of
inflammatory diseases, such as rheumatoid arthritis.

There are many novel delivery systems that have been developed to improve the
pitfalls of MTX therapy, ranging from polymeric conjugates, such as human serum albumin,
liposomes, microspheres, solid lipid nanoparticles, polymeric nanoparticles, dendrimers,
polymeric micelles, in situ forming hydrogels, and carrier erythrocyte, to nanotechnology-
based vehicles such as carbon nanotubes, magnetic nanoparticles, and gold nanoparticles.
Some of them are further modified with targeting ligands for active targeting purposes [16].
The pharmacokinetic properties of MTX polymeric conjugates are unsatisfactory because
of their low penetration into cancer cells.

In the present work, we designed, synthesized, and biologically evaluated a novel
glucose-methotrexate conjugate (Glu-MTX). Here, we investigated whether Glu-MTX
could overcome MTX chemoresistance in oxygen and glucose-deprived cancer cells and the
relative molecular mechanisms. This research aimed to assess the possibility of overcoming
tumor microenvironment-induced drug resistance by conjugating a chemotherapeutic
agent to glucose.

2. Results
2.1. Chemistry

When designing the synthesis of glycoconjugate derivatives of MTX, the following
assumptions were made: glycoconjugate is selectively transferred to the cancer cell by
GLUT proteins responsible for the transfer of D-glucose to tumor cells. To increase the
water solubility of the prodrug and increase the affinity for GLUT transmembrane proteins,
the conjugate contains two sugar units. The designed construct contains D-glucose linked
via a linker to MTX. The key bonds connecting both molecules are susceptible to the action
of hydrolytic enzymes, which allows the release of MTX, D-glucose, and the linker in the
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cell. D-glucose is connected to the linker via a β-glycosidic bond that is susceptible to
hydrolysis catalyzed by glycoside hydrolases. On the other hand, MTX is connected to the
linker by a carbamate bond formed with the participation of amino groups. The cleavable
linkage allows the release of the cytotoxic payload inside the malignant cells, possibly
through enzymatic hydrolysis. The critical step of connecting the D-glucose derivative to
MTX is accomplished in the 1,3-dipolar cycloaddition of the azide to a terminal alkyne
bond in a variant developed by Sharpless [17], which is a method widely used in the
synthesis of biologically active compounds [18].

The ability of substituted glucose analogs to be substrates for GLUT-1 has been
investigated [19,20]. Kinetic and computational modeling studies using glucose analogs
suggest that the hydroxyl groups at positions 1 and 3 and the pyran oxygen in the D-glucose
most thermodynamically stable conformation are involved in stabilizing hydrogen bonding
interactions with amino acid residues within the transporter. The loss of hydrogen bond
acceptors at these positions makes glucose analogs poor substrates for GLUT-1. Thus, these
data suggest that for glucose conjugates to remain substrates for GLUT-1, compounds with
hydrogen bond acceptors such as nitrogen or oxygen must be retained proximal to carbons
1 and 3, and substitutions at the C1 position may retain a higher affinity for GLUT-1 if they
are present in an equatorial conformation. A large number of known glucose conjugates
are conjugated to the anticancer agent at position 1, with the C1 oxygen intact and locked
into the equatorial β-D-position [21,22].

Based on literature data, a synthesis of glycoconjugate was designed in which D-
glucose via a linker is associated with the cytotoxic compound methotrexate (Figure 1).

Figure 1. Structure of the MTX glycoconjugate (methotrexate glycoconjugate).

The sugar unit occurring in the most thermodynamically stable 4C1 conformation
is connected by the β-O-glycosyl bond with the spacer because, as is evident from the
literature studies, such an orientation is preferred by the GLUT-1 transporting protein.
The next fragment of the spacer contains the 1,2,3-triazine system because, as can be
expected from the literature studies, the introduction of a functional group capable of
hydrogen bonding increases the affinity of the compound to the transporting protein. The
methotrexate is connected to the linker by forming a carbamate bond. After the introduction
into the cell, the designed conjugate is susceptible to hydrolysis catalyzed by hydrolytic
enzymes (glucosidases, peptidases) overexpressed in cancer cells following the release of a
cytotoxic substance in the cancer target.

The coupling of two molecular components with different properties promises to
generate a new conjugate with unprecedented biological activity, as different molecular
segments can act together [23]. This perspective is a new, practically simple, and very
reliable fast-growing approach for the development of pharmaceutically important drug-
like molecules that can accelerate drug discovery research for human use. Sharpless
et al. [17] discussed the Cu(I)-catalyzed azide−alkyne 1,3-dipolar cycloaddition (“click
chemistry”), a set of powerful, selective, and reliable reactions for coupling molecular
fragments under mild reaction conditions. The option to combine bioconjugation with click
chemistry has emerged as a versatile tool with a wide range of applications. Effectively, the
1,2,3-triazole ring results in an ideal linker in bioconjugation, as (a) it presents a good water
solubility, thus allowing in vivo administration; (b) it is analogous to an amide function
for its electronic properties but is resistant to hydrolysis; (c) it is sufficiently stable in
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biological systems; and, finally, (d) it is a rigid linker, which allows internal interaction
between the two linked moieties to be avoided. The unique features of click chemistry
provide a toolbox for efficient coupling methodologies for the synthesis of a variety of
conjugates [18,24]. Of the click reactions that have been developed, the most widely applied
is the copper-catalyzed azide−alkyne cycloaddition reaction (CuAAC). Considering the
advantages of this solution in our glycoconjugate synthesis project, a sugar unit containing
a terminal azide group was combined with a propargyl carbamate-derived methotrexate.
This convenient approach enables the rapid synthesis of carbohydrate conjugates in which
the heterocyclic triazole ring serves as a shackle for joining the carbohydrate moiety to
the biomolecule. When we move toward carbohydrate chemistry, the sugar moiety can be
easily furnished with an azide functionality with routine synthetic protocols [25,26]. One of
the substrates in the synthesis of glycoconjugate was the 2-azidoethyl β-D-glucopyranoside
1. It was obtained as β-glucoside in a coupling reaction between 2-bromoethanol and
1,2,3,4,6-penta-O-acetyl-β-D-glucose in the presence of boron trifluoride diethyl etherate
(BF3·Et2O) as a catalyst [26]. An azido function was introduced via the SN2 displacement
of the bromine, using sodium azide in N,N-dimethylformamide (DMF) [25]. The last step
was deprotection of the O-acetyl-protected glucoside under Zemplén conditions by the use
of sodium methoxide in MeOH [25,27].

The second intermediate substrate is a derivative of methotrexate bearing a terminal
acetylenic group. This synthesis was much more challenging. Such a group can be attached
to methotrexate via an amide or a carbamate bond. Methotrexate is an unstable compound
that is practically insoluble in organic solvents applied in the amidation reaction. A more
convenient way to prepare amides could be the direct condensation of carboxylic acids and
amines. Nevertheless, it is known that such an “ideal” amidation process needs very harsh
conditions (temperature above 100 ◦C) to circumvent unreactive carboxylate-ammonium
salts formation toward the desired amide bond formation [28]. This is adverse because
other sensitive functionalities are present within coupled compounds. Therefore, the
activation of carboxylic acid seems to be necessary [28]. The results of the conducted
experiments associated with the selection of activation conditions are presented in Table 1.

Table 1. Adjusting the condensation reaction conditions.

Procedure Substrate 1 Substrate 2 Reagents Solvent Reaction
Time [h] Yield [%]

A MTX Propiolic acid
DCC DMF

48
traces

DCC/DMAP DMF 12
DCC/DMAP DMF/CH2Cl2 18

B MTX Propargyl
chloroformate

Pyridine

DMF/CH2Cl2 24

22
Triethylamine

inseparable
reaction mixture

DMAP
Imidazole

C MTX Propargyl
chloroformate

N-
Methylimidazole

CHCl3

24

-
THF 8

CH3CN 4
DMF/CH2Cl2 21

CH2Cl2 32

NMI/Hünigs base CH2Cl2 42

There are numerous commercially available coupling reagents for constructing an
amide bond, including carbodiimides alone or plus additives such as HOBt or DMAP [29].
The carbodiimide reacts with the carboxylic acid to form O-acylisourea mixed anhy-
dride, which can react directly with an amine to yield the desired amide. We applied
the DCC/DMAP condensing system for coupling propiolic acid with methotrexate. The
reaction was carried out at room temperature for 48 h in different solvents. Unfortunately,
the complex reaction mixture was formed, and the desired product was isolated in a poor
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yield. The low yield of the desired product induced us to search for another method of
MTX functionalization. The reaction of acyl halides with an amino group is, in principle,
the simplest approach to amide bond synthesis. Propargyl acid chlorides are unstable, and
we choose the commercially available propargyl chloroformate. Such a reaction requires
the presence of a tertiary amine in the reaction medium. A range of tertiary amines was
tested; however, the reaction of MTX with propargyl chloroformate in the presence of a
variety of organic bases such as pyridine, Et3N, DMAP, and imidazole in several different
solvents gave MTX derivatives in very low yields. The treatment of methotrexate with
two equivalents of propargyl chloroformate and tertiary amine in DMF/CH2Cl2 at room
temperature gave the mixed anhydrides [29], which were condensed with amine groups of
MTX, and an inseparable reaction mixture was obtained. An extremely effective acylating
agent, 1-carboxybenzyl 3-ethylimidazol triethyloxonium tetrafluoroborate, was applied in
the synthesis of nucleoside carbamates [30]. Assuming that an analogous acylating agent
can be formed in a reaction of propargyl chloroformate 2 and N-methylimidazole, this
compound was selected in subsequent reactions. When N-methylimidazole (NMI) was
used, the yield of the desired carbamate derivative of MTX 4 was significantly improved
depending on the solvent (DMF, CH2Cl2, CH3CN, THF, CHCl3). The optimal yield of 4
was obtained in the reaction with four molar equivalents of compound 2 in the presence
of eight molar equivalents of NMI and tertiary amine (N,N-diisopropylethylamine) in
methylene chloride, which was carried out for 24 h at room temperature (Scheme 1).

Scheme 1. Functionalization of methotrexate.

The structure of the obtained product 4 was elucidated by 1H and 13C NMR data.
This product was assigned as the propargyl carbamate. According to 13C NMR spectra,
the acetylene carbon (77.73, 78.47 ppm) and carbamate carbon signals (165.61 ppm) were
still present, indicating that the acylation of amines took place. This compound has been
used as a scaffold for the synthesis of multivalent carbohydrate conjugates (Scheme 2).

Methotrexate intermediate derivative 4 is an unstable compound that is practically
insoluble in water and typical solvents applied in the copper-catalyzed azide−alkyne cy-
cloaddition reaction (CuAAC) [17,18,24]. For this reason, a series of experiments adjusting
the CuAAC reaction conditions were performed (Table 2).
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Scheme 2. Synthesis of glycoconjugate Glu-MTX.

Table 2. Adjusting the CuAAC reaction conditions (copper catalyzed azido-alkyne cycloaddition).

Procedure Substrate 1 Substrate 2 Catalyst Solvent Reaction Time [h] Yield [%]

A 1 4 NaAsc/CuSO4·5H2O THF/i-PrOH/H2O 24 11

B 1 4 NaAsc/CuSO4·5H2O THF/i-PrOH/H2O
NaOH 24 43

C 1 4 NaAsc/CuSO4·5H2O THF/i-PrOH/H2O
Hünig’s base 24 77

The conventional Cu(I)-catalyzed coupling of 4 with glucosyl azide 1 afforded the
desired product in low yields (11%). The low yield of glycoconjugate induced us to search
for a better procedure of conjugation. As it turned out, copper(I)-catalyzed cycloaddition
exclusively transformed substrates into the 1,2,3-triazole conjugate with the best yield
(77%) by the treatment of sugar azide 1 with a solution of MTX carbamate 4 in the mixture
of THF/i-PrOH/H2O with the addition of N,N-diisopropylethylamine under sonification
(Scheme 2).

Glycoconjugate 5 was purified by column chromatography, and its structure was
elucidated by 1H and 13C NMR data and mass spectrometry analysis. The NMR analyses
were in full agreement with the expected structure (see the Supporting Information). 1H
NMR and coupling constants unambiguously confirmed β-configurations at the anomeric
centers of the pyranose units. The remarkably well-resolved NMR peaks indicated that the
glycoconjugate exhibited only marginal aggregation behavior in the DMSO solution.

Additionally, we have performed a mass spectrometry analysis, which indicated that
within 4 h after the administration of the conjugate to the culture medium, the compound
did not undergo degradation and entered the cells and released the cytotoxic payload
(MTX) (Figure S1). However, we did not find other high molecular weight products (such
as triazole or the linker) in the intracellular compartment, which suggests that the sugar
moiety of the conjugate is quickly degraded after the internalization of the compound.
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2.2. Biology Experiments
2.2.1. Glu-MTX Compared to MTX Exerted More Potent Cytotoxic Activity on MCF-7 and
SW480 Cancer Cell Lines in Hypoxia and Glucose-Deprived Microenvironment

To investigate the effect of hypoxia on the MTX chemotherapy sensitivity, MCF-7
and SW480 cells in a controlled normoxia environment and a controlled hypoxia environ-
ment were relatively exposed to the various concentrations of MTX (5~20 µM) for 48 h.
Compared with MCF-7/normoxia, the cell viability (%) in MCF-7/hypoxia decreases by
30% at the MTX dosage of 20 µM (Figure 2A). The same was observed for SW480 cells,
where the viability (%) in normoxic cells was 29% lower than in hypoxic cells (Figure 2B).
These findings indicate that hypoxia induces MTX chemoresistance. To investigate whether
glucose and methotrexate conjugation could overcome hypoxia-induced drug resistance,
we treated MCF-7 and SW480 cells in a controlled hypoxia environment with Glu-MTX
for 48 h. Glu-MTX exerted a significantly stronger cytotoxic effect compared to MTX in
hypoxic conditions. The IC50 of Glu-MTX was ~10 µM in both cell lines (Figure 2A,B).
Compared to MTX, Glu-MTX at a dose of 20 µM exerted a 2.3 times greater cytotoxic effect
on cancer cells in a hypoxic microenvironment.

To assess the effect of Glu-MTX in glucose-deprived cells, which were slightly more
resistant to MTX than regular cells, we treated MCF-7 and SW480 cells in a controlled
glucose-deprived environment with MTX and Glu-MTX for 48 h. The effect of glucose
starvation on the MTX chemotherapy sensitivity was assessed in MCF-7 and SW480 cells
in a controlled glucose-rich environment and controlled glucose-deprived environment.
The cells were exposed to various concentrations of MTX (5~20 µM) for 48 h. Compared
with MCF-7 cultured with glucose medium, the cell viability (%) of MCF-7 without glucose
decreases by 17% at the Glu-MTX dosage of 20 µM (Figure 2C), whereas in SW480 cells,
the viability (%) in glucose-rich cells was nearly 24% higher than in glucose-deprived cells
at the Glu-MTX dosage of 20 µM (Figure 2D). These findings prove that glucose starvation
affects the susceptibility of cancer cells to Glu-MTX and indicate the greater efficacy of
Glu-MTX compared to MTX in glucose-deprived conditions.

To examine the effect of Glu-MTX in the tumor microenvironment, which comprises
hypoxia and glucose-deprived medium, we treated MCF-7 and SW480 cells in the con-
trolled hypoxia and glucose-deprived environment with MTX and Glu-MTX for 48 h. Both
cancer cell lines were resistant to MTX (cell viability 74% for MCF-7 and 80% for SW480)
even at a high dose of 20 µM, whereas, at the same dose, the cytotoxic effect of Glu-MTX
was significantly higher (cell viability 33% for MCF-7 and 23% for SW480). The IC50 of
Glu-MTX in the tumor microenvironment was in the range of 4~4.5 µM for both cell lines
(Figure 2E).

2.2.2. Glu-MTX Inhibits the Wound Healing Process

Since the hypoxic breast and colon cancer cells could have altered migration behavior
in response to different cytotoxic agents, we furthermore examined the effect of MTX and
Glu-MTX on these parameters using in vitro wound-healing assay. The assay examines the
migration of cells by evaluating the closure of a standard scratch in time. In both cancer
cell lines, we found that Glu-MTX-treated cells had significantly slower migration than
MTX-treated cells. At 48 h, the wound was unclosed in Glu-MTX-treated cells, whereas in
MTX-treated cells, the gap was considerably smaller (Figure 3A,B).

2.2.3. Glu-MTX Induces Apoptosis by Increasing the Expression of Caspase-3 and Bax

The expression of proapoptotic proteins—caspase 3 and Bax in SW480/hypoxia cells—
was analyzed by immunocytochemistry (Figure 4). We detected high levels of proapoptotic
proteins (bax and caspase-3) in cells treated with Glu-MTX and MTX compared to the
control. The intensity and percentage positivity of staining were similar or slightly elevated
in Glu-MTX-treated cells compared to in MTX-treated cells.
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Figure 2. Results of cell viability after 48 h of incubation with 0, 5, 10, 20 µM of MTX and Glu-MTX evaluated by MTT
assay. (A) Dose-dependency curves for MCF-7 cells in normoxic (21% of oxygen, 5% CO2) and hypoxic (1% of oxygen,
5% CO2) conditions. (B) Dose-dependency curves for SW480 cells in normoxic (21% of oxygen, 5% CO2) and hypoxic
(1% of oxygen, 5% CO2) conditions. (C) Dose-dependency curves for MCF-7 cells cultured in medium with glucose (G+)
and glucose-free medium (G−). (D) Dose-dependency curves for SW480 cells cultured in medium with glucose (G+)
and glucose-free medium (G−). (E) Dose-dependency curves for MCF-7 and SW480 cells in normal culture conditions
(21% of oxygen, 5% CO2, G+) and in hypoxic (1% of oxygen, 5% CO2) with glucose starvation conditions (G−). Data are
expressed as mean± SD from triplicates. * p < 0.05, ** p < 0.01, comparing Glu-MTX with MTX in hypoxia and/or glucose
starvation conditions.

The flow cytometry analysis results are shown in Figure 5. The flow cytometry analysis
results are shown in Figure 5. In comparison to the SW80 cells treated with MTX, Glu-MTX
in hypoxic conditions presents increased late apoptosis after the proposed treatment. We
have observed increased effectiveness of early and late apoptosis induction in almost 25%
of cells after treatment with Glu-MTX (44%) in comparison to free MTX (19%). Control
cells and MTX-treated cells demonstrate a similar rate of apoptosis induction and reveal
decreased MTX potency in hypoxia.
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Figure 3. Wound-healing assay at time point 0 and after 48 h of incubation with 10 µM of MTX and
Glu-MTX. Results show that after 48 h, the scrap in control cells is fully coated by cells, whereas in
MTX-treated samples, the scrap is smaller compared to samples incubated with Glu-MTX, where no
migration of cells is observed. (A) Representative images of SW480 cells. (B) Representative images
of MCF-7 cells. 10× objectives were used to capture the photographs.

Figure 4. Representative images of the immunocytochemical analysis of bax, bcl-2, and caspase 3 apoptosis-related proteins
in the SW480 cell line in control, treated with 10 µM of MTX and Glu-MTX samples after 48 h. 20× and 40× objectives were
used to capture the photographs.
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Figure 5. Results demonstrate representative images of flow cytometry analysis of viable (LL-lower left), early (LR-lower
right), late (UR-upper right) apoptotic, and dead (UL-upper left) MCF-7 cells after incubation with 10 µM of MTX and
Glu-MTX for 48 h in the tumor microenvironment in comparison to the control group without any treatment. All the
samples were prepared using an Annexin V-FITC and PI Apoptosis Detection Kit (Abcam) and analyzed using a FACS
Calibur flow cytometer (Beckton Dickinson, NJ, USA).

3. Discussion

Cancer cells’ ability to evade or to handle the presence of chemotherapeutic agents is
a fundamental challenge that oncology research aims to elucidate and overcome. Chemore-
sistance and malignant progression are closely linked with the tumor microenvironment,
contributing to tumors’ response to different therapeutic modalities [31,32]. The cancer
microenvironment comprises many components, including extracellular matrix proteins,
cancer-associated cells, and an aberrant vasculature. These physical elements give rise
to the distinctive environmental properties of hypoxia and nutrient stress that inhibit the
effect of cancer treatments [32]. The undesirable impact of hypoxia on malignancies relative
to radio- and chemotherapy effectiveness has been established for several decades, and
the survival rate of cancer patients with severely hypoxic tumors is shorter than that of
patients with normoxic tumors [33].

Our study used a controlled hypoxia condition to assess the effectiveness of methotrex-
ate on breast and colon cancer cells. We found that hypoxic cells were significantly more
resistant to methotrexate than normoxic cells. These findings are consistent with previously
published studies that found that hypoxia increased the resistance to methotrexate in
various cancer types, including breast cancer, melanoma, and leukemia [34–36]. A study
by Li et al. indicated that the HIF-1α-mediated pathway played a critical role in the
susceptibility of MCF-7 breast cancer cells to methotrexate [34]. Due to the increasing
evidence suggesting the role of nutrient stress, particularly glucose deprivation, in tumor
cell survival, angiogenesis, and drug resistance, we assessed the effectiveness of methotrex-
ate on glucose-deprived cancer cells [37–39]. We found that glucose-deficient cells were
marginally less susceptible to methotrexate than regular cells.

We hypothesized that the linking of methotrexate to glucose could overcome the
hypoxia- and/or nutrient stress-induced chemoresistance. The novel glycoconjugate of
glucose and methotrexate exerted a strong and dose-dependent cytotoxic effect on hypoxic
breast and colon cancer cells, which was nearly nine-fold more potent than MTX. Similarly,
in a controlled glucose-deficient state, Glu-MTX displayed up to a three-fold enhanced
cytotoxic effect in both cancer cell lines compared to MTX. As cancer cells consume glucose
rampantly and given that glycolysis generates energy inefficiently, we hypothesize that Glu-
MTX treatment under glucose starvation resulted in the potentiated cellular accumulation
of the drug and thus resulted in an enhancement of cytotoxicity in tumor cells.

We cannot unequivocally state that the conjugate enters the cell specifically via the
GLUT 1 transporter; however, given that the glycoconjugates are highly hydrophilic, they
are unlikely to be internalized via passive diffusion through the lipid cell membrane.
The accumulating evidence suggests that the cellular uptake of glycoconjugates must
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be mediated by transmembrane transporters. GLUTs are the most frequent transporters
facilitating the recognition and internalization of glycoconjugates. However, we must
emphasize that the transport capability of GLUTs can be slightly influenced by complex
factors, such as the structure and the substitution position of the carbohydrate, the length
and steric hindrance of linkers, and the property of the payload. The past evidence suggests
that the cellular uptake of some glycoconjugates is not mediated solely by GLUT but also by
other receptors such as OCT2 [40]. Moreover, the potential role of other transporters such
as SGLT, SWEET, and ASGPR (asialoglycoprotein receptor) should also be considered [41].

In the present study, we found an intriguing fact that in the tumor microenvironment,
comprising hypoxia and glucose deprivation, MTX did not exert a cytotoxic effect on cancer
cells. However, the conjugation of glucose to methotrexate allowed us to overcome the
resistance and to achieve a potent, dose-dependent anticancer effect. Moreover, our studies
revealed that the Glu-MTX inhibited hypoxic cells’ cell migration process more effectively
than MTX did. The results confirmed that Glu-MTX-treated cells expressed high levels of
antiapoptotic proteins and underwent apoptosis.

Mounting evidence suggests that the expression of GLUTs is upregulated in many
cancers under hypoxia and nutrient stress by key pro-survival pathways, including the
HIF and AMP-activated protein kinase (AMPK) pathways [42,43]. This may explain our
findings that Glu-MTX was significantly more potent in a hypoxic and/or glucose-deprived
environment than MTX.

4. Materials and Methods
4.1. Chemistry

NMR spectra were recorded on an Agilent spectrometer 400 MHz (Agilent Technolo-
gies, Santa Clara, CA, USA) using TMS as an internal standard and CDCl3 or DMSO as a
solvent. NMR solvents were purchased from ACROS Organics (Geel, Belgium). Chemical
shifts (δ) are expressed in ppm and coupling constants (J) in Hz. Optical rotations were
measured with a JASCO 2000 polarimeter (JASCO Corporation, Tokyo, Japan) using a
sodium lamp (589.3 nm) at room temperature. Melting point measurements were per-
formed on a Stanford Research Systems OptiMelt (MPA 100) (Stanford Research System,
Sunnyvale, CA, USA). Electrospray-ionization mass spectrometry was performed on a
Xevo G2 Q-TOF mass spectrometer (Waters Chromatography, Etten-Leur, The Nether-
lands). Reactions were monitored by TLC on precoated plates of silica gel 60 F254 (Merck,
Darmstadt, Deutschland). TLC plates were inspected under UV light (λ = 254 nm) or
charring after spraying with 10% sulfuric acid in ethanol. Crude products were purified
using column chromatography performed on silica gel 60 (Fluka, Honeywell, NJ, USA)
developed with toluene/EtOAc and CHCl3/MeOH as solvent systems. Organic solvents
were evaporated on a rotary evaporator under diminished pressure at 40 ◦C.

All of the chemicals used in the experiments were purchased from Sigma-Aldrich
(Saint Louis, MO, USA), ACROS Organics (Geel, Belgium), and Avantor Performance
Materials Poland S.A (Gliwice, Poland) and were used without purification. Methotrexate
3, propargyl chloroformate 2, 2-bromoethanol, and D-glucose are commercially available.
1,2,3,4,6-Penta-O-acetyl-β-D-glucopyranose [44], 2-bromoethyl 2,3,4,6-tetra-O-acetyl-β-D-
glucopyranoside [26], 2-azidoethyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside [25], and
2-azidoethyl β-D-glucopyranoside 1 [25,27] were prepared according to the respective
published procedures.

4.1.1. Synthesis of Carbamate 4

Methotrexate 3 (227 mg, 0.5 mmol), N-methylimidazole (320 µL, 4 mmol), and N,N-
diisopropylethylamine (165 µL, 1 mmol) were sonicated for 30 min. The mixture was
cooled in ice water, and the solution of propargyl chloroformate 2 (195 µL, 2 mmol) in
methylene chloride (1 mL) was added. The reaction mixture was stirred for 24 h at ambient
temperature and then poured into ice water. The crude product was precipitated with
acetic acid, filtered, washed with water, and drying under reduced pressure left a residue
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that was column chromatographed to yield bis-propargyl carbamate 4 (130 mg, 42% yield):
m.p. 174–176 ◦C; [α]D

23 = −2 (c = 1.0, DMSO).
1H NMR (400 MHz, DMSO-d6): δ 1.85–2.16 (m, 2H, 2xCHMTX), 2.32 (m, 1H, CHMTX),

2.45 (m, 1H, CHMTX), 3.21 (s, 3H, CH3MTX), 3.52 (m, 2H, 2xCH), 3.71 (s, 2H, CH2), 4.35 (m,
1H, CHMTX), 4.62–4.72 (m, 2H, CH2), 4.80 (s, 2H, CH2MTX), 6.80–6.85 (m, 2H, H-PhMTX),
7.12 (s, 1H, NH), 7.28 (s, 1H, NH), 7.68–7.76 (m, 2H, H-PhMTX), 8.60 (m, 1H, NHMTX),
8.61 (s, 1H, H-7MTX).

13C NMR (100 MHz, DMSO-d6): δ 25.31, 29.39, 32.88, 50.89, 50.97, 51.03, 54.14, 76.93,
77.73, 78.47, 110.36, 120.41, 120.46, 128.23, 146.26, 148.39, 150.20, 152.65, 160.80, 161.99,
165.61, 165.64, 170.95, 173.01, 173.18.

4.1.2. Synthesis of Glycoconjugate 5

Carbamate 4 (62 mg, 0.1 mmol) and azidoethyl glucoside 1 (50 mg, 0.2 mmol) were
dissolved in dry i-PrOH (2 mL), THF (2 mL) and N,N-diisopropylethylamine (60 µL,
0.36 mmol). The solutions of sodium ascorbate (8 mg, 0.04 mmol) in water (1 mL) and
CuSO4·5H2O (5 mg, 0.02 mmol) in water (2 mL) were mixed and added to the reaction
mixture and next stirred for 24 h at room temperature. The reaction mixture was filtered,
the precipitate was washed with methyl alcohol, the combined filtrate was treated with
acetic acid, and the crude product was separated by filtration, then washed, dried, and
purified by column chromatography to yield glycoconjugate 5 (86 mg, 77% yield): m.p.
175–177 ◦C; [α]D

22 = −20 (c = 1.0, DMSO).
1H NMR (400 MHz, DMSO-d6): δ 1.71–2.10 (m, 2H, 2xCHMTX), 2.19–2.39 (m, 2H,

2xCHMTX), 2.96 (dd, 2H, J = 7.8 Hz, J = 8.6 Hz, H-2Glu), 3.03 (dd, 2H, J = 9.0 Hz, J = 9.4 Hz,
H4Glu), 3.09–3.55 (m, 9H, CH3MTX, H-3Glu, H-5Glu, H-6aGlu), 3.63–3.79 (m, 4H, 4xCCH),
3.68 (dd, 2H, J = 1.6 Hz, J = 11.4 Hz, H-6bGlu), 3.86–3.95 (m, 2H, 2xCH), 4.01–4.12 (m, 2H,
2xCH),4.22 (d, 2H, J = 7.8 Hz, H-1Glu), 4.29 (m, 1H, CHMTX), 4.55–4.61 (m, 4H, 2xCH2),
4.79 (bs, 2H, OH), 5.21 (s, 2H, CH2MTX), 6.80–6.87 (m, 2H, H-PhMTX), 7.66–7.72 (m, 2H,
H-PhMTX), 7.95 (d, 1H, J = 7.0 Hz, NHMTX), 8.25 (s, 2H, H-5triaz), 8.61 (s, 1H, H-7MTX).

13C NMR (100 MHz, DMSO-d6): δ 24.62, 30.33, 31.64, 48.55, 49.72, 54.87, 60.62, 61.05,
67.19, 69.99, 73.26, 76.54, 76.95, 102.87, 111.09, 121.49, 125.84, 128.62, 140.91, 146.75, 149.15,
150.83, 154.04, 163.78, 165.39, 165.56, 173.56, 174.26.

HRMS (ESI-TOF): calcd for C44H55N14O21Na2 ([M+H]+): m/z 1161.3462; found m/z
1161.3710.

4.1.3. LC/MS Analysis

UPLC analysis was performed on a Waters HSS T3 column (1.7 µm, 1 × 50 mm) using
an Acquity UPLC system (Waters, Milford, MA, USA). The mobile phase consisted of 0.1%
formic acid in water (mobile phase A) and 0.1% formic acid in methanol (mobile phase B).
A gradient elution at a flow of 200 µL/min was performed according to the following: 0.5
min—5% B, 2.5 min—35% B, 3.5 min—90% B, 4.5 min—90% B, 4.55 min—5% B. The total
run time was 6 min. The column temperature and the autosampler temperature were kept
at 45 ◦C and 5 ◦C, respectively.

Mass spectral ionization and acquisition parameters were optimized on the Xevo
G2 Q-TOF MS using electrospray ionization (ESI) in the positive ionization mode. The
spray voltage, source temperature, and desolvation temperature were set at 0.5 kV, 120
◦C, and 450 ◦C, respectively. Nitrogen was used as a desolvation and nebulizer gas. The
desolvation gas flow was set at 800 L/h, and the cone gas flow was 70 L/h. Data were
acquired using the Masslynx software (version 4.0, Waters, Milford, MA, USA).

4.2. Biology
4.2.1. Cell Culture

The cell line, human colon adenocarcinoma SW40 and human breast carcinoma MCF-
7 obtained from the Leibniz Institute DSMZ-German Collection of Microorganisms and
Cell Cultures (DSMZ, Germany), were grown in RPMI 1640 medium and supplemented



Pharmaceuticals 2021, 14, 13 13 of 16

with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 lg/mL streptomycin in a
humidified incubator with 5% CO2 at 37 ◦C. The culture medium was renewed every 2–3
days. Cell culture media, trypsin, FBS, and antibiotics were purchased from Gibco (Thermo
Fisher Scientific Inc., Waltham, MA, USA).

4.2.2. Experiment Conditions and Cell Viability MTT Assay

Following MTT experiments, control cells were maintained in normoxia (21% O2, 5%
CO2) and cultured in a complete medium with glucose. Hypoxic conditions were achieved
by incubating cells in 1% O2, 5% CO2 incubator (New Brunswick Galaxy 48R, Eppendorf,
Hamburg, Germany) and cultured in medium without glucose (RPMI 1640, no glucose, cat.
no. 11879020).

For experiments with methotrexate and glucose conjugated MTX, cells were seeded
in 96-well plates (8 × 103 cells/well). The next day, the cells were treated with culture
medium (control) and different doses of the compounds (5, 10, 20 µM) for 48 h.

Following incubation, an MTT assay was performed. Cell viability was determined
by the ability of the mitochondrial enzyme succinate dehydrogenase to convert the yellow
tetrazolium salt (MTT) into violet formazan crystals in active cells. After 4 h of incuba-
tion, the medium was removed, and the water-insoluble dye was dissolved by dimethyl
sulfoxide (Sigma Aldrich, Munich, Germany), generating the color, whose intensity is
directly proportional to the number of viable cells. The absorbance was measured at 570
nm using the Bio-TekBioTek ELX800 multi-well reader (BioTek, Winooski, VT, USA). The
percentage of viable cells (VC) was calculated as VC (100%) = (A of experimental group/A
of the control group) × 100%. MTT experiments were repeated three times, and the fig-
ures represent the mean. For further experiments, the concentration of 10 µM MTX and
Glu-MTX was used to evaluate the motility ability and apoptosis by flow cytometry and
immunocytochemistry.

4.2.3. Wound-Healing Assay

To analyze the migration properties of MCF-7 and SW480 cells, a wound-healing
assay was performed. Cells were seeded on 6-well plates in 1 × 106/well density to form a
confluent monolayer. With a 200 µL pipette tip, a linear scratch was made in each sample.
The first photograph in time point 0 was taken. Then, the cells were incubated with a
dose of 10 µM MTX and Glu-MTX for 48 h. After incubation, the second photograph was
taken when the scratch was closed in the control cell samples without any treatment. The
experiment was repeated three times.

4.2.4. Flow Cytometry-Apoptosis Assay

To evaluate the apoptosis rate of cells in the tumor microenvironment, SW480 cells
were seeded at a density of 3.5 × 105/well in a 6-well culture plate. The next day, cells
were treated with MTX or Glu-MTX at a dose of 10 µM for 48 h. After treatment, cells were
washed with PBS solution, detached by using 0.25% trypsin in EDTA, centrifuged, and
prepared according to the manufacturer’s instructions from Annexin V-FITC PI Apoptosis
Detection Kit (Abcam, Cambridge, UK). First, cells were suspended in 500 µL of 1× Binding
Buffer. Afterward, 5 µL of Annexin V (Annexin V-FITC) and 1 µL of propidium iodide
(PI, 50 µg/mL) were added to each sample. The samples were incubated for 20 min in
darkness at room temperature. For the evaluation of apoptosis, a BD Accuri C6 flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) was used. Control cells, MTX, and
Glu-MTX-treated samples were measured in triplicate. The obtained results were analyzed
using the BD Accuri 6 Plus Software (Becton, Dickinson, NJ, USA).

4.2.5. ICC Staining for Apoptosis Detection

For the immunocytochemical analysis, the apoptotic proteins (Caspase-3, Bax, Bcl-2)
were evaluated. MCF-7 cells were seeded on 8 Chamber Eppendorf Cell Imaging Slides
(Eppendorf, Germany) at a density of 8 × 104/well. The following day, 10 µM Glu-MTX
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and MTX were added to the wells for 48 h of incubation. Next, the cells were washed
twice in PBS and fixed in 4% formaldehyde (Polysciences, Warrington, PA, USA) for 10 min
at RT. After PBS washing, cells were permeabilized and incubated in a blocking solution
containing 5% Normal Donkey Serum (Abcam, Bristol, UK), 3% Bovine Serum Albumin
(Sigma Aldrich, Germany), 0.05% Tween 20 (Sigma Aldrich, Germany), 0.2% Triton X-100
(Sigma Aldrich, Germany), in PBS for 1 h at 4 ◦C. Then the primary antibodies: anti-Bax,
anti-Bcl-2, and anti-Caspase 3 (Abcam, UK), in dilution 1:100, were applied, and the cells
were incubated overnight at 4 ◦C. The next day, after PBS washing, the cells were incubated
with a secondary anti-rabbit antibody (Sigma Aldrich, Germany) at RT for 1 h. After
PBS washing, sections were stained with 3,3′-diaminobenzidine in chromogen solution
(Dako EnVision+ Dual Link System-HRP, Agilent, USA) and counterstained with Mayer’s
hematoxylin for nucleus counterstaining.

The control sample was performed following the above instructions but without
incubation with the compounds.

The light microscopy fitted with a digital camera (Nikon, Poland) with dry objectives
20× and 40× was used to take the photos.

5. Conclusions

The exploration of glycoconjugates for GLUT1-targeted cancer therapy began 25 years
ago with the discovery of glufosfamide. Since then, numerous preclinical and clinical trials
have been conducted on glucose conjugates in the treatment of various malignancies.

To our knowledge, this is the first time that an evaluation of the biological activity
of glucose-conjugate in the tumor microenvironment has been performed. As hypoxia
and nutrient stress are known to upregulate GLUT expression on the cancer cell surface
and given that GLUTs confer the tumor selectivity of Glu-MTX, the results of our study
confirm the viability of the strategy to combat tumor microenvironment-induced drug
resistance in solid malignancies through linking of anticancer compounds with glucose. It
is of paramount importance to validate anticancer agents’ activity in models closer to their
“native” microenvironment to improve the dismal success rates in transitioning anticancer
agents from the laboratory to the clinic [45].

In summary, this work showed that the conjugation of methotrexate to glucose led to
an increase in potency against malignant cells under hypoxia and nutrient stress. Although
the finding has been confined to in vitro studies, our observations shed light on a potential
therapeutic approach to overcome chemoresistance in cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-824
7/14/1/13/s1: Figure S1: Mass spectrum of MTX. The molecular ion peak at m/z 455.1807 (a) and
455.1798 (b) reflects the mass of free MTX in the intracellular compartment of SW480 cells treated
with Glu-MTX and MTX, respectively.
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Martyna Nowak 1, Monika Krawczyk 2,3,* and Siddarth Agrawal 1,5,*

����������
�������
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Abstract: Patients with hematologic malignancies require intensive therapies, including high-dose
chemotherapy. Antimetabolite–methotrexate (MTX) has been used for many years in the treatment
of leukemia and in lymphoma patients. However, the lack of MTX specificity causes a significant risk
of morbidity, mortality, and severe side effects that impairs the quality of patients’ life. Therefore,
novel targeted therapies based on the malignant cells’ common traits have become an essential
treatment strategy. Glucose transporters have been found to be overexpressed in neoplastic cells,
including hematologic malignancies. In this study, we biologically evaluated a novel glucose–
methotrexate conjugate (Glu–MTX) in comparison to a free MTX. The research aimed to assess the
effectiveness of Glu–MTX on chosen human lymphoma and leukemia cell lines. Cell cytotoxicity
was verified by MTT viability test and flow cytometry. Moreover, the cell cycle and cellular uptake
of Glu–MTX were evaluated. Our study reveals that conjugation of methotrexate with glucose
significantly increases drug uptake and results in similar cytotoxicity of the synthesized compound.
Although the finding has been confined to in vitro studies, our observations shed light on a potential
therapeutic approach that increases the selectivity of chemotherapeutics and can improve leukemia
and lymphoma patients’ outcomes.

Keywords: warburg effect; anticancer drugs; hematologic malignancies; drug design and discovery;
glucose metabolism; glycoconjugates; methotrexate; targeted therapy

1. Introduction

Chemotherapeutic agents have remained the mainstay of hematologic malignancies
therapy for decades, and in combination with radiotherapy (RT), these modalities con-
tinue to be the first-line option for most entities [1]. The treatment yields high cure rates
in many diseases such as lymphoblastic leukemias or Hodgkin lymphomas; however,
dose-dependent severe side effects resulting from lack of selectivity remain a signifi-
cant drawback of the therapy [2]. The foremost reason for the cessation of conventional
chemotherapy is not the lack of efficacy but the resulting toxicity. Well-recognized acute
side effects include pancytopenia that leads to severe bleeding, incurable infections, and
organ damage. Cardiovascular complications and second malignancies are among the
most frequent and potentially life-limiting late effects. Other long-term adverse outcomes,
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particularly impaired organ function, infertility, fatigue, and pulmonary complications, are
growing reasons for prolonged morbidity and mortality after effective first-line therapy in
hematologic cancers.

The adverse outcomes limit the curative potential of conventional therapeutic modal-
ities. Although young and fit cancer patients generally qualify for these treatments, the
increasing number of elderly and frail individuals, as well as patients with multimorbidi-
ties, are commonly excluded from these therapeutic approaches. These facts emphasize the
unmet need for potent yet safe treatments.

Methotrexate (MTX) is a cytostatic drug that is widely used to treat a wide variety of
hematological cancers, either alone or in combination with other anticancer agents [3]. This
compound competitively inhibits dihydrofolate reductase (DHFR), a crucial enzyme that
produces tetrahydrofolate cofactors essential for DNA synthesis [4]. Despite its efficacy,
this compound is characterized by low specificity and high toxicity to healthy cells.

In the last decades, notable advances in our understanding of disease-specific biologic
and genetic features, courtesy of basic science research, have profoundly transformed
the treatment landscape for hematologic malignancies with the introduction of targeted
therapies. The accumulating evidence implies that we will observe a further shift from
conventional chemo- and radiotherapy to preferred targeted therapies [2]. In an effort to
improve the selectivity of methotrexate, MTX–AuNP (gold nanoparticles) and MTX–HA
(hyaluronic acid) and their conjugates have been developed and studied [5,6]. The studies
proved that the conjugation of MTX with a macromolecule or nanoparticles can be used as
an invaluable tool in targeted cancer treatment.

To keep up with the fast multiplication and high-energy requirement, tumor cells sig-
nificantly intensify their glucose dependence and metabolism [7,8]. Remarkably, malignant
cells shift their metabolism from aerobic oxidation to anaerobic glycolysis, regardless of
the oxygen concentrations. A direct implication of this metabolic transformation is lower
energy production, resulting in an increase in facilitative glucose transporters (GLUT, gene
family SLC2) on the cellular membrane [9]. Since GLUTs are overexpressed in numerous
cancers, including hematologic malignancies [7,10], they provide a selective mechanism
to target neoplastic cells. Noteworthy, targeted therapy is less toxic toward normal cells,
compared to systemic therapy. Based on this information, one of the possible ways to
reduce the toxicity of chemotherapy drugs is to use the differences between healthy and
cancer cells to design prodrugs that will reduce drug toxicity before reaching the target
cell, facilitate its transport into cancer cells through overexpressed proteins whose task is
the transport of specific structural elements, and release the active form of the drug in the
intracellular microenvironment.

The proposed solution focuses on improving the bioavailability and selectivity of
methotrexate by attaching a sugar fragment to its structure. In the tested glucose–methotrexate
conjugate (Glu–MTX), the sugar fragment facilitating the targeted uptake of the therapeutic
agent is connected with the therapeutic agent such as methotrexate (MTX) via a linker char-
acterized by lability under the action of intracellular hydrolytic enzymes. The mentioned
linker is attached to the sugar unit via a glycosidic bond susceptible to degradation in the
presence of intracellular glycosylhydrolases, and, contrastingly, it binds methotrexate via
an easily hydrolyzed carbamate bond [8]. Such a designed structure of the tested com-
pound allows for the assumption that after penetrating into the cell, Glu–MTX undergoes
degradation with the release of the active form of the drug (MTX) and metabolites such
as carbon dioxide and the 1,2,3-triazole derivative of glucose 3, and the latter one may
degrade further over time (Figure 1). An additional advantage of this conjugate is the fact
that the glucose derivative 3, containing the 1,2,3-triazole unit, released in the cell as a
result of enzymatic hydrolysis, also has a slight cytotoxic activity [11]. Glycoconjugate
Glu–MTX may be prepared in an efficient manner using one of the so-called click-chemistry
reaction, the copper-catalyzed 1,3-dipolar cycloaddition of the azide to a terminal alkyne
bond (CuAAC) in a variant developed by Sharpless and used for the synthesis of a wide
range of biologically active compounds [12–15].
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Figure 1. Scheme of Glu–MTX synthesis via copper-catalyzed 1,3-dipolar azide–alkyne cycloaddition (CuAAC), its transport
into the cancer cell through the overexpressed GLUT1 transporters, and intracellular enzymatic and acidic degradation
leading to the controlled release of biologically active metabolites (MTX and compound 3).

In the current work, we have examined a Glu–MTX conjugate targeting GLUT1 in
hematologic malignancies, namely, acute lymphoblastic leukemia and non-Hodgkin’s
lymphoma, and compared its effect with methotrexate, a chemotherapeutic agent widely
applied in the treatment of leukemia and lymphoma.

2. Results
2.1. Glu–MTX Exerts a Similar Cytotoxic Effect on Lymphoma and Leukemia Cell Lines Compared
to MTX

To evaluate the cytotoxic effect of Glu–MTX and compare it with free MTX, the MTT
assay was performed on four hematologic cancer cell lines. The results showed that the
Glu–MTX compound is cytotoxic in vitro. The comparative results of a survival evaluation
of cells (IC50) are shown (Figures 2 and 3) for different hematological tumor cell lines
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treated with methotrexate or glucose–methotrexate derivative (Glu–MTX). The cytotoxic
effect of the glucose–methotrexate conjugate is similar to that of unmodified methotrexate.
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2.2. Glu–MTX Induces Early and Late Apoptosis in Lymphoma and Leukemia Cell Lines and
Displays a Similar Apoptotic Effect to Free MTX

The apoptosis rate of Glu–MTX-treated cells was compared with MTX-treated cells
and analyzed by flow cytometry. The sum of early and late apoptosis varied at 24.5%
for Raji, 35.5% for Jurkat, 47.7% for CCRF–CEM, and 59.2% for Toledo cell line, after the
treatment with Glu–MTX for 48 h (Figures 4 and 5). Compared to free MTX (40.8%), the
Glu–MTX induced apoptosis by 47.7% in the acute lymphoblastic leukemia CCRF–CEM
cell line.
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2.3. Glu–MTX Displays a Similar to MTX Mechanism of Action and Inhibits DNA Synthesis in
the S Phase of the Cell Cycle

To determine whether Glu–MTX displays the same mechanisms of action as MTX,
its effect on cell cycle progression was examined on leukemia CCRF–CEM and Jurkat cell
lines. The analysis showed that the 24 h treatment with Glu–MTX results in an S-phase
arrested cell population (Figures 6 and 7). This result indicates that both compounds affect
the cell cycle by arresting the cells in the S phase and display a similar mechanism of
action. The most plausible explanation of this phenomenon could be that the cleavage of
Glu–MTX and the release of free MTX occurs in the intracellular compartment. The results
from lymphoma cell lines (Raji and Toledo) showed no changes in the cell cycle after the
treatment with MTX and Glu–MTX.

2.4. The Cellular Uptake of Glu–MTX Is Significantly Higher in CCRF–CEM Acute
Lymphoblastic Leukemia Cells Compared to Free MTX

To investigate the cellular transport of Glu–MTX and answer the question of whether
the conjugation of glucose improves the accumulation of the compound in the intracellular
compartment, a mass spectrometry analysis was performed. The results showed that the
Glu–MTX is approximately 63 times more preferentially accumulated in the intracellular
compartment of CCRF–CEM cells (which were characterized by increased apoptotic rate),
compared to MTX (Figure 8). This result supports the hypothesis that glucose conjugates ex-
ploit the Warburg’s effect and preferentially accumulate in cancer cells, contradistinctively
to well-established nonconjugated agents that lack target specificity.
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G0/G1, S, and G2/M phases. The statistical analysis of differences between control and treated
samples was performed using ANOVA Kruskal–Wallis test. * p < 0.05 was indicated as statistical
significance, comparing MTX and Glu–MTX-treated cells with control.
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3. Discussion

The use of chemotherapy and autologous stem cell transplantation and the introduc-
tion of therapeutic agents, including proteasome, kinase, and histone deacetylase inhibitors,
as well as immunomodulatory drugs, have enhanced clinical outcomes in patients with
hematologic malignancies. However, a large portion of patients will discontinue the ther-
apy due to adverse outcomes and/or eventually relapse, highlighting the urgent need for
potent and safe therapeutic alternatives [16]. The bulk of these agents have significant
toxicities that limit their dosing and potential for use in combination therapy. Although the
introduction of targeted therapies has significantly enhanced outcomes for patients with
hematologic malignancies, the unmet medical need remains. The burden of adverse effects
resulting from systemic chemotherapy is heavy; hence, it would be desirable to develop a
novel class of therapeutics that could combine conventional chemotherapeutic agents’ high
efficacy and versatility with low systemic toxicity. Our goal was to build upon glucose
derivatives’ success story by developing a novel carbohydrate conjugate that could exploit
glucose transporters to target a range of hematologic malignancies selectively [17]. Here, we
describe the generation and in vitro characterization of a glucose-methotrexate conjugate,
a glucose transporter targeting agent with a unique combination of antitumor activities.

This study showed that the ability of Glu–MTX to induce apoptosis in vitro was
slightly more prominent than MTX’s in acute lymphoblastic leukemia CCRF–CEM cell line.
Moreover, the compound exhibited potent activity in low doses, comparable to free MTX.
However, increased uptake of Glu–MTX apparently did not translate into a significantly
higher cytotoxic and apoptotic effect, which serves as an indication that the conjugate is
less cytotoxic, compared to free MTX, which in turn supports the results of our previous
study [11]. Another possible explanation for this could be the fact that the drug uptake
was measured after 6 h, while the apoptotic effect was evaluated after 48 h, which suggests
that efflux of free MTX originated from Glu–MTX to the outside of the cells could have
occurred. Additionally, Glu–MTX affected the cell cycle by arresting the cells in the S
phase, which indicates that the release of free MTX disassembled from Glu–MTX occurs in
the intracellular compartment. Moreover, the uptake of Glu–MTX in leukemia cells was
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63 times more efficient, compared to free MTX after 6 h of incubation. This result proves
conclusively that the conjugation of glucose to MTX improves its selectivity and transport
in leukemia cancer cells.

Nevertheless, our study bears several limitations. Firstly, the effect of Glu–MTX was
not evaluated on primary malignant cells and normal hematopoietic cells. Moreover,
because hematological malignancies are a heterogeneous group of neoplastic disorders, a
larger panel of cell lines would be more desirable. Furthermore, since MTX affects folic
acid metabolism, it can affect erythrocytes or some other healthy cells that express folate
receptors. It would be valuable to measure the uptake of Glu–MTX by different healthy
cells in different time points, as well as MTX’s metabolites (e.g., folate–polyglutamate
molecule levels) after the treatment. Yamauchi et al. [18] indicated that time-dependent
change in MTX efflux in human leukemia cells corresponds with MTX activity. Moreover,
according to the investigations of Walton et al. [19], circadian oscillations impact cancer
cell metabolism and change the GLUT transporters’ expression. Therefore, the above-
mentioned findings may be important factors affecting Glu–MTX mechanism.

Lastly, further investigation is needed to determine whether the GLUT1 expression
correlates with the increased drug uptake in leukemia and lymphoma cell lines. Notwith-
standing the significantly higher cellular uptake of Glu-MTX, we cannot state that the
transport of the conjugate is mediated exclusively by GLUT transporters. Previous studies
have highlighted a potential role of sodium-driven glucose symporters (SGLTs), organic
cation transporter 2 (OCT2), and SWEET transporters in the cellular transport of glycocon-
jugates [20,21]. In future research, it would be eligible to include studies of cell sensitization
with insulin prior to Glu–MTX incubation to check whether insulin can promote GLUT
transporters overexpression in lymphoma and leukemia cells to increase the cellular up-
take of the conjugate. These investigations are well-known in different cancers, such as
breast cancer [22,23]. Drawing on the example of several successful conjugates of glucose
utilized in hematologic cancer treatment [24–26], with their favorable pharmacokinetic
and safety profile, a functional Glu–MTX conjugate could offer the prospect of highly
successful therapy in GLUT-abundant hematologic malignancies that might also be used
readily in combination with other modalities to improve clinical outcomes. On the basis of
the reported findings, Glu–MTX has shown potent in vitro activity in acute lymphoblastic
leukemia and non-Hodgkin’s lymphoma cell line models. Therefore, it presents an exciting
opportunity for a novel class of compounds that could combine the high efficacy and
versatility of conventional chemotherapeutic agents with low systemic toxicity.

4. Materials and Methods
4.1. Cell Culture

The human Diffuse large B-cell lymphoma (DLBCL) cell lines were obtained from the
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany) (Raji) and the American Type Culture Collection ATCC (Toledo),
while the human leukemia cell lines (CCRF–CEM, Jurkat) were kindly provided by Elzbieta
Wojdat, Institute of Immunology and Experimental Therapy, the Polish Academy of Sci-
ences, Poland. Cells were grown in RPMI 1640 medium (4.5 g/L D-glucose) supplemented
with glutamine, 10% fetal bovine serum (FBS), penicillin, and streptomycin in a humidified
incubator with 5% CO2 at 37 ◦C. The culture medium was renewed every three days. Cell
culture media, FBS, and antibiotics were purchased from Gibco (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

4.2. Cell Viability

To measure the metabolic activity and IC50 values, we used a colorimetric assay based
on viable cells’ ability to convert the yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) dye to purple formazan crystals. Cells were cultured at 1 × 104

in 48-well plates and treated with MTX or Glu–MTX at a dose of 1µM for 48 h. Following
incubation, MTT solution was added to the wells at a final concentration of 1 mg/mL
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for 4 h. Subsequently, the plate was centrifuged to attach the cells, the supernatant was
discarded and 100 µL of DMSO was added to the cell pellet/each well. The absorbance was
measured at 570 nm using the Bio-TekBioTek ELX800 multiwell reader (BioTek, Winooski,
VT, USA). The experiment was conducted in triplicate and the results were expressed as
the mean ± S.D. The IC50 values were calculated using CalcuSyn software (version 2.0,
Biosoft, Cambridge, UK) based on concentrations 0.05–5 µM and 48 h incubation time.

4.3. Annexin V–FITC Assay–Flow Cytometry

The percentage of alive, early, late apoptotic, and dead cells was measured by flow
cytometry. Fluorochrome-labeled Annexin V was used to identify apoptotic cells. To
distinguish the necrotic and early from late apoptotic cells we used propidium iodide (PI).
Early apoptotic cells exclude PI, while late apoptotic cells and necrotic cells stain positively
due to the passage of PI into the nucleus. For the experiment, cells were cultured at 5 × 105

in 12-well culture plates and treated with a dose of 0.1 µM MTX or Glu–MTX for 48 h.
Control cells were cultured with DMSO at a final concentration of 100 nM. After 48 h, the
cells were collected, centrifuged, and washed with PBS. The cell pellet of each sample was
resuspended in 500 µL of 1X Binding Buffer. Then, 100 µL of each sample was mixed with
5µL of APC fluorochrome-conjugated Annexin V and 5µL of propidium iodide staining
solution, accordingly to the staining protocol (ThermoFisher Scientific Inc., Waltham, MA,
USA). After 20 min of incubation in darkness, the samples were vortexed and analyzed
by a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA). The obtained
results were evaluated using BD Accuri C6 plus software (version 1.0.23.1, BD Biosciences,
San Jose, CA, USA).

4.4. Cell Cycle Analysis—Flow Cytometry

To investigate in which phase of the cell cycle, MTX and Glu–MTX arrest hematological
lymphoma CCRF–CEM and Jurkat cells, cell cycle analysis with propidium iodide was
performed. Propidium iodide was used as a fluorescent dye that binds to DNA. When
excited by 488 nm laser light, DNA content in cell cycle analysis can be detected within
the PE channel with a bandpass filter 610/10. Cells were cultured in 12-well plates in the
count of 5 × 105 cells per well and incubated with media containing MTX or Glu–MTX
at a dose of 0.1 µM for 24 h. After incubation, the cells were collected and washed with
PBS solution. After centrifugation, the cell pellet was resuspended in 500 µL of cold PBS
supplemented with 2.5 µL of PerFix-nc Buffer to fix the cells (BD Biosciences, San Jose,
CA, USA). After 15 min, the cells were centrifuged again. The pellet was resuspended
in a solution of 0.1% (v/v) Tritox X-100, 10 mL PBS and 0.4 mL 500 µg/mL propidium
iodide (PI) and incubated in the dark in protection from light. The excitation wavelength
was 488 nm, and the emitted wavelength was 630 nm. Flow cytometry was performed
using BD Accuri™ C6 and analyzed using dedicated software (BD Biosciences, San Jose,
CA, USA).

4.5. Cellular Uptake—Mass Spectrometry

To measure the cellular uptake of free MTX and the MTX originated from the conjugate,
liquid chromatography/electrospray ionization tandem mass spectroscopy was used.
CCRF–CEM cells were seeded in density 106 cells/well on a 6-well plate. Then, Glu–MTX
and methotrexate were added in dose 0.1 µM for 6 h of incubation. To measure differences
in cellular uptake, the cells were collected to the Eppendorf tube, centrifuged, and the
medium was stored immediately at −80 ◦C. Next, the cell pellet was washed with 500 µL
ice-cold methanol: H2O (3:1). The collected supernatant was again centrifuged and stored
at −80 ◦C until the analysis.

4.6. Conditions of LC–ESI–MS Analysis

The Waters LC–MS system comprised an Acquity UPLC and a Xevo-G2 mass spec-
trometer (Milford, MA, USA). Sample compounds separation was performed on an Acquity
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UPLC BEH Shield column (2.1 × 50 mm, 1.7 µm). The column temperature and the au-
tosampler temperature were kept at 40 ◦C and 6 ◦C, respectively. The mobile phase
consisted of 0.1% formic acid (FA) in water was used as a mobile phase A and 0.1% FA in
methanol as mobile phase B. Sample injection volume was 2 µL and the total run time of a
gradient method was 6.5 min. The chromatographic method was as follows: 0.5 min—5% B,
2.0 min—40% B, 3.0 min—90% B, 4.5 min—90% B, 4.51 min—5% B. Mass spectral ionization
and acquisition parameters were optimized on the Q-TOF mass spectrometer equipped
with an ESI ion source in the positive ion mode. Nitrogen was used as the nebulizing and
drying gas. The ion source temperature and the desolvation temperature were maintained
at 120 and 400 ◦C. The desolvation gas flow was set at 850 L/h and the cone gas flow was
50 L/h. The capillary voltage was set at 0.5 kV. The MassLynx software (version 4.0, Waters,
Milford, MA, USA) was used for data acquisition and processing.

4.7. Statistical Analysis

The results were presented as means from experiments performed in triplicate ± standard
deviation (SD), and the statistical analysis of differences between control and treated sample
was performed using an independent samples t-test or ANOVA Kruskal–Wallis test in the
PQStat Software program (PQStat Software, Poland) The differences between groups were
considered significant at p < 0.05.

5. Conclusions

In order to fulfill the hematologic malignances targeted therapies niche, we have
examined the potential of glucose–methotrexate conjugate by targeting transporters that
are upregulated in malignant cells. The conjugation of an antifolate metabolite with
glucose seems to be a promising approach for the treatment of leukemia and lymphoma.
Nevertheless, additional studies are needed to determine the therapeutic options and to
overcome the limitations of the proposed therapy.
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Abstract: Methotrexate (MTX) is a commonly used antimetabolite, which inhibits folate and DNA
synthesis to be effective in the treatment of various malignancies. However, MTX therapy is hin-
dered by the lack of target tumor selectivity. We have designed, synthesized and evaluated a novel
glucose–methotrexate conjugate (GLU–MTX) both in vitro and in vivo, in which a cleavable linkage
allows intracellular MTX release after selective uptake through glucose transporter−1 (GLUT1).
GLU–MTX inhibited the growth of colorectal (DLD-1), breast (MCF-7) and lung (A427) adenocarcino-
mas, squamous cell carcinoma (SCC-25), osteosarcoma (MG63) cell lines, but not in WI-38 healthy
fibroblasts. In tumor cells, GLU–MTX uptake increased 17-fold compared to unconjugated MTX.
4,6-O-ethylidene-α-D-glucose (EDG), a GLUT1 inhibitor, significantly interfered with GLU–MTX
induced growth inhibition, suggesting a glucose-mediated drug uptake. Glu-MTX also caused
significant tumor growth delay in vivo in breast cancer-bearing mice. These results show that our
GLUT-MTX conjugate can be selectively uptake by a range of tumor cells to cause their significant
growth inhibition in vitro, which was also confirmed in a breast cancer model in vivo. GLUT1 in-
hibitor EDG interfered with these effects verifying the selective drug uptake. Accordingly, GLU–MTX
offers a considerable tumor selectivity and may offer cancer growth inhibition at reduced toxicity.

Keywords: glycoconjugates; methotrexate; cancer treatment; glucose metabolism; drug design and
discovery; anticancer drugs; targeted therapy; Warburg effect

1. Introduction

Methotrexate (MTX) is among the most widely applied and effective therapeutic
agents available to treat various cancers, including breast cancer, lung cancer, bladder
carcinoma, and osteogenic sarcoma, as well as autoimmune diseases [1]. However, MTX
has a number of deficiencies that arise from a lack of tumor selectivity [2,3]. The pharma-
cokinetic parameters of MTX are unsatisfactory and frequently result in an insufficient
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clinical response. Increasing the dose of MTX may result in higher therapeutic efficacy,
but it also leads to a greater risk of side effects [4]. In general, the principal reason for the
discontinuation of MTX is not the lack of efficacy but life-threatening toxicity. We addressed
these limitations by designing a next-generation tumor-targeting MTX delivery system for
improved safety and efficacy.

One of the attractive strategies to achieve the desired specificity is to connect a thera-
peutic agent with a ligand that selectively interacts with the pathological cell. To increase
the safety and efficacy of the therapy, the synthesis of a prodrug in which the chemothera-
peutic is bound to a ligand with a high-affinity for diseased cells is required. To achieve
this, the diseased cells must overexpress the ligand-specific receptor that could facilitate the
targeted uptake of the therapeutic agent. Examples of such prodrugs include peptide-drug,
antibody–drug, aptamer-drug, and folic acid–drug conjugates [5].

In order to sustain the growth and proliferation, malignant cells significantly increase
glucose uptake and the flux of substrates through glycolysis even under oxidative con-
ditions. This abnormality, termed “the Warburg effect,” originates from mitochondrial
metabolic changes and is one of cancer’s most common traits [6]. The elevated glucose
intake requires the overexpression of glucose transporters (GLUTs), which is frequent in
neo-plasms and provide clinical targets for therapy [7,8]. Therefore, glycoconjugation, in
which cytotoxic agents or targeted anticancer therapeutics have been linked to glucose,
can improve the selective uptake of anticancer drugs [9–14]. Since the introduction of
glufosfamide [15], the potential of this strategy in diagnosis and therapy has already been
realized, yet there is tremendous scope for improvement [7].

These ligand-targeting drugs (LTD) are constructed by conjugating a cleavable linker
to the payload. The efficacy of such conjugate is primarily determined by the therapeutic
agent activity, while the safety of the conjugate is dictated by the ligand specificity on the
tumor cell. Separating the diseased cell selectivity and therapeutic drug activity is the
most critical step which can be independently optimized. Therefore, we first focused on
determining the optimal structure of the glucoside, through which the sugar is locked to
the linker, then the transfer of the conjugate to tumor cells and its uptake mediated by
GLUT1 protein. Based on these considerations, we designed, synthesized, and biologically
evaluated a novel glucose–methotrexate conjugate (GLU–MTX), in which MTX, D-Glucose,
and the linker are connected via a cleavable linkage susceptible to the action of hydrolytic
enzymes. To the best of our knowledge, no one has previously synthesized or evaluated
the conjugation of glucose to MTX. In our recent study, we showed that GLU–MTX exerts a
strong cytotoxic effect on breast and colon cancer cells and displays an increased selectivity
in the tumor microenvironment [16]. These findings conclusively prove the potential of
glycoconjugation for the selective destruction of cancer cells by MTX. In view of this, the
objective of this study was to further evaluate the efficacy of GLU–MTX on a wide variety
of cancer cell lines as well as in vivo and examine the mechanisms underlying the cellular
transport of glucose–methotrexate conjugate. The present study revealed that GLU–MTX
is a potent therapeutic agent that preferentially accumulates in and annihilates cancer cells
at reduced toxicity in the noncancerous tissues (Figure 1).
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vironment of cancer cells results in controlled release of MTX, which inhibits dihydrofolate reduc-
tase (DHFR) and leads to cell death. In healthy cells, no major effect in DNA synthesis is observed. 
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cording to the method developed by Sharpless. The substrates for this reaction were 
2-azidoethyl β-D-O-glucopyranoside and MTX di-propargylcarbamide derivatives, ob-
tained by reacting the propargyl chloroformate with an antibiotic (MTX) in the presence 
of N-methylimidazole (NMI) and tertiary amine such as N,N-diisopropylethylamine in 
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Figure 1. Cellular transport of glucose–methotrexate conjugate (GLU–MTX) in healthy and cancer cells with GLUT1
overexpression. The intracellular cleavage of acid-labile bonds in the acidic environment of cancer cells results in controlled
release of MTX, which inhibits dihydrofolate reductase (DHFR) and leads to cell death. In healthy cells, no major effect in
DNA synthesis is observed.

2. Results
2.1. Synthesis of Sugar Derivative Emerging from GLU–MTX Conjugate Hydrolysis in
Tumor Cells

The initial stage of the research was the synthesis of a glucoconjugate 1 containing a
D-glucose- unit linked via a glycosidic bond with a linker (Scheme 1). The conjugate 1 was
prepared by the 1,3-dipolar cycloaddition reaction of 2-azidoethyl β-D-O-glucopyranoside
and propargyl alcohol. As indicated in the experimental section, the results suggest that
the uptake of the glucoconjugate 1 is mediated by the GLUT1 transporter. During these
studies, it was also noticed that this compound has a weak cytotoxic effect. Based on the en-
couraging result that glucoconjugate 1 was transferred into the tumor cells, we synthesized
prodrug GLU–MTX in the cycloaddition reaction according to the method developed by
Sharpless. The substrates for this reaction were 2-azidoethyl β-D-O-glucopyranoside and
MTX di-propargylcarbamide derivatives, obtained by reacting the propargyl chloroformate
with an antibiotic (MTX) in the presence of N-methylimidazole (NMI) and tertiary amine
such as N,N-diisopropylethylamine in methylene chloride as a solvent [16].
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GLU–MTX exhibits comparable antiproliferative activity to MTX against different
cancer cell lines and has higher selectivity for cancer cells over normal cells in vitro.

GLU–MTX and MTX were first tested for their in vitro cytotoxicity with the use of
the MTT assay. Six cell lines representing five types of human malignancies (breast, colon,
skin, lung, bone) were cultured with test compounds at concentrations in the range of 10
to 50 µM for 48 h; then, cell viability was determined. The findings demonstrated that
GLU–MTX had a similar cytotoxic effect compared to MTX on the SCC-25 skin cancer
cell line (Figure 2A). Cell viability of the other MTX-treated cell lines was slightly lower
(16–19% depending on the cell line) (Figure 2B–E than the viability of the same dose of
GLU–MTX-treated cells. We compared the selectivity of GLU–MTX and MTX using various
cancer cell lines to match the results with a healthy fibroblast WI38 cell line. As shown in
Figure 2F, we found that the cellular viability of WI-38 was significantly higher in GLU–
MTX-treated cells compared to MTX-treated cells. This result indicates that GLU–MTX is
less cytotoxic to healthy cells than MTX.
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Figure 2. Cell viability of various human cancer cell lines: squamous cell carcinoma SCC-25, lung carcinoma A-427, human
colon adenocarcinoma DLD-1, breast carcinoma MCF-7, osteosarcoma MG-63 (A–E) and normal human fibroblast WI-38 (F)
after MTX and GLU–MTX treatment for 48 h at doses 10–50 µM. Results are presented as means ± standard deviations
from three independent experiments. * p < 0.05 vs. control.
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2.2. The Cytotoxic Effect of GLU–MTX Is Reversed by GLUT1 Inhibitor

The cytotoxicity assay was carried out in the absence and presence of an exofacial
GLUT1 competitive inhibitor 4,6-O-ethylidene-α-D-glucose (EDG). Cells preincubated
with EDG and then with conjugated MTX had a lower cell death ratio in comparison to
cells incubated with free MTX in both cell lines. MCF-7 and A-427 cells viability after EDG
+ MTX treatment was 35% and 15%, respectively, whereas following EDG + GLU–MTX was
70% and 50%, respectively (Figure 3). The MTT assay results support the hypothesis that
glucose transporter GLUT1 is involved in the cellular uptake of glucose conjugate MTX.
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Figure 3. The effect of glucose transporter−1 (GLUT1) inhibitor 4,6-O-ethylidene-α-D-glucose (EDG) on the efficacy of
free MTX and GLU–MTX treatment of (A) breast cancer cell line MCF-7 and (B) lung cancer cell line A-427. Cells were
preincubated with EDG for 4 h and then incubated for 48 h with MTX or GLU–MTX. Results are presented as means ±
standard deviations from two independent experiments. * p < 0.05 vs. GLU–MTX 10 µM.

2.3. Cellular Uptake of GLU–MTX Is Significantly Higher in SW-480 Colon Cancer Cells
Compared to Free MTX

GLU–MTX is transported by facilitated diffusion exploiting overexpressed GLUT1
transporters [17] and is approximately 17-times more preferentially accumulated in cancer
cells compared to free MTX (Figure 4). In the intracellular compartment, the cleavage of
acid-labile bonds occurs, which results in the controlled release of free MTX.

2.4. Both MTX and GLU–MTX Lead to Cell Cycle Arrest in S Phase

To investigate whether MTX and GLU–MTX display the same mode of action, their
effect on cell cycle progression was examined on the MCF-7 cell line. The results showed
that cell populations in the S phase were significantly higher in MTX and GLU–MTX-treated
cells after 24 h, in contradistinction with untreated cells (Figure 5, Table 1). This result
proves that both compounds affect the cell cycle in a similar way, indicating the presence
of free MTX originated from GLU–MTX in the intracellular compartment.
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Figure 5. The effect of MTX and GLU–MTX on MFC-7 cell cycle progression.

Table 1. Cell cycle progression data presented as mean ± standard deviation (SD).

G0/G1 S G2/M

Control 65.4 ± 2.1 22.99 ± 0.8 10.7 ± 0.6
MTX 23.05 ± 1.4 50.97 ± 2.3 17.17 ± 1.3

GLU–MTX 23.83 ± 1.7 50.61 ± 1.9 16.11 ± 1.8

2.5. In Vivo Efficacy of GLU–MTX

After our observations of its potent in vitro effects, GLU–MTX and MTX were eval-
uated on 4T1 breast tumor-bearing mice, which are characterized by GLUT1 overexpres-
sion [18]. The compounds were injected i.v. in a single dose (day 0). MTX was given at
120 mg/kg, and GLU–MTX was given at a corresponding dose of 300 mg/kg. GLU–MTX
significantly inhibited 4T1 allograft tumor growth by about 74.4% on day 18 (p < 0.01),
whereas MTX led to tumor growth inhibition by 16.2% (Figure 6A). There was no significant
loss of body weight in neither of the treatment groups (Figure 6B).
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Histopathological analyses of the liver and lungs excised from MTX and GLU–MTX-
treated mice showed differences in tissue morphology (Figure 7). Liver sections after
MTX-treatment indicate visible periportal inflammation, while lung sections show lym-
phocytic and plasmacytic infiltration. Livers and lungs from GLU–MTX treated mice were
without any morphological changes. Thus, the results indicate that GLU–MTX significantly
inhibited tumor growth without affection of livers and lungs compared to free MTX.
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Figure 7. Representative images of liver and lung sections stained with hematoxylin–eosin (HE)
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3. Discussion

The “Warburg effect,” the increased aerobic glycolysis in many malignancies, has been
extensively scrutinized and is now suggested to be the reason for most of the hallmarks of
cancer [19,20]. Metabolic differences between normal and cancer provide an environment
that often results in drug resistance. However, these characteristic features may also
provide an opportunity to design appropriately tailored molecular targeted oncotherapy
interventions.

This study represents the first attempt to systematically evaluate the anticancer activi-
ties of a novel glucose–methotrexate conjugate in vitro and in vivo. We have shown several
essential characteristics of this drug: (a) GLU–MTX exhibits potent anticancer activity
against a range of solid tumor cell lines with IC50 values similar to free MTX; (b) GLU–
MTX preferentially annihilates cancer cells while showing low toxicity in noncancerous
cells in vitro; (c) cellular uptake of GLU–MTX is glucose-transporter-specific; (d) the uptake
of GLU–MTX in cancer cells is 17 times more efficient than that of MTX; (e) Glu-MTX caused
significant tumor growth delay in breast tumor-bearing mice compared to MTX-treated
and control mice.

Our results indicate that GLU–MTX may be used against a broad spectrum of cancers.
Glu- MTX cytotoxicity consistently had IC50 values in the µmol/L range. The compound
exerted higher selectivity for cancer cells over normal cells. The translocation efficiency
and subsequent cellular accumulation were significantly higher in GLU–MTX-treated cells
than in MTX. Notably, our results indicate that glucose transporter GLUT1 is involved in
the cellular uptake of glucose conjugates. The viability of MTX-treated cells did not change
significantly in the presence of an exofacial GLUT1 inhibitor. However, the GLUT1 inhibitor
decreased the activity of GLU–MTX, which suggests that the reduced uptake of the com-
pound resulted in lower cellular accumulation and weaker anticancer action. We cannot
univocally state that the cellular transport of glucose conjugate is facilitated solely via the
GLUT1 transporter. However, knowing that the glycoconjugates are highly hydrophilic,
it is rather unlikely that their transport occurs via passive diffusion. Evidence has been
found that the cellular uptake of some glycoconjugates may also be mediated by other
receptors such as OCT2, SGLT, SWEET, and asialoglycoprotein receptor (ASGPR) [21,22].
These findings are corroborated by other studies showing that glucose conjugates exploit
glucose transporters of cancer cells [9,17]. The uptake analysis showed that in the intracel-
lular compartment, the payload was quickly detached from the conjugate. This suggests
that the cleavable linkage allows the release of the cytotoxic payload inside the malignant
cells, possibly through enzymatic hydrolysis. This finding is particularly significant as the
spacer arm must be designed in such a way as to ensure its stability in the extracellular
compartment while also allowing the action of the active cytotoxic payload addressed to
tumor cells. The nature of the spacer thus influences how favorable drug delivery is and
its outcome. Over-stable linkers can curb the activity of the associated pharmacophore,
resulting in a low-potency compound. Conversely, an understable spacer can provoke poor
target specificity and high systemic toxicity [23].

Our study bears several limitations. First, the synthesis is multi-staged and requires
more delicate control of the experimental parameters. Hence, a limited amount of the
compound was obtained for biological assays. Second, we were able to perform in vitro
and in vivo analysis only on selected cancer cell models; hence the results may not be gen-
eralizable. Third, the in vivo study did not include multiple administrations of the tested
compounds. Further analyses are required to examine these effects on an animal model.

4. Materials and Methods
4.1. Chemistry

NMR spectra were recorded with an Agilent spectrometer 400 MHz using TMS as
internal standard and CDCl3 or DMSO-d6 as a solvent. NMR solvents were purchased from
ACROS Organics (Geel, Belgium). Chemical shifts (δ) were expressed in ppm and coupling
constants (J) in Hz. Optical rotations were measured with a JASCO P-2000 polarimeter
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using a sodium lamp (589.3 nm) at room temperature. Melting point measurements were
performed on a Stanford Research Systems OptiMelt (MPA 100). Electrospray ionization
mass spectrometry was performed on the Xevo G2 Q-TOF mass spectrometer. Reactions
were monitored by TLC on precoated plates of silica gel 60 F254 (Merck Millipore, Burling-
ton, MA, USA). The TLC plates were inspected under UV light (λ = 254 nm) or charring
after spraying with 10% sulfuric acid in ethanol. Crude products were purified using
column chromatography performed on silica gel 60 (70–230 mesh, Fluka, St. Louis, MI,
USA) developed with toluene/EtOAc and CHCl3/MeOH as solvent systems. Organic
solvents were evaporated on a rotary evaporator under diminished pressure at 40 ◦C.
All of the chemicals used in the experiments were purchased from Sig-ma-Aldrich (Saint
Louis, Missouri, USA), ACROS Organics (Geel, Belgium), and Avantor Performance Ma-
terials Poland S.A (Gliwice, Poland) and were used without purification. Methotrexate,
propargyl chloroformate, propargyl alcohol, and D-glucose are commercially available.
2-Azidoethyl β-D-O-glucopyranoside [24,25] and GLU–MTX [16] was prepared according
to the respective published procedures.

Synthesis of Glycoconjugate

2-Azidoethyl β-D-O-glucopyranoside (82 mg, 0.33 mmol) and propargyl alcohol
(20 µL, 0.33 mmol) were dissolved in a dry solvent system: THF (3 mL) and i-PrOH (3 mL).
The solutions of sodium ascorbate (27 mg, 0.13 mmol) in H2O (1.5 mL) and CuSO4·5H2O
(16 mg, 0.06 mmol) in H2O (1.5 mL), mixed and immediately added to the reaction mixture.
The reaction mixture was stirred for 24 h at room temperature. Then, the solvents were
evaporated in vacuo, and the crude products were purified by column chromatography
(dry loading: CHCl3:MeOH, gradient: 50:1 to 2:1) to give products 1 (69 mg, 70% yield):
m.p. 60–63 ◦C; [α]D

22= −5 (c = 1.0, DMSO).
1H NMR (400 MHz, DMSO-d6): δ 2.97 (m, 1H, H-2Glu), 3.04 (m, 1H, H-4Glu), 3.09–3.16

(m, 2H, H-3Glu, H-5Glu), 3.43 (m, 1H, H-6aGlu), 3.68 (m, 1H, H-6bGlu), 3.89 (m, 1H, CH),
4.07 (m, 1H, CH), 4.23 (d, 1H, J = 7.8 Hz, H-1Glu), 4.47–4.58 (m, 5H, 2xCH2, OH), 4.91 (d,
1H, J = 5.1 Hz, OH), 4.95 (d, 1H, J = 4.7 Hz, OH), 5.06 (d, 1H, J = 5.1 Hz, OH), 5.15 (dd, 1H,
J = 5.5 Hz, J = 5.9 Hz, OH), 8.01 (s, 1H, H-5triaz).

13C NMR (100 MHz, DMSO-d6): δ 49.54, 54.99, 61.05, 67.41, 69.99, 73.29, 76.60, 76.97,
102.93, 123.45, 147.68.

HRMS (ESI-TOF): calcd for C11H20N3O7 ([M + H]+): m/z 306.1301; found m/z
306.1300.

4.2. Cell Culture

The panel of different human cell lines was used to evaluate the effectiveness of the
novel compound, human colon adenocarcinoma SW-480 and DLD-1, breast carcinoma
MCF-7, squamous cell carcinoma SCC-25 purchased from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures, (DSMZ, Braunschweig, Germany),
lung carcinoma A427, osteosarcoma MG63, normal fibroblasts WI-38 kindly provided by
Institute of Immunology and Experimental Therapy, the Polish Academy of Sciences,
Poland, and obtained from American Type Culture Collection. Cell lines A427, MG63,
WI-38 cells were maintained in Eagle’s minimum essential medium, MCF-7, DLD-1 in
RPMI 1640, SCC-25 in DMEM/F12 medium. To make the complete growth medium, fetal
bovine serum (FBS) to a final concentration of 10% and 100 U/mL penicillin, 100lg/mL
streptomycin were added. Cells were grown in a humidified incubator with 5% CO2 at
37 ◦C. The fresh culture medium was changed every 2–3 days. Cell culture media, FBS,
trypsin, and antibiotics were used from Gibco (Thermo Fisher Scientific Inc., Waltham,
MA, USA).
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4.3. In Vitro Cytotoxicity of MTX and GLU–MTX

For MTT experiments, cell lines were seeded in 96-well plates (5−8 × 103 cells/well).
The following day cells were treated with an appropriate complete culture medium (control)
and different doses of methotrexate and glucose conjugated MTX (10, 50 µM) for 48 h.

After the incubation, an MTT assay was performed. Cell viability was evaluated by
the conversion of the yellow tetrazolium salt (MTT) into violet formazan insoluble crystals
in mitochondria of active cells. Following 4 h, the medium was removed, and the dye
was dissolved by dimethyl sulfoxide (DMSO, Sigma-Aldrich, Munich Germany), creating
the color, which intensity is proportional to the viable cells. The absorbance rate was
measured at 490 nm, and the reference wavelength was 570 nm (Bio-TekBioTek ELX800
multi-well reader, BioTek, Winooski, VT, USA). The viable cells (VC) were calculated as
VC (100%) = (absorbance of experimental group/absorbance of the control group) × 100%.
MTT experiments were repeated, and figures represent the mean with standard deviation.

4.4. Measurement of Cellular Uptake of MTX and GLU–MTX by Mass Spectrometry

To measure differences in cellular uptake of Glu-Met and methotrexate, MCF-7 and
SW480 cells were seeded in density 3 × 105/well on 6 well plates. When cells reached 80%
confluence, the medium was replaced with 1 mL/well fresh medium with or without tested
compounds in dose 50 µM. Following 6 h of incubation, the medium was centrifuged,
collected and stored immediately at −80 ◦C. Then adherent cells were washed once with
1 mL PBS at room temperature (RT). Next, the plate was placed on ice and washed with
500 ul ice-cold methanol: H2O (3:1) twice. The collected supernatant was centrifuged and
stored at −80 ◦C until the analysis.

4.5. LC/MS Analysis
4.5.1. Equipment

The UPLC system consisted of the Acquity UPLC binary pump, cooled sample man-
ager and column oven (Waters, Milford, MA, USA). The mass spectrometer was a Xevo
G2 Q-TOF MS equipped with an electrospray ionization interface (Waters, Milford, MA,
USA). The data were acquired by using MassLynx software (version 4.0, Waters, Milford,
MA, USA).

4.5.2. LC Conditions

Chromatographic separation was performed using a Waters BEH Shield (1.7 µm,
2.1 × 100 mm) analytical column. The oven temperature was set at 45 ◦C. The mobile
phases containing 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in
methanol (mobile phase B) were used at a flow rate of 0.2 mL/min. Gradient elution was
performed according to the following steps: 1.0 min—5% B, 5.0 min—40% B, 7.5 min—65%
B, 10 min—90% B, 11 min—90% B, 11.1 min—5% B, 13 min—5% B. The autosampler
temperature was kept at 5 ◦C.

4.5.3. MS Conditions

A mass spectrometer was interfaced with an electrospray ionization (ESI) probe. Mass
spectra acquisition parameters were optimized using electrospray ionization (ESI) in the
positive ionization mode. The temperatures were maintained at 120 ◦C and 450 ◦C for the
source and desolvation line, respectively. The voltages were set at 0.5 kV and 40 V for the
capillary and sampling cone, respectively. The desolvation gas and the cone gas (N2) flow
rate was set at 800 L/h and 80 L/h, respectively.

4.6. Cell Cycle Analysis

After treatment, control cells, MTX and GLU–MTX-treated cells were harvested,
collected and washed in PBS. Then, the cells were resuspended at 1−2 × 106 cells/mL,
and 5 mL of cold 70% ethanol was carefully added. Afterward, the cells were fixed for at
least 1 h at 4 ◦C. Following washing twice in PBS, 0.5 mL of FxCycle™ PI/RNase staining



Int. J. Mol. Sci. 2021, 22, 1748 11 of 13

solution (Life Technologies, Carlsbad, USA) to cell pellet was added and mixed well.
The samples were incubated for 15–30 min at room temperature, protected from light and
then analyzed by flow cytometry to determine the cell cycle profile.

4.7. Mouse Allograft Model of Human Breast Cancer

The animal use and care protocol were approved by the local ethical committee for
animal experiments. The female BALB/c mice with a weight of 17–20 g (6–8 weeks old)
were provided and maintained on free access to food and water. Then female BALB/c
mice were injected subcutaneously with 4T1 breast cancer cell. The cells were suspended
in 50 µL of Hanks’ solution: Matrigel (9:1) and implanted in the second right mammary
gland (105–106 cells per mouse).

All animals were monitored for activity, physical condition, body weight, and tumor
growth. Tumor size was determined every other day by caliper measurement of two
perpendicular diameters of the implant. Tumor weight (in grams) was calculated by the
formula TV = 1/2 × a2 × b, in which a is the long diameter, and b is the short diameter
(in millimeters).

4.8. In Vivo Chemotherapy

The animals bearing breast cancer allograft tumors were randomly divided into two
treatment groups and a control group (5–7 mice per group). Test animals received a single
i.v. injection via the tail vein of GLU–MTX and MTX at a dose of 300 mg/kg, and 120 mg/kg,
respectively. The treatment was started one day after the transplantation of tumor cells.
The control animals received an injection of 0.2 mL of the vehicle only. The tumor volume
and weight of each mouse were measured over a period of 18 days. The body weights of
4T1 tumor-bearing mice treated with GLU–MTX, MTX, and vehicle (DMSO) only were
recorded simultaneously every 2 to 3 days during the study. No mice were lost during
the experiment.

4.9. Histological Evaluation of Toxicity

Formalin-fixed and paraffin-embedded tissue sections of livers and lungs were stained
with hematoxylin–eosin (HE) to evaluate the impact of the therapeutics on the tissues and
4T1 cells metastasis.

4.10. Statistical Analysis

In vivo data were analyzed by one-way analysis of variance (ANOVA). p < 0.05 was
considered statistically significant. Data from in vitro experiments were expressed as
means ± standard deviation (SD), and the statistical analysis was performed using Mann–
Whitney U test in the PAST 4.03 program. The differences between groups were considered
significant at p < 0.05.

5. Conclusions

In conclusion, we have synthesized a novel GLU–MTX conjugate and have shown
that it has broad-spectrum anticancer activity. The compound preferentially accumulates
in and annihilates malignant cells while showing reduced accumulation and low toxicity in
normal fibroblasts. These results collectively represent a critical step forward in developing
molecular tumor-targeting properties into established therapeutic drugs for improved
safety and efficacy of anticancer therapies. These studies are essential for further preclinical
and clinical development of a glucose-based class of compounds.

6. Patents

The authors are inventors on submitted patent applications (serial number P.426731).
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