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ABSTRACT: In recent years, trehalose, a natural disaccharide, has  /
attracted growing attention because of the discovery of its potential Lo~ On ™
to induce autophagy. Trehalose has also been demonstrated to O/\Q 0(1:(

. q g et 1o OH o Autophagy induction
preserve the protein’s structural integrity and to limit the o on
aggregation of pathologically misfolded proteins. Both of these @@ Trehalose-bearing carriers
properties have made trehalose a promising therapeutic candidate
to target autophagy-related disorders and protein aggregation &2 . ; . o5 s tes
diseases. Unfortunately, trehalose has poor bioavailability due to its ¥ e, oo e
hydrophilic nature and susceptibility to enzymatic degradation. v Protein aggregation
Recently, trehalose-bearing carriers, in which trehalose is o, .-.: inhibition

3

incorporated either by chemical conjugation or physical entrap- ediine o0

ment, have emerged as an alternative option to free trehalose to
improve its efficacy, particularly for the treatment of neuro-
degenerative diseases, atherosclerosis, nonalcoholic fatty liver disease (NAFLD), and cancers. In the current Perspective, we discuss
all existing literature in this emerging field and try to identify key challenges for researchers intending to develop trehalose-bearing
carriers to stimulate autophagy or inhibit protein aggregation.

1. SIGNIFICANCE and ischemic-related diseases.”” However, the main focus is to
demonstrate the utility of trehalose in the treatment of
neurodegenerative diseases, including Parkinson’s disease
(pD)," " Lewy body dementia,"> Alzheimer’s disease
(AD),"* and amyotrophic lateral sclerosis (ALS).'* Trehalose
also exerts neuroprotection through antiaggregation ef-
fects.'>'® Several studies have shown that trehalose can
directly maintain the protein’s structural integrity and limit
the aggregation of pathologically misfolded proteins.'”
Currently, there are several ongoing clinical trials with
trehalose for the treatment of neurodegenerative diseases and
other disorders where trehalose is believed to be an autophagy
activator or inhibitor of protein aggregation. Recent clinical
trials in various developmental stages are described in Table 1.

e Trehalose is considered a promising therapeutic
candidate to combat autophagy-related disorders and
diseases associated with protein aggregation.

e Given the increase in clinical trials of free trehalose and
the problems associated with its poor bioavailability, it is
expected that innovative strategies for the delivery of
trehalose will be of great importance soon.

e DPotential strategies for the development of trehalose-
bearing carriers as alternatives to free trehalose have
recently been the focus of extensive study.

2. INTRODUCTION

Trehalose is a naturally occurring homodisaccharide composed Unfortunately, the therapeutic application of trehalose has
of two D—glucos.e gnits linked at their a.nom-eric po.sitigns by an some limitations. Free trehalose has poor bioavailability
@,a’-1,1"-glycosidic bond. Trehalose is widely distributed in because it can be readily hydrolyzed into glucose molecules

nature and is biosynthesized by many classes of organisms,
such as bacteria, yeast, fungi, plants, and invertebrates.
However, its biosynthetic pathwazfs have not been found in
vertebrates, including mammals."”” In recent years, trehalose
has attracted growing attention as a promising therapeutic

by trehalose-specific enzyme, trehalase, which is found
primarily in the small intestine.” Moreover, without external
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potential of trehalose attributed to its autophagy stimulation
effect has been studied for diseases such as diabetes and
nonalcoholic fatty liver disease (NAFLD),Z"5 atherosclerosis,””
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Table 1. Summary of Clinical Trials on Trehalose As an Active Ingredient”

year (first clinical trial
disease delivery phase stage posted) identifier sponsor
spinocerebellar ataxia oral recruiting 05/2020 NCT04399265  National University of Malaysia
type 3
spinocerebellar ataxia intravenous II/IIl  active, not recruiting 08/2022 NCTO05490563  Seelos Therapeutics, Inc.
type 3 infusion
amyotrophic lateral intravenous II/IIl  recruiting 03/2020 NCTO04297683  Merit E. Cudkowicz, MD
sclerosis infusion
amyotrophic lateral intravenous II/III  enrolling by invitation 09/2021 NCTO05136885  Merit E. Cudkowicz, MD
sclerosis infusion
amyotrophic lateral intravenous available (expanded 10/2022 NCTO05597436  Seelos Therapeutics, Inc.
sclerosis infusion access)
acute coronary syndrome intravenous I unknown 09/2018 NCT03700424  Mashhad University of Medical
infusion Sciences
Alzheimer’s disease intravenous 11 withdrawn (no results 04/2022 NCT05332678 Seelos Therapeutics, Inc.
infusion posted)
Parkinson’s disease oral v not yet recruiting 05/2022 NCT05355064  Neuromed IRCCS
type 2 diabetes oral early I recruiting 10/2022 NCT05593549  Medical College of Wisconsin
“Source: www.clinicaltrials.gov (accessed on 1 September 2023).
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®-® Trehalose-bearing carriers
Carrier type Ref.
e
Nanocarriers with physically entrapped trehalose .::. [31], [32]

(Nano)carriers with chemically bound trehalose

Nanoassemblies

Glycopolymers,
dendrimers,
glycoclusters

Nanoparticles
(e.g., solid-lipid nanoparticles,
nanogels, inorganic nanoparticles)

[30], [34], [37],
[38], [70], [71]

[33], [66], [72],
[73], [74], [75],
[76, [77], [78]

1351, [36],
167], [68], [69]

Figure 1. Chemical structure of trehalose and types of trehalose-bearing carriers for autophagy induction and inhibition of protein aggregation.

interventions (e.g,, electroporation, ultrasound, and osmotic
stress), free trehalose is poorly taken up by the cells because of
its strong hydrophilicity that hampers its ability to cross
phospholipid bilayers of the cell membrane.'® Therefore, many
studies suggest that trehalose should be used in relatively high
doses of 100 mM (in vitro) and 2—3 g/kg/day and 2—4% (w/
v) (in vivo; intraperitoneal and oral administration, respec-
tively) to retain its potential.’ Oral administration of high
doses of trehalose is also undesirable given the recent report
linking dietary trehalose to increased prevalence of epidemic
Clostridium difficile strains."” Because of such limitations, it
would be beneficial to improve the delivery of trehalose to
specific target cells and tissues while also protecting trehalose
from enzyme-induced hydrolysis. One of the strategies is the
use of nanosized trehalose carriers in which trehalose can be
incorporated either by chemical conjugation or by physical
entrapment before administration. These nanocarriers have
some advantages over simple trehalose conjugates, which are

15614

another possible strategy to deliver trehalose. The use of
trehalose-containing nanocarriers provides protection of
trehalose against enzymatic degradation, improves the systemic
circulation and bioavailability of trehalose, and could improve
targeting of desired cells through the attachment of targeting
moieties.

Trehalose-bearing carriers have been extensively developed
for various biomedical applications, e.g, protein and peptide
stabilization and delivery, gene delivery, bacteria-targeted
applications, cell culture, and cryopreservation.””*' However,
the field of their utilization to target autophagy induction or
inhibition of protein aggregation is still in its infancy, and just
over 20 trehalose-bearing carriers have currently been
developed for these purposes. Trehalose-bearing carriers
targeting these two effects can be categorized into several
groups: nanocarriers with physically entrapped trehalose,
nanoassemblies, glycopolymers, dendrimers, glycoclusters,
and nanoparticles (e.g,, solid lipid nanoparticles, inorganic

https://doi.org/10.1021/acs.jmedchem.3c01442
J. Med. Chem. 2023, 66, 15613—15628
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Figure 2. (A) Various autophagy substrates associated with impaired autophagy diseases. (B) Autophagy stimulation via the TFEB and AMPK

pathways.

nanoparticles, and nanogels) (Figure 1). Moreover, the two
approaches can be distinguished by the way in which trehalose
is bound. In the first approach, trehalose is physically
entrapped within a carrier or covalently bound through a
labile bond. Thanks to this, it can be released. In the second
strategy, trehalose is permanently bound to the carrier and
nonreleasable, and the desired effect is studied for “poly-
(trehalose)” species containing multiple copies of trehalose
within one macromolecule or nanoparticle.

The current Review aims to discuss all of the trehalose-
bearing carriers that have been developed to stimulate
autophagy or inhibit protein aggregation, as well as to clarify
perspectives for this field. The number of currently ongoing
clinical trials on the use of free trehalose in therapies is
constantly growing, and it is likely that future research in this
area will include the study of trehalose carriers as an alternative
to free trehalose.

3. TREHALOSE-BEARING CARRIERS FOR INDUCTION
OF AUTOPHAGY

Autophagy is a highly conserved cellular recycling process that
controls the degradation of damaged organelles and cytosolic
proteins, including misfolded proteins. Many human disorders
are strongly correlated with the malfunctioning of autophagy,
including neurodegenerative diseases, atherosclerosis, NAFLD,
and cancer.”>>® Targeting autophagy stimulation can be a
therapeutic approach for the degradation of aggregated
proteins or Lewy bodies associated with neurodegeneration,
removal of oxidized lipids associated with atherosclerosis,
removal of triglycerides associated with NAFLD, and clearance
of accumulated ferritin associated with cancer (Figure 24).>**
Autophagy mechanisms can be categorized into three main
types on the basis of how intracellular materials are transported
to lysosomes, namely, microautophagy, macroautophagy, and
chaperone-mediated autophagy. Macroautophagy is believed to

15615 https://doi.org/10.1021/acs jmedchem.3c01442
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Figure 3. Four possible pathways through which trehalose-bearing carriers can stimulate autophagy.

be the main pathway with a significant catabolic potential for
degrading cytoplasmic proteins and organelles. The term
“autophagy” is usually used as a synonym for macroautophagy,
and hereafter, when referring to the macroautophagy, we
simply use the term “autophagy.”

The activation of autophagy leads to the binding of
sequestosome 1 (SQSTM1/p62) to autophagy substrates,
sequestration into double-membrane vesicles to form a
phagophore involving microtubule-associated protein 1A/1B-
light chain 3 (LC3), and the formation of the autophagosome
(Figure 2B). The second step of autophagy is the fusion of the
autophagosome with a lysosome to form the autolysosome,
where the substrates can be degraded into metabolites by
lysosomal proteases. Both p62 and LC3 are commonly used to
quantify autophagic flux.

To date, two main pathways have been proposed by which
trehalose kickstarts autophagy. The first pathway is that
trehalose blocks the transport of glucose and fructose through
glucose transporter family proteins (GLUTs), thereby
generating a starvation like (low adenosine triphosphate)
state, which in turn triggers autophagy via the activation of
AMP-activated protein kinase (AMPK) and unc-51-like kinase
1 (ULK1).>*”*® The second pathway is that trehalose
stimulates autophagy via transcription factor EB (TFEB)
activation, which results in increased expression of lysosomal
hydrolases and membrane proteins and various autophagy-
related components.>

It follows from the above that the mechanisms of autophagy
induction involving free trehalose have been extensively
studied, but there are no reports on how carriers containing
trehalose could function, especially those that contain
covalently bound, nonreleasable trehalose. Several mechanisms
of action of trehalose-bearing carriers can be hypothesized,
including (1) the carrier penetrates the cell via endocytosis and
releases trehalose inside the cell, which induces autophagy via
TFEB; (2) the carrier decorated with pendant and
permanently bound trehalose penetrates the cell via
endocytosis and interacts directly with autophagy substrates,
which causes indirect stimulation of autophagy; (3) the carrier
causes a multivalent interaction with GLUT and consequently
blocks the transporter and stimulates autophagy via the AMPK
pathway; and (4) trehalose is released from the carrier in the
extracellular space and interacts with GLUT, which results in a

15616

similar effect (Figure 3). The current studies on trehalose-
bearing carriers for autophagy stimulation are summarized in
Table 2.

The first attempt to use trehalose-bearing carriers to
stimulate autophagy came from the Seneci group. These
carriers were fabricated through the conjugation of trehalose
with squalene or betulinic acid and subsequent assembly into
the corresponding nanoassemblies.”” Such nanolipid conju-
gates were expected to facilitate cellular internalization and
then induce autophagy upon trehalose release following the
disassembly and hydrolysis of the ester bond through which
trehalose is bound to squalene or betulinic acid residues.
Unfortunately, none of the nanoassemblies induced autophagy
in vitro, likely because of insufficient concentration of free
trehalose resulting from the limited hydrolysis of ester linkage
in the cell environment. In the next attempt, squalene—
trehalose conju%ates were bound via a biologically labile
disulfide bond.”® Two nanoassemblies from trehalose—
monosqualene and trehalose—disqualene conjugates were
fabricated. Nanoassemblies containing trehalose—disqualene
conjugates demonstrated a higher efficacy in terms of
autophagy induction than monosqualene analogues, free
trehalose, and nonassembled precursors, as studied in LC3-
overexpressed HeLa cells. According to the authors’ hypoth-
esis, this effect can be attributed to the greater permeability
through the cellular membrane of the disqualenylated
nanoassemblies containing more hydrophobic cores compared
with the monosqualenylated nanoassemblies. The third
approach attempting autophagy induction from the Seneci
group involves trehalose-decorated gold nanoparticles pre-
pared through the reduction of gold salt in the presence of
thiol-terminated polyethylene glycol (PEG)—trehalose con-
jugate.’® The trehalose—PEG gold nanoparticles cause
measurable autophagy induction in vitro without any significant
cytotoxicity in HeLa cells.*®

Another strategy to target autophagy induction has been
developed in our lab and concerns trehalose-rich nanogels with
covalently attached but releasable trehalose.”> The nanogels
are designed on the basis of the previous studies on bulk
hydrogels, which have shown that specific composition of
polymeric network could ensure prolonged release of trehalose
under physiologically relevant conditions.”® As demonstrated,
copolymerizing 6-O-acryloyl-trehalose with acrylamide-type

https://doi.org/10.1021/acs.jmedchem.3c01442
J. Med. Chem. 2023, 66, 15613—15628
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Table 2. Summary of Studies on Trehalose-Bearing Carriers for Autophagy Induction

—
o
=t

autophagy induction in vivo studies

autophagy induction in vitro studies

targeted disease

carrier type

=3
)

expression of LC3-I, LC3-I1, and p62 proteins in RAW  antiatherosclerotic effects in ApoE™~ mice

atherosclerosis

trehalose, L-arginine, and phosphatidylserine-

264.7 macrophages

based nanomotors

—
3o}

expression of mCherry-GFP-LC3B protein in

atherosclerosis

hydroxypropyl-f-CD-based oridonin and

a

trehalose-loaded nanovesicles

RAW?264.7 macrophages
expression of LC3-I, LC3-II, and p62 proteins in

tumor growth inhibition in PANCI tumor-bearing mice

cancer

trehalose-loaded manganese oxide-integrated

PANCI and 4T1 cancer cells
expression of AMPK(T172), LC3-1, and LC3-II

a

mesoporous silica nanoparticles

proteins in mouse primary murine hepatocytes
expression of LC3-I and LC3-1I proteins in BE(2)-M17

NAFLD

pendant trehalose moieties
trehalose-nucleolipid-based PLGA and solid

trehalose glycopolymers with 20 or 40

neuroblasts

neurodegeneration

lipid nanoparticles

35

expression of GFP-LC3 and p62 proteins in transgenic zebrafish larvae; expression of

not specified

trehalose-releasing nanogels

mCherry-Atg8a and GFP-p62 proteins in transgenic Drosophila larvae

36

cervical cancer cells
expression of LC3-I and LC3-II proteins in HeLa

expression of LC3-I and LC3-II proteins in HeLa

not specified

trehalose-coated gold nanoparticles

37

not specified

trehalose-functionalized solid lipid

cervical cancer cells
expression of LC3-1, LC3-1I, and mCherry-GFP-LC3B

proteins in HeLa cervical cancer cells

nanoparticles

38

not specified

trehalose-squalene-based nanoassemblies

“Trehalose is incorporated physically.

monomers allows the fabrication of materials that can
sustainably release trehalose at pH 7.4 due to the interaction
of the amide protons with the ester bond in adjacent acrylate
units, which strongly accelerates ester hydrolysis (Figure 4A).
Employing this acrylate/acrylamide approach, a series of
nanosized trehalose-releasing hydrogels is synthesized by the
reverse microemulsion method through photoinitiated free
radical copolymerization of 6-O-acryloyl-trehalose and acryl-
amide and/or cationic (3-acrylamidopropyl)-trimethylammo-
nium chloride.*® The cationic monomer is selected to provide
colloidal stability and to functionalize nanogels with positive
charge, which would ensure electrostatic interactions with
negatively charged membranes to enhance brain targeting via
adsorptive-mediated transcytosis and make them potentially
applicable to target neurodegenerative disorders. In vivo studies
on transgenic zebrafish and Drosophila larvae show that
cationic trehalose-releasing nanogels can significantly induce
autophagy, as indicated by the increased levels of LC3 and
autophagy-related protein Atg8 and downregulation of p62
levels, thereby proving their promising potential as trehalose
delivery vehicles for autophagy stimulation.>

Recent nanosystems containing trehalose-conjugates have
been fabricated by rapid mixing of amphiphilic trehalose—
nucleolipid conjugates into solid lipid nanoparticles or by
encapsulation of trehalose—nucleolipid conjugates into poly-
(lactic-co-glycolic acid) nanoparticles through nanoprecipita-
tion.>* In both cases, thymidine-based lipids are coupled to
trehalose through an ester moiety, which allows its enzymatic
release in neuronal cells. In vitro assays in neuronal cells show
efficient cellular uptake of these nanosystems and enhanced
autophagy compared with those of molecular trehalose, as
demonstrated by immunoblotting and transfection assays.

Autophagy plays also a crucial role in liver homeostasis, and
can break down and remove hepatocellular lipid accumu-
lation.***" Hepatic autophagy is believed to play a protective
role during NAFLD and nonalcoholic steatohepatitis (NASH),
which is pathologically more advanced than NAFLD.
DeBosch’s group has recently investigated the effects of
trehalose glycopolymers on hepatocyte CDS3 blocking in basal
and overnutrition contexts, which may be an effective way to
reduce diseases that combine overnutrition and inflammation,
such as NASH and type 2 diabetes.”® It is believed that free
trehalose blocks carbohydrate uptake into hepatocytes as a
nonselective inhibitor of GLUT.”” Therefore, the question
arises whether polymers containing pendant trehalose can also
block GLUT. One can hypothesize that trehalose glycopol-
ymers can effectively block GLUT because of the possible
multivalent interactions, that is, the so-called “carbohydrate
cluster effect.”*” To elucidate this effect, two glycopolymers
containing 20 or 40 repeating units of 6-O-acryloyl-trehalose
were synthesized (pTreA20 and pTreA40, Figure 4B). They
differed in the content and density of pendant trehalose, but
their polymer backbones were identical. Both glycopolymers
were tested as trehalase-resistant analogues in the in vitro
model of NAFLD. While pTreA40 treatment in free fatty acid
(FFA)-induced lipotoxicity of hepatocytes can significantly
induce autophagy, as confirmed by the increased pAMPK
(phosphorylated AMP-activated protein kinase) and LC3-1I
levels, pTreA20 can only slightly increase the autophagic
activity, which is similar to free trehalose.

There are two reports in which trehalose-bearing carriers
have been studied to target atherosclerosis. Atherosclerosis is a
chronic disease characterized by inflammation in artery walls

https://doi.org/10.1021/acs.jmedchem.3c01442
J. Med. Chem. 2023, 66, 15613—15628
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Figure 4. (A) Trehalose-releasing nanogels and (B) trehalose-nonreleasing glycopolymers to target two different pathways of autophagy
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Society.

caused by lipid deposition that results in the formation of
plaques and narrowing of blood arteries.*’ As a result of the
increased production of reactive oxygen species (ROS)-
mediated oxidative stress, the cellular recycling process
(autophagy) is impaired as atherosclerosis progresses.*** In
the early to middle stages of atherosclerosis development, i.e.,
the formation of fatty streaks and intermediate lesions,
autophagy is crucial for cholesterol efflux by macrophages
and, thus, the reduction of foam cell formation.*>~*’
Autophagy, however, demonstrates a protective effect
(promotion of plaque stability) in advanced atherosclerotic
lesions by enhancing macrophage survival and inhibiting
necrotic core formation,***

The first approach to use trehalose carriers to enhance
autophagy in atherosclerosis is trehalose-based nanomotors.*
The nanomotors are constructed via double self-assembly of
(i) trehalose conjugates containing four arginine molecules
(Tr-Arg), and (ii) nanoparticles functionalized by phosphati-
dylserine, which allow the construction of Tr-Arg-PS nano-
motors (Figure S). According to the authors, the targeting
mechanism of Tr-Arg-PS nanomotors is twofold. The first is to

accelerate the penetration of nanomotors into the target
macrophages using nitric oxide (NO) as the driving force
generated by the reaction between arginine and ROS in the
interstitial fluid of atherosclerotic lesions. The second is to
stimulate an “eat me” signal to macrophages to enhance cell
uptake. Tr-Arg-PS nanomotors can stimulate autophagy in
foam cells, as confirmed by a much lower p62 protein level
compared with the negative control (foam cells without any
treatments), and significantly reduce lipid deposition in vitro.
Tr-Arg-PS nanomotors can enhance the in vivo targeting
efficiency to atherosclerotic plaques by almost double
compared with nanomotors, where the L-arginine component
is substituted by L-lysine and, thus, NO cannot be generated.
Tr-Arg-PS nanomotors can reduce aortic lesion area by ~20%
in an atherosclerotic mice model after two months of
treatments. The authors suggest that the induction of
autophagy in foam cells may be due to the presence of
trehalose in the nanomotors. Unfortunately, no suggestion is
made as to how free trehalose can be released inside the cells
from the nanomotors. Trehalose conjugates have been
synthesized by substituting the sulfonated trehalose for the

https://doi.org/10.1021/acs.jmedchem.3c01442
J. Med. Chem. 2023, 66, 15613—15628
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amino group of arginines. Therefore, it is questionable whether
cleavage of the bound amino group to release free trehalose is
possible inside cells.

Stimulation of autophagy to treat atherosclerosis is also
targeted in the study on multiloaded self-assembled nano-
vesicle systems composed of amphiphilic H9 peptide and
hexadecyl phosphorylcholine loaded with physically entrapped
trehalose and the (HP-$-CD)/oridonin inclusion complex.”'
The synergistic effects of oridonin and trehalose can inhibit
foam cell formation in RAW264.7 cells, and can reduce
inflammatory cytokines IL-1f, IL-6, and TNF-a and promote
the formation of autophagosomes, as confirmed by the
increased level of LC3 in foam cells.*'

The modulation of autophagy may also play a role in cancer
treatment. The role of autophagy in cancer appears to be more
complicated and is influenced by tumor type, disease stage, and
host factors because of its dual role as a tumor suppressor and
tumor promotor.**~>> The concept that autophagy prevents
the development of tumors is now well understood. However,
once a tumor has become well-developed, autophagy processes
are necessary to support uncontrolled cell proliferation and
enhanced metabolic activity, thg:rel?zr creating a dependence on
autophagy for tumor survival.>' ™ In early tumor develop-
ment, autophagy promotes ferroptosis-mediated tumor sup-
pression by degrading accumulated ferritin in cancer cells.”*>

Chen’s group has developed trehalose-loaded mSiO,@
MnOx-mPEG nanoparticles for autophagy-enhanced cancer-
cell ferroptosis.>> The dual mechanism of action of nano-
particles starts by inhibiting GPX4 (glutathione peroxidase 4)-
induced ferroptosis in cancer cells due to the high glutathione
(GSH) consumption efficiency of nanoparticles. Second, the
high consumption of GSH and sensitivity to pH-mediated
nanoparticle degradation lead to the release of trehalose from
nanocarrier systems, which induces autophagy and further
facilitates ferroptosis through the nuclear receptor coactivator
4 (NCOA4)-mediated degradation of ferritin. Bare mSiO,@
MnOx-mPEG nanoparticles exhibit a desirable mesoporous
nanostructure, which can efficiently entrap trehalose molecules.
Encapsulated trehalose can be quickly released upon exposure
of nanoparticles to acidic pH and a high GSH level
representing tumor microenvironments. Treatment with
trehalose-loaded nanoparticles in pancreatic cancer cells
enhances autophagosome and autolysosome formation, as
well as shrunken mitochondria and normal nuclei without
chromatin condensation, which indicate autophagy and
enhanced cancer ferroptosis. In addition, GPX4 and p62
protein expression can be suppressed by treatments with
trehalose nanoparticles compared with the control, while LC3-
II and NCOA4 protein levels are enhanced with dose-
dependent effects on cancer ferroptosis. An in vivo study in
tumor-bearing mice indicates that treatments with nano-
particles can inhibit tumor growth by ~90% over 2 weeks of
treatments compared with both free trehalose and negative
control. These findings imply that nanoparticles boost the
efficacy of trehalose for cancer treatment.

4. TREHALOSE-BEARING CARRIERS FOR INHIBITION
OF PROTEIN AGGREGATION

Polypeptides/proteins fold through different intermediates
into their functional, native, three-dimensional conformation.
At times, certain factors, such as environmental stress,
mutations, or translational errors, can cause protein misfolding.
Misfolded proteins can be refolded to their native states or

degraded by different cellular mechanisms. However, if these
mechanisms fail, misfolded proteins can aggregate to form
amorphous aggregates or assemble through prefibrillar species
into highly ordered, f-sheet-rich aggregates with fibrous
morphology called amyloids.”* Such pathogenic amyloids can
then form extracellular plaques or intracellular inclusions,
which affects the healthy function of tissues and organs, and
their increased accumulation is associated with the develop-
ment of numerous incurable human disorders, both neuro-
degenerative and non-neuropathic.”>~*" Some examples of
human polypeptides/proteins that possess an inherent
tendency to form amyloid fibrils and corresponding disorders
include a-synuclein in PD, dementia with Lewy bodies (DLB),
multiple system atrophy (MSA), amyloid-# (Af) and tau in
AD, mutant huntingtin in Huntington’s disease (HD),
ubiquitin in ALS, islet amyloid polypeptide (IAPP) in type 2
diabetes, or lysozyme in systemic lysozyme amyloidosis. Apart
from endogenous proteins, several pharmaceutical polypep-
tides and proteins are also known to have a high propensity to
form amyloid-like fibrils. An example is recombinant insulin, in
which long-term subcutaneous administration can result in the
development of localized insulin-derived amyloidosis at the
injection sites. Stimulation of autophagy to disintegrate the
formed amyloid deposits is one of the strategies that are
developed to combat disorders associated with protein
aggregation.”**® Another strategy targets amyloid formation
and includes prevention of protein aggregation at an early
stage.”” Among many types of studied compounds, numerous
low-molecular-weight natural saccharides, including trehalose,
are identified as chemical chaperones, which can suppress
protein aggregation.”*”%® Unfortunately, considering the high
concentration required to observe the desired effect, the
antiamyloidogenic efficiency of saccharides is rather low. Some
recent studies have found that this efficiency can be
significantly amplified by creating synthetic structures bearing
multiple copies of saccharides. For example, glycoclusters
prepared by installing six trehalose, lactose, galactose, or
glucose residues on a dipentaerythritol core significantly
overperform compared with the corresponding mono- or
disaccharides in retarding the formation of Af40 fibrils.®®
Particularly, the trehalose glycocluster causes an extremely
significant retardation. Moreover, the trehalose glycocluster
can protect neurons from Af40-induced cell death, although
this neuroprotective activity is similar to free trehalose. The
enhanced performance of trehalose-bearing carriers over the
molecular trehalose in interfering with protein aggregation has
also been demonstrated for several trehalose-bearing glycopol-
ymers, dendrimers, nanoparticles, and nanoassemblies, and
they are overviewed in Table 3.

The molecular mechanism explaining how trehalose-bearing
carriers prevent proteins from aggregation into amyloid fibrils
has not been studied, but on the basis of the various
mechanisms postulated for trehalose, as well as for macro-
molecules/nanostructures,wi81 at least four mechanisms can
be hypothesized (Figure 6). The presence of multiple copies of
trehalose within one species offers the possibility of binding via
multiple binding points compared with the monovalent
binding of a single trehalose molecule. Thus, the first
mechanism comprises direct binding of “poly(trehalose)” to
the protein enhanced by multivalent interactions (Figure 6A).
In this way “poly(trehalose)” can stabilize a protein’s structure
but it can also prevent proteins from interacting with each
other’s. Alternatively, the “poly(trehalose)” can act indirectly
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Preferential exclusion of
trehalose glycopolymers from the
protein surface and preferential
hydration of the protein

Direct binding of trehalose
glycopolymers to protein
through multivalent
interactions

Reduction of the protein hydration layer
due to the strong interaction between
trehalose glycopolymers and water

Increase in steric hindrance and microviscosity

H;0 :%’:’: Trehalose glycopolymer
Figure 6. Possible mechanisms of the inhibition of protein

aggregation by trehalose-bearing carriers (represented by trehalose
glycopolymers).

by being preferentially excluded from the immediate vicinity of
proteins, thus promoting the preferential hydration of the
protein molecules, which increases their stability (Figure 6B).
It is also possible that the antiaggregation effect is the result of
the kosmotropic nature of trehalose, wherein stronger
interactions between “poly(trehalose)” and water molecules
than between the water molecules themselves reorganize the
regular water structure, which causes a reduction in the
hydration layer of proteins, thus enhancing intramolecular
interactions (Figure 6C). Finally, antiamyloidogenic action of
trehalose-bearing carriers can be attributed to their nano/
macromolecular structure and results from an increase in steric
hindrance in the solution and microviscosity, which restrict
protein—protein interactions and limit protein movements
(Figure 6D).

The results from the study of Miura and co-workers on
AB(1-42) and Ap(1-40) fibrillation have shown that
trehalose glycopolymers prepared from 6-O-vinyladipoyl-
trehalose”* or 6-acrylamido-6-deoxy-trehalose” exhibit supe-
rior antiamyloidogenic properties over glycopolymers of

maltose or lactose and their corresponding disaccharide
alcohols maltitol or lactitol. Furthermore, Af aggregates
formed in the presence of trehalose glycopolymers have no
cytotoxicity,” or their cytotoxicity is reduced compared with
aggregates formed without any additives.”* However, the
effects are strongly affected by the structural features of the
glycopolymers, e.g,, the linker length between polymeric chains
and sugar moieties. For example, the polymer with a shorter
adipoyl linker [poly(6-O-vinyladipoyl-trehalose)] shows a
strong aggregation inhibition effect compared with that of
molecular trehalose, while poly(6-O-vinylsebacoyl-trehalose)
with a longer alkyl side chain induces amyloid formation. As
concluded, not only the structure of pendant saccharide but
also the glycopolymer’s amphiphilicity play important roles in
amyloid formation and inhibition. The counterparts for
trehalose glycopolymers employed in these studies exhibit
some structural differences, thus rendering them not perfectly
comparable. They are also synthesized via noncontrolled
polymerization techniques, and therefore, the uniformity in
terms of molecular weight and dispersity among the compared
glycomacromolecules cannot be guaranteed. Considering that
the structural features of polymers can influence their
effectiveness, the proper comparative study requires high
structural similarity between counterparts regarding their
molecular weight and dispersity, as well as the linking motif
between the polymer chain and saccharide moiety. Following
this direction, very recently, our group has presented a strategy
for obtaining highly structurally comparable glycopolymers of
trehalose and sucrose through reversible addition—fragmenta-
tion chain transfer (RAFT) polymerization of trehalose and
sucrose acrylate analogues: 6-O-acryloyl-trehalose and 6-O-
acryloyl-sucrose (Figure 7A).”> The glycomonomers share
several structural commonalities, including the same molecular
weight, number of hydroxyl groups, functionalization with an
acryloyl moiety on the primary hydroxyl group, and non-
reducing character, as well as the enablement to afford
polymers with terminal a-p-glucopyranosyl moieties. As
evaluated on recombinant human insulin, the studied
glycopolymers demonstrate significantly amplified antiamyloi-
dogenic performance over their corresponding molecular
saccharides. The effects are concentration-dependent and are
particularly prominent for higher concentrations at which
glycopolymers not only retard fibrillation but also significantly
decrease the amount of aggregated insulin and result in the
formation of significantly shorter fibrils. Interestingly, both
trehalose and sucrose glycopolymers give similar results
indicating that antiamyloidogenic effectiveness is not partic-
ularly superior for trehalose decoration of the polymer, at least
in the studied case.

Trehalose-bearing macromolecules have been extensively
developed in the Maynard group,”’ and part of the research
has been devoted to the study of various trehalose
glycopolymers for stabilization of pharmaceutical proteins/
polypeptides, including human recombinant insulin. Although
the studies are not focused directly on the fibrillation and
amyloid fibrils formation but rather on general stability against
aggregation caused by heating and agitation, the results
obtained provide several important conclusions regarding the
influence of glycopolymer structure on their stabilization effect.
With high probability, the results are also valid in view of
fibrillation. They are also valuable to be included in the current
discussion, because of the widespread use of pharmaceutical
insulin and the recognized risk of the development of localized

https://doi.org/10.1021/acs.jmedchem.3c01442
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Figure 7. Overview of the studies on trehalose glycopolymers for the prevention of recombinant human insulin aggregation. Comparison between:
(A) structurally analogous poly(6-O-trehalose acrylate) and poly(6-O-sucrose acrylate); (B) glycopolymers of different trehalose vinylbenzyl ether
regioisomers; (C) poly(6-O-trehalose methacrylate)s with different molecular weight (MW); and (D) glycopolymers with poly(lactide),

poly(carbonate), or poly(caprolactone) backbone.

amyloidosis associated with its administration. For example,
the group has studied the effect of trehalose positional
modification on glycopolymer’s effectiveness by comparing
polymers of various trehalose vinylbenzyl ether regioisomers
(modified at 2-O, 3-O, 4-0, or 6-O position) (Figure 7B).”°
The differences in their effectiveness might potentially arise
from their different conformational flexibilities, as determined
by computational calculations. Unlike molecular trehalose at
an equivalent concentration, all polymers inhibit insulin
aggregation, but there are no significant differences between
them. Despite the difference in conformational flexibility, all of
the regioisomers retained the native clamshell conformation of
trehalose. This is suggested to be more important for
stabilization, which explains why no differences are observed

15622

between regioisomers. Moreover, it turns out that stabilization
effectiveness depends on the molecular weight, as recently
found by studying poly(6-O-trehalose methacrylate)s.””
Longer polymers require a lower concentration to completely
prevent insulin aggregation (Figure 7C). Further development
in the group has extended the library of trehalose
glycopolymers by hydrolytically degradable macrostructures
by changing the synthetic approach from radical polymer-
ization of trehalose glycomonomers to postpolymerization
modification. Specifically, thiolated trehalose is installed
through radical-initiated thiol—ene reaction on allyl-substituted
poly(lactide), poly(carbonate), or poly(caprolactone) (Figure
7D).® All of these glycopolymers stabilize insulin against
aggregation with fairly similar effectiveness, thereby suggesting

https://doi.org/10.1021/acs.jmedchem.3c01442
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Trehalose-functionalized gold nanoparticle that can inhibit aggregation of polyglutamine-containing mutant proteins inside the neuronal cells.
Adapted with permission from 69. Copyright 2017 American Chemical Society. (B) Synthetic pathway of trehalose-terminated hyperbranched
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American Chemical Society. (C) Schematic pathway of trehalose-containing amphiphilic polycarbonate-co-polylactide copolymer (PC-trehalose)
and its self-assembly into poly(trehalose) nanoparticles for inhibition of Af fibrillation. Adapted with permission from 71. Copyright 2023

American Chemical Society.

that the presence of trehalose is more significant than the
structure of the backbone. It is hypothesized that the enhanced
stabilizing properties of trehalose glycopolymers are strongly
related to their nonionic surfactant character, i.e., hydrophilic
side moieties with a hydrophobic backbone.

In recent years, antiamyloidogenic activity has also been
proven by the Jana and Jana group for several poly(trehalose)-
type nanoparticles.*” The first nanoparticles comprise plate-
shaped nanoparticles decorated with trehalose, which are
fabricated through the simple hydrothermal carbonization.®®
Other nanoparticles are based on a gold” or iron oxide®” core
and decorated with trehalose by using trehalose derivatives.
Specifically, gold nanoparticles are engineered through the
reduction of gold salt in the presence of a trehalose—lipoic acid
derivative (Figure 8A).%” In turn, iron oxide-cored nano-
particles are covered with polymeric coating containing
trehalose fabricated through the polymerization of crotony-
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lated trehalose, PEG-acrylate, and sulfoacrylate and/or amino-
acrylate monomers. The presence of anionic, zwitterionic, or
cationic units can be regulated by their ratio in order to
improve cellular uptake and facilitate blood—brain barrier
crossing.’” The last type of poly(trehalose)-type nanoparticles
developed in the group include polymer-based nanoparticles
formed by self-assembly of trehalose-containing polylactide”
or polycarbonate-co-lactide.”" These two self-assemblies differ
in the composition of the polymer backbone, but more
importantly, they also differ in the localization of trehalose
within the polymer chain. Polycarbonate-co-polylactide self-
assemblies are based on polymers containing pendant trehalose
moieties, which were obtained from trehalose-bearing cyclic
carbonate monomer (Figure 8C).”" In turn, in polylactide self-
assemblies, trehalose is localized at the end of polymeric chains
because of being used as an initiation site in ring-opening
polymerization. Additionally, polylactide-based nanoparticles

https://doi.org/10.1021/acs.jmedchem.3c01442
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are enriched with dopamine-terminated or arginine-terminated
polylactide. In such a design, dopamine should provide the
dopamine receptor-based neuron cell uptake, arginine should
enhance cellular uptake because of its cationic charge, and
trehalose should provide interactions with the aggregating
protein. Unlike the previous nanoparticles, both self-assemblies
are biodegradable, which is highly beneficial for in wvivo
applications because it will prevent potential long-lasting
accumulation in the body. The performance of the colloidal
nanoparticles developed by the Jana and Jana group in both in
vitro and in vivo studies on inhibiting protein aggregation can
be summarized as follows. The preliminary study on
accelerated in-solution fibrillation of model amyloid-forming
peptides/proteins, including lysozyme,{’?’68 insulin,®® Ap(1—
40),°7% and AB(1—42),”" proved that these poly(trehalose)
nanoparticles significantly outperform free trehalose in
inhibiting amyloid fibrils formation. Some of them are also
able to disintegrate preformed mature amyloid fibrils into
smaller parts.”””" In vitro studies on the model neuronal cell
line for HD (HD150Q) have proved that the poly(trehalose)
nanoparticles have high cellular uptake,””~”" as well as inhibit
the intracellular ag_gre%ation of mutant huntingtin protein
inside these cells,’”~"" and can strongly outperform free
trehalose and trehalose-absent nanoparticles (if studied). In
addition, nanoparticles can reduce the amyloidogenic cytotox-
icity of amyloid fibrils of mutant huntingtin aggregates toward
HD150Q neuronal cells,**~"° lysozyme amyloids toward CHO
ovarian cells®® and AB(1-42) aggregates toward SH-SYSY
neuroblastoma cells.”' As revealed in an intracellular ROS
generation study inside A#(1—42) oligomers-treated SH-SYSY
neuroblastoma cells,”’ Af(1—42) oligomer-treated cells
produce intense intercellular ROS, while ROS generation is
slightly reduced in the presence of trehalose and completely
absent in cells pretreated with the poly(trehalose) nano-
particles. The authors hypothesize that the poly(trehalose)
nanoparticles bind to Af(1—42) oligomers through multi-
valent interactions and reduce interactions between AB(1—42)
oligomers and the cell membrane, thus preventing damage and
cellular stress. Although the results from in vitro studies are
encouraging, there is only one insight into the in wvivo
antiamyloidogenic effectiveness of trehalose-bearing carries,
and it comes from the study on the HD-mouse model treated
with zwitterionic poly(trehalose) nanoparticles containing iron
oxide core.”” The study has revealed that, upon intravenous
administration of these nanoparticles, the number of mutant
huntingtin aggregates in the brain is remarkably diminished,
and their action seems to be more effective than that of
trehalose-absent nanoparticles.

Besides the research on trehalose-containing nanoparticles,
the Jana and Jana group has also carried out a study on the
antiamyloidogenic potential of trehalose-decorated hyper-
branched polyglycerol dendrimers.”> Dendrimers are synthe-
sized through the simple coupling of carboxylated trehalose to
terminal hydroxyls (Figure 8B). Through the study of
lysozyme as a model amyloidogenic protein, the trehalose-
terminated dendrimers have been found to have significantly
better fibril-inhibiting ability than free trehalose and to also be
more effective than nonfunctionalized hyperbranched poly-
glycerol dendrimers. Similarly to the poly(trehalose) nano-
particles, the trehalose-terminated dendrimers are able to enter
neuronal cells, thereby reaching their cytoplasm and
significantly hindering intracellular aggregation of mutant
huntingtin.

5. CONCLUSIONS AND PERSPECTIVES

Trehalose-bearing carriers have emerged as superior alter-
natives to trehalose alone to induce autophagy or inhibit
protein aggregation. The studies have successfully demon-
strated the ability of these carriers to achieve improved efficacy
with significantly lower amounts of trehalose. Trehalose-
bearing carriers are shown to effectively interfere with the
aggregation of several proteins/peptides in solution, including
Ap(1-40 and 1—42), insulin, and lysozyme, and strongly
suppress intracellular aggregation of mutant huntingtin inside
neuronal cells. Surprisingly, while numerous studies have
demonstrated the promising antiaggregation efficacy of
trehalose-bearing carriers in relevant in vitro or in vivo
neurodegenerative disease models, only one study is focused
on recognizing their potential against neurodegenerative
diseases through autophagy induction. Other autophagy-
stimulating studies have addressed the treatment of athero-
sclerosis, cancer, or NAFLD or only look at the potential
effects of autophagy in nondisease-specified in vitro/in vivo
models. There is also a possibility that the carriers can have
synergistic proautophagy and antiaggregation actions, espe-
cially to combat neurodegenerative diseases, that remain to be
verified in future studies. Most of the discussed reports were
published recently (2017 or later), and the field is still in its
infancy. There are many unknowns to be elucidated and some
limitations and challenges to address and overcome. There is
also plenty of room for developing innovative trehalose-bearing
carriers.

In the majority of the designed approaches, trehalose is
chemically modified to become a part of the carrier. Proper
functionalization of trehalose usually requires a troublesome,
multistep synthesis and limits the preparation to large
quantities. Thus, before trehalose-bearing carriers can be
introduced into the clinic, the synthetic methodologies need to
be improved. This is not an issue for carriers in which free
trehalose is physically entrapped inside. Although the entrap-
ment of free trehalose inside carriers may seem to be easier in
preparation, surprisingly, only two such types of carriers have
been developed so far. The reason may be the lack of any
charge on trehalose, its small size, and good water solubility,
which make it challenging to keep trehalose inside the carrier
and prevent its premature release before reaching the targeted
area. An undeveloped strategy for fabricating carriers with
releasable trehalose includes trehalose entrapment via supra-
molecular forces, such as specific saccharide—lectin inter-
actions or dynamic covalent complexation into cyclic boronate
esters. Trehalose release from such carriers could be triggered
by competitive displacement with free sugar molecules, e.g,
glucose.

Trehalose moieties on glycopolymers are accessible for
specific interactions with proteins through terminal o-p-
glucopyranosyl units (as has been shown on the example of
interactions with concanavalin A),”® and it renders trehalose-
bearing carriers potentially “recognizable” by cells. While on
the one hand, it might be favorable to improve their cellular
uptake through enhanced interactions with cell surface
proteins or even directly be responsible for their action, on
the other hand, they probably could interact similarly not only
with targeted cells but also with healthy cells and potentially
affect their functions. Thus, the in vivo safety and metabolic
fate of trehalose-bearing carriers require a thorough examina-
tion. Generally, to fully confirm the proautophagic and
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antiaggregation effectiveness of trehalose-bearing carriers, more
in vivo studies are required as most of the current results come
from the research on in vitro models. Given that trehalose has
the highest therapeutic potential for the treatment of
neurodegenerative disorders, future research on trehalose-
bearing carriers should also focus on effective brain targeting
and blood—brain barrier crossing. The capability to integrate
several functionalities within a single nanoparticle or macro-
molecular structure, as well as widely tailorable properties,
makes targeted delivery utilizing carriers an especially
promising approach.

The mechanism of action is still ambiguous for free trehalose
and it is even more unknown for trehalose-bearing carriers.
Usually, trehalose is permanently bound with the carrier, and
the effect is studied for poly(trehalose)-type species. Given
that the carriers are heavily decorated with trehalose, which
makes them susceptible to multivalent interactions, it is highly
likely that their mechanism of action may be completely
different from that of free trehalose. The mechanism might also
differ between various carriers depending on properties, such
as the carrier size, its amphiphilicity, trehalose attachment
position and linking motif, its incorporation density, or
trehalose accessibility for interactions. Understanding the
exact mechanisms and influence of the carriers’ characteristics
on their action would enable the rational design of trehalose-
bearing carriers. Among all of the publications on trehalose-
bearing carriers, only a few of them try to explain or
hypothesize possible mechanisms of their action in inducing
autophagy or inhibiting protein aggregation.

Finally, careful analysis of the publications discussed
suggests some thoughts concerning experimental issues. In
some studies, the lack of sufficient controls impedes our ability
to definitively attribute the observed effect exclusively to the
presence of trehalose as opposed to a potential influence from
the carrier itself. Thus, it is recommended to use not only free
trehalose but also carriers that do not contain or release
trehalose or counterpart carriers containing other saccharides
as another control. Next, protein fibrillation in solution is
extremely dependent on concentration and external conditions,
such as temperature, pH, speed of agitation, exposure to air—
water interfaces, etc. Thus, uniform protocols for studying
protein fibrillation are necessary to compare the results
obtained for various trehalose-bearing carriers in different
laboratories in order to enable identification of the most
promising approach and the design of future research
directions. Moreover, it should always be well evidenced that
trehalose has, indeed, been conjugated as depicted, and at least
'H and *C NMR spectra with an assignment of clue signals
should be provided. Finally, when claiming that conjugated
trehalose can be released from the carrier under physiological
conditions, this possibility should be confirmed at least under
stimulated conditions.

In summary, taking into account the still growing interest in
therapeutic use of trehalose to target autophagy-related
disorders and diseases associated with protein aggregation, it
is expected that the coming years will also bring new studies on
trehalose-bearing carriers. It would be highly desirable if future
research could provide better understanding of how exactly
trehalose-bearing carriers induce autophagy and affect protein
fibrillation, as well as provide more insights on their in vivo
efficacy and safety. The effort should also be put toward
selective delivery, particularly effective brain targeting and

blood—brain barrier crossing, for the treatment of neuro-
degenerative disorders.
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Abstract: The use of smart nanocarriers that can modulate therapeutic release aided by biologi-
cal cues can prevent undesirable cytotoxicity caused by the premature release of cytotoxic drugs
during nanocarrier circulation. In this report, degradable nanocarriers based on pH/reduction dual-
responsive nanogels were synthesized to encapsulate doxorubicin hydrochloride (DOX) and specifi-
cally boost the release of DOX in conditions characteristic of the cancer microenvironment. Nanogels
containing anionic monomer 2-carboxyethyl acrylate (CEA) and N,N’-bis(acryloyl)cystamine (CBA)
as a degradable crosslinker have been successfully synthesized via photoinitiated free radical poly-
merization. The loading process was conducted after polymerization by taking advantage of the
electrostatic interaction between the negatively charged nanogels and the positively charged DOX.
In this case, a high drug loading capacity (DLC) of up to 27.89% was achieved. The entrapment
of DOX into a nanogel network could prevent DOX from aggregating in biological media at DOX
concentrations up to ~160 pg/mL. Anionic nanogels had an average hydrodynamic diameter (dy;)

flr;;iical:tfeosr of around 90 nm with a negative zeta () potential of around —25 mV, making them suitable for
Citation: Maruf, A.; Milewska, M.; targeting cancer tissue via the enhanced permeation effect. DOX-loaded nanogels formed a stable
Lalik, A,; Wandzik, I. pH and dispersion in different biological media, including serum-enriched cell media. In the presence of
Reduction Dual-Responsive glutathione (GSH) and reduced pH, drug release was enhanced, which proves dual responsivity. An
Nanogels as Smart Nanocarriers to in vitro study using the HCT 116 colon cancer cell line demonstrated the enhanced cytotoxic effect of
Resist Doxorubicin Aggregation. the NG-CBA /DOX-1 nanogel compared to free DOX. Taken together, pH/reduction dual-responsive
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nanogels show promise as drug delivery systems for anticancer therapy.
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1. Introduction

Publisher’s Note: MDPI stays neutral Doxorubicin hydrochloride (DOX), an anthracycline family antibiotic, is one of the
with regard to jurisdictional claims in -y 5+ effective chemotherapeutic drugs developed against a variety of cancers. Free DOX,
however, tends to aggregate into fibril-like structures under physiological conditions, has
poor bioavailability, and causes cardiotoxicity; therefore several nanocarriers containing
DOX have been developed [1]. DOX-loaded PEGylated liposomes (Doxil) became the first
therapeutic nanomedicine on the market with the FDA approval in 1995. More recently,
two liposomal formulations have been approved (Lipodox and Myocet) and others are
under clinical trials. Liposomal DOX formulations improved circulation time and reduced
This article is an open access artice  Cardiotoxicity but low cellular uptake in the tumor microenvironment and a poor DOX
distributed under the terms and  release profile from the particles are still issues [2]. In the search for new carriers, polymer-
conditions of the Creative Commons ~ based DOX nano delivery systems have drawn attention, and some of them have reached
Attribution (CC BY) license (https://  clinical trials. Among polymeric carriers, nano-scaled hydrogel platforms play a crucial
creativecommons.org/licenses /by / role because they are biocompatible, have a high loading capacity, and possess a potential
40/). responsivity to environmental stimuli [3-8]. These characteristics make polymer-based
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nanodelivery systems widely studied as tumor drug carriers, with DOX being the most
intensively studied [1]. Polysaccharide-based [9] and composite [10] nanogels have also
been investigated for drug delivery applications. However, nanogels based on synthetic
polymers offer better opportunities for surface modification and conjugation with ligands
to target tumors. Several approaches have been utilized to fabricate bioresponsive nanogels
of synthetic origin that are capable of facile loading and triggering release of DOX in
response to the various biological signals specific to tumor microenvironments or the intra-
cellular compartments of cancer cells. By combining several stimuli-responsive monomers
and a suitable degradable crosslinker, dual-responsive or even multiresponsive DOX de-
livery systems can be produced, such as pH/temperature [11-15], pH/redox [16-23], or
pH/temperature/redox [24].

Among the various stimuli, pH and reductive environments caused by the presence
of glutathione (GSH) are the most prominent and characteristically distinctive stimuli in
cancer cells. The pH of the tumor tissue (pH 6.4-7.0) is lower than that of healthy tissues
(pH 7.2-7.5) [25]. Moreover, pH variations in the extracellular compartments of cells (pH
7.4) compared to the intracellular lysosomes (pH 4.5—5.0) [26] can provide a pH-responsive
drug release. High concentrations of GSH reaching millimolar levels (2-10 mM) within
cells and micromolar levels (2-20 uM) in the blood plasma [27] facilitate the cleavage of
disulfide bonds in intracellular compartments. Therefore, nanogels crosslinked by disulfide
bonds are among the most extensively studied.

At acidic conditions, the controlled self-assembly of carboxyl-containing anionic
nanogels with oppositely charged DOX can produce nanocarriers with a high drug load-
ing and pH-sensitive drug release due to the decreased electrostatic interactions with the
drug [16,21,22,24]. Another strategy for ensuring pH-sensitivity is the incorporation of
protonable amino groups into the nanogel network since they are prone to swell at slightly
acidic pH and thus can trigger drug release. In such a case, DOX is usually encapsulated
by hydrophobic interactions, which results in a substantially lower DLC. The examples are
nanogels containing tertiary amines [17,23].

In the previously mentioned examples of pH/reduction dual-responsive nanogels,
DOX was incorporated by physical entrapment, mostly by controlled self-assembly or
due to hydrophobic interactions. The drug was loaded during polymerization [19,20] or
in the post-polymerization process [16,17,21-24]. In contrast, the Haag group developed
pH/reduction dual-responsive nanogels where DOX was covalently conjugated to the
biodegradable nanogel matrix via an acid-labile hydrazone linker and achieved a DLC of
~4 wt% [18]

The most effective way to obtain high DLCs relies on the controlled self-assembly of
anionic polyelectrolyte-based nanogels with the positively charged DOX amine group. Free
DOX itself is prone to aggregate under physiological conditions, which can influence the
colloidal stability of nanocomplexes. By increasing the DOX content (DLC), it is more likely
that nanogels will not be stable at high concentrations, which are demanded during the
preparation of stock solutions for both in vitro and in vivo study purposes. The colloidal
stability of DOX-loaded nanogels is usually not fully explained or not addressed. In
light of the foregoing, this study was conducted with the main purpose of synthesizing
nanogels that can encapsulate high content of DOX via an electrostatic interaction, maintain
DOX-loaded nanogel stability in biological media, and enhance the DOX release profile
in a cancer-like environment where the GSH level is high, and the environment is acidic.
In this study, we compared the aggregation tendencies of free DOX (hydrochloride salt)
with DOX complexed with nanogel carriers in physiological conditions to determine the
encapsulation limit with regard to the colloidal stability of nanocarriers.

In this work, nanogels were synthesized via photoinitiated free radical polymerization
(FRP) of N,N-dimethylacrylamide (DMAM) and 2-carboxyethyl acrylate (CEA) in the
presence of a disulfide-type CBA crosslinker (Figure 1A). The anionic monomer, CEA, was
chosen to provide the electrostatic interactions with the positively charged DOX. CBA
was selected as the crosslinker to achieve accelerated drug release triggered by the high
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concentration of GSH in the tumor cytoplasm. Polymerization was carried out by an inverse
microemulsion technique to create the nanogels, which are able to form stable dispersions
in various biological media, including serum-enriched media.
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Figure 1. Nanogel synthesis and characterization. (A) A schematic diagram of the synthetic pro-
cedure of pH/reduction dual-responsive nanogels. (B) Cryo-TEM micrographs of NG-CBA with
(right) and without (left) GSH treatment. Scale bar = 0.5 um. (C) Z-average dyy of NG-CBA and
NG-MBA nanogels in 1 mM KCl measured by DLS. Due to the interference of DOX fluorescence,
DLS measurements of NG-CBA /DOX-1 and NG-MBA /DOX-1 nanogels were not possible. (D) ¢
potential of NG-CBA, NG-CBA/DOX-1, NG-MBA, and NG-MBA /DOX-1 nanogels in 1 mM KCl.
(E) Fluorescence spectra of DOX and NG/DOX nanogels. The data were reported as mean & SD
n=4).
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2. Results and Discussion
2.1. Synthesis and Characterization of DOX-Loaded pH/Reduction Dual-Responsive Nanogels

Dual stimuli-responsive nanogels were synthesized via FRP in inverse water-in-oil
(w/0) miniemulsions using a photoinitiator (LAP) under optimized light irradiation at a
wavelength of 395405 nm (Figure 1A). The monomer composition and initiator concentra-
tion were based on our previously reported synthesis of trehalose-containing nanogels to
ensure the relevant size and good stability of the nanogels [28]. DMAM was chosen as the
main monomer, while CBA was used as the degradable disulfide crosslinker. To ensure
the negative charge of nanogels, which is required for electrostatic interaction-mediated
DOX loading, CEA monomer was incorporated. In all cases, a cyclohexane/Span 80 system
was used as a continuous phase, whereas a PB solution containing monomers and LAP
was used as the aqueous phase. Polymerizations were accomplished under LED irradi-
ation at room temperature for 30 min with yields in the range of 60-65% depending on
composition (Table 1). Moreover, in the same procedure, the reduction-insensitive nanogel
crosslinked by MBA was prepared to compare the behavior of the nanogels in a reducing
or non-reducing environment. For degradable nanogels, the notation NG-CBA was used,
whereas the notation NG-MBA was adopted for non-degradable nanogels (Table 1). Both
NG-CBA and NG-MBA nanogels had similar average sizes of around 90 nm, determined
by DLS (Table 1, Figures 1C, S1 and S2). The cryo-TEM micrographs revealed a spherical
shape with particle sizes similar to those of the DLS analysis (Figure 1B). Degradation
induced by GSH led to the disintegration of the nanogel network, which was also observed
using cryo-TEM.

Table 1. Monomer feed composition and physicochemical properties of nanogels.

Monomer Feed

Composition 2

Post-Polymerization Loading
dy (PdD) ¢ Potential

Nanogel CEA DMAM NG  DOX  CEapox DLe(»  DLEC® (nm) mV)
mg (mmol) mg (mmol) (mg) (mg) (mol:mol)
NG-CBA 16.0 (0.111) 183.6 (1.852) - - - - - 87.67 (0.30) —23.6
NG-MBA 16.0 (0.111) 183.6 (1.852) - - - - - 91.19 (0.38) —204
NG-CBA/DOX-1 16.0 (0.111) 183.6 (1.852) 5.0 1.0 1:0.85 16.29 97.74 b —6.33
NG-CBA/DOX-2 16.0 (0.111) 183.6 (1.852) 5.0 0.5 1:0.42 9.09 99.62 b —18.6
NG-CBA/DOX-3 32.0(0.222) 167.6 (1.691) 5.0 2.0 1:0.85 27.89 97.61 b —11.3
NG-MBA /DOX-1 16.0 (0.111) 183.6 (1.852) 5.0 1.0 1:0.85 16.47 98.78 b —8.92

2 CBA or MBA were used in an equimolar quantity of 0.10 mmol, LAP was used at a concentration of 0.008 mmol,
and the total mass of the monomers was 227.9 mg and 217.2 mg for NG-CBA and NG-MBA nanogels, respectively.
b DLS measurement of DOX-containing nanogels was not possible due to the interference of DOX fluorescence.

DOX was loaded into nanogel in the post-polymerization process. Three different
compositions were prepared, differing in the molar ratios of anionic units of nanogel
to DOX (NG-CBA/DOX-1,2) and the content of anionic units (NG-CBA /DOX-3). The
unloaded NG-CBA and NG-MBA nanogels showed similar ¢ potentials of —23.6 and
—20.4 mV, respectively (Table 1, Figures 1D and S3-58). After DOX loading, the ¢ potential
of the nanogels increased above —15 mV (Table 1, Figure 1D), depending on the DLC of
DOX, due to the neutralizing effects of the positively charged DOX. DOX was loaded at
DLCs ranging from 9.09 to 27.89% w/w, according to the molar ratio of anionic units of
nanogel to DOX. Similar DLCs were observed in NG-CBA-DOX-1 and NG-MBA-DOX-1
nanogels due to the same molar amount of anionic CEA units in the structure.

In comparison to the similar design of nanogels with pH/reduction responsivity, the
currently studied nanogels exhibited relatively satisfying DLCs (up to ~28% w/w). In post-
polymerization loading, other pH/reduction dual-responsive nanogels were characterized
by DLCs from 2.5 to 15.1% w/w [17,22-24]. They also displayed a comparable release profile,
ranging from 50 to 70% within 12 h in a cancer-mimicking environment (acidic environment
and high GSH levels), but only a limited release (less than 30%) under normal physiological
conditions [17,22-24]. In contrast, covalent conjugation of DOX to pH/reduction dual-
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responsive nanogels resulted in a significantly lower DLC (below 5% w/w), but it also
enabled us to limit DOX release under physiological conditions (less than 10%), while
accelerating it by almost six times in a cancer-like environment [18]. Additionally, as shown
in Figure 1E, the nanogels (NG-CBA and NG-MBA) did not interfere with the fluorescence
property of DOX, as indicated by identical (Ex/Em) fluorescence spectra.

2.2. Aggregation Behavior of DOX and DOX-Loaded pH/Reduction Dual-Responsive Nanogels

It is well known that DOX (hydrochloride salt) forms fibril-shaped aggregates under
physiological conditions, and this can result in a decrease in the drug’s intercellular trans-
portation efficiency [29]. DOX solutions in PBS (pH 7.4) at concentrations above 40 pg/mL
start to aggregate. Considering DOX'’s ICsj is in the range of 0.06 to 0.50 pg/mL depending
on cancer cell line [30], one would not expect aggregation to be a problem. However, stock
solutions are usually two orders of magnitude greater for biological assays. As a result,
aggregation may cause a disturbance in reproducibility when a drug solution is dispensed.
Therefore, aggregation of DOX in solutions should always be avoided. A substantial
amount of DOX encapsulated in nanogel can also induce the aggregation of supramolecu-
lar structures formed after complexation. Our study revealed that DOX entrapment into
the nanogel network could prevent aggregation at concentrations up to 160 ug/mL.

Figure 2A,B shows how the NG-CBA /DOX-1 nanogel improved the solubility of
DOX in 10 mM PB (pH 7.4). The transmittance value of free DOX at a concentration of
20 ug/mL was nearly 100% over 3 days which indicates that the solution is free of insoluble
aggregates. However, the transmittance value decreased over time at concentrations of
40-80 ug/mL, indicating DOX aggregation (Figure 2A). DOX instantly aggregated and sed-
imented at a concentration of 100 ng/mL (Figure 2B). Moreover, at this DOX concentration,
the transmittance value was nearly zero. In contrast, the NG-CBA /DOX-1 nanogel con-
taining 100 ng/mL of DOX exhibited a transmittance value of 95%, which proves the lack
of aggregation. The stability of NG-CBA and NG-CBA /DOX-1,2,3 nanogels was further
studied in different biological media, including serum-enriched media, where nanopar-
ticle dispersion might collapse and form aggregates. Figure 2C showed that both bare
nanogel and DOX-containing nanogels were stable for at least 2 days in different biological
media at a nanogel concentration of 100 pg/mL. In the higher nanogel concentration of
1000 pug/mL, the unloaded NG-CBA nanogel was stable in all tested media. However,
the DOX-containing nanogels showed limited stability in serum-enriched media for both
fresh solutions and solutions incubated at 37 °C; for 2 days (Figure 2D). The greater the
DOX content, the greater the decrease in transparency. Therefore, in order to avoid any
aggregation, NG-CBA-DOX-1 nanogel containing only 16.29 wt% of DOX was used for
further drug release studies.
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Figure 2. (A) DOX aggregation tendency in 10 mM PB (pH 7.4) at different concentrations (20, 40,
60, 80, and 100 pg/mL) compared to NG-CBA/DOX-1 nanogels (20, 40, 60, 80, and 100 pg/mL
DOKX) for 3 days at 37 °C. (B) Visual appearance of DOX 100 ug/mL and NG-CBA/DOX-1 nanogel
containing 100 pg/mL DOX in 10 mM PB (pH 7.4) after 1 day at 37 °C. The white arrow indicates DOX
aggregates. (C,D) Stability of NG-CBA, NG-CBA/DOX-1, NG-CBA /DOX-2, and NG-CBA-DOX-3
nanogels at concentrations of (C) 100 pg/mL and (D) 1000 pg/mL in different biological media for
48 h at 37 °C by OD 650 nm. Data were presented as mean =+ SD (1 = 4).

2.3. DOX Release Study

The drug release behaviors of nanogels containing DOX were investigated with and
without GSH at pH values of 7.4 and 5.0 using the dialysis method. The cumulative release
percentages of DOX-loaded in the nanogels versus time are plotted in Figure 3. In the
absence of GSH, less than 33% of loaded DOX was released from the NG-CBA /DOX-1
nanogel in 12 h at pH 7.4. The DOX release was enhanced by GSH and in the presence of
5 mM GSH, nearly 50% of the loaded DOX was released within 12 h. Additional enhance-
ment in DOX release was observed at pH 5.0 where the cumulative release percentage
after 12 h reached 50 and 58% in the absence and presence of 5 mM GSH, respectively.
Larger differences became apparent after 48 h, when almost complete release of DOX from
NG-CBA-DOX-1 was observed at pH 5.0 in 5 mM GSH, while only 50% of DOX release
occurred at pH 7.4 without reducing the environment.
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Figure 3. Drug release profile from NG-CBA /DOX-1 nanogels (squares and solid lines) and NG-
MBA /DOX-1 nanogels (stars and dotted lines) in four solutions: GSH (0 and 5 mM) in PBS (pH 7.4
and 5.0). The nanogel concentrations were 250 ug/mL and the solution temperature was 37 °C. The
data were presented as mean + SD (n = 4).

As expected, in the case of the NG-MBA/DOX-1 nanogel, which contains the
reduction-insensitive crosslinker, no significant changes in DOX release were observed
in the presence and absence of GSH. In turn, decreasing the pH of the environment from
7.4 to 5.0 increased the DOX release rate and the cumulative DOX release reached about
40 and 55%, respectively.

2.4. Cytotoxicity Study in Cancer Cell Line

The cytotoxicity profile of DOX and the two nanogels, NG-CBA and NG-CBA /DOX-1,
was assessed in the HCT 116 colon cancer cell line. Firstly, in vitro studies revealed that
the unloaded nanogel NG-CBA was not cytotoxic to HCT 116 cells after incubation at
different concentrations ranging from 17.5 to 600 ug/mL (Figure 4A). Notably, DOX-loaded
nanogels had a higher efficiency than free DOX in causing cytotoxic effects on cancer cells
(Figure 4B). Moreover, one can speculate that the rate of drug release from GSH-mediated
degradable nanogels will be even greater in cells with much higher GSH levels, such as
breast or ovarian cancer cells [31].
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Figure 4. (A) Cytotoxicity profile of bare NG-CBA nanogels in the HCT 116 colon cancer cell line at
different concentrations (17.5, 37.5, 75, 150, 300, and 600 pg/mL) after 48 h of incubation at 37 °C.
(B) Cytotoxicity profile of DOX and NG-CBA /DOX-1 nanogel in the HCT 116 colon cancer cell line
at different DOX concentrations (0.0625, 0.125, 0.25, 0.75, 1.0, and 10.0 M) after 48 h of incubation at
37 °C. The data were presented as mean £ SD (n = 4).



Molecules 2022, 27, 5983

Publication [P2]

8of12

3. Materials and Methods
3.1. Materials and Reagents
3.1.1. General Methods

Miniemulsion formation and nanogel redispersion were accomplished by ultrason-
ication using Sonics VCX 130 (Sonics & Materials, Inc., Newtown, CT, USA) using 60%
and 40% amplitudes, respectively. Lyophilization of purified nanogels and DOX-loaded
nanogels from frozen samples (in water, at —80 °C) was carried out under 0.035 mbar at
—50 °C (ALPHA 1-2 LDplus, CHRIST). A SpectraMax i3x Multi-Mode Microplate Reader
(Molecular Devices, USA) was used for stability, cytotoxicity, and fluorescence assays.
Phosphate buffered saline (PBS), phosphate buffer (PB), and normal saline solutions were
freshly prepared. Deionized water (DI water) was produced using a reverse osmosis system
(conductivity <2 pS/cm).

3.1.2. Materials and Reagents for pH/Reduction Dual-Responsive Nanogels Synthesis

Doxorubicin hydrochloride (DOX, Cayman Chemical), (N,N-dimethylacrylamide
(DMAM, Sigma Aldrich, Burlington, MA, USA), 2-carboxyethyl acrylate (CEA, Sigma
Aldrich), N,N'-bis(acryloyl)cystamine (CBA, Alfa Aesar), N,N’-methylenebisacrylamide
(MBA, Acros Organics, Geel, Belgium), lithium phenyl (2,4,6-trimethylbenzoyl)phosphinate
(LAP, Carbosynth), Span 80 (Sigma Aldrich), cyclohexane (Chempur), acetone (Chempur),
dimethyl sulfoxide (DMSO, Fisher Bioreagents, Pittsburgh, PA, USA), and dialysis mem-
brane (Spectrum™ Spectra/Por™ 2 RC Dialysis Membrane, MWCO: 12-14 kDa).

3.1.3. Materials and Reagents for Cell Culture and In Vitro Assays

HCT 116 colon cancer cell line (catalog no. CCL-247) was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA), Dulbecco’s Modified Eagle Medium
(DMEM, PAN Biotech), Fetal Bovine Serum (FBS, PAN Biotech, Aidenbach, Germany), PBS
(PAN Biotech), and CCK-8 kit (Bimake).

3.2. Synthesis of pH/Reduction Dual-Responsive Nanogels

pH/reduction dual-responsive nanogels were synthesized via free radical polymeriza-
tion (FRP) in an inverse water-in-oil (w/0) miniemulsion. A 10:1 (v:v) water-in-oil (w/0)
miniemulsion was composed of cyclohexane (10.0 mL) containing Span 80 (600 mg) as the
organic continuous phase; the aqueous phase (1.0 mL) consisted of PB solution (pH 7.0)
containing monomers and the photoinitiator LAP. The general procedure for the synthesis
of nanogels was as follows (Figure 1A). Briefly, the aqueous phase was prepared in a 4 mL
dark vial by adding CBA (26.0 mg, 0.10 mmol) and 0.2 M PB (pH 7.0) containing DMSO
(10% v/v) with the main monomers: DMAM and CEA (amounts specified in Table 1).
The mixture was vortexed for approximately 10-15 min to completely dissolve all the
monomers. Finally, the solution of LAP initiator (2.3 mg, 0.008 mmol) was added. Then,
the aqueous phase was transferred into a 20 mL glass vial containing a cold organic phase
(4 °C) and sonicated at 60% amplitude for 5 min to create a miniemulsion. The vial was
then wrapped with aluminum foil and photoirradiated from the bottom of the vial with
High Power Light-Emitting Diodes (LEDs, 3 W, 395-405 nm) for 30 min. Nanogels were
precipitated in cold acetone (40 mL), centrifuged at 11,000 rpm for 10 min, and washed
twice with acetone. After air drying overnight, crude nanogels were redispersed in DI
water and dialyzed against water for 24 h using a dialysis membrane (MWCO 12-14 kDa)
with multiple media changes. Pure nanogel dispersions (after dialysis) were frozen at
—80 °C and lyophilized to obtain the nanogel powder. The MBA-crosslinked nanogels
were synthesized using the same procedure as mentioned above, except CBA was replaced
with MBA at the same molar ratio (Table 1).

3.3. Loading of DOX into Anionic Nanogels

Post-polymerization loading of DOX into the nanogels was accomplished as follows.
Initially, 5.0 mg of dry nanogel was placed in a 4 mL glass vial. Then, the DOX solution
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(1.0 mg of DOX in 800 uL of water) was added. After the nanogels swelled (approximately
5 min), the suspension was stirred in the dark overnight at 400 rpm. Afterward, the excess
DOX was eliminated by dialysis using a dialysis membrane (MWCO 12-14 kDa) against DI
water with multiple media changes. Finally, pure DOX-loaded nanogels were lyophilized
and stored as nanogel powder.

3.4. Nanogel Characterization
3.4.1. Measurement of Drug Loading Efficiency (DLE) and Drug Loading Capacity (DLC)

The measurements of drug loading efficiency (DLE) and drug loading capacity (DLC)
of nanogels were based on the fluorescence intensity using the standard curve of DOX in
water (Ex/Em max of 498/593 nm, R? = 0.997). According to the fluorescence spectra, both
DOX and DOX-loaded nanogels share identical fluorescence spectra with the same Ex/Em
max (Figure 1E). Following measurement of its fluorescence intensity, DOX-loaded nanogels
were dispersed in DI water and diluted to a final concentration of 10.0 ug/mL. DLE and
DLC were then calculated using the following equations:

o\ actual loaded DOX
DLE (%) = Initial feed of DOX x 100

o actual loaded DOX
DLC (%) = DOX — loaded nanogel x 100

The Z-average hydrodynamic diameter (dp;) and polydispersity index (PdI) of DOX-
loaded nanogels (1.0 mg/mL) in 1 mM KClI solution or PBS (pH 7.4) were determined
using a dynamic light scattering (DLS, Malvern, Zetasizer Nano 90S) system equipped
with a 4 mV He-Ne ion laser (A = 633 nm) as the light source at a scattering angle of
90°. All samples were diluted from stock (10 mg/mL, prepared with sonication at 40%
amplitude for 30 s) to the desired media concentration (1.0 mg/mL) without additional
sonication. The ( potentials of bare nanogels and DOX-loaded nanogels were measured
using electrophoretic light scattering (ELS) measurements (Malvern, Zetasizer Nano ZC) in
1 mM KCl solution.

3.4.2. Cryogenic Transmission Electron Microscopy (cryo-TEM)

GSH-treated and untreated nanogels (500 pug/mL) in DI water were observed under
cryo-TEM using a Tecnai F20 X TWIN microscope (FEI Company, Hillsboro, Oregon, USA).
Specimens were prepared via the vitrification of aqueous solutions on oxygen plasma-
activated grids with holey carbon film (Quantifoil R 2/2; Quantifoil Micro Tools GmbH,
Grofslobichau, Germany).

3.4.3. Measurement of DOX and DOX-Loaded Nanogel Aggregation in Biological Media

The aggregation of DOX was observed in 10 mM PB (pH 7.4) within 3 days. DOX was
dispersed in 10 mM PB (pH 7.4) at various concentrations (20, 40, 60, 80, and 100 g/mL)
and placed in a 48-well plate (volume: 1.0 mL for each concentration) and incubated at
37 °C. NG-CBA/DOX-1 at DOX concentrations of 20, 40, 60, 80, and 100 pg/mL were
also dispersed in 10 mM PB (pH 7.4, stock was prepared in water with sonication at 40%
amplitude for 30 s). At predetermined time intervals (0, 20, 40, 60, 80, 100, 120, 140, 160, 180,
1440, 2880, and 4320 min), the samples were observed visually and their optical densities
(OD) at 650 nm were measured. The absorbance value was converted to % transmittance
using the following equation:

Transmittance (%) = antilog (2 — absorbance)

3.4.4. Stability Study of Nanogel in Biological Media

For the stability study, stock solutions of nanogels were prepared in water with
sonication at 40% amplitude for 30 s. The colloidal stability of bare NG-CBA and NG-
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CBA/DOX-1,2,3 nanogels was measured at concentrations of 100 and 1000 png/mL, low
and high concentrations, respectively, in different biological media, including water, PBS
(pH 7.4), normal saline (0.90% w/v of NaCl), and DMEM + 10% FBS at 37 °C for 48 h.
NG-CBA/DOX-1,2,3 (concentration: 100 pg/mL) contained DOX at concentrations of
16.29,9.09, and 27.89 ug/mL, respectively. Meanwhile, NG-CBA /DOX-1,2,3 (concentration:
1000 pg/mL) contained exactly 10 x more DOX: 162.9, 90.9, and 278.9 pug/mL, respectively.
The colloidal stability was observed by measuring OD at 650 nm in 96-well plates using a
microplate reader. OD values ranging from 0.00-0.15 were considered a stable dispersion.

3.5. Drug Release Study

DOX release from the nanogel was analyzed using the dialysis method. Initially, a
dispersion of nanogel at a concentration of 250 ug/mL in relevant PBS (pH 7.4 or 5.0)
containing 5 mM GSH or without GSH additive was prepared. Then 800 pL of NG-
CBA/DOX-1 or NG-MBA /DOX-1 at a DOX concentration of 40.7 ug/mL or free DOX
at 40.7 ug/mL was placed into the dialysis capsule (QuixSep®, 1 mL) using a dialysis
membrane (MWCO 12-14 kDa). The dialysis capsules were immersed in 40 mL of PBS
(pH 7.4 with 0 or 5 mM GSH and pH 5.0 with 0 or 5 mM GSH) and incubated at 37 °C
under continuous shaking (110 rpm). At each predetermined time interval of 3, 6, 12, 24,
36, and 48 h, 400 pL of dissolution medium was withdrawn from each vial and replaced
with the same amount of pre-warmed fresh medium. The amount of released DOX in the
withdrawn samples was determined by measuring its fluorescence intensity using a Aex of
498 nm and Aem of 593 nm and converting it to DOX concentration using a standard curve.

3.6. Cytotoxicity Study

For the cytotoxicity study, stock solutions of nanogels were prepared in water with
sonication at 40% amplitude for 30 s. The cytotoxicity profile of NG-CBA/DOX-1 was
assessed in the HCT 116 colon cancer cell line using a standard CCK-8 assay. For 24 h, HCT
116 colon cancer cells (5 x 103 cells/well) were seeded in 96-well plates in 100 L of DMEM
+ 10% FBS. Then, the cells were incubated with DOX and NG-CBA /DOX-1 at various
concentrations of DOX (0.0625, 0.125, 0.25, 0.75, 1.0, and 10.0 uM) for 48 h. In addition, the
cytotoxicity of bare NG-CBA was also evaluated at different concentrations of nanogels
(17.5,37.5, 75,150, 300, and 600 pg/mL). The CCK-8 assay was carried out by adding 10 pL
of CCK-8 solution to each well after 2 h of incubation at 37 °C. The absorbance was then
measured by a microplate reader at 450 nm. The relative cell viability (%) was expressed
as a fraction of the percentage of cell growth occurring in the presence of nanogel vs. the
absence of nanogel (control).

3.7. Statistical Analysis

GraphPad Prism Version 6.0 software (GraphPad, San Diego, CA, USA) was used for
the statistical analysis. Data analysis was performed using one-way analysis of variance
(ANOVA). The minimum level of significance was set at p < 0.05, with all data displayed as
mean £ SD (n = 4).

4. Conclusions

Dual stimuli-responsive nanogels based on acrylic polymers have been produced in a
facile and straightforward method. DOX-encapsulation was achieved by a facile diffusion
process, forming a complex with ionized carboxylic groups of CEA units. Nanogels showed
high DLCs (up to 27.89 wt%) and suitable nanoparticle size for enhanced permeation effects.
More importantly, nanogels could prevent DOX from aggregating in biological media up
to DOX concentrations of ~160 pg/mL (NG-CBA/DOX-1), whereas free DOX was only
stable at concentrations lower than 40 pg/mL.

DOX-encapsulated degradable nanogels showed enhanced release rates at lower pH
(i.e., pH of 5.0) and in a reducing environment showing an obvious pH/reduction dual-
responsive controlled drug release capability. In vitro studies revealed that the bare nanogel
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was not cytotoxic to HCT 116 colon cancer cells, whereas DOX-containing nanogels were
toxic against HCT 116 colon cancer cells with a better efficacy than free DOX. The presented
nanogels were conveniently synthesized and exhibited excellent colloidal stability and
cationic drug entrapment capability making them a promising alternative to existing DOX
carrier systems. Additionally, nanogels can be further modified and conjugated with
targeting ligands for active targeted delivery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules27185983/s1, Figure S1: Average size distribution
(dp) of NG-CBA, (n = 4); Figure S2: Average size distribution (dyy) of NG-MBA, (n = 4); Figure S3:
Average zeta potential of NG-CBA, (n = 4); Figure S4: Average zeta potential of NG-MBA, (n = 4);
Figure S5: Average zeta potential of NG-CBA/DOX-1, (n = 4); Figure S6: Average zeta potential of
NG-MBA /DOX-1, (n = 4); Figure S7: Average zeta potential of NG-CBA /DOX-2, (n = 4); Figure S8:
Average zeta potential of NG-CBA/DOX-3, (n = 4).
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Size (d.nm): % Intensity: St Dev (d.nm):
-Average (d.nm): B7.67 Peak 1: 178 916 63.37
Pdl: 0.307 Peak 2: 20.87 55 4.801
Intercept: 0.965 Peak 3: 4238 29 1293

Result quality : Good
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Figure S1. Average size distribution (du) of NG-CBA, (n =4).
Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 91.19 Peak 1: 1423 838 7317
Pdl: 0.380 Peak 2: 33.37 14.8 7.334
Intercept: 0.968 Peak 3: 5078 1.4 563.0
Result quality : Good
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Figure S2. Average size distribution (du) of NG-MBA, (n = 4).
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Zeta potential measurements of nanogels

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -23.6 Peak 1: -235 100.0 570
Zeta Deviation (mV): 540 Peak 2: 0.00 0.0 0.00
Conductivity (mS/em): 0.203 Peak 3: 0.00 0.0 0.00

Result quality : Good

Zeta Potential Distribution
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Record 114: NG-CBA_redispersed_1 mg/mL_1mM KCI

Figure S3. Average zeta potential of NG-CBA, (n = 4).

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -20.4 Peak 1: -20.3 100.0 540
Zeta Deviation (mV): 535 Peak 2: 0.00 0.0 0.00
Conductivity (mSiem): 0182 Peak 3: 000 00 0.00

Result quality : Good

Zeta Potential Distribution
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Record 115: NG-MBA_redispersed_1 mg/mL_1mM KCI

Figure S4. Average zeta potential of NG-MBA, (n = 4).
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Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -6.33 Peak1: 619 100.0 582
Zeta Deviation (mV): 542 Peak 2: 0.00 0.0 0.00
Conductivity (mS/icm): 0.163 Peak 3: 0.00 0.0 0.00

Result quality : Good

Zeta Potential Distribution
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Record 116: NG-CBA/DOX-1_redispersed_500 ug/ml_1mM KCI

Figure S5. Average zeta potential of NG-CBA/DOX-1, (n = 4).

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -8.92 Peak1: -9.03 100.0 6.26
Zeta Deviation (mV): 598 Peak 2: 0.00 00 0.00
Conductivity (mS/cm): 0.171 Peak 3: 0.00 0.0 0.00

Result quality : Good

Zeta Potential Distribution
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Record 117: NG-MBA/DOX-1_redispersed_500 ug/mlL_1mM KCI

Figure S6. Average zeta potential of NG-MBA/DOX-1, (n = 4).
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Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -18.6 Peak1: -185 99.9 5.06
Zeta Deviation (mV): 516 Peak 2: 646 01 0.00
Conductivity (mS/cm). 0.218 Peak 3: 0.00 0.0 0.00

Result quality : Good

Zeta Potential Distribution
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Figure S7. Average zeta potential of NG-CBA/DOX-2, (n = 4).

Mean (mV) Area (%) 5t Dev (mV)
Zeta Potential (mV): -11.3 Peak 1: -10.7 100.0 299
Zeta Deviation (mV): 3.10 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0729 Peak 3: 0.00 0.0 0.00

Result quality : Good
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Figure S8. Average zeta potential of NG-CBA/DOX-3, (n = 4).
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Abstract: MicroRNAs (miRNAs) have great therapeutic potential; however, their delivery still faces
huge challenges, especially given the short half-life of naked miRNAs due to rapid hydrolysis or
inactivation by abundant nucleases in the systemic circulation. Therefore, the search for reliable
miRNA delivery systems is crucial. Nanogels are one of the more effective nanocarriers because they
are biocompatible and have a high drug-loading capacity. In this study, acrylamide-based nanogels
containing cationic groups and redox-sensitive crosslinkers were developed for cellular delivery of
anti-miR21 (a-miR21). To achieve this, post-polymerization loading of a-miR21 oligonucleotides
into nanogels was performed by utilizing the electrostatic interaction between positively charged
nanogels and negatively charged oligonucleotides. Different molar ratios of the amine groups
(N) on the cationic nanogel and phosphate groups (P) on the miRNA were investigated. An N/P
ratio of 2 allowed high miRNA loading capacity (MLC, 6.7% w/w) and miRNA loading efficiency
(MLE, 99.7% w/w). Successful miRNA loading was confirmed by dynamic light scattering (DLS)
and electrophoretic light scattering (ELS) measurements. miRNA-loaded nanogels (NG/miRNA)
formed stable dispersions in biological media and showed an enhanced miRNA release profile in the
presence of glutathione (GSH). Moreover, the addition of heparin to dissociate the miRNA from the
cationic nanogels resulted in the complete release of miRNA. Lastly, a cell uptake study indicated
that NG/miRNA could be easily taken up by cancer cells.

Keywords: drug delivery; glutathione; miRNA; nanogel

1. Introduction

MicroRNAs (miRNAs) are naturally occurring noncoding RNAs with short 18-25 nucleotide
sequences that regulate gene expression at the post-transcriptional level [1]. Interest in de-
veloping miRNA-based therapies for cancer has risen sharply as growing evidence shows
that miRNAs play important roles in regulating various cellular mechanisms (e.g., prolifera-
tion, programmed cell death, carcinogenesis, and tumor metastasis) [2—4]. However, naked
extracellular miRNAs have a short half-life due to degradation by extracellular nucleases
that are abundantly present in the blood plasma. Depending on the types of miRNAs, their
half-lives range from 1.5 h to 13 h at 37 °C [5]. Moreover, miRNAs are not readily taken
up by cells due to their hydrophilic nature, negative surface charge, and relatively high
molecular weight (~7 kDa), which results in poor cellular uptake and internalization [6].
To address these problems various delivery systems have been developed during the last
20 years. Typically, there are two categories of miRNA delivery systems: viral and nonviral,
with the most popular approach being viral vectors [7-9]. However, conventional viral
vector systems are costly and difficult to produce on a large scale. Therefore, nonviral
approaches are being extensively explored, since they offer advantages including easily
tunable physicochemical properties, simplified production, high loading capacity, and
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reduced biosafety concerns. Major approaches in this category involve the combination
of nucleic acids with transfection reagents, such as inorganic, lipid, and polymeric-based
nanoparticles [7-9]. Among polymeric nanocarriers, the most exciting innovations in
nanomedicine for gene delivery are nanogels, because they are biocompatible, possess high
loading capacity, and have potential responsivity to environmental stimuli [10,11]. Recent
studies have shown the promising use of synthetic nanogels as miRNA [12-17], siRNA [18],
mRNA [19], and pDNA [20] delivery systems.

One of the first examples of an miRNA-based nanogel system was designed by
Liu et al. [16]; a-miR21 was encapsulated within a polymer network by in situ polymeriza-
tion of acrylamide and cationic N-(3-aminopropyl)methacrylamide, with ethylene glycol
dimethacrylate as a crosslinker. According to the authors” hypothesis, nanocapsules contain-
ing miRNA were stable in physiological conditions (pH 7.4) and degraded at the lowered
pH present in endosomes, releasing miRNA into the cytoplasm.

As commonly performed for other therapeutic genes, loading of miRNA is usually
based on the controlled self-assembly of nanogel cationic groups and the anionic phos-
phate groups of nucleic acids by electrostatic complexation. The exception is the study
presented by Dispenza et al. [17], who covalently conjugated a-miR31 into a poly(N-vinyl
pyrrolidone)-based nanogel. The authors demonstrated that the covalent linkage of the
miRNA to these nanogels does not affect its functionality in vitro.

Several examples of miRNA delivery systems are based on nanogels crosslinked
by disulfide bonds, thus forming a redox-sensitive system [12-15]. Among the various
stimuli, the reductive environment caused by the presence of glutathione (GSH) is the
most prominent and characteristically distinctive stimulus in cancer cells. The cleavage of
disulfide bonds in the intracellular compartments is favored because of high concentrations
of GSH within cells (2-10 mM) in comparison to micromolar levels (2-20 uM) in the blood
plasma [21,22].

Shatsberg et al. developed reduction-responsive degradable nanogels, which were
based on polyglycerol scaffold-containing amino groups [12]. Nanogels were prepared
using an inverse nanoprecipitation technique, and miR34a was loaded by electrostatic
interaction. The results showed that the nanogel with an optimal content of miR34a could
inhibit glioblastoma progression by ~70% within 20 days post treatment. Javanmardi et al.
developed PEGylated polyethylenimine redox-sensitive nanogels to encapsulate a-miR21
for the treatment of ovarian cancer in vitro [13,15]. Tumor cell apoptosis and suppression
of tumor-associated angiogenesis were conducted on cis-Pt-sensitive ovarian cancer cells
and were compared with the resistant cells, for which cisplatin cytotoxicity was remarkably
enhanced after a-miR21-loaded nanogel treatment.

In another study, redox-sensitive nanogels were applied to deliver miR34a into
transfection-resistant multiple myeloma cells [14]. Thiolated poly(glycidol)-based nanogels
with covalently bound positively charged cell-penetrating peptides served as complexation
agents for miRNA. Such complexation increased the amount of delivered miRNA, the
degree of target gene regulation, and the inhibition of cell viability.

While the effectiveness of different miRNAs and their role as either oncogenes or tumor
suppressors under certain conditions has been well established, many studies on synthetic
smart nanogels have neglected to explicate the connection between miRNA loading ca-
pacity and release profile with different N/P ratios, either with or without the presence of
biological stimuli [12-20], which is the main focus of this study. In the current study, we
developed biodegradable reduction-sensitive nanogels for miRNA encapsulating and en-
hancing miRNA release in a cancer-mimicking environment where the GSH level is elevated
(Figure 1). The study on miRNA release was also carried out in a GSH-free environment
for comparison. Nanogels were synthesized via photoinitiated free-radical polymerization
(FRP) of N,N-dimethylacrylamide (DMAM) and [2-(acryloyloxy)ethyl]trimethylammonium
chloride (ATC) in the presence of a disulfide-type crosslinker. The cationic monomer, ATC,
was chosen to provide the electrostatic interactions with the negatively charged miRNA.
Anti-miR21 (a-miR21) oligonucleotide was used as a model of miRNA-based therapies due
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to the fact that miR21 is known as an oncogenic miRNA, which is overexpressed in almost
all cancers, and silencing miR21 can affect viability, apoptosis, and the cell cycle [23].

+

+ .
Degradation of NG/miRNA /
by GSH in cancer cells ,’

Cancer tissue Cancer cell

n - Nanogel mediates long circulation « Intracellular miRNA delivery
Blood vessel ° Nanogel protects miRNA against nucleases . GSH-mediated nanogel degradation and miRNA release

Figure 1. A schematic diagram of NG/miRNA in systemic circulation, miRNA protection against
nucleases, enhanced permeability and retention (EPR)-mediated nanogel delivery to cancer tissue,
cellular uptake, and intracellular miRNA release induced by GSH in cancer cells.

2. Results and Discussions
2.1. Synthesis and Characterization of NG/miRNA

Stimulus-responsive nanogels have been reported to be effective drug/gene delivery
systems for the diagnosis and treatment of various human diseases [10,11]. In our previ-
ous study, we developed acrylamide-based trehalose-containing nanogels for autophagy
modulation [24] and anionic biodegradable nanogels with high doxorubicin (DOX) loading
capacity to prevent DOX from aggregating in biological media and enhance the release of
DOX via pH/reduction stimuli [25]. In the design of miRNA-loaded nanogels, we used the
same synthetic approach, the only differences being the monomer composition and initiator
concentration. In this context, we synthesized reduction-responsive nanogels containing
DMAM as the main monomer, [2-(acryloyloxy)ethyl]trimethylammonium chloride (ATC) as
the cationic monomer, and N,N’-bis(acryloyl)cystamine (CBA) as a degradable crosslinker.
Nanogels were synthesized via FRP in inverse water-in-oil (w/0) mini-emulsions under
LED irradiation at room temperature for 30 min in yield of 56%. Details on monomer feed
compositions are shown in Table S1.

The a-miR21 oligonucleotide was loaded into the nanogel in the post-polymerization
process (Table S2). Three different compositions were prepared at different N/P molar
ratios: 2, 5, and 10 (Table 1). The N/P ratio is defined as the molar ratio between the amine
groups (N) on the cationic nanogel and the phosphate groups (P) on the miRNA.
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Table 1. Physicochemical properties of bare nanogels and after loading with a-miR21 at different

N/P ratios.
Nanogels N/P Ratio MLC (%) MLE (%) dy (PdI) (nm) ¢ Potential (mV)
NG - - - 92.5 (0.43) 27.4
NG/a-miR21-1 10 14 100.0 109.2 (0.34) 24.2
NG/a-miR21-2 5 2.8 100.0 116.8 (0.36) 20.8
NG/a-miR21-3 2 6.7 99.7 122.1 (0.46) 11.9

The loading of a-miR21 at various N/P ratios was investigated by measurement
of fluorescence intensity of nanogels loaded with Cy5-a-miR21 using a standard curve
(Figures S1 and S2). In this regard, a relatively high miRNA loading capacity (MLC) of
6.7% w/w was achieved for NG/a-miR21-3. On the other hand, NG/a-miR21-1 and NG/a-
miR21-2 indicated much lower MLCs of 1.4 and 2.8% w/w, respectively (Table 1, Figure 2A).
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Figure 2. NG/miRNA characterization. (A) MLC and MLE of NG/a-miR21-1,2,3. (B,C) Z-average
hydrodynamic diameter (df;) of bare NG and NG/a-miR21-1,2,3 in 1 mM KCI measured by DLS.
(D) ¢ potential of bare NG and NG/a-miR21-1,2,3 nanogels in 1 mM KCI measured by ELS. Data are
reported as the mean + SD (n = 4).

Interestingly, miRNA loading efficiency (MLE) was still guaranteed to be ~100%
with the N/P ratio reduced from 10 to 2, which indicated that the negatively charged
miRNAs possessed a strong electrostatic interaction with the positively charged nanogels
for NG/a-miR21-1,2,3 (Table 1, Figure 2A).

Colloidal properties, such as the particle size and  potential of the nanogels, are
among the factors that determine stability, transfection efficiency, and biocompatibility.
Particle size and ¢ potential values were determined before and after loading of a-miR21
at N/P =2, 5, and 10. Bare NG had an average hydrodynamic diameter (dp) of ~90 nm.
Increasing the N/P molar ratio from 2 to 10 resulted in a decrease in nanogel size from
122 to 109 nm (Table 1, Figure 2B,C). The { potential of bare NG (~27 mV) decreased to
24, 21, and 12 mV after successful miRNA loading into NG/a-miR21-1, NG/a-miR21-
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2, and NG/a-miR21-3, respectively (Table 1, Figure 2D), due to the neutralizing effects
from the negatively charged miRNA. As confirmed by cryogenic transmission electron
microscopy (cryo-TEM), NG/a-miR21-3 had a spherical shape with a diameter of about
100 nm (Figure 3A). GSH treatment of NG/a-miR21-3 led to the disintegration of the
nanogel network, indicating the cleavage of disulfide crosslinks (Figure 3B).

Figure 3. Cryo-TEM micrographs of NG/a-miR21-3 without (A) and with (B) GSH treatment. Scale
bar =200 nm.

The optimal size of nanoparticles to acquire the EPR effect in solid tumors is estimated
in the range of 100 to 200 nm, bypassing the filtration barriers of the spleen and liver [26].
Additionally, slightly negative or neutral surface charges of nanoparticles are essential
to achieve high plasma half-lives [26]. Therefore, NG/a-miR21-3 with an average dy; of
122 nm and ¢ potential of 11.9 mV is the best candidate to achieve both EPR-mediated
tumor penetration and an increase in half-lives.

In order to deliver miRNA effectively, nanocarrier systems must be colloidally stable
in biological media for both in vitro and in vivo study purposes. According to our previ-
ous study, unstable colloidal systems can be easily observed via their transmittance (T)
value change in time, in which a T value above ~70% is regarded as stable dispersion. T
values below 70% typically show visible aggregates of colloidal systems that are prone
to sedimentation. According to the stability study, both bare NG and NG/a-miR21-3 at
a concentration of 100 pg/mL had excellent colloidal stability in five different media at
37 °C for 5 days as indicated by their T values (>98%) (Figure 4). Of the media selected,
two contained fetal bovine serum (FBS).
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Figure 4. Transmittance values of bare NG and NG/a-miR21-3 dispersions for assessing their colloidal

stability in different biological media at a working concentration of 100 pg/mL for 5 days at 37 °C.
Data are reported as the mean & SD (n = 4).

2.2. miRNA Release Study

The miRNA release profile from nanogel systems is usually not fully explained or
not addressed. In this study, we investigated the release rate of miRNA from degradable
nanogels in normal and GSH-containing cancer-mimicking environments.
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As seen from Figure 5A, NG/a-miR21-1,2 had a delayed miRNA release in the normal
condition (pH 7.4) until 9 h (~1.9% miRNA release). In contrast, NG/a-miR21-3 with a
lower N/P ratio of 2 already showed a significant release at 3 h (~9.0% miRNA release),
which was probably due to the weaker electrostatic interaction. On the other hand, in
cancer-mimicking environments containing GSH, NG/a-miR21-1 showed enhanced release
detected after 9 h (~6.8% miRNA release), and a significant release was observed from
NG/a-miR21-2 in 3 h (~7.4% miRNA release) compared to that in pH 7.4 not containing
GSH. At the same time, no significant change in the rate of miRNA release from NG/ a-
miR21-3 was observed in the medium with or without GSH.
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Figure 5. miRNA release profile by (A,C) percentage and (B,D) concentration from NG/a-miR21-1,2,3
at a nanogel concentration of 100 pug/mL with or without GSH treatment (5 mM GSH) in PBS (pH
7.4) at 37 °C for 72 h. NG/a-miR21-3 was also incubated in PBS (pH 4.5) and heparin-containing PBS
(pH 7.4) at a concentration of 10 IU/mL. Free a-miR21 was equal to a-miR21 content in NG/a-miR21-3
to check the suitability of miRNA dialysis using a membrane with a molecular weight cutoff (MWCO)
of ~100 kDa. Data are reported as the mean & SD (n = 4).

After 24 h, miRNA release from NG/a-miR21-1,2,3 reached 35.0%, 31.6%, and 55.8%,
respectively, in normal physiological conditions, whereas in GSH environments, the release
was enhanced to 49.4%, 44.4%, and 67.4%, respectively. The results show that the hydrolysis
of disulfide bonds and disintegration of the nanogel network in the presence of GSH had
only a minor effect on the weakening of the electrostatic interaction between the nanogel
cation units and the miRNA phosphate groups. However, it can be seen that this effect
was greatest for the sample with the highest N/P ratio (NG/a-miR21-1). In this case, the
miRNA was released much faster when GSH was present (Figure 5A). For samples with a
lower N/P ratio (NG/a-miR21-2 and NG/amiR21-3), only a small difference in miRNA
release was observed after 72 h, whether GSH was present or not.

To be able to comprehensively compare the miRNA release behavior from NG/a-
miR21-1,2,3, we also presented the release profile by concentration (pmol/mL) which can
be seen in Figure 5B. It is visible that NG/a-miR21-3 had far more preferable miRNA
release after 72 h (~16.5 pmol/mL) than NG/a-miR21-1 and NG/a-miR21-2 (~3.0 and
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~4.5 pmol/mL, respectively). The release of miRNA was proportional to the miRNA
content of the nanogels (MLC).

No significant difference was observed in miRNA release between acidic (pH 4.5) and
neutral conditions (pH 7.4), which was attributed to the lack of a pH-responsive component
in the nanogel (Figure 5A,B, dotted red curve vs. solid gray curve).

Biologic stability of nanoplexes is a prerequisite for successful transfection. To show the
reversibility of the electrostatic interactions, strongly negatively charged heparin was added
to NG/miRNA dispersions, which resulted in a significantly accelerated release of miRNA.
The addition of heparin in a concentration of 10 IU/mL to the release medium resulted
in the dissociation of miRNA /nanogel complexes, also demonstrating the reversibility of
the complexation. The complete release of miRNA from NG/a-miR21-3 was observed
after 36 h in the presence of heparin. It is worth mentioning that, in an environment
without the presence of heparin, the complete release of miRNA was not observed during
the experiment.

In addition, miRNA release kinetics from NG/a-miR21-3 in pH 7.4 + 5 mM GSH were
fitted to five different models. The results indicated that the release kinetics were prone to
follow Higuchi and first-order models (R? = 0.9460 and 0.9240, respectively) (Figure S11).

2.3. Cell Uptake

To observe the uptake of NG/miRNA by the cells, NG labeled with fluorescein (FL,
green fluorescence) and miRNA labeled with Cy5 (red fluorescence) were used. Figure 6
shows the confocal laser scanning microscope images of the HCT 116 colon cancer cells
after 3 h incubation with FL-NG/Cy5-a-miR21-3. FL-NG/Cy5-a-miR21-3 was effectively
taken up by the cancer cells, which proved its ability to deliver miRNA into cells.

Nuclei (Hoechst) Nanogel (FL)

miRNA (Cy5)

Figure 6. Cell uptake of FL-NG/Cy5-a-miR21-3 in HCT 116 colon cancer cell line (concentration:
500 pg/mL). Blue color indicates cell nuclei, green color indicates NG, and red color indicates miRNA.
Scale bars = 20 pm.

2.4. Cytotoxicity Profile

The cytotoxicity profile of bare NG was assessed in the HCT 116 colon cancer cell
line, measured by cell viability (Figure 7). Bare NG had tolerable cytotoxicity (>75% cell
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viability) up to 500 pg/mL, indicating its suitability to be used as a safe miRNA delivery
carrier.

150

125+

Cell viability (%

0 1 10 50 100 250 500
NG concentration (png/mL)

Figure 7. Cytotoxicity profile of bare NG in HCT 116 colon cancer cell line at different NG concentra-
tions (0, 1, 10, 50, 100, 250, and 500 pg/mL) after 24 h of incubation at 37 °C. Data are presented as
the mean + SD (n = 4).

3. Materials and Methods
3.1. Materials and Reagents
3.1.1. Materials and Reagents for GSH-Responsive Nanogel Synthesis

The materials and reagents used were as follows: anti-miR21 oligonucleotides (a-miR21)
and cyanine5 (Cy5)-tagged a-miR21 (sequences T*CAACCATCAGTCTGATAAGC*T*A and Cy5-
T*CAACCATCAGTCTGATAAGC*T*A, Future Synthesis), heparin sodium salt (IU > 100/mg,
MW: 8-25 kDa, Alfa Aesar, Haverhill, MA, USA), (N,N-dimethylacrylamide (DMAM,
Sigma Aldrich, St. Louis, MO, USA), [2-(acryloyloxy)ethyl]trimethylammonium chloride
(ATC, Sigma Aldrich), N,N’-bis(acryloyl)cystamine (CBA, Alfa Aesar), lithium phenyl (2,4,6-
trimethylbenzoyl)phosphinate (LAP, Carbosynth, Compton, UK), fluorescein O-acrylate
(Sigma Aldrich), Span 80 (Sigma Aldrich), cyclohexane (Chempur, Karlsruhe, Germany),
acetone (Chempur), dimethyl sulfoxide (DMSO, Fisher Bioreagents, Pittsburgh, PA, USA),
and dialysis membrane (Spectrum™ Spectra/Por™ 2 RC Dialysis Membrane, MWCO:
100 kDa).

3.1.2. Materials and Reagents for Cell Culture and In Vitro Assays

The HCT 116 colon cancer cell line (catalog no. CCL-247) was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA), Dulbecco’s modified Eagle
medium (DMEM, PAN Biotech, Aidenbach, Germany), Roswell Park Memorial Institute
1640 (RPMI, PAN Biotech), fetal bovine serum (FBS, PAN Biotech), PBS (PAN Biotech),
CCK-8 kit (Bimake, Houston, TX, USA), and Hoechst 33342 cell nuclei staining (Thermo
Fisher Scientific, Waltham, MA, USA).

3.1.3. General Methods

Ultrasonication at two different amplitudes: 40% and 60% using Sonics VCX 130
(Sonics & Materials, Inc., Newton, CT, USA) was conducted for redispersing nanogel
powder and creating a water-in-oil (w /o) mini-emulsion, respectively. Purification of bare
nanogels and NG/miRNA was achieved by a dialysis method following lyophilization in a
freeze-dryer (ALPHA 1-2 LDplus, CHRIST) under 0.035 mbar at —50 °C. Deionized water
(DI water) was produced using a reverse osmosis system (conductivity <2 uS/cm).

3.2. Synthesis of GSH-Responsive Nanogels and Fluorescently Labeled Nanogels

Degradable nanogels were synthesized via free-radical polymerization (FRP) in an in-
verse w/o mini-emulsion according to our previous method [24,25]. A w/o mini-emulsion
(10:1, v/v) was composed of 10.0 mL of cyclohexane containing Span-80 (600 mg) and
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1.0 mL of PB solution (pH 7.0) containing monomers. The following steps were taken
to synthesize nanogels: an aqueous phase was prepared in a 4 mL dark vial by adding
CBA (26.0 mg, 0.10 mmol), with the main monomers DMAM and ATC (amounts spec-
ified in Table S1), and 0.2 M PB (pH 7.0) containing DMSO (10% v/v). The monomers
were dissolved completely with a vortex. Then, the solution of the LAP initiator (2.3 mg,
0.008 mmol) was added. To create a mini-emulsion, the organic phase and aqueous phase
were mixed and ultrasonicated at 60% amplitude for 5 min at 4 °C. The vial was protected
from light with aluminum foil and placed over high-power light-emitting diodes (LEDs,
3 W, 395-405 nm) following photoirradiation for 30 min. To obtain nanogel powder, the
suspension of nanogels was precipitated in 40 mL of cold acetone, centrifuged at 11,000 rpm
for 10 min, and washed twice before air-drying overnight. On the next day, crude nanogels
were dialyzed in a 100 kDa dialysis membrane against DI water. Dialysis was performed
for 24 h with multiple media changes. Lastly, pure nanogel was frozen at —80 °C and
lyophilized to obtain the nanogel powder. Fluorescently labeled nanogels (FL-NG) were
synthesized with the same procedure but adding 0.5% w/w fluorescein O-acrylate in the
aqueous phase.

3.3. miRNA Loading into Cationic Nanogels

The miRNA was loaded into cationic nanogels in a straightforward method. Briefly,
bare nanogel powder (amounts specified in Table 52) was redispersed with 700 uL of
water and sonicated at 40% amplitude for 30 s. Then, 100 pL of a-miR21 or Cy5-a-miR21
solution (concentration: 100 pmol/uL or equal to 0.725 pug/puL) was added to the nanogel
dispersion. Three samples differing by N/P ratios of 10, 5, and 2 (mol/mol) were prepared
to produce NG/a-miR21-1, NG/a-miR21-2, and NG/a-miR21-3, respectively. The mixtures
containing relevant amounts of NG and a-miR21 were stirred overnight at 400 rpm under
dark conditions. Then, dialysis was performed in a dialysis capsule (QuixSep®, 1 mL)
using a dialysis membrane (MWCO 100 kDa) against 80 mL of DI water for 4 h. Finally,
pure NG/a-miR21-1,2,3 was lyophilized and stored as a powder.

3.4. Nanogel Characterization
3.4.1. Measurement of miRNA Loading Capacity (MLC) and miRNA Loading
Efficiency (MLE)

The measurements of MLC and MLE were based on the fluorescence intensity, using
a standard curve of Cy5-a-miR21 in PBS (R? = 1.000, Ex: 650 nm, Em: 675 nm). Briefly,
lyophilized pure nanogel powders of NG/a-miR21-1,2,3 were redispersed in water at a
concentration of 1.0 mg/mL, following dilution with PBS (pH 7.4) to a concentration of
25 pg/mL. Then, the fluorescence intensity of dispersions was measured and converted to
the mass of a-miR21. MLC and MLE were then calculated using the following equations:

oy _ Actual loaded miRNA (mg)
MLC (%) = == N A g 100

o\ _ Actual loaded miRNA (mg)
MLE (%) = Initial feed of miRNA (mg) x 100.

3.4.2. Dynamic Light Scattering (DLS)

The Z-average hydrodynamic diameter (dpy) and polydispersity index (PdI) of freshly
prepared bare NG and NG/a-miR21-1,2,3 (1.0 mg/mL) in 1 mM KCl solution were deter-
mined using dynamic light scattering (DLS) (Malvern, Zetasizer Nano 90S), the system
was equipped with a 4 mV He-Ne ion laser (A = 633 nm) as the light source at a scattering
angle of 90°. Similarly, the ¢ potentials of bare NG and NG/a-miR21-1,2,3 were measured
using electrophoretic light scattering (ELS) measurements (Malvern, Zetasizer Nano ZC) in
1 mM KCl solution.
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3.4.3. Cryogenic Transmission Electron Microscopy (Cryo-TEM)

NG/a-miR21-3 and GSH-treated NG (concentration: 500 ng/mL) were observed under
cryo-TEM using a Tecnai F20 X TWIN microscope (FEI Company, Hillsboro, OR, USA).

3.4.4. Stability Study of Nanogel in Biological Media

The stability of bare NG and NG/a-miR21-3 was measured at working concentrations
(100 pg/mL) in different biological media, namely, water, PBS (pH 7.4), normal saline (0.90%
w/v of NaCl), RPMI + 10% FBS, and DMEM + 10% FBS, at 37 °C for 5 days. The colloidal
stability was observed visually, and the optical density (OD) was measured at 650 nm. The
OD value was converted to percentage transmittance using the following equation:

Transmittance (%) = antilog (2 — absorbance).

3.4.5. miRNA Release Study

The miRNA release from NG/a-miR21-1,2,3 was analyzed using the dialysis method.
Initially, a dispersion of nanogel (concentration: 100 ug/mL) was prepared in water. Then,
800 pL of NG/a-miR21-1,2,3 was placed into the dialysis capsule (QuixSep®, 1 mL) using a
dialysis membrane (MWCO 100 kDa). Free a-miR21 at the same miRNA concentration as
NG/a-miR21-3 was also prepared to evaluate the release of free miRNA (~7 kDa) through
the 100 kDa membrane. The dialysis capsules were immersed in 40 mL of PBS (pH 7.4
with 0 or 5 mM GSH) and incubated at 37 °C under continuous shaking (110 rpm). In
addition, NG/a-miR21-3 was also incubated in PBS (pH 4.5) to analyze the release profile
in acidic conditions. Samples of miRNA release (400 pL, dissolution medium) were taken at
predetermined time intervals (3, 6, 9, 12, 24, 36, 48, 60, and 72 h) and replaced with the same
amount of prewarmed fresh medium. The amount of released miRNA in the withdrawn
samples was determined by fluorescence analysis (Ex/Em max of 650/675 nm) converted
to miRNA concentration using a standard curve (R? = 1.000).

The miRNA release from NG/a-miR21-3 was also evaluated in the presence of a
competing polyanion, heparin, at a concentration of 10 IU/mL.

3.5. Cell Culture and In Vitro Study
3.5.1. Cell Uptake Study by Confocal Microscopy

HCT 116 cancer cell lines (5 x 103 cells/well) were seeded in p-Slide eight-well glass-
bottom plates (ibidi, USA) in 200 uL of DMEM supplemented with 10% FBS and incubated
at 37 °C for 24 h. Then, the medium was replaced with fresh DMEM + 10% FBS containing
FL-NG/Cy5-a-miR21-3 (500 pg/mL) and cocultured for 3 h. FL (green) represents NG and
Cyb5 (red) represents miRNA. Cell nuclei were then stained with Hoechst 33342, 30 min
before observation by confocal laser scanning microscopy (CLSM, Olympus FluoView
FV1000, ZEISS, Dublin, CA, USA).

3.5.2. Cytotoxicity Study

The cytotoxicity profile of bare NG was assessed in HCT 116 cancer cell line using a
standard CCK-8 assay. HCT 116 cells (5 x 103 cells/well) were seeded in 96-well plates in
100 pL of DMEM supplemented with 10% FBS and 1% antibiotics for 24 h, following incu-
bation with bare nanogels at different concentrations (0, 1, 10, 50, 100, 250, and 500 pg/mL).
CCK assay was performed by adding 10 puL of CCK-8 solution in each well following
incubation at 37 °C for 2 h. The absorbance was then measured by a microplate reader at
450 nm. The relative cell viability (%) was expressed as a fraction of the percentage of cell
growth occurring in the presence of nanogel vs. the absence of nanogel (control).

3.6. Statistical Analysis

GraphPad Prism Version 6.0 software (GraphPad, San Diego, CA, USA) was used for
the statistical analysis. Data analysis was performed using one-way analysis of variance
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(ANOVA). The significance level was set at p < 0.05, with all data displayed as mean + SD
(n=4).

4. Conclusions

Synthesis of acrylamide-based nanogels, containing a disulfide crosslinker via pho-
toinitiated FRP in an inverse microemulsion technique, was developed. The successful
encapsulation of miRNA into nanogels was carried out by self-assembly of nanogel cationic
groups and miRNA anionic phosphate groups by electrostatic complexation. The miRNA-
loaded nanogels characterized by a spherical shape (dy about 100 nm) and a moderate
positive charge (C potential in the range of 12-24 mV) were able to form stable dispersions
in various biological media, including serum-enriched media. The miRNA release studies
demonstrated that the presence of GSH in the release environment had only a minor effect
on miRNA release. Instead, a markedly accelerated release of miRNA was observed in the
presence of a strong heparin polyanion, indicating the reversibility of the complexation.
The miRNA-loaded nanogels were efficiently absorbed by HCT 116 cancer cells within a
short incubation time and showed tolerable cytotoxicity, making them a promising miRNA
delivery system.
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and NG/a-miR21-3, respectively; Figures S7-510. Average ( potentials of bare NG, NG/a-miR21-1,
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5 mM GSH fitted to zero-order, first-order, Korsmeyer—Peppas, Higuchi, and Hixon—Crowell models,
respectively.
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Table S1. Monomer feed composition based on moles and mass

DMAM ATC CBA LAP
Formulation?
mg mmol mg mmol mg mmol mg mmol
NG 183.6  1.852 215 0111 26.0 0.099 2.3 0.008

2 Total volume of aqueos phase and organic phase were 1 mL and 10 mL, respectively.

Table S2. Post-polymerization loading

Nanogels NG (mg)? ATC (umol)  N/P ratio
NG - - -
NG/a-miR21-1 5.0 2.38 10
NG/a-miR21-2 25 1.19 5
NG/a-miR21-3 1.0 0.48 2

2 miRNA was loaded at concentration of 100 pmol/uL (100 pL).
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Standard curve of Cy5-a-miR21 in PBS (pH 7.4)
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Figure S1. Standard curve of Cy5-a-miR21 in PBS (pH 7.4). The standard curve was created from diferent
concentrations of a-miR21: 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1.0 pmol/uL. Data were reported as

mean + SD (n = 4).

Fluorescence spectra of Cy5-a-miR21 and NG/Cy5-a-miR21
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Figure S2. Fluorescence spectra of Cy5-a-miR21 and NG/Cy5-a-miR21 in PBS (pH 7.4). Both Cy5-a-miR21
and NG/Cy5-a-miR21 indicated the same Ex/Em max (regardless of a relatively different spectra particularly
at 600-635 nm exitation area). For analysis purposes (standard curve generation, miRNA loading analysis,
and miRNA release study) we used the maximum wavelengths: 650 and 675 nm for the Ex and Em,

respectively.
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DLS measurements of nanogels

Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 9247 Peak 1: 116.2 954 63.16
Pdl: 0.429 Peak 2: 4985 3.4 667.3
Intercept: 0.974 Peak 3: 591.0 1.3 142 6
Result quality : Good
Size Distribution by Intensity
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Figure S3. Average size distribution (du) of bare NG in 1 mM KCI from four replications.

Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 1092 Peak 1: 136.6 96.9 73.50
Pdl: 0.341 Peak 2: 4792 3.1 840.9
Intercept: 0.965 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)
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Size (d.nm)

Record 40: NG/miRNA-1_1.5 mg/mL_1 mM KCI|

Figure S4. Average size distribution (dn) of NG/a-miR21-1 in 1 mM KCI from four replications.
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Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 116.8 Peak 1: 144.5 96.5 77.32
Pdl: 0.361 Peak 2: 4961 35 693.3
Intercept: 0.964 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity
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Record 42: NG/miRNA-2_1.5 mg/mL_1 mM KCI|

Figure S5. Average size distribution (dn) of NG/a-miR21-2 in 1 mM KCI from four replications.

Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 1221 Peak 1: 191.3 95.1 160.9
Pdl: 0.457 Peak 2: 4390 49 997.9
Intercept: 0.952 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity
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Figure S6. Average size distribution (dy) of NG/a-miR21-3 in 1 mM KCI from four replications.
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Zeta potential (§) measurements of nanogels

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 27.4 Peak 1: 274 100.0 3.69
Zeta Deviation (mV): 3.40 Peak 2: 0.00 0.0 0.00
Conductivity (mS/em): 0.183 Peak 3: 0.00 0.0 0.00

Result quality : cood
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Figure S7. Average ( potential of bare NG in 1 mM KCI from four replications.

Mean (mV) Area (%) 5t Dev (mV)
Zeta Potential (mV): 242 Peak 1: 242 100.0 354
Zeta Deviation (mV). 3.43 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.187 Peak 3: 0.00 0.0 0.00

Result quality : cood
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Figure S8. Average ¢ potential of NG/a-miR21-1 in 1 mM KCI from four replications.
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Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 20.8 Peak 1: 208 100.0 493
Zeta Deviation (mV): 4.71 Peak 2: 0.00 0.0 0.00
Conductivity (mS/em): 0221 Peak 3: 000 00 0.00

Result quality : cood
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Figure S9. Average ( potential of NG/a-miR21-2 in 1 mM KCI from four replications.

Mean (mV) Area (%) 5t Dev (mV)
Zeta Potential (mV): 11.9 Peak 1: 120 100.0 6.07
Zeta Deviation (mV). 6.04 Peak 2: 0.00 0.0 0.00
Conductivity (mS/em): 0.170 Peak 3: 0.00 0.0 0.00

Result quality : Good
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Figure S10. Average ¢ potential of NG/a-miR21-3 in 1 mM KCI from four replications.
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MiRNA release kinetics from nanogels
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Figure S11. NG/a-miR21-3 release data in pH 7.4 + 5 mM GSH fitted to (A) zero order, (B) first order, (C)
Higuchi, (D) Korsmeyer Peppas, and (E) Hixon Crowell models.
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Trehalose has been widely studied as a treatment for a variety of human disorders due to its ability to stimulate
autophagy. Trehalose, however, is poorly adsorbed and is hydrolyzed in the intestinal mucosa, and oral delivery
requires relatively high doses to induce autophagy. The parenteral injection of trehalose-releasing nanogels
proposed in this study offers an alternative mode of delivery. This study aimed to develop stable colloidal dis-
persions of trehalose-rich nanogels that could sustainably release trehalose under physiologically relevant con-
ditions. The nanogel design was based on the covalent incorporation of 6-O-acryloyl-trehalose within a polymer
network. A series of nine trehalose-rich nanogels with highly conjugated trehalose (up to 59 % w/w) were
synthesized and shown to sustainably release trehalose at a rate that is not dose dependent. The nanogels were
optimized to keep colloidal stability in serum-enriched cell culture media. The stable nanogels were not cytotoxic
to primary HUVECs. Two selected nanogels with opposite surface charges were subjected to extended in vitro
characterization that included a cellular uptake study and a hemocompatibility assay. Both nanogels were
efficiently taken up by HUVECs during a short incubation. They also proved not to be hemolytic to human RBCs
in concentrations up to 2.0 mg/mL. Finally, an in vivo autophagy stimulation study employing transgenic
zebrafish and Drosophila larvae demonstrated that prolonged exposure to a cationic trehalose-releasing nanogel
can induce autophagic activity in in vivo systems without any detectable toxicity.

1. Introduction

a,a-Trehalose is a naturally occurring, non-reducing disaccharide
composed of two p-glucopyranosyl units. The molecule is very well
known for its ability to stabilize biomacromolecules in stress conditions
[1]. Recently, numerous in vitro and in vivo studies have confirmed an
additional biologically important feature of trehalose, namely the ability
to induce autophagy [2,3]. Autophagy is highly regulated process that
results in the removal of cellular debris. The process is important in
homeostasis and other cellular functions. Failure of autophagy can result

in a wide range of abnormalities in humans, leading to neurodegener-
ative disorders, diabetes, and other disease states [4].

In preclinical studies, many research groups have explored the
impact of trehalose-induced autophagy on a variety of disorders,
including Parkinson's disease (PD) [5,6], Lewy body disease [7], Alz-
heimer's disease (AD) [8], diabetes and non-alcoholic fatty liver disease
(NAFLD) [9,10], atherosclerosis [11,12], amyotrophic lateral sclerosis
(ALS) [13], and ischemic-related diseases [14-16]. The ClinicalTrials.
gov database also records several trials exploring the potential impacts
of trehalose on AD, NAFLD, acute coronary syndrome, and other
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Fig. 1. Scheme illustrating the synthesis and potential application of trehalose-releasing nanogels for brain targeting via AMT.

diseases. Most studies in animal models indicate that the induction of
autophagy by trehalose requires the use of high, 100 mM concentrations
of trehalose to ensure effectiveness [2,3]. The dose commonly used for
intraperitoneal administration is 2-3 g/kg/day, while for oral admin-
istration is 2-4 % w/v in drinking water. The necessity for such high
doses of trehalose is twofold. While the high hydrophilicity of trehalose
results in poor penetration through cell membranes, it is also the case
that the presence of intestinal trehalase, an enzyme that hydrolyzes
trehalose into two glucose molecules, impedes its oral absorption. To
improve the bioavailability of trehalose, nano formulations that are
capable of releasing trehalose under physiologically relevant conditions
would be an alternative to the classical alternatives. Such trehalose
delivery vehicles could reduce its required dosage, prolong circulation
time, and protect trehalose against trehalase-mediated rapid hydrolysis.

Several polymeric materials containing covalently bound trehalose
have been synthesized and studied for wide range of applications, e.g.,
as protein stabilizers [17-20], nonviral nucleic acid carriers [21,22],
thermogelling hydrogel matrices for 3D cell culture [23,24], anti-
adhesives to inhibit bacterial infections [25], and magnetic nano-
particles for mycobacteria detection [26]. In addition, some trehalose-
bearing nanoparticles have been developed as neuroprotective agents
[27-29]. While nanocarriers facilitating the release of substantial
amounts of trehalose have yet to be developed, two reports on this topic
have been published, recently. Colombo et al., have developed trehalose
nanolipid-assemblies and investigated their effect on autophagy stimu-
lation in vitro [30]. Their results showed that the nanolipids did not
induce autophagy, which may be due to the limited hydrolytic cleavage
of the trehalose conjugate and insufficient trehalose release. In their
subsequent study, trehalose-bearing PEG-Au nanoparticles were syn-
thesized and demonstrated moderate autophagy stimulation in LC3-
overexpressed HeLa cells after 48 h [31]. Trehalose was bound to 4.6
nm-size nanoparticles via a triazole moiety utilizing a click chemistry
protocol. The moderate effectiveness of this approach may result from
the poor hydrolysis of this moiety.

When considering the development of an effective polymeric nano-
carrier for the treatment of neurodegenerative disorders, successful

delivery to the central nervous system (CNS) needs to be considered
[32-35]. Therapeutic strategies involve either bypassing or crossing the
blood-brain barrier (BBB) to access the CNS. The former can be achieved
via intranasal administration of the nanocarrier, which is preferably
smaller than 100 nm. This route is, in some cases, more effective than
drug delivery by conventional oral and intravenous routes. The second
approach, which enables nanoparticles to cross the BBB, could be real-
ized via receptor-mediated transcytosis, which requires decoration of
nanoparticles with specific ligands, or adsorptive-mediated transcytosis
(AMT), which utilizes electrostatic interactions. Particle surface charge
provided by specific ionic moieties can promote the pathway by which
nanoparticles are internalized in cells. Cationic residues can provide
beneficial electrostatic interactions with the negatively charged luminal
side of the BBB, resulting in endocytotic internalization via AMT
[32-34].

Given the promising therapeutic potential for trehalose-releasing
nanocarriers, the present study is focused on the development of
nanogels containing covalently bound trehalose that can be sustainably
released via hydrolysis. Nanogels are nanosized hydrogels, i.e., three-
dimensional networks formed by crosslinked polymer chains. They are
characterized by a wide range of beneficial properties such as biocom-
patibility, high surface-to-volume ratio, high loading capacity, and po-
tential responsivity to environmental stimuli. These characteristics
make them widely studied as potential drug delivery carriers [35-37].

Recently we have developed bulk hydrogels containing up to 52 %
w/w covalently bound trehalose which could be released in physiolog-
ically relevant conditions [38]. Trehalose has been incorporated into the
polymer network by copolymerization of the appropriate acrylamide-
type monomers with trehalose monoacrylate. The presence of primary
and secondary acrylamide units significantly accelerates hydrolysis of
the ester moiety in acrylate units at pH >7.0 [39] and sustained release
of trehalose can be realized at circumneutral conditions. Working from
this foundation, we have developed nanosized hydrogels as trehalose
delivery vehicles for potential parenteral administration. A series of
trehalose-releasing nanogels have been synthesized via photoinitiated
free radical polymerization (FRP) of trehalose monoacrylate and



Publication [P4]

A. Maruf et al.

Table 1
Formulation and physicochemical characteristics of trehalose-releasing nanogels.

Biomaterials Advances 138 (2022) 212969

Samples TreA (Trehalose) feed AMPTMAC feed AM Pure yield (%)° CTre (% w/w)" dy (PdI) in DMEM {-potential (mV)
(% w/w)" (% w/w)" feed (nm)
(% w/w)*
TNG1-AM 17.9 (15.4) 55.4 17.9 91 13.9+ 1.6 Aggregated 35.8
TNG2 35.7 (30.7) 55.4 - 85 27.6 £0.8 163 (0.21) 38.0
TNG3 44.6 (38.3) 46.5 - 86 33.3+0.5 126 (0.18) 40.9
TNG4 59.9 (51.5) 31.3 - 74 46.9+0.8 127 (0.18) 41.5
TNG5-AM 59.9 (51.5) 15.6 15.6 77 46.6 + 1.4 213 (0.26) 329
TNG6-AM 59.9 (51.5) 7.8 23.4 70 45.4 £ 0.6 187 (0.23) 37.6
TNG7-AM 67.7 (58.2) 7.8 15.6 73 53.3+23 115 (0.21) 22.8
TNG8 72.3 (62.2) 18.8 - 61 57.2+£0.8 81 (0.19) 25.5
TNG9-AM 75.5 (64.9) - 15.6 54 58.6 £ 0.3 116 (0.22) -5.7

Note: MBAM was used in all formulations at 8.9 % w/w.
@ Calculated based on nanogel formulations.
Y Calculated based on weight after purification.

¢ Calculated based on enzymatic assay. Data are presented as mean + SD (n = 3).

carefully selected acrylamide-type monomers: acrylamide (AM) and (3-
acrylamidopropyl)-trimethylammonium chloride (AMPTMAC) by an
inverse microemulsion technique (Fig. 1). The cationic monomer,
AMPTMAC was chosen in order to provide the electrostatic interactions
with negatively charged membranes desired in brain targeting. In turn,
the presence of AM units beneficially boosts trehalose release.

2. Materials and methods
2.1. Materials and reagents

2.1.1. General methods

Ultrasonication was carried out using Sonics VCX 130 (Sonics &
Materials, Inc., USA), in which 60 % of amplitude was used for obtaining
a miniemulsion and 40 % of amplitude was used for redispersion of
nanogel powder. Freeze drying was carried out under 0.035 mbar at
—50 °C (ALPHA 1-2 LDplus, CHRIST). NMR spectra were recorded in
deuterated solvents (Deutero GmbH) with internal standards using an
NMR spectrometer operating at 600 MHz (Varian). A SpectraMax i3x
Multi-Mode Microplate Reader (Molecular Devices, USA) was used in
stability, cytotoxicity, fluorescence, and enzymatic trehalose assays. The
amount of conjugated trehalose and the cumulative trehalose release
were determined enzymatically using a Trehalose Assay Kit (Megazyme
International, Ireland) following a microplate assay procedure. Phos-
phate buffered saline (PBS) and 5 % dextrose in normal saline (D5NS)
solutions were freshly prepared. Deionized water (DI water) was pro-
duced using a reverse osmosis system (conductivity <2 pS/cm).

2.1.2. Materials and reagents for trehalose-releasing nanogels synthesis
6-0-acryloyl-a,o’-trehalose (TreA) [38], acrylamide (AM, Acros Or-

ganics), N,N'-methylenebisacrylamide (MBAM, Acros Organics), 3-

acrylamidopropyltrimethylammonium chloride (AMPTMAGC, 75 % w/

w in Hp0, Sigma Aldrich), lithium phenyl (2,4,6-trimethylbenzoyl)
phosphinate (LAP, Carbosynth), fluorescein O-acrylate (Sigma Aldrich),
Span 80 (Sigma Aldrich), cyclohexane (Chempur), acetone (Chempur),
PBS tablets (Sigma Aldrich), dialysis membrane (Spectrum™ Spectra/
Por™ 2 RC Dialysis Membrane, MWCO: 12-14 kDa). TreA was synthe-
sized following our previously described method [38].

2.1.3. Materials and reagents for cell culture and in vitro assays

Human umbilical vein endothelial cells (HUVECs, Merck Millipore),
EndoGRO-LS Complete Culture Media Kit, primary cell medium with
low serum (including EndoGRO Basal Medium (SCME-BM) and Sup-
plement Kit, Merck Millipore), Dulbecco's Modified Eagle Medium
(DMEM, PAN Biotech), Roswell Park Memorial Institute 1640 (RPMI,
PAN Biotech), Fetal Bovine Serum (FBS, PAN Biotech), PBS (PAN
Biotech), antibiotic antimycotic solution (100x) containing penicillin,
streptomycin, and amphotericin B (Sigma Aldrich), CCK-8 kit (Bimake),
and Hoechst 33342 cell nuclei staining (Thermo Fisher Scientific).
Cyanmethemoglobin (CMH), Drabkin's reagent, and Brij 35 solution
(Sigma Aldrich), Triton-X-100, and DI water.

2.2. Synthesis of trehalose-releasing nanogels and fluorescently labelled
nanogels

A series of trehalose-releasing nanogels with different compositions
(Table 1, Table S1, Fig. 2A, B) were synthesized via an inverse mini-
emulsion FRP. A 10:1 (v:v) water-in-oil (w/0) miniemulsion was
composed of cyclohexane (10.0 mL) containing Span 80 (600 mg) as the
organic continuous phase and the aqueous phase (1.0 mL) consisted of
PBS solution (pH 6.0) containing monomers and photoinitiator LAP. The
general procedure for the synthesis of nanogels was as follows (Fig. S1).
Briefly, the aqueous phase was prepared in 4-mL dark vial by placing
MBAM (20.0 mg), TreA (amount specified in Fig. 2B and Table S1) and

o
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Fig. 2. Initial feed of trehalose-releasing nanogels expressed as (A) moles and (B) mass.
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PBS solutions of AM, and/or AMPTMAC (amounts specified in Fig. 2B
and Table S1). The mixture was vortexed for approximately 10-15 min
to completely dissolve all the monomers. Finally, the solution of LAP
initiator (2.3 mg) was added, and the aqueous phase was then trans-
ferred into a 20-mL transparent vial containing the cold organic phase
(4 °C). The emulsion was prepared by sonicating the mixture using an
ultrasonicator with an amplitude of 60 % for 5 min on ice. The reaction
vial was then wrapped in aluminum foil and photoirradiated from the
bottom of the vial with High Power Light-Emitting Diodes (LEDs, 3 W,
395-405 nm) for 30 min. Afterwards, the product was precipitated in 40
mL of acetone and centrifuged at 14610 xg for 10 min. The precipitate
was then washed twice with 40 mL of acetone, centrifuged, and air-dried
overnight. Crude product was dispersed in DI water and purified by
dialysis (MWCO 12-14 kDa) against H3PO4 solution (pH 5.0) for 24 h
with multiple media changes and DI water as the last change. Finally,
the nanogel dispersion was freeze-dried, yielding white fluffy powder
which was stored at 4 °C prior to use.

Fluorescently labelled nanogels were prepared following the pro-
cedure described above using 0.5 % w/w fluorescein O-acrylate in the
monomer feed. Fluorescein O-acrylate was dissolved in PBS (pH 7.0)
containing 10 % DMSO and incubated for one day before use.

2.3. Nanogel characterization

2.3.1. Dynamic light scattering (DLS)

The Z-average mean hydrodynamic diameter (dy) and polydispersity
index (PdI) of trehalose-releasing nanogels in DMEM and in DMEM +10
% FBS (1.0 mg/mL) were determined by Dynamic Light Scattering (DLS)
(Malvern, Zetasizer Nano 90S) equipped with a 4 mV He-Ne ion laser (A
= 633 nm) as the light source at a scattering angle of 90°. All samples
were diluted from stock (10 mg/mL, prepared with sonication at 40 %
amplitude for 30 s) to the desired media (1.0 mg/mL) without further
co-sonication. The dispersant setting for DMEM and DMEM +10 % FBS
was set manually according to the literature [40]. The viscosity of
DMEM and DMEM +10 % FBS was set at 1.03 and 1.05 cP, respectively.
The zeta potential ({-potential) of trehalose-releasing nanogels was
measured by Electrophoretic Light Scattering (ELS) measurement
(Malvern, Zetasizer Nano ZC) in 1 mM KCl solution.

2.3.2. Cryogenic transmission electron microscopy (cryo-TEM)

Nanogels at a concentration of 500 pg/mL in DI water were observed
under cryo-TEM using a Tecnai F20 X TWIN microscope (FEI Company,
Hillsboro, Oregon, USA) equipped with field emission gun, operating at
an acceleration voltage of 200 kV. Images were recorded with a Gatan
Rio 16 CMOS 4 k camera (Gatan Inc., Pleasanton, California, USA) and
processed with Gatan Microscopy Suite (GMS) software (Gatan Inc.,
Pleasanton, California, USA). Specimens were prepared via the vitrifi-
cation of aqueous solutions on grids with holey carbon film (Quantifoil R
2/2; Quantifoil Micro Tools GmbH, GroBlobichau, Germany). Prior to
use, the grids were activated for 15 s in oxygen plasma using a Femto
plasma cleaner (Diener Electronic, Ebhausen, Germany). Cryo-TEM
samples were prepared by applying a droplet (3 pL) of the dispersion
to the grid, blotting with filter paper and immediately freezing in liquid
ethane using a fully automated blotting device (Vitrobot Mark IV,
Thermo Fisher Scientific, Waltham, Massachusetts, USA). Once pre-
pared, the vitrified specimens were kept under liquid nitrogen until they
were inserted into a cryo-TEM holder (Gatan 626, Gatan Inc., Pleas-
anton, USA) and analyzed in the TEM at —178 °C.

2.3.3. Viscosity and density measurements of trehalose-releasing nanogels

Nanogels at concentration of 1.0 mg/mL were dispersed in normal
saline solution (0.90 % w/v of NaCl) and their dynamic viscosity, ki-
nematic viscosity, and density were measured using automatic viscom-
eter SVM3001 (Anton Paar GmbH, Austria). Samples were loaded using
XSampleTM 600 (5 mL per loading) and the temperature was condi-
tioned using XSampleTM heating controller to reach 37 °C prior to
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measurement.

2.3.4. Trehalose release study by 'TH NMR spectroscopy

PBS (pH 7.4) in D20 containing 1 % v/v antibiotic antimycotic so-
lution (1 mL) was added to pre-weighed nanogel lyophilizate (10 mg),
left for 15 min to swell, cooled in an ice bath and sonicated for 30 s to
disperse the nanogel (10 mg/mL). Then, 700 pL of the nanogel disper-
sion was transferred to an NMR tube and the 'H NMR spectrum was
recorded (0 h). Afterwards, the NMR tube was placed in an incubator at
37 °C under continuous shaking (250 rpm), and at prescribed time in-
tervals (24, 72 and 168 h) the tube was withdrawn to acquire an 'H NMR
spectrum. Finally, trehalose was fully cleaved from nanogels by treating
the dispersion directly in the NMR tube with 70 pL of 1 M NaOD at 70 °C
for 1 h. The dispersion was then cooled to room temperature and,
following complete release of trehalose, the 'H NMR spectrum was
recorded.

2.3.5. Determination of conjugated trehalose (CTre)

Trehalose content in nanogels was determined after complete alka-
line hydrolysis of the ester bond in trehalose acrylate units. Briefly, 300
pL of nanogel dispersion at a concentration of 100 pg/mL in PBS (pH
7.4) was treated with 30 pL of 1 M NaOH and incubated at 70 °C for 1 h.
Then, 30 pL of 1 M HCl was added for neutralization and the resulting
mixture was subjected to enzymatic determination of trehalose based on
a standard curve. Trehalose was determined enzymatically using
Trehalose Assay Kit in microplate assay procedure. According to pro-
cedure, trehalose was hydrolysed to p-glucose by trehalase, then
released p-glucose was phosphorylated by hexokinase and adenosine-5'-
triphosphate (ATP) to glucose-6-phosphate, which was oxidized by
nicotinamide-adenine dinucleotide phosphate (NADP ™) to gluconate-6-
phosphate with the formation of reduced nicotinamideadenine dinu-
cleotide phosphate (NADPH). The amount of NADPH formed in this
reaction was measured by the increase in absorbance at 340 nm. The
absorbance was recorded using microplate absorbance reader. Each
determination was made in triplicate. CTre (% w/w) was expressed as a
fraction of the percentage of weight of trehalose in nanogel vs weight of
nanogel.

2.3.6. Trehalose release study by enzymatic determination

Lyophilized nanogel powders (10.0 mg) were immersed in 1.0 mL of
DI water for 15 min before sonication at 40 % of amplitude for 30 s,
providing a stock of dispersed nanogels at a concentration of 10 mg/mL.
Then, the stock dispersion was diluted to a final concentration of 100
pg/mL (16 mL) in PBS (pH 7.4) containing 1 % v/v antibiotic anti-
mycotic solution in a 20-mL glass vial. The dispersion was then placed in
an incubator at 37 °C under continuous shaking (250 rpm). Aliquots
(800 pL) were withdrawn at pre-determined time intervals (0, 12, 24,
36, 48, 60, 72, 84, 96, 108, 120, and 168 h) and frozen at —20 °C.
Following collection of the samples, all samples were thawed and
released trehalose was determined enzymatically based on a standard
curve using Trehalose Assay Kit according to procedure described above
in Section 2.3.5. Note: enzymatic assay was used to quantify the amount
of trehalose liberated into the media. Trehalose, which is still covalently
bound to the nanogel network is not hydrolysed by the trehalase enzyme
and thus is not determined in the test.

2.3.7. Stability of trehalose-releasing nanogels in various media

Colloidal stability of nanogels at concentration of 1.0 mg/mL con-
taining 1 % v/v antibiotic antimycotic solution was tested in different
media, including DI water, PBS (pH 7.4), D5NS, DMEM +10 % FBS,
RPMI +10 % FBS, and primary cell medium (low serum) for 0, 2, 6, 24,
48, and 72 h (37 °C) by measuring optical density (OD) at 650 nm in 96-
well plates using a microplate reader.
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2.4. Cell culture and in vitro study

2.4.1. Cytotoxicity study

The cytotoxicity of trehalose-releasing nanogels was assessed using a
standard CCK-8 assay. HUVECs (5 x 102 cells/well) were seeded in 96-
well plates in 100 pL of primary cell medium and then cultured with
stable trehalose-releasing nanogels at various concentrations (0, 100,
250, 500, and 1000 pg/mL) for 24 h. Thereafter, 10 puL of CCK-8 was
added and incubated for 2 h. The absorbance was measured by a
microplate reader at 450 nm. The relative cell viability (%) was
expressed as a fraction of percentage of cell growth occurring in the
presence of nanogel vs the absence of nanogel (control).

2.4.2. Invitro cell uptake

The nanogel uptake was evaluated in HUVECs by confocal laser
scanning microscopy (CLSM, Olympus FluoView FV1000, ZEISS, USA).
Cells were seeded in 6-well plates at the density of 1 x 10° cells/well in
2 mL of primary cell medium and incubated at 37 °C for 24 h. Next, the
culture media was replaced with fresh media containing TNG7-AM or
TNG9-AM (500 pg/mL) in each well and observed under CLSM at 3 h of
co-culture.

2.4.3. Hemolysis study

Two selected nanogels (TNG7-AM and TNG9-AM) were tested for
their hemolytic properties. Anonymous blood samples were used in the
hemolysis assay. Blood was collected from healthy volunteers at the
Clinical Laboratory Analysis of Faculty of Pharmacy (University of
Coimbra, Portugal). A written informed consent was obtained from all
participants. The hemolysis assay was performed according to the
literature (NCL Method ITA-1) [41].

Whole blood was collected in heparinized tubes and diluted with 1x
PBS to obtain final concentration of total blood hemoglobin (TBHd) of
10 mg/mL + 2 mg/mL. Then, a volume of 100 pL of different concen-
trations (100, 250, 500, 1000, and 2000 pg/mL) of TNG7-AM and TNG9-
AM, 1 x PBS (negative control), Triton-X-100 (positive control), and PFH
(plasma free hemoglobin) were added to PBS (700 pL) in different tubes.
Then, 100 pL of TBHd was added and incubated at 37 °C for 3 h + 15
min. To evaluate sample interference in hemolysis assay, trehalose-
releasing nanogels at different concentrations (without TBHd addi-
tion) were prepared and incubated at the same time and condition to
normalize the absorbance value and avoid false positive results. Then,
the mixture was centrifuged at 800 xg for 15 min. In the final step, 100
pL of supernatant from each repetition tube and 100 pL of cyanmethe-
moglobin (CMH) reagent were added to a 96-well plate and shaken
gently before reading. The CMH reagent was prepared by mixing 1000
mL Drabkin's reagent and 0.5 mL of 30 % Brij 35 solution. The absor-
bance was read at 540 nm. The percentage of hemolysis was calculated
by the following equation:

Test sample OD540 — Negative control OD540
Positive control OD540 — Negative control OD540

Hemolysis (%) = x 100

2.5. In vivo autophagy stimulation study

2.5.1. Zebrafish husbandry

Wild type (AB) and Tg(CMV:GFP-Lc3) [42] transgenic zebrafish used
in this study were maintained and bred in the fish facility of ELTE E6tvos
Lorand University according to standard protocols [43,44].

2.5.2. Trehalose-releasing nanogels treatment and sample preparation for
microscopy

TNG7-AM or TNG9-AM were dispersed in distilled water to create 5
mg/mL stock solutions. At 1 day post fertilization (dpf), zebrafish em-
bryos born from an AB x Tg(CMV:GFP-Lc3) cross were dechorionated
and transferred into E3 medium with a final concentration of 500 pg/mL
of TNG7-AM or TNG9-AM, respectively. (For controls, a similar volume
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of distilled water was added to the medium). Until larvae reached 5 dpf,
they were raised under standard conditions in an incubator. At that time,
the transgenic larvae were immobilized using 0.16 mg/mL tricaine
methanesulfonate (Sigma Aldrich).

The 3xmCherry-Atg8a [45] and GFP-Ref (2)P/GFP-p62 [46,47]
Drosophila lines were provided by Gabor Juhdsz. During treatment, flies
were kept at 25 °C on a dried food medium (Ready Mix Food for
Drosophila - Philip Harris, BBA03876). At 04 h old, synchronized em-
bryos were collected and transferred to medium, which either contained
TNG7-AM (final concentration: 500 pg/mL - dispersed in distilled
water) or was only supplemented with the same volume of water, for
controls. At 90-94 h old (continuously treated) L3 feeding larvae were
dissected for fluorescent microscopy. Nuclei of fat bodies were stained
with Hoechst (0.1 mg/mL, Molecular Probes, 33,342) and 13.5 pL cover
solution (4:1 - glycerol:PBS) was applied.

2.5.3. Fluorescence microscopy

Zebrafish larvae were immobilized using 4 % methyl cellulose
(Sigma Aldrich, M7140) and imaged under a Zeiss SteREO Lumar.V12
microscope equipped with a NeoLumar S 0.8 x objective and a CoolLED
pE-300lite light source.

Fluorescent images of Drosophila samples were captured with a Zeiss
Axioimager Z2 upright microscope (with objective Plan-NeoFluar 40x
0.75 NA) equipped with ApoTome. AxioVision 4.82 and Image J 1.52¢
software [48] were used to examine and evaluate data.

2.5.4. Western blotting

Western blot samples were prepared from 40 zebrafish larvae (5 dpf)
per sample. Larvae were washed in 200 pL distilled water and homog-
enized using 200 pL 2x Laemmli Sample Buffer (Bio-Rad, 161-0737).
15 pL samples were run on 4-20 % Mini-PROTEAN® TGX™ Gel. After
blocking with 3 % Milk Powder (Blotting-Grade Blocker, Bio-Rad
170-6404,), samples were dissolved in TBST, membranes were probed
with anti-SQSTM1/p62 (1:1000, rabbit, Cell Signaling Technology,
5114), anti-GAPDH (rabbit, 1:5000; Sigma Aldrich, G9545), anti-rabbit
1gG alkaline phosphatase (1:1000, Sigma Aldrich, A3687) antibodies,
and developed by NBT-BCIP solution (Sigma Aldrich, 72,091).

2.6. Statistical analysis

General characterization and in vitro study: data obtained were re-
ported as the mean + SD (n = 3). GraphPad Prism Version 6.0 software
(GraphPad, USA) was used for the statistical analysis. One-way analysis
of variance (ANOVA) by Tukey's test was used to reveal differences
among the groups. Unpaired t-test (two tails) was employed to see if
there is a significant difference between two groups. The difference
significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001,
**%%p < 0.0001, and "p > 0.05.

In vivo study in zebrafish and Drosophila: For statistical analysis of
fluorescence microscopy, results were determined using R Studio
(Version 3.4.3) [49]. The distribution of samples (to decide normal or
not) was tested with Lilliefors-test. If the distribution was normal, an F-
test was performed to compare variances. In cases where variances were
equal, a one-sample t-test was conducted (every sample had normal
distribution and equal variances). The levels of significance were indi-
cated as follows: *p < 0.05, **p < 0.01, ***p < 0.001 and "p > 0.05.
Plots were created using the ggplot2 package [50].

3. Results and discussions
3.1. Synthesis and characterization of trehalose-releasing nanogels

There are many ways in which nanogels can be synthesized,
including physical self-assembly, homo- or heterogeneous polymeriza-

tion of monomers in the presence of a crosslinker, cross-linking of pre-
fabricated polymers, and template-assisted nanofabrication of nanogel
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Fig. 3. (A) Z-average hydrodynamic diameter (dy) of trehalose-releasing nanogels in DMEM. Data are presented as mean + SD (n = 3). (B) {-potential of trehalose-
releasing nanogels in 1 mM KCl. Data are presented as mean + SD (n = 3). SD for {-potential was directly obtained from the instrument. (C) Cryo-TEM image of

TNG7-AM. Scale bar = 50 nm.

particles [51]. Variation in the synthesis method as well as variation in
the choice of specific monomers allows customization of nanogel
structure and contributes to a wide range of nanogel properties. Herein,
carefully selected monomers were chosen to fabricate a variety of
trehalose-releasing nanogels in which TreA units are distributed within
a crosslinked acrylamide-type polymer network. Incorporation of
trehalose in this way yields nanogels that can potentially be used as
trehalose delivery systems from which trehalose is released at pH > 7.0
due to the sustained cleavage of ester bonds.

A series of nine trehalose-releasing nanogels with different compo-
sitions (Table 1) were synthesized via FRP in w/0 miniemulsions. Fig. 1
shows the monomer structures and synthetic procedures used to
construct the respective nanogels. The monomer composition was
carefully selected in the subsequent preliminary experiments by
focusing on yield, stability, trehalose release profile, hydrodynamic size
and distribution, and cytotoxicity. In all cases a cyclohexane/Span 80
system was used as a continuous phase, while PBS solution (pH 6.0)
containing monomers (TreA, AM, AMPTMACQ), crosslinker (MBAM), and
photoinitiator (LAP) was used as an aqueous phase. Polymerizations
were accomplished under LED irradiation at room temperature for 30
min with yields in the range of 54-91 %, depending on composition. For
a series of five nanogels containing AM, the notation TNGx-AM was
utilized, while for the four nanogels that did not include AM, the nota-
tion TNGx was adopted (Table 1). The amount of trehalose incorporated
into the nanogels was determined enzymatically after pretreating
nanogels with strong alkali and is presented in Table 1 as CTre (% w/w).
Under these conditions all trehalose is cleaved into solution, as
confirmed by 'H NMR spectroscopy (Fig. 6C); specifically, in the range
of trehalose signals (3.25-5.10 ppm), only sharp signals characteristic of
free trehalose are present rather than the broad signals characteristic of
trehalose bound to the nanogel matrix (Fig. 6B). It was possible to obtain

nanogels containing up to 59 % w/w of trehalose with reasonable yield.
Increasing the trehalose feed in the formulations (from ~15 % w/w to
~65 % w/w) correlated well with the amount of incorporated trehalose,
(CTre from ~14 % w/w to ~59 % w/w, Table 1, Fig. §2).

The size of trehalose nanogels in DMEM, which was chosen as a
commonly utilized biological medium, was determined via DLS and
expressed as the Z-average hydrodynamic diameter (dy). These results
are presented in Fig. 3A and Table 1. In the absence of serum, eight
nanogels were well-dispersed and showed a range of dy between 81 and
213 nm with a relatively narrow PdI (~0.2). Measurement of dy for
TNG1-AM was not possible due to its rapid aggregation in DMEM. TNG8
showed the smallest dy compared to other formulations, which was
around 81 nm. Meanwhile, TNG7-AM and TNG9-AM showed a rela-
tively similar dy values, which were about 115 nm. Cryo-TEM obser-
vation revealed that TNG7-AM had a uniformly spherical shape with a
small diameter drgpy < 50 nm (Fig. 3C). In general, the trehalose-
releasing nanogels fabricated under these conditions were in the
desired range for long-circulating nanocarriers (70-200 nm) [35].

The nanogels demonstrated {-potentials in the range of —5.7 to
+41.5 mV as determined by ELS (Table 1, Fig. 3B), with the highest
positive value for TNG4 (+41.5 mV) and the lowest positive value for
TNG7-AM (+22.8 mV). The lack of correlation between AMPTMAC
content in the initial feed and the (-potential of positively charged
nanogels may indicate that the final monomeric composition of nanogels
differed from that in the original formulations. The overall positive
surface charge of TNG1-8 nanogels was ensured by the permanent
quaternary ammonium cations in the AMPTMAC units. These nanogels,
however, also contained some negative charge due to the presence of
carboxylate anions from the residual photoinitiator moieties. These re-
sidual moieties are responsible for the negative {-potential of TNG9-AM,
in which AMPTMAC units are absent. The TNG9-AM nanogel was
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Fig. 4. Stability of trehalose-releasing nanogels in different media at physiological temperature (37 °C). Nanogels were incubated in DI water, PBS (pH 7.4), D5NS,
DMEM+10 % FBS, RPMI+10 % FBS, and primary cell medium (low serum) at concentration of 1000 pg/mL for (A) 0 h and (B) 72 h. Data are presented as mean + SD

(n=3).
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synthesized to explore the influence of a negative surface charge on the
stability of nanogel dispersions in physiological conditions, cell uptake,
and cytotoxicity relative to positively charged analogues.

C-potential is frequently used as an initial indication of the colloidal
stability. The colloidal stability of nanotherapeutics in biological media
is crucial for nanocarriers intended for injection. Stability in saline
media is a prerequisite for in vitro study and in preparation for intra-
venous injection (in normal saline or D5NS solution). Dispersion in
biological solution often causes the aggregation of nanoparticles,
impacting cellular uptake and the toxicity profile of nanoparticles. In
most cases, the in-situ formation of aggregates following the intravenous
administration of nanotherapeutics will lead to rapid clearance in the
liver and RES, thereby limiting the probability that the nanoparticles
reach their therapeutic targets [52]. According to the common guide-
lines in drug delivery literature, colloidal stability increases with
increasing (-potential due to the stabilizing effect of the electrostatic
repulsive forces in nanoparticles containing like-charged ions. Gener-
ally, nanoparticles with absolute value of {-potential >30 mV, 30-20
mV, 20-10 mV and 10-0 mV are considered as highly stable, moderately
stable, relatively stable and highly unstable, respectively. However,
{-potential is only one factor that contributes to colloidal stability - steric
interactions and van der Waals forces also consider strongly in colloidal
stability [53].

Figs. 4 and S3 present data on the colloidal stability of the trehalose
nanogels at 37 °C over time in six different media, i.e., DI water, PBS
(pH 7.4), D5NS, DMEM+10 % FBS, RPMI+10 % FBS, and primary cell
medium with low serum content. The colloidal stability was evaluated
by visual observation and quantified based on the measurement of OD at
650 nm, with the assumption that values above 0.15 OD indicate ag-
gregation. All of the nanogels formed stable colloids in DI water, but
significant differences became apparent when comparing their stability
in other media (Fig. 4, Fig. S3A-D). In solutions of high ionic strength,
the repulsive forces that typically stabilize nanogel dispersion can be
reduced due to the screening of electrostatic interactions. These condi-
tions may result in the collapse of the colloidal system. This circum-
stance is reflected in the results for nanogel TNG1-AM, the only nanogel
that was not stable and aggregated at high ionic strength (in PBS pH 7.4
and D5NS). TNG1-AM was also the only nanogel that aggregated in low
serum content primary cell medium. The formulation for nanogel TNG2
contained the same amount of AMPTMAC as that for TNG1-AM, but it
differed in the content of AM and TreA units. TNG1-AM and TNG2 also
had similar ¢-potential. The fact that TNG2 is stable in these three media
indicates that either increased TreA or decreased AM content strongly
improves colloidal stability. The most prominent differences in stability
were observed in high serum content (10 % FBS) DMEM and RPMI. In
these conditions nanogel TNG1-4 readily aggregates, nanogel TNGS5 is
characterized by moderate stability, and nanogel TNG6-9 formed highly
stable and long-lasting (at least 3 days, Fig. 4B) dispersions. The stability
in these media seems to strongly depend on the AMPTMAC content. It is
particularly noticeable when comparing nanogels TNG4-6, which are
characterized by similar trehalose content; the successive decrease in
stability with increasing AMPTMAC content in serum-containing me-
dium reflects a destabilization effect related to a high content of the
cationic moiety. It is also very likely that a positive effect on colloidal
stability was mediated by trehalose. Nanogels TNG5-AM and TNG-8
were synthesized with similar AMPTMAC content, but only TNG-8,
which contained approximately 10 % more trehalose, was stable in all
the tested media. Similar beneficial effects of trehalose-containing gly-
copolymers on the colloidal stability of polyplexes in culture media have
been hypothesized by Reineke, et al. [21,54]. It is likely that the hy-
drophilic nature of trehalose-decorated nanoparticles may be a factor
influencing colloidal stability, reflecting a stabilization mechanism
based on short-range repulsive hydration forces [52].

The colloidal stability of nanoparticles in serum-containing media is
also influenced by interaction with serum proteins that could induce a
protein corona formation [55,56]. The formation of a protein corona
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typically reduces the stability of nanoparticles and enhances clearance
by the reticuloendothelial system (RES). Our experiments on nanogel
dispersions TNG7-AM and TNG9-AM in DMEM containing 10 % FBS
demonstrated that interactions with serum proteins was highly probable
(Fig. 5). First, no colloid aggregation was detected (Fig. 5A). Moreover,
in DLS data, we observed the disappearance of a small peak corre-
sponding to serum proteins and there was no significant shift in the
nanogel peak in DMEM containing 10 % FBS (as compared to DLS data
of DMEM containing 10 % FBS and DLS data of nanogels in DMEM
without FBS, respectively) suggesting that serum proteins are interact-
ing with the particle surface (Fig. 5B,C). Furthermore, the results of DLS
analysis after 2 h and 24 h of incubation demonstrated that the size of
particles remained essentially unchanged, indicating that no
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Fig. 6. Trehalose release from TNG7-AM (10 mg/mL) evidenced by 'H NMR spectroscopy. (A) Schematic presentation of trehalose release from the nanogel network
via the hydrolytic cleavage of the ester bond at pH 7.4. (B) Section of 'H NMR spectra of TNG7-AM before and during the release of trehalose at pH 7.4, 37 °C. All
spectra are normalized to the signal at 3.0 ppm corresponding to ~CHs protons from AMPTMAC units. (C) Section of 'H NMR spectrum of TNG7-AM after complete
release of trehalose achieved by the treatment of TNG7-AM with 1 M NaOH at 70 °C for 1 h.

aggregation occurred over time. Surprisingly, it did not matter whether
the nanogels are positively or negatively charged, as both TNG7-AM and
TNG9-AM exhibited similar behavior. These two nanogels were selected
as the most promising for in vivo assays. Additional measurement of
viscosity and density of nanogel dispersions: TNG7-AM and TNG9-AM in
normal saline solution (37 °C, nanogel concentration 1.0 mg/mL)
showed similar dynamic viscosity, kinematic viscosity, and density in
comparison to normal saline solution (0.71 cP, 0.71 cSt, and 1.00 g/mL
for nanogels, and 0.69 cP, 0,69 cSt, and 1.00 g/mL for normal saline)
(Table S2). This indicates that the nanogels could be suitable for intra-
venous injection.

3.2. Trehalose release

The nanogels were designed to include covalently attached trehalose
that can be liberated via the hydrolysis of an ester bond (Fig. 6A). The
ester bond in acrylate units is rather resistant to hydrolysis at physio-
logically relevant temperatures. This hydrolysis, however, can be sub-
stantially accelerated by the incorporation of primary or secondary
acrylamide-type comonomers within the hydrogel network, as we
have shown recently [38,39].

The successful and sustained release of trehalose from the nanogels
at pH 7.4, 37 °C is well reflected in 'H NMR spectra (Fig. 6B). The in-
tensity of sharp peaks corresponding to protons of free trehalose
increased with increasing incubation time, while the broad peaks orig-
inating from protons of trehalose still bound to the nanogel network
decreased.

The accurate release of trehalose at pH 7.4, 37 °C was followed by
enzymatic determination of trehalose concentrations, and the release
profiles are shown in Fig. 7A-C. Data are presented in terms of both
percentage and concentration (pg/mL). These two types of analysis
allow observation of different aspects of trehalose release. Specifically,

release presented as a percentage allows comparison of the release rates,
while release presented as a concentration provides information about
the nanogel's performance in the context of the amount of released
trehalose. Although, the smallest amount of trehalose was released from
nanogel TNG1-AM, which has the lowest content of trehalose, the
relative level of trehalose in the nanogel was not generally predictive of
the relative level of trehalose release (Fig. 2, Fig. 7B). For example,
TNG6-AM demonstrated the highest level of trehalose release but is
characterized by a moderate trehalose content. This behavior is the
consequence of the strong influence of an acrylamide-type comonomer
on the hydrolysis. Further analysis revealed that both the content and
the structure of the acrylamide-type comonomer significantly influence
its impact on hydrolysis. Examining nanogels TNG4-6 containing
similar amounts of conjugated trehalose, it is clear that the release rate,
and thus the amount of released trehalose, is increasing in a manner that
correlates with the ratio of AM to AMPTMAC that is incorporated into
the matrix. This results from the fact that primary amides accelerate the
hydrolysis more effectively than secondary amides [39]. Therefore
when ratio of AM (primary amide) to AMPTMAC (secondary amide)
increases, the hydrolysis of ester bond and thus trehalose release in-
creases, which can be seen in the series TNG4, TNG5-AM, and TNG6-AM
(Fig. 2, Fig. 7A). Another clear correlation is observed in the series of
nanogels that contain only AMPTMAC and trehalose, and do not contain
AM. In the series TNG2, TNG3 and TNG4 content of AMPTMAC de-
creases, while content of trehalose increases. Trehalose release is the
lowest in TNG4 containing the highest trehalose content, and trehalose
release is the highest in TNG2 containing the highest amount of
AMPTMAC in the series, although trehalose content is the lowest. The
general conclusion is that the lower the percentage of acrylamide-type
units in the polymeric network, the more slowly trehalose is released.
An important observation was made by comparing trehalose release
at different nanogel concentrations for two selected nanogels: TNG4 and
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tive trehalose release by percentage of TNG4 and TNG5-AM at low concen-
tration (100 pg/mL) and high concentration (1000 pg/mL) in PBS (pH 7.4,
37 °C). Data are presented as mean + SD (n = 3).

TNG5-AM. The release profile by percentage and by concentration for
these nanogels is presented in Fig. 7C and Fig. S4A, B, respectively. The
amount of released trehalose is proportional to the nanogel concentra-
tion (e.g., 11.53 pg/mL and 119.35 pg/mL after 72 h for TNG4 = 100
and 1000 pg/mL, respectively) (Fig. S4A, B), but the release rate is not
concentration-dependent (Fig. 7C). This property is highly desirable for
identifying the best dosage for further treatment.
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3.3. Cytotoxicity, hemocompatibility, and cell uptake

The main purpose of this study was to prepare non-cytotoxic nano-
gels which maintain colloidal stability under cell culture conditions,
exhibit high and sustainable trehalose release, and contain the positive
surface charge required to utilize AMT for traversing the BBB. It has
been shown that nanoparticles with high {-potential (high positive
charge) cause immediate toxicity to the BBB [32]. Taking this into ac-
count, only a nanogel exhibiting a moderate positive charge could
potentially be utilized for in vivo studies. In addition, most of the studies
performed to date that utilize stroke, AD, or PD animal models have used
nanoparticles with diameters between 50 nm to 100 nm [33]. Ulti-
mately, it is challenging to fabricate a single nanogel that will meet all
these requirements and a reasonable compromise should be considered.
The diversity of specific properties of the nanogels was visualized by
spider graphs with a scale from 0 to 5, with 5 being the most desirable
(Fig. 8, Table S3). It can be clearly seen that nanogels TNG1-5 (Fig. 8A)
perform poorly compared to nanogels TNG6-9 (Fig. 8B) mainly due to
the lack of stability in serum-enriched media and a high (-potential.
These properties scored highly for cationic TNG7-AM and anionic TNG9-
AM, the latter serving as a non-AMPTMAC-containing nanogel. More-
over, these two nanogels contain the highest amount of CTre and
reasonable trehalose release rate.

Non-cytotoxic trehalose-releasing nanogels that possess high hemo-
compatibility can be safely administered in vivo. Here, we used primary
HUVECs as model endothelial cells for studying the in vitro cytotoxicity
of nanoparticles, particularly those intended for parenteral delivery
[57].

Four nanogels (TNG6-9), which have a reduced AMPTMAC content,
were used in cell viability studies. Three independent assays demon-
strated that HUVECs show excellent viability with nanogel concentra-
tions of up 1.0 mg/mL (Fig. 9, Fig. S5). Interestingly, some of the
nanogels induce cell proliferation in the range of 100-500 pg/mL. This
effect might be related to trehalose release from nanogels, since free
trehalose shows some positive impact on cell viability (Fig. 9). TNG5-
AM, which represents the transition of unstable nanogels to stable
nanogels (Fig. 4A, B), demonstrated dose-dependent cytotoxicity to
HUVECs - its high doses (500 and 1000 pg/mL) reduced cell viability by
>25 % (Fig. 9, Fig. S5A, B). Unexpectedly, while TNG5-AM nanogel
contains 3.2 % w/w less AMPTMAC monomer relative to TNG8 nanogel,
it contains relatively high amount of AM monomer (15.6 % w/w), it
demonstrates lower CTre (by ~10.6 % w/w), and a 2.6-fold larger hy-
drodynamic size than TNG8 (Table 1, Fig. 2, 3A), which might also in-
fluence its cytotoxicity profile in high doses.

For hemolysis and cell uptake assays, only two oppositely charged
nanogels were studied: TNG7-AM and TNG-9-AM.

To evaluate the hemocompatibility of trehalose-rich nanogels, we
utilized a hemolysis assay as an indicator of hemoglobin release induced
by disruption of RBC membranes. The evaluation of hemolytic activity is
a prerequisite for any medication that will contact blood, and the po-
tential for erythrocyte lysis is important to understand while considering
in vivo applications of nanogel formulations. The American Society for
Testing and Materials (ASTM) has prescribed that <5 % hemolysis is
considered non-hemolytic [58]. As seen in Fig. 10 and Fig. S6, neither of
the nanogels selected for the study induced hemolysis at concentrations
of up to 2.0 mg/mL. The fluorescently labelled nanogels synthesized for
cellular uptake analysis demonstrated similar behavior (Fig. S7).

Last but not least, the small size of the nanogels should ensure the
cellular uptake and intracellular delivery of nanogels facilitated by
receptor-mediated endocytosis [59]. To investigate cellular uptake, we
incorporated fluorescein O-acrylate within the nanogel network,
yielding fluorescence properties with an excitation maximum and
emission maximum at 491 nm and 519 nm, respectively (Fig. S8). Upon
incubation with HUVECs (3 h, 37 °C), FITC-TNG7-AM could be taken up
by the cells as observed under CLSM (Fig. 11). Interestingly, anionic
nanogel FITC-TNG9-AM was also efficiently taken up by the cells during
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Fig. 10. Hemolytic properties of TNG7-AM and TNG9-AM evaluated at
different concentrations (100, 250, 500, 1000, and 2000 pg/mL) compared to
the positive control, negative control, and control PFH (plasma free hemoglo-
bin). Data are presented as mean + SD (n = 3).

short incubation (Fig. S9). However, further studies on intracellular
delivery routes and endosomal escape need to be conducted to better
understand the potential for cytoplasmic delivery of trehalose.

3.4. In vivo autophagy stimulation by trehalose-releasing nanogels

To test whether trehalose-releasing nanogels can induce elevated
levels of autophagy in a physiological setting, we tested their effects
using two different paradigms. First, using a well-established zebrafish
transgenic reporter line [42], we checked if prolonged exposure to
trehalose-releasing nanogels has effects on the mortality of animals and/
or induces elevated levels of autophagy. During a 4-day-long treatment
period (between 1- and 5-days post fertilization — dpf) with 500 pg/mL
of TNG7-AM or TNG9-AM, no changes in mortality of transgenic
zebrafish larvae could be observed. The treated larvae, however, showed
a significant increase in reporter-activity upon exposure to TNG7-AM
but not to TNG9-AM (Fig. 12A, B). Furthermore, in larvae treated with
TNG7-AM, an increased rate of Sqstm1/p62 degradation could also be
observed, marking an increase in autophagic activity [60,61].

To further test the in vivo autophagic-enhancing potential of TNG7-
AM, we also raised Drosophila larvae on a medium supplemented with
the nanogel. After 3 days of continuous exposure, we were able to detect
significantly elevated levels of mCherry-Atg8a-positive structures in the
fat bodies of transgenic 3xmCherry-Atg8a larvae (Fig. 12D-F). A similar
treatment regime also resulted in a decrease in the abundance of GFP-
p62-positive structures in the fat bodies of GFP-p62 animals (Fig. 12G-
D). These results suggest that prolonged exposure to TNG7-AM can result
in enhanced autophagic activity in in vivo systems without any detect-
able toxicity.

4. Conclusion

Trehalose has significant therapeutic potential due to its ability to
induce autophagy. In this context, we have synthesized and character-
ized a series of trehalose-rich nanogels capable of hydrolytic release of
covalently bound trehalose in physiological conditions. The primary aim
of this study was to fabricate nanogels with the ability to maintain
colloidal stability in serum-enriched cell culture media while also
exhibiting substantial and sustained release of trehalose. A series of nine
nanogels were synthesized, and four of them that contained >50 % w/w
of trehalose were also colloidally stable in several biological media, e.g.,
D5NS, DMEM +10 % FBS, RPMI +10 % FBS, and primary cell medium.
Trehalose appears to have beneficial effects on stability in biological
media. The cationic TNG7-AM nanogel was selected as the most prom-
ising for brain targeting via an AMT mechanism due to its moderate
positive surface charge ({-potential +22.8 mV) and other favorable
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Cells (bright field) Nuclei (Hoechst) Nanogels (FITC) Merged

Fig. 11. In vitro cell uptake of TNG7-AM by HUVECs observed under CLSM (500 pg/mL, 3 h). Bright field indicates HUVECs, blue color indicates cell nuclei, and
green color indicates TNG7-AM (scale bars = 50 pm).
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Fig. 12. In vivo autophagy-enhancing effects of trehalose-releasing nanogels. (A-B) Transgenic zebrafish larvae of the autophagy-reporter line Tg(CMV:GFP-Lc3)
showed significantly enhanced fluorescence after 4 days of treatment with TNG7-AM, but not with TNG9-AM. (C) Zebrafish treated with TNG7-AM also showed a
decrease in Sqstm1/p62 accumulation. (D-F) In the fat bodies of 3xmCherry-Atg8a transgenic Drosophila larvae raised on TNG7-AM-containing medium, the number
of mCherry-Atg8a-positive structures increases. (G-I) Fat bodies of GFP-p62 transgenic animals show a marked decrease in the number of GFP-p62-positive structures,
as compared with control.

properties, e.g., small size (dg = 115 nm, drgm < 50 nm), high trehalose making it a promising nanocarrier for gaining further insights into
content (53 % w/w), a sustained and non-dose-dependent release of mechanisms for trehalose delivery to the CNS in in vivo models.
trehalose at pH 7.4 (31 % after 2 days), lack of cytotoxicity against

HUVEGs, and lack of hemolytic activity toward RBCs. Preliminary in CRediT authorship contribution statement
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Table S1. Formulation of trehalose-releasing nanogels based on moles and mass feeding

Formulation based on moles and mass

Samples (mmol (mg))
TreA AM AMPTMAC MBAM

TNG1-AM 0.102 (40.3) 0.567 (40.3) 0.605 (125.0) 0.130 (20.0)
TNG2 0.203 (80.6) - 0.605 (125.0) 0.130 (20.0)
TNG3 0.254 (100.6) - 0.508 (105.0) 0.130 (20.0))
TNG4 0.341 (135.1) - 0.341 (70.5) 0.130 (20.0)
TNG5-AM 0.341 (135.1) 0.496 (35.3) 0.171 (35.3) 0.130 (20.0)
TNG6-AM 0.341 (135.1) 0.744 (52.9) 0.085 (17.6) 0.130 (20.0)
TNG7-AM 0.385 (152.7) 0.496 (35.3) 0.085 (17.6) 0.130 (20.0)
TNGS8 0.412 (163.1) - 0.206 (42.5) 0.130 (20.0)
TNG9-AM 0.430 (170.3) 0.500 (35.3) - 0.130 (20.0)

Viscosity and density of trehalose-releasing nanogels

Table S2. Viscosity and density of trehalose-releasing nanogels at 37 °C

Dynamic viscosity (cP) Kinematic viscosity (cSt) Density (g/mL)
Sample

Read 1 Read 2 Read 3 Mean Read 1 Read 2 Read 3 Mean Read 1 Read 2 Read 3 Mean
Normal saline solution
(0.90% wiv of NaCl) 06932 06910 0.6908 0.6917 | 0.6935 0.6923 0.6911 0.6923 | 0.9996 09981 09995  0.9991
PBS (pH 7.4) 0.6861  0.6858 0.6834 0.6851 | 0.6862 0.6866 0.6833 0.6854 | 0.9998 0.9988  1.000  0.9996
Nanogel TNG7-AM' 07134 07157 07073 07121 | 07135 07159 07074 0.7123 | 0.9999 09997 09999  0.9998
in normal saline solution

.

Nanogel TNG9-AM 07113 07106 07095 07105 | 07116 07114 07097 07109 | 0.9996 09989 09987  0.9994
in normal saline solution

*Nanogel concentration 1 mg/mL
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Scoring parameters for spider graphs

Table S3. Scoring parameters for spider graphs

Properties Score 0 Score 1 Score 2 Score 3 Score 4 Score 5
Yield (%) <50 50-60 61-70 71-80 81-90 >90
dyt (nm) aggregated  251-300 201-250 151-200 100-150 <100
Stability in
DMEM +10% 4 300 0201-0.300 0.101-0200  0.076-0.100 0.050-0.075  <0.050
FBS within 3
days
CTre (%) 13-20 21-28 29-36 37-44 45-52 >52
Trehalose
release after 7 <15.1 151-17.5  17.6-20.0 20.1-22.5 226250  >250
days (ug/mL)
C-potential >44 38-44 31-37 24-30 17-23 <17

(mV)

Note: Scale from O to 5, with 5 being the best.
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Ilustration of synthesis procedure
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Figure S1. Scheme illustrating the synthesis procedure of trehalose-releasing nanogels
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Figure S2. Actual trehalose conjugated compared to the recipe. Data are presented as mean + SD (n = 3).
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Stability of trehalose-releasing nanogels in 6 different media based on OD readout at 650 nm
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Figure S3. Stability of trehalose-releasing nanogels in six different media at physiological temperature (37
°C). Nanogels were incubated in water, PBS (pH 7.4), DSNS, DMEM + 10% FBS, RPMI + 10% FBS, and
primary cell media (low serum) at concentration of 1000 pg/mL within (A) 2 h, (B) 6 h, (C) 24 h, and (D) 48
h. Data are presented as mean + SD (n = 3).
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Trehalose release at different concentrations
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Figure S4. (A,B) Comparison of cumulative trehalose release of TNG4 and TNGS5-AM at low concentration
(100 pg/mL) and high concentration (1000 ug/mL) in PBS (pH 7.4) at physiological temperature (37 °C). Data

are presented as mean = SD (n = 3).

Cytotoxicity of trehalose-releasing nanogels in HUVECs
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Figure S5. (A,B) Cytotoxicity of trehalose-releasing nanogels in HUVECs cells at different concentrations (0,
100, 250, 500, 750, and 1000 pg/mL) after 24 h of incubation (CCK-8, second and third independent assay).

Data are presented as mean + SD (n = 3).
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Hemolytic property of trehalose-releasing nanogels

Figure S6. Representative images of in vitro hemolysis assay: The samples of TNG7-AM and TNG9-AM
were tested at different concentrations, (i) 100 pg/mL, (ii) 250 pg/mL, (iii) 500 pg/mL, (iv) 1000 pg/mL, and
2000 pg/mL (picture not shown), compared to the positive control and negative control.

Hemolytic property of fluorescently labelled nanogels

Figure S7. Hemolytic property of FITC-TNG7-AM and FITC-TNG9-AM at different concentrations (100,
250, 500, and 1000 pug/mL) compared to the positive control and negative control. Data are presented as mean
+SD (n=3).
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Excitation and emission spectra of fluorescently labelled nanogels
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Figure S8. Excitation and emission spectra of fluorescently labelled nanogels. CLSM observation of nanogels
uptake was recorded in FITC region (Ex max of 494 nm/Em max of 520 nm), which is similar to the above
fluorescence spectra.

Cellular uptake of TNG9-AM by HUVECs

Cells (brightfield) Nuclei (Hoechst) Nanogels (FITC) Merged

Figure S9. In vitro cell uptake of TNG9-AM by HUVECs observed under CLSM (500 pg/mL, 3 h). Brighfield
indicates HUVECS, blue color indicates cell nuclei, and green color indicates TNG9-AM (scale bars = 50

um).
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Nanogels with covalently bound D
and releasable trehalose for autophagy
stimulation in atherosclerosis

Yuan Zhong'", Ali Maruf?3", Kai Qu', Matgorzata Milewska, llona Wandzik>*", Nianlian Mou', Yu Cao' and Wei Wu'"

Abstract

Atherosclerosis, cholesterol-driven plaque formation in arteries, is a complex multicellular disease which is a
leading cause of vascular diseases. During the progression of atherosclerosis, the autophagic function is impaired,
resulting in lipid accumulation-mediated foam cell formation. The stimulation of autophagy is crucial for the
recovery of cellular recycling process. One of the potential autophagy inducers is trehalose, a naturally occurring
non-reducing disaccharide. However, trehalose has poor bioavailability due to its hydrophilic nature which results
in poor penetration through cell membranes. To enhance its bioavailability, we developed trehalose-releasing
nanogels (TNG) for the treatment of atherosclerosis. The nanogels were fabricated through copolymerization

of 6-O-acryloyl-trehalose with the selected acrylamide-type monomers affording a high trehalose conjugation
(~58%, w/w). TNG showed a relatively small hydrodynamic diameter (dy;, 67 nm) and a uniform spherical shape
and were characterized by negative  potential (-18 mV). Thanks to the trehalose-rich content, TNG demonstrated
excellent colloidal stability in biological media containing serum and were non-hemolytic to red blood cells. In vitro
study confirmed that TNG could stimulate autophagy in foam cells and enhance lipid efflux and in vivo study in
ApoE™~ mice indicated a significant reduction in atherosclerotic plaques, while increasing autophagic markers. In
conclusion, TNG hold great promise as a trehalose delivery system to restore impaired autophagy-mediated lipid
efflux in atherosclerosis and subsequently reduce atherosclerotic plaques.

Keywords Atherosclerosis, Autophagy, Drug delivery, Nanogel, Trehalose

Introduction

Atherosclerosis, commonly referred to as the “silent
killer is a chronic disease involving lipid deposition-
mediated inflammation in arterial walls that builds up
plaques and causes narrowing blood vessels. The path-
ological inflammation of atherosclerosis is complex,
where it involves different cells and cellular mechanisms

Yuan Zhong and Ali Maruf contribute equally to this work. [1]. During atherosclerosis progression, the cellular
*Correspondence: autophagy mechanism, i.e., cellular recycling process,
llona Wandzik is impaired due to the excessive reactive oxygen spe-
w;mamdz'k@pow cies (ROS) generation-mediated oxidative stress [2,
david2015@cqu.edu.cn 3]. Autophagy is essential in early and mid atherogen-

Full list of author information is available at the end of the article €sis (fatty streak and intermediate lesion formation),

©The Author(s) 2023, corrected publication 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other

third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material.
If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creativecommons.
org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecormmons.org/publicdomain/zero/1.0/) applies to
the data made available in this article, unless otherwise stated in a credit line to the data.
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especially for lipid recycles [4—6]. Studies have shown
that autophagy stimulation in macrophage-derived
foam cells decelerated plaque development by enhanc-
ing cholesterol efflux [4-6]. Meanwhile, in advanced
lesions, autophagy showed a protective role in maintain-
ing plaque stabilization by promoting macrophage sur-
vival [7]. Autophagy is important in atherosclerosis not
only in macrophages but also in smooth muscle cells and
endothelial cells. The activation of autophagy in athero-
sclerotic smooth muscle cells maintains the cell pheno-
type and cell survival, which prevent smooth muscle
cells transformation into synthetic, macrophage-like, and
osteochondrogenic phenotypes [8]. Meanwhile, endo-
thelial autophagy maintains cell alignment and protects
blood vessels from shear stress-mediated atheroscle-
rotic plaque formation by preventing endothelial apop-
tosis, senescence, and inflammation [9]. Taken together,
the activation and recovery of autophagy as an intra-
cellular degradation process is required in all stages of
atherogenesis.

Among therapeutic drugs associated with cardiovascu-
lar disease and atherosclerosis treatments, lipid-lowering
agents (e.g., statins and their derivatives) are the most
commonly used due to their ability to support lowering
low-density lipoprotein cholesterol (LDL-c), but they still
showed adverse effects in some patients (<5%), which
are particularly related to muscle symptoms [10]. Aspi-
rin, on the other hand, is used as anti-platelet medica-
tion to reduce the risk of blood clot formation-mediated

thrombosis in atherosclerotic plaques, but not reduc-
ing the plaques [11]. Another commonly used drug is
rapamycin and its derivatives as mTOR inhibitors, which
are beneficial to suppress cell proliferation and promote
autophagy, thereby reducing the plaques [12]. However,
rapamycin has poor solubility and it might promote some
adverse effects, such as hyperlipidemia and delayed re-
endothelization in patients after stent angioplasty [13].
Recently, a,a-trehalose, an FDA-approved water-soluble
autophagy inducer has been comprehensively studied
for the treatment of impaired-autophagy related diseases
(e.g., neurodegenerative disorders, diabetes and fatty
liver diseases, and ischemic-related diseases) [14—19].
Trehalose has also been proved to be an effective autoph-
agy inducer in atherosclerosis, which drives macrophage
autophagy-lysosomal biogenesis [20-23], thus it is ben-
eficial for a long-term treatment to diminish the accu-
mulated lipids in the plaques. Trehalose, however, has
low bioavailability that requires the use of relatively high
concentrations to induce autophagy in cells [24, 25]. In
animal studies, trehalose is usually administered intra-
peritoneally at the dose of 2-3 g/kg or by oral admin-
istration in drinking water (2-4% w/v) [24-27]. The
hydrophilic nature of trehalose results in poor penetra-
tion through cell membranes. In addition, the presence
of trehalase enzyme in the intestinal mucosa affects its
pharmacokinetic behavior due to rapid hydrolysis. There-
fore, there is a need for seeking effective trehalose deliv-
ery systems using nanocarriers, which could enhance the
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bioavailability of trehalose, as well as deliver trehalose to
atherosclerotic plaques for stimulating autophagy-medi-
ated recovery of cellular recycling process.

Although a number of studies have explored the use of
nanoparticles, particularly smart nanocarriers, for deliv-
ering ROS scavenging agents, matrix metalloprotein-
ase (MMP) inhibitors, lipid-lowering agents, and photo
thermal and photodynamic activating agents for athero-
sclerosis treatment, only few studies have focused on
specifically restoring autophagy in atherosclerosis [28].
Very recently, three significant reports in this topic have
been published. Firstly, Guo et al. (2022) reported the use
of self-assembled LOX1-targeted siRNAs and conjugated
rapamycin/DNA nanomicelles for stimulating autophagy
in atherosclerosis. This approach was found to mediate
lipid clearance and prevent the formation of foam cells
by restoring the cellular recycling process [29]. Secondly,
You et al. (2022) used atorvastatin-loaded graphene
oxide quantum dots (GOQDs) modified with hybrid cell
membrane coating for enhanced atherosclerosis target-
ing and autophagy stimulation [30]. Lastly, the first use
of nanocarrier-based trehalose as an autophagy inducer
was introduced by Wu et al. (2022) [31]. They developed
self-assembled trehalose-bearing arginine and phospha-
tidylserine as nanomotors by accelerating penetration
of nanomotors to target macrophages using nitric oxide
(NO) as the driving force, which was generated from the
reaction between arginine and ROS in the interstitial
fluid of atherosclerotic lesions. Trehalose nanomotors-
mediated autophagy activation in a mice model of ath-
erosclerosis led to a significant reduction in macrophage
foam cell formation, improvement in endothelial cell
integrity, and most notably, a decrease in the lesion area
[31]. Stimulation of autophagy to treat atherosclerosis is
also targeted in the study from Li et al., who developed
multi-loaded self-assembled nanovesicle systems com-
posed of amphiphilic H9 peptide and hexadecyl phos-
phorylcholine loaded with physically entrapped trehalose
and the (HP-B-CD)/oridonin inclusion complex [32]. The
synergistic effects of oridonin and trehalose could inhibit
foam cell formation in RAW?264.7 cells, reduce inflam-
matory cytokines IL-1B, IL-6, and TNF-a, and promote
the formation of autophagosomes, as confirmed by the
increased level of LC3 in foam cells.

Herein, we designed nanogels with covalently bound,
and releasable trehalose for autophagy stimulation in
atherosclerosis. Specifically, trehalose was incorporated
within nanogels in free radical copolymerization through
its 6-O-acryloyl derivative, affording nanogels with high
trehalose conjugation (~58%, w/w). In order to achieve
controlled release of trehalose under physiological con-
ditions, we co-incorporated acrylamide (AM), which
facilitates hydrolysis of the ester bond in 6-O-acryloyl-
trehalose units, thus free trehalose can be sustainably
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released from the nanogel network. Based on our pre-
liminary study [33], a significant increase in trehalose
release was noticed in the nanogels with high AM con-
tent in comparison to those without AM. We also found
that high content of trehalose is beneficial for the col-
loidal stability in biological media, especially in serum-
containing media [33]. More importantly, in vivo studies
in transgenic Drosophila and zebrafish larvae showed a
significant induction of autophagy after treatment with
trehalose-releasing nanogels [33]. In the current study,
we used a mice model of atherosclerosis to observe the
efficacy of TNG for potential nanotherapy of atheroscle-
rosis via autophagy modulation (Fig. 1).

Results and Discussion

Synthesis and characterization of trehalose-releasing
nanogels

Nanogels, i.e., nanoparticles based on crosslinked hydro-
philic polymeric networks, are among the most prom-
ising and widely studied nanocarriers as drug delivery
systems due to their characteristics, such as high bio-
compatibility, high loading capacity, potential biodegrad-
ability and responsivity to biological cues [34]. Nanogels
were first introduced and applied as nanocarriers for the
delivery of antisense oligonucleotides by Kabanov’s group
in 1999 [35], following massive studies.

In the current study, we designed nanogels with cova-
lently bound and releasable trehalose, denoted as TNG,
to treat atherosclerosis via autophagy recovery. Trehalose
was incorporated within nanogels in free radical copo-
lymerization through its 6-O-acryloyl derivative, yield-
ing trehalose-rich nanogels with ~58% covalently bound
trehalose. AM-type monomers were used to enhance
the release of trehalose through ester bond hydrolysis
at physiological conditions (Fig. 2A). As demonstrated
previously, copolymerizing 6-O-acryloyl-trehalose with
acrylamide-type monomers allows to fabricate materials
that can sustainably release trehalose at pH 7.4 due to the
interaction of the amide protons with the ester bond in
adjacent acrylate units, which strongly accelerates ester
hydrolysis [36, 37]. The presence of covalently bound
trehalose and the purity of TNG was confirmed by 'H
NMR spectroscopy (Fig. 3A). The presence of broad sig-
nals typical for polymers in the range of 3.3-4.6 and 5.0-
5.5 ppm, which are well correlated with proton signals
of the trehalose monomer TreA, and the lack of signals
from protons of the acrylate group in the range of 6.0-6.5
ppm, both prove successful incorporation of TreA into
the TNG network. Signals originating from the protons
of other key structural fragments, e.g., methylene groups
from 4-AMBA (1.7-1.9, 2.3-2.5 and 3.1-3.3 ppm), and
polymer backbone derived from acrylates and acryl-
amides (1.1-3.0 ppm) can also be easily identified.
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Fig. 1 Scheme of the hypothesis of how trehalose-releasing nanogels (TNG) could promote atherosclerosis management via the autophagy recovery-
mediated lipid recycling process and cholesterol efflux. TNG: trehalose-releasing nanogels, VSMC: vascular smooth muscle cell, RBC: red blood cell, HDL:
high density lipoprotein, ABCAT: ATP Binding Cassette Subfamily A Member 1, ABCG1: ATP Binding Cassette Subfamily G Member 1

Based on our previous study [33], we noticed that an
improved colloidal stability of nanogels in biological
media was ensured by incorporating ionic monomer or
high content of trehalose in the nanogel network. Tre-
halose seemed to have a significant role in improving
the colloidal stability of nanogels especially in biologi-
cal media, and particularly in serum-containing media.
Thereby, to further prove the beneficial effect of treha-
lose on nanogel colloidal stability, in the current study
we tested whether by replacing TreA monomer with
2-hydroxyethyl acrylate (HEA) monomer (hydrophilic
monomer with one hydroxyl group) had a significant
impact on the colloidal stability of AM-based nanogels.
HEA-containing nanogels were synthesized by substi-
tuting TreA with HEA at both equimolar and equimass
of TreA feed (Table S1) for obtaining HEANG and
HEA,NG, respectively. Physicochemical characteristic of
nanogels is shown in Table 1. The yield after polymeriza-
tion of TNG, HEA,NG, and HEA,NG were 67, 75, and
69%, respectively.

From DLS measurement, the Z-average dy; and PdI of
TNG, HEA NG, and HEA,NG were 67, 78, and 80 nm
and 0.277, 0.283, and 0.230, respectively. All nano-
gels were also characterized by a similar { potential of
about —18 mV (Table 1). Cryo-TEM image showed that
the diameter of TNG was ~50 nm (Fig. 3B). The colloi-
dal stability of nanogels was assessed by monitoring the
transmittance in various biological media over time. The
transmittance of TNG dispersions in water, PBS (pH 7.4),
normal saline (NS), DMEM, and DMEM+10% FBS at
high concentration of 1.0 mg/mL within 7 days of incu-
bation at 37 °C, exceeded 95%, which indicated their
excellent stability (Figure S1). In contrast, both HEA NG,
and HEA,NG were only stable in water but they aggre-
gated immediately in PBS (pH 7.4), NS, DMEM, and the
most aggregation was found in DMEM+10% FBS. It is
possible that the hydrophilic nature of pendant treha-
lose may have a huge impact on their colloidal stability
due to short-range repulsive hydration forces [38]. The
aggregation of nanoparticles in biological media is not
preferred both for in vitro and in vivo study, which might
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Fig. 2 (A) The synthesis of trehalose-releasing nanogels (TNG), and (B) timeline for ApoE™~ mice pretreatment and systemic administration of TNG via

the tail vein

result in cytotoxicity profile, low cellular uptake, mislead-
ing of specific targeting, and elimination by endothelial
reticular system (RES) during nanoparticle circulation
[39-41]. Further colloidal stability study was conducted
by DLS to observe the stability of TNG in DMEM +10%
serum. The result showed that the size distribution of
TNG in DMEM+10% FBS remained stable within 24 h
of incubation at 37 °C (Fig. 3C), which was plausible for
preparation of intravenous (i.v.) injection. The amount of
trehalose incorporated into TNG was determined enzy-
matically after pretreating nanogel with strong alkali.
Under these conditions all trehalose was cleaved into
solution. From the enzymatic assay, the content of treha-
lose in TNG was around 58% (w/w) (Table 1, Figure S3).
The release study showed that trehalose could be sustain-
ably released at pH 7.4, 37 °C, reaching nearly 55% release
within 30 days, what corresponds to about 32 pg/mL of
trehalose (at a total trehalose concentration of ~58 pg/
mL) (Fig. 3D). The sustained release of trehalose from
TNG would be desirable for in vivo study of atherosclero-
sis treatment within one month (Fig. 2B).

Biocompatibility of trehalose-releasing nanogels

Red blood cell compatibility is crucial to ensure that
nanocarriers or nanoparticles do not cause hemoly-
sis (rupture of red blood cells) or other adverse effects
when interacting with red blood cells [42]. For the in

vivo drug delivery system, ensuring good blood compat-
ibility is essential, along with low toxicity and appropri-
ate nano-size. The evaluation of hemolytic activity of
the administered nanogel is crucial to guarantee safety
during administration. As seen in Figure S4, the results
demonstrated that all tested samples showed no sig-
nificant hemolysis, even at a very high concentration of
2 mg/mL, which was extremely higher than the practical
concentration in the bloodstream. Although there was a
slight increase in hemolysis compared to free trehalose,
the hemolysis ratios of TNG remained below 5%. This
percentage is generally considered safe for in vivo appli-
cations, according to the criterion outlined in the ASTM
E2524-08 standard [42]. The standard states that materi-
als with a hemolysis percent higher than 5% pose a risk
of damaging red blood cells during in vivo applications.
Therefore, the evaluated nanogel was demonstrated to
be a favorable blood compatibility and met the safety
requirements for subsequent in vivo application.

The cytotoxicity profile of TNG at different concen-
trations was also examined in the cultured HUVECs for
24 h. The results indicated that TNG at reasonable in
vitro doses (<200 pg/mL) did not cause cytotoxic effects
in HUVECs (more than 90% cell viability) (Figure S5),
indicating the biocompatibility of TNG for further in
vitro studies.
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Fig.3 Characterization of trehalose-releasing nanogels (TNG). (A) Section of "H NMR spectra of TreA (top) and TNG (bottom) proving covalent incorpora-
tion of trehalose into TNG (D,0, 600 MHz). (B) Cryo-TEM micrograph of TNG in water. Scale bar: 100 nm. (C) Colloidal stability of TNG in DMEM+ 10% FBS
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Table 1 Physicochemical characterization of nanogels

Sample Trehalose Yield Z-average  {po-
conjugation (%) dy (nm) tential
(% w/w) (Pdl) (mV)
TNG 576 67 67 (0.277) -176+6.1
HEA,NG - 75 78(0.283) -189£53
HEANG - 69 80 (0.230) -194£59

TNG - trehalose-releasing nanogels
HEA;NG and HEA,NG —2-hydroxyethyl acrylate-based nanogels

Due to the hydrophilicity of trehalose, its ability to
penetrate cell membranes is limited, hindering its bio-
availability. To improve the membrane permeability and
bioavailability of trehalose, the cellular uptake capacity of
TNG was evaluated. The fluorescence intensity of TNG
group was significantly higher than that of free trehalose
group (Figure S6). Such results suggest that formula-
tion manipulation may be a viable avenue to improve the
pharmacokinetics of drugs.
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Fig. 4 In vitro autophagy stimulation and anti-atherosclerosis effects. (A) Western blot analysis of p62, LC3-I, LC3-ll, and GAPDH protein expressions
from foam cells treated with or without free trehalose and nanogel in comparison to the control); i=control, ii=foam cells, iii=foam cells + trehalose,
and iv=foam cells+TNG. (B, C) Quantification of LC3-II/LC3-I and p62/GAPDH ratios from the Western Blot images. (D) Lipid profile in foam cells treated
with or without free trehalose and nanogel in comparison to the control upon oil Red O (ORO) staining, following quantification of (E) lipid droplet area
(% of total) and (F) Abs at 524 nm; i =control, ii=foam cells, iii=foam cells+trehalose, and iv=foam cells+TNG. (G, I) Fluorescence imaging and (H, J)
quantification of p62 and LC3 expressions from foam cells treated with or without free trehalose and TNG in comparison to the control. (K) Fluorescence
images and (L, M) quantification by flow cytometry showing intracellular ROS generation after treatment with different formulations and stimulation with
H,0,. RAW264.7 cells were incubated with medium alone or trehalose or TNG for 4 h, followed by stimulation with H,0, for 0.5 h. Cells unstimulated with
H,0, served as the negative control. Then fluorescence microscope and flow cytometric analyses were performed. Scale bar: 50 um. Data are presented

as mean +SD, n=3, ns: no significance, *p < 0.05, **p <0.01, ***p < 0.001, and ****p <0.0001

In vitro assessment of autophagy stimulation and anti-

atherosclerosis effects by trehalose-releasing nanogels

The in vitro autophagy stimulation and anti-atheroscle-
rosis effects were assessed in macrophage-derived foam
cells. The relationship between autophagy and LC3 is
crucial in understanding the process of autophagy at the
molecular level. LC3, specifically LC3-I (cytosolic form)
and LC3-II (lipidated form), is an essential component of
the autophagosomal membrane and plays a central role
in autophagosome formation and maturation. In the in
vitro study, macrophage-derived foam cells exhibited a
decreased level of LC3 but an elevated level of p62 com-
pared to the control group, as evidenced by Western blot
analysis (Fig. 4A-C). However, upon treatment with tre-
halose and TNG, there was a significant increase in the
LC3-1I/LC3-1 ratio, accompanied by a decrease in the
p62/GAPDH ratio. These findings indicated that tre-
halose and TNG induced autophagy in the foam cells.
Moreover, fluorescence analysis yielded similar results,
showing a significant reduction in the p62 level in foam
cells, which could be attributed to the degradation of p62
during the autophagy process (Fig. 4G, H). The activation
of autophagy in atherosclerosis results in the interaction
between p62 and autophagy substrates, forming a struc-
ture known as phagophore, which involves the participa-
tion of LC3 (conversion from LC3-I to LC3-II) [43, 44].
LC3-1II acts as a key adaptor molecule in autophagy by
binding to various autophagy-related proteins and inter-
acting with cargo molecules, such as damaged proteins
and organelles, to be sequestered into the autophago-
some. This selective engulfment of cargo is essential for
autophagy to degrade and recycle cellular components
properly. The level of LC3-1I is often used as a marker to
monitor autophagic activity. Typically, there is a strong
correlation between the upregulation of LC3-II expres-
sion relative to LC3-1 and the downregulation of p62
expression, which indicate an enhancement in autopha-
gic flux. Meanwhile, there was a significant increase in
the LC3 fluorescence compared to the negative control,
indicating that the autophagy was recovered (Fig. 41,
]J). The absorbance of Oil Red O (ORO)-stained foam
cells, subjected to free trehalose and TNG treatments,
exhibited a reduction compared to untreated foam cells
(Fig. 4D-F). Remarkably, TNG treatment manifested the

most pronounced efficacy, furnishing additional sub-
stantiation of its in vivo anti-atherosclerotic potential.
To further investigate the ROS scavenging performance,
TNG and trehalose were used to treat the RAW?264.7
cells with the addition of H,O,. In the positive control
group, RAW?264.7 cells were simultaneously treated with
0.5 uM H,0,, while cells cultured with medium alone
served as the negative control. After stimulation for 0.5 h
and incubation with free medium for the additional 2 h,
cells in the positive control displayed a considerably high
level of ROS, as probed by a fluorescent dye 2,7’-dichlo-
rofluorescin-diacetate (DCFH-DA) that emits green
fluorescence under oxidative conditions (Fig. 4K). In con-
trast, fluorescent signals of DCFH-DA were dramatically
decreased when activated macrophages were treated
with free trehalose or TNG for 4 h. Further quantitative
analysis by flow cytometry also demonstrated that the
intracellular ROS production in stimulated macrophages
could be effectively suppressed by treatment with TNG
(Fig. 4L, M).

In vivo plaque targeting and biodistribution study of
trehalose-releasing nanogels

To investigate the in vivo pharmacokinetic profile of
TNG in C57BL/6 mice, after iv. injection of Cy5-labeled
TNG (Cy5-TNG) and free Cy5, the results indicated
that Cy5 was gradually decreased and almost completely
cleared out from blood until 24 h, while the fluorescence
intensity of Cy5-TNG was nearly 30% of the initial one
at the end of investigation (Figure S7). Then we investi-
gated in vivo targeting capability of TNG in apolipopro-
tein E-deficient (ApoE™'") mice. The Cy5-TNG and free
Cy5 were administered through iv. administration, and
let them circulating in the bloodstream for a duration of
24 h. As illuminated by the results of fluorescent imaging,
Cy5-TNG exhibited a conspicuous propensity for accu-
mulation within aortic plaques, surpassing the observed
accumulation of free Cy5, with an average Region of
Interest (ROI) approximately 1.6 times that of free Cy5
(Fig. 5A, B). Additionally, in relation to other organs
(heart, spleen, lung, and kidney), both Cy5-TNG and free
Cy5 primarily accumulated in liver (Fig. 5C, D), given the
liver’s prominence as the body’s largest metabolic organ.
The results imply that Cy5-TNG possesses a preferential
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Fig. 5 In vivo plaque targeting and biodistribution of trehalose-releasing
nanogels in major organs. (A) The ex vivo fluorescence images of the aorta
and (B) quantitative analysis of fluorescence signals accumulated in the
aorta of ApoE ™~ mice after 24 h of IV with Cy5-TNG and free Cy5. (C, D) The
ex vivo biodistribution images of Cy5-TNG and free Cy5 in major organs
(heart, liver, spleen, lung, and kidney). Data are presented as mean+ 5D,
n=3, ns: no significance, *p <0.05 and **p < 0.01

affinity for targeting plaques and manifest an extended
blood half-life.

In vivo assessment of autophagy stimulation and anti-

atherosclerosis effects by trehalose-releasing nanogels

After testing the ability of TNG in stimulating autophagy
and lipid efflux in foam cells, we tested its effects in vivo.
TNG and free trehalose were administered intravenously
every three days, for one month, to ApoE™~ mice that
had been treated with HFD for 12 weeks. The findings
indicated that TNG exhibited a significant anti-athero-
sclerosis effect, leading to a reduction of approximately
60% in the overall plaque area after one month of treat-
ments. Free trehalose was also confirmed to have the
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Fig. 6 In vivo autophagy stimulation and anti-atherosclerosis effects of
trehalose-releasing nanogels. (A) The en face oil red O (ORO)-stained im-
ages of aortas in ApoE™~ mice after one month of treatments with free
trehalose and TNG compared to the control and (B) quantitative analy-
sis of the lesion area. (C) ORO-stained images of aortic root sections in
ApoE~~ mice after one month of treatments with free trehalose and TNG
compared to the control and (D) quantitative analysis of the atherosclerot-
ic plaque area. (E, G) CLSM images and (F, H) quantitative analysis of p62
(green fluorescence) and LC3 (red fluorescence) expressions in atheroscle-
rotic plaques of the aortic root sections in ApoE™~ mice after one month
of treatments with free trehalose and TNG compared to the control, scale
bars: 500 and 100 pm, respectively. Data are presented as mean +SD, (A-
D) n=5, (E-H) n=3, ns: no significance, *p<0.05, **p<0.01, **p<0.001,
and ****p <0.0001

ability to decrease the total plaque area but to a lesser
extent compared to TNG (Fig. 6A-D). This gap may be
related to the poor bioavailability and disappointing
pharmacokinetics of trehalose.

To assess the enhanced autophagy effect of TNG, we
analyzed the p62 and LC3 expressions in the athero-
sclerotic plaque area using immunofluorescent staining.
The findings revealed that mice treated with TNG exhib-
ited a significant decrease in p62 levels, surpassing 50%
reduction, and a nearly four-fold increase in LC3 levels.
Similarly, the administration of free trehalose could pro-
mote autophagy in atherosclerosis, as evidenced by the
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reduction in p62 levels and the elevation of LC3 levels
(Fig. 6E—H). However, its effect on inducing autophagy
was not as pronounced as that of TNG. These were con-
sistent with the results of previous in vitro investigations.
In the management of atherosclerosis, trehalose could
activate TFEB, leading to the successful recovery of dam-
aged autophagy in plaque. This repair process enhanced
the elimination of p62-enriched aggregates and the
expression of various components related to autophagy
(such as LC3), which was conducive to the formation
of autophagosomes [45]. Separate staining with anti-
CD68 antibody indicated that TNG treatment effectively
reduced the macrophage count in plaques (Figure S8A,
B). As the degree of macrophage infiltration is positively
correlated with plaque vulnerability, these findings indi-
cate that TNG therapy has the potential to enhance the
stability of atherosclerotic plaques and impede the pro-
gression of atherosclerosis more efficiently than free tre-
halose. It is surprising that, despite the important role of
trehalose in restoring autophagy, there have been only
a few studies focused on the development of nanocarri-
ers to deliver trehalose to the atherosclerotic plaques. In
addition, due to trehalose’s high hydrophilicity and diffi-
culty in crossing phospholipid bilayer of cell membranes
[26, 27], the developments of nanocarriers that can
deliver trehalose intracellularly are paramount impor-
tant, particularly for atherosclerosis management. In the
present work, we have demonstrated that our developed
nanogels could significantly outperform free trehalose in
promoting lipid removal, reducing plaque area, and effi-
ciently enhancing autophagy in atherosclerosis.

In vivo biosafety assessment of trehalose-releasing
nanogels

In the end of study, we examined the biosafety assess-
ment of free trehalose and TNG compared to the con-
trol, which included H&E staining of the main organs,
body weight, CBC profile, and blood lipid profile (Fig-
ure SO9A—E, Tables S2-S4). The tissue morphology of
the mice treated with free trehalose and TNG did not
differ from the control group, and the liver and kidney
function indexes fell within the normal reference range.
TNG demonstrated the best lipid profile in comparison
to the control group, with considerably lower levels of
total cholesterol and LDL-C and higher levels of HDL-
C. In addition, we observed fluctuations in serum of
alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), creatinine (CR) and uric acid (UA) but were
within the normal reference range.

Conclusion

We have successfully developed trehalose-releas-
ing nanogels (TNG) using a facile synthesis method
through photo-initiated free radical polymerization
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and mini-emulsion technique, yielding nanogels with
exceptionally high content of covalently bound tre-
halose (~58%). TNG had a uniformly spherical shape
with the average size of ~50 and 67 nm (drgy; and dy,
respectively), and had a negative surface charge. Most
importantly, TNG were capable of releasing trehalose
in physiologically relevant conditions (pH 7.4, 37 °C)
through the cleavage of trehalose-conjugating ester
bonds facilitated by the co-presence of acrylamide-type
units. Thanks to the trehalose-rich content, TNG were
very stable in serum-enriched media and did not hemo-
lyze red blood cells even at relatively high concentrations.
Moreover, TNG were able to accumulate in atheroscle-
rotic plaques with low accumulations in the main organs
except liver. Finally, in vitro and in vivo studies in athero-
sclerosis confirmed that TNG could enhance the autoph-
agy process, facilitate lipid removal, and reduce plaque
area by approximately 60%. Taken together, TNG are
promising trehalose delivery systems for atherosclerosis
management.

Materials and Methods

General methods

Ultrasonication with Sonics VCX 130 (diameter of probe:
3 mm, Sonics & Materials, Inc., USA) was carried out
during preparation of a miniemulsion (before photo-
polymerization) and redispersion of nanogel powder at
amplitudes of 60% (5 min) and 40% (30 s), respectively.
Each purification process was followed by dialysis and
lyophilization in a freeze dryer (ALPHA 1-2 LDplus,
CHRIST). NMR spectra were recorded in deuterated sol-
vents (Deutero GmbH) with internal standards using an
NMR spectrometer operating at 600 MHz (Varian). Fluo-
rescence study was conducted in SpectraMax i3x Multi-
Mode Microplate Reader (Molecular Devices, USA).
Both the amount of conjugated trehalose and trehalose
release profile were determined enzymatically using a
Trehalose Assay Kit (Megazyme International, Ireland).
Phosphate buffered saline (PBS, pH 7.0 and 7.4), potas-
sium chloride (KCl), and normal saline (NS) solutions.
Deionized water (DI water) was produced using a reverse
osmosis system (conductivity <2 pS/cm).

Materials and reagents for synthesis of nanogels

Acrylamide (AM, Acros Organics), N,N’-methylenebi-
sacrylamide (MBA, Acros Organics), 2-hydroxyethyl
acrylate (HEA, Acros Organics), lithium phenyl-(2,4,6-
trimethylbenzoyl) phosphinate (LAP, Carbosynth),
sorbitane monooleate (Span 80, Sigma Aldrich), cyclo-
hexane (Chempur), acetone (Chempur), sulfo-Cy5-amine
(Lumiprobe), dialysis membrane (Spectrum™ Spectra/
Por™ 2 RC Dialysis Membrane, MWCO: 12-14 kDa).
6-O-acryloyl-a,o’-trehalose  (TreA) was synthesized
following our previously described method [36].
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4-acrylamidobutanoic acid (4-AMBA) was synthesized
according to Yasayan et al. (2012) [46]. 4-acrylamidobu-
tanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium
salt (4-AMBA-Sulfo-NHS) was synthesized based on the
method reported by Tsuji et al. (2019) for the synthesis
of homologous N-sulfosuccinyl-6-hexyloylacrylamide
sodium salt [47] and the detailed synthesis procedure is
provided in Supplementary Information.

Synthesis of trehalose-releasing nanogels (TNG) and HEA-
containing nanogels (HEA;NG and HEA,NG)

TNG were synthesized via an inverse miniemulsion free-
radical polymerization (FRP) according to our previ-
ously described method [33]. Briefly, a water-in-oil (w/o)
miniemulsion (1:10, v/v) was created from monomers
and photoinitiator-containing aqueous phase (PBS pH
6.0, 1.0 mL) and Span 80-containing organic phase (cyclo-
hexane, 10.0 mL). MBA (20.0 mg), TreA (152.7 mg), AM
(35.3 mg), and 4-AMBA (13.4 mg) were placed in a 4-mL
dark vial and dissolved in PBS (pH 6.0). The solution of
LAP initiator (2.3 mg, 51 pL) was added, and the aqueous
phase was then transferred into a 20-mL transparent vial
containing the cold organic phase (4 °C). The miniemul-
sion was prepared by ultrasonication of the mixture in
ice bath (60% amplitude, 5 min). After that, the vial was
covered in aluminum foil and exposed for 0.5 h to high
power light-emitting diodes (LEDs, 3 W, 395-405 nm)
photoirradiation from the bottom of the vial. Following
a precipitation step in 40 mL of acetone, the product was
centrifuged at 14,610 xg for 10 min, twice rinsed with 40
mL of acetone and left to air dry overnight. In order to
purify the product, the crude nanogels were suspended
in DI water and dialyzed against H;PO, solution (pH
5.0, MWCO 12-14 kDa) for 24 h with multiple media
changes and DI water as the last change. The nanogel dis-
persion was finally freeze-dried, producing a white fluffy
powder that was kept at 4 °C until usage.

To investigate the role of trehalose in nanogel stability,
HEA-based nanogels were synthesized using a similar
procedure as described earlier. However, in this case, the
TreA monomer was replaced with the HEA monomer in
both equimolar and equimass of TreA feed (Table S1) for
obtaining HEA;NG and HEA,NG, respectively.

Synthesis of trehalose-releasing nanogels bearing active
ester (NHS-TNG)

To synthesize NHS-TNG, a similar procedure as
described for the synthesis of TNG was applied with
the difference that 4-AMBA-sulfo-NHS (4.0 mg, 0.011
mmol) was added and the aqueous phase was prepared in
PBS neutralized with NaOH to pH 6.0. The crude NHS-
TNG were kept at -20 °C without further purification for
preparation of fluorescently labeled nanogels.
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Synthesis of Cy5-labeled trehalose-releasing nanogels (Cy5-
TNG)

NHS-TNG (10.0 mg) was redispersed in DMSO (250 pL)
containing sulfo-Cy5-amine (0.25 mg, 0.00033 mmol)
and triethylamine (0.068 mg, 0.00067 mmol). Then the
nanogel dispersion was shaken overnight in an orbital
shaker (1000 rpm, 25 °C). On the next day, the volume
was adjusted to 1.0 mL with DMSO, and then the prod-
uct was precipitated with 3.6 mL of acetone. The suspen-
sion was then centrifuged at 14,610 xg (4 °C, 2 min) and
washed six times with acetone. Nanogel precipitate was
then redispersed in 800 pL of DI water, ultrasonicated at
40% amplitude (30 s), and then dialyzed against H;PO,
solution (pH 5.0, MWCO 12-14 kDa) for 24 h with mul-
tiple media changes and DI water as the last change. The
pure Cy5-TNG dispersion was finally freeze-dried to
obtain fine powder and kept at 4 °C prior to use.

Dynamic light scattering (DLS) and electrophoretic light
scattering (ELS)

Z-average mean hydrodynamic diameter (dy;) and poly-
dispersity index (PdI) were measured by Dynamic Light
Scattering (Malvern, Zetasizer Nano 90 S) (4 mV He-Ne
ion laser, A=633 nm, scattering angle: 90°). The sam-
ple was prepared from a TNG stock solution in water
(10 mg/mL, prepared with sonication at 40% amplitude
for 30 s) by dilution with 1 mM KCI (1.0 mg/mL). In
addition, the { potential of TNG was measured by Elec-
trophoretic Light Scattering (Malvern, Zetasizer Nano
ZC).

Cryogenic transmission electron microscopy (cryo-TEM)
Cryo-TEM analysis was carried out using a Tecnai F20
X TWIN microscope (FEI Company, Hillsboro, Oregon,
USA). Images were recorded with a Gatan Rio 16 CMOS
4k camera (Gatan Inc., Pleasanton, California, USA) and
processed with Gatan Microscopy Suite (GMS) software
(Gatan Inc., Pleasanton, California, USA). Specimens
were prepared from TNG dispersion in DI water (500 pg/
mL) via the vitrification of aqueous solutions on oxygen
plasma-activated grids with holey carbon film (Quanti-
foil R 2/2; Quantifoil Micro Tools GmbH, Grofllobichau,
Germany).

Nuclear magnetic spectroscopy (NMR)

!H NMR spectra were recorded in deuterated sol-
vents by using Varian NMR instrument operat-
ing at 600 MHz. Chemical shifts are reported in
ppm (J) relative to tetramethylsilane (DMSOy,) or
3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium salt
(D,0O) as an internal reference.
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Determination of conjugated trehalose (CTre)

The content of trehalose in nanogels was determined
after the alkaline hydrolysis of ester bonds in trehalose
acrylate units. Briefly, 40 pL of 1 M NaOH was added
to 400 pL of nanogel dispersion (100 pg/mL) in PBS
(pH 7.4) and the mixture was incubated at 70 °C for 1 h.
After neutralization with 40 puL of 1 M HCI, the sample
was subjected to enzymatic determination of trehalose
by using Trehalose Assay Kit in a microplate assay pro-
cedure. CTre (% w/w) was calculated as the percentage of
weight of trehalose in nanogel vs. weight of nanogel.

Trehalose release study by enzymatic determination

An initial stock dispersion of nanogels (10 mg/mL) was
prepared by redispersing nanogel powder in DI water fol-
lowed by ultrasonication (40% amplitude, 30 s). The stock
was diluted to a final concentration of 100 ug/mL (30 mL)
in PBS (pH 7.4) containing 1% v/v antibiotic antimycotic
solution in a 50-mL glass vial. Afterward, the nanogel dis-
persion was placed in an incubator at 37 °C with constant
shaking (332 xg). Aliquots (800 pL) were taken every 24 h
over 30 days and frozen at -20 °C. After all samples were
collected, they were thawed and the amount of trehalose
was determined enzymatically.

Colloidal stability of nanogels in various media

Colloidal stability of nanogels (1.0 mg/mL, containing
1% v/v antibiotic antimycotic solution) was determined
for 7 days at 37 °C in various biological media, including
DI water, PBS (pH 7.4), NS, DMEM, and DMEM +10%
FBS, by measuring the optical density (OD) at 650 nm
on a microplate reader. The OD value was converted to %
transmittance using the following equation:

% Transmittance = antilog(2 — OD)

Hemolytic rate of trehalose-releasing nanogels

Fresh blood was collected from the auricular vein of
healthy New Zealand white rabbits. The blood was then
diluted with saline at a ratio of 4:5. In this experiment,
three types of samples were prepared: a negative control
(normal saline), a positive control (ultrapure water), and
test samples (TNG at different concentrations). Each
sample (1 mL) was immersed in a water bath at 37 °C for
30 min. After that, 20 pL of the diluted rabbit blood was
added to each tube.

The tubes were further incubated in a water bath at
37 °C for 1 h. Following the incubation, the samples were
centrifuged at 500 xg for 5 min. The supernatant was
carefully removed, and photographs were taken. The col-
lected supernatant was then used to measure OD at a
wavelength of 545 nm. The OD value was converted to %
hemolytic rate using the following equation:
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ODt B ODn(:

100%
OD,.— OD,. " %

%Hemolytic rate =

Where OD, is the OD test value obtained in the presence
of trehalose or TNG, OD,,, is the negative control and the
OD,,. is the positive control.

In vitro cytotoxicity of trehalose-releasing nanogels

The cell harmlessness of TNG is a prerequisite for bio-
logical research. The MTS Cell Proliferation and Cyto-
toxicity Detection Kit was used to measure cytotoxicity
of TNG according to the manufacturer’s instructions.
Briefly, HUVECs were inoculated at a density of 1x10*
per well in 96-well plates. After 24 h, various concen-
trations of TNG (25, 100, 150, 200 pg/mL) were added,
and the cells were co-cultured for 24 h. Then, 10 pL of
MTS was added to each well and incubated for additional
2—4 h, and finally OD value at 450 nm was measured. The
OD value was converted to % cell viability using the fol-
lowing equation:

OD, - OD,

% Cell viability —
7Cell viability 0D, — 0D,

x 100%

Where OD, is the OD test value obtained in the presence
of TNG, OD, is the OD test value obtained in the absence
of TNG, and the OD,, is the OD test value of blank plate.

In vitro cellular uptake of trehalose-releasing nanogels
RAW264.7 cells were cultured on 20-mm round cov-
erslip until cell adherence to ~50%. Then the medium
was removed and replaced with fresh serum-free culture
medium containing free trehalose and TNG labeled with
Cy5 which have the equal trehalose concentration. After
1 or 3 h of co-incubation, the medium was removed,
washed with PBS for 3 times, then fixed with 4% para-
formaldehyde for 15 min, washed with PBS for 3 times
again, the nuclei were finally labeled with DAPI and
observed under confocal microscope.

In vitro autophagy stimulation

Raw 264.7 cells were cultured on 20-mm round cover-
slip at a density of 1x10° and in 6-well plates until cell
adherence to ~50%. Then the medium was removed and
replaced with fresh serum-free culture medium contain-
ing 1 pg/mL of lipopolysaccharide (LPS) and 40 pg/mL
of oxidized low-density lipoprotein (ox-LDL) for 12 h to
induce the formation of foam cells.

Trehalose (100 uM) or TNG (at a concentration equiv-
alent to 100 uM of free trehalose) was added to the above
foam cells, incubated for 12 h, then washed 3 times with
PBS at 4 °C. Cells in 96-well plates were lysed with RIPA
lysis buffer and protease inhibitor (phenylmethylsulfo-
nyl fluoride, PMSF) were added and placed at 4 °C. After
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manual scrapping, the lysates were collected and centri-
fuged at 15,000 xg for 20 min. Then, the loading buffer
was added to the supernatants at a 1:4 ratio, mixed, and
then boiled for 5 min before being stored at -80 °C. The
sequestosome 1 (p62) and microtubule-associated pro-
tein 1 A/1B-light chain 3 (LC3) protein expressions were
quantified by Western blot.

Additionally, cells on the round coverslip were also
washed three times with PBS at 4 °C, fixed with 4% para-
formaldehyde for clarity, and then incubated overnight
at 4 °C with LC3 rabbit polyclonal antibody or p62/
SQSTMI rabbit polyclonal antibody. After rinsing the
round coverslips five times with PBST (0.1% Tween-20
PBS), they were incubated for 1 h with fluorescently-
labeled rabbit secondary antibodies under darkness. Sub-
sequently, the coverslips were washed five times before
the nuclei were finally labeled with DAPI. Fluorescence
signals from DAPI, p62, and LC3 were detected by SP8
confocal microscopy.

Intracellular ROS clearance in macrophages

RAW264.7 cells were cultured in 12-well plates for 12 h.
After cells were pretreated with trehalose (100 pM) or
TNG (at a concentration equivalent to 100 uM of free
trehalose) for 4 h, they were stimulated with 0.5 uM H,0O,
for 0.5 h. The negative control group was treated with
fresh medium, and the positive control group was only
stimulated with 0.5 uM H,0, for 0.5 h. Subsequently,
cells were rinsed and treated with DCFH-DA (10 uM)
in serum-free DMEM for 30 min. After washing with
PBS and the intracellular ROS clearance was observed in
cell culture dishes by fluorescence microscope. Through
similar procedures, the cells were harvested in PBS,
intracellular fluorescent signals were measured via flow
cytometry (CytoFLEX, Beckman Coulter) and analyzed
using FlowJo software.

In vitro lipid efflux

Raw 264.7 cells were inoculated in 6-well plates at a cell
density of 2x10° per well. Cells were then stimulated
with 1 pg/mL of LPS and 40 pug/mL of ox-LDL to form
foam cells. The cells were treated with free trehalose (100
uM) or TNG (at a concentration equivalent to 100 uM
of free trehalose) for 24 h. Following this, the medium
was removed, and the cells were washed twice with PBS
before being fixed using a 4.0% paraformaldehyde (PFA)
solution. Subsequently, the cells were incubated with Oil
Red O (ORO) isopropanol working solution for 15 min.
Then cells were observed by optical microscopy. In addi-
tion, the intracellular ORO was extracted by isopropanol
and the ORO concentration was determined by measur-
ing its absorbance at 524 nm via an UV-Vis spectroscopy.
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Animal models

Male apolipoprotein E-deficient (ApoE™~) mice, aged
eight weeks, were obtained from the Hunan SJA Bio-
science Co., Ltd. (Hunan, China). All animal care and
experimental protocols comply with the relevant laws,
regulations and standards concerning animal welfare
ethics. This project has been supervised and approved
by Laboratory Animal Welfare and Ethics Commit-
tee of Chongging University (IACUC issue number:
COU-TACUC-RE-202109-002).

Atherosclerosis treatment with nanogels

ApoE™'~ mice were randomized into 3 groups (5 mice/
group), and high fat diet (HFD) was given for 12 weeks.
Then, the mice were subjected to different treatments for
one month. The mice were injected with 0.9% saline as
the untreated control group, while the other two groups
were treated with either free trehalose at a dose of 2.5 g/
kg of trehalose, or TNG at a concentration of 16 mg/kg
every three days via tail vein injection. The body weight
of mice was monitored during the treatment.

In vivo pharmacokinetics evaluation of nanogels

To evaluate the in vivo pharmacokinetics of TNG, the
Cy5-labeled TNG (Cy5-TNG) was intravenously admin-
istered to C57BL/6 mice at dose of 16 mg/kg, while free
Cy5 was intravenously injected at the equal concentration
of Cy5 in Cy5-TNG. Then, 20 pL of blood was collected
at 0.5, 1, 2, 4, 8, 12, and 24 h after injection. The blood
samples were diluted with 40 puL PBS contained EDTA2K
in 96-well black plates, and the fluorescence intensity was
measured by fluorescence microplate reader (Hitachi,
Japan).

In vivo accumulation of nanogels in atherosclerotic lesion
and biodistribution

After atherosclerosis modeling, mice were injected with
150 uL Cy5 (control group) or Cy5-TNG via tail vein.
After 24 h, the mice were euthanized, and the aortas were
isolated after perfusion with 0.9% saline containing hep-
arin sodium. Additionally, heart, liver, spleen, lung, and
kidney were harvested to analyze the biodistribution of
nanogels in the main organs. Imaging and fluorescence
quantification were performed using the Xenogen IVIS
200 system.

Efficacy study and histological study of atherosclerotic
plaques after treatment

Quantitative analysis of atherosclerotic plaques after
treatments: After the 10th round of trehalose and TNG
treatments via intravenous injections (IV), the aortas
from ApoE~'~ mice were harvested, spanning from the
heart to the iliac bifurcation. Aortas were fixed by perfu-
sion with 4% paraformaldehyde, dissected longitudinally,
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and then stained with Oil Red O (ORO) to quantify the
plaque area. The extent of atherosclerotic plaque at the
aortic root was also determined by the same way. Quan-
titative analysis of atherosclerotic plaque areas was per-
formed using Photoshop 2020 software.

The aortic roots were fixed with 4% paraformaldehyde
in PBS for 1 h. Frozen sections were prepared from the
fixed samples, and ORO staining was performed to quan-
tify the plaque area. For immunofluorescence analysis,
the sections were washed with PBS and then permeabi-
lized/blocked using a solution containing 0.5% Triton-
X100 in 5% BSA. Antibodies specific to p62, LC3 and
CD68 were separately incubated with the sections over-
night at 4 °C. After washing the sections five times with
PBST (PBS with 0.1% Tween-20), they were incubated
with secondary antibodies for 1 h. Nuclei were stained
with DAPI in the dark. The fluorescence signals from
DAPI, p62, LC3 and CD68 were detected using SP8 con-
focal microscopy (Leica, Germany). Sections of the main
organs including heart, liver, spleen, lung, and kidney
were analyzed by hematoxylin-eosin (HE) staining.

After one month of treatments, a complete blood rou-
tine analysis and serum biochemistry analysis were con-
ducted. Blood samples were collected and analyzed using
an automated hematology analyzer (Sysmex KX-21,
Sysmex Co., Japan) to obtain the complete blood count
(CBC) data. The concentrations of various biochemi-
cal markers, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), creatinine (CR), uric
acid (UA), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), triglyceride (TG), and total choles-
terol (TC) in the serum, were quantified using an auto-
mated analyzer platform (Roche Cobas C501, Roche Co.,
Switzerland).

Statistical analysis

The collected data were presented as mean+SD (n>3).
The statistical analysis was performed using GraphPad
Prism Version 8.4.3 software (GraphPad, USA). Tukey’s
test and one-way analysis of variance (ANOVA) were
employed to identify group differences. To determine
whether there is a significant difference between two
specific groups, an unpaired ¢-test (two tails) was used.
The significance thresholds for differences were set at
*p<0.05, *p<0.01, **p<0.001, ***p<0.0001, and us, no
significance.
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Formulation of nanogels

Table S1. Formulation of nanogels based on moles and mass feeding.

Formulation based on moles and mass

Samples (mmol (mg)) Z-AMBA-
TreA HEA AM 4-AMBA sulfo-NHS MBA
TNG 0.385 (152.7) - 0.496 (35.3) 0.085 (13.4) - 0.130 (20.0)
HEAING - 0.385(44.8)  0.496 (35.3) 0.085(13.4) - 0.130 (20.0)
HEA:NG - 1.315(152.7)  0.496 (35.3) 0.085(13.4) - 0.130 (20.0)
NHS-TNG 0.385 (152.7) - 0.496 (35.3) 0.085(13.4) 0.011(4.0) 0.130 (20.0)

TNG: trehalose-releasing nanogels, HEA:ING and HEA:NG: 2-hydroxyethyl acrylate-containing nanogels, HEA: 2-
hydroxyethyl acrylate, AM: acrylamide, 4-AMBA.: 4-acrylamidobutanoic acid, TreA: 6-O-acryloyl-o,0’-trehalose, MBA:
N,N'-methylenebisacrylamide.



Publication [P5] Supplementary Information

Colloidal stability of TNG, HEAING and HEA2NG in different biological media for 7 days
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Figure S1. Colloidal stability of TNG, HEA1NG and HEA:NG in different biological media for 7

days. TNG: trehalose-releasing nanogels, HEAING and HEA:NG: 2-hydroxyethyl acrylate-
containing nanogels.



Publication [P5] Supplementary Information

Synthesis of 4-acrylamidobutanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt (4-
AMBA-Sulfo-NHS)
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4-AMBA-Sulfo-NHS was synthesized based on the method reported by Tsuji et al. (2019) for the
synthesis of homologous N-sulfosuccinyl-6-hexyloylacrylamide sodium salt. Briefly, sulfo-NHS
(434.3 mg, 2.0 mmol) and 4-AMBA (314.3 mg, 2.0 mmol) were placed in a 25 mL round-bottom
flask and dissolved in anhydrous DMF (6 mL) under argon atmosphere while stirring. The flask was
then cooled in an ice bath for 15 min. A DCC solution (833.6 mg, 4.0 mmol) in 2.0 mL of anhydrous
DMF was added dropwise into the mixture and kept 1 h in an ice bath, followed by another 20 h at
room temperature. On the next day, the reaction mixture was transferred to the refrigerator (4 °C) for
30 min followed by filtration through Celite and washing with 3 mL of DMF. The product was then
precipitated with 140 mL of diethyl ether, centrifuged at 14610 xg (4 °C, 2 min) and washed four
times with 20 mL of diethyl ether. The white precipitate was then dried under reduced pressure to
give the final product (4-AMBA-Sulfo-NHS) with 49% yield.

Reference: S. Tsuji, Y. Aso, H. Ohara, and T. Tanaka, “Polymeric water-soluble activated esters:
synthesis of polymer backbones with pendant N-hydoxysulfosuccinimide esters for post-
polymerization modification in water,” Polym J, vol. 51, no. 10, pp. 1015-1022, Oct. 2019,
doi:10.1038/s41428-019-0221-4.

'H NMR (DMSO-dg, 600 MHz) § [ppm]: 8.18 (t, J = 5.6 Hz, 1H, -NHC(O)-); 6.20 (dd, J = 17.1,
10.2 Hz, 1H, -CH=CHy); 6.08 (dd, J = 17.1, 2.2 Hz, 1H, -CH=CH> trans); 5.58 (dd, J = 10.2, 2.2
Hz, 1H, —-CH=CH; cis); 3.95 (bs, 1H, >CHSOsNa); 3.24-3.08 (m, 3H, -NHCH2>-, -
CHaH,CHSOs3Na); 2.86 (dd, J = 18.4, 2.4 Hz, 1H, -CHHbCHSOsNa); 2.75-2.65 (m, 2H, —
CH2C(0)0-); 1.83-1.73 (m, 2H, —-CH2CH2CH2-). 3C NMR (DMSO-ds, 150 MHz) & [ppm]: 168.77,
165.33 (2x —C(O)N<, —C(0)0O-); 164.67 (-NHC(0)-); 131.68 (-CH=CH); 125.03 (-CH=CHy);
56.27 (>CHSO3Na); 37.57 (-NHCH>-); 30.91 (-CH>CHSO3Na); 27.86 (-CH2C(0)0-); 24.26 (-
CH2CH2CH>-).
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Figure S2. H (600 MHz) and *C NMR (150 MHz) spectra of 4-acrylamidobutanoic acid 3-sulfo-
N-hydroxysuccinimide ester sodium salt.
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Actual conjugated trehalose
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Figure S3. Actual conjugated trehalose compared to the recipe. TreA feeding and free trehalose
feeding were determined based on the recipe. Actual conjugated trehalose was determined by
enzymatic assay. Data are presented as mean + SD (n = 4).
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Hemolysis profile of TNG
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Figure S4. Hemolysis profile of trehalose-releasing nanogels (TNG) at different concentrations (0.5,
1.0, and 2.0 mg/mL) in red blood cells. Data are presented as mean + SD (n = 3).



Publication [P5] Supplementary Information

Cytotoxicity profile of TNG
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Figure S5. HUVECs viability after treatments with trehalose-releasing nanogels (TNG) at different
concentrations (0, 25, 100, 150, and 200 ug/mL) for 24 h. Data are presented as mean + SD (n = 5).
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Cellular uptake of TNG
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Figure S6. Confocal microscopy images of time-dependent cellular uptake of Cy5-TNG or trehalose.
After RAW264.7 cells were incubated with Cy5-TNG or trehalose for various periods of time, nuclei
were stained with DAPI (blue), Cy5 was red, scale bar: 50 pm.
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In vivo pharmacokinetics evaluation of nanogels in mice
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Figure S7. In vivo pharmacokinetics evaluation of nanogels in mice. TNG was fluorescently
conjugated with Cy5. Cy5-TNG was intravenously injected at concentration of 16 mg/kg, while free
Cyb was injected at the equal concentration of Cy5 in Cy5-TNG.
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CD68 expression in atherosclerosis plaque after one-month treatment
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Figure S8. (A) CLSM images and (B) quantification of CD68 (red fluorescence) expressions in
atherosclerotic plagques of the aortic root sections in ApoE "~ mice after one month of treatments with
free trehalose and TNG compared to the control, scale bars: 500 pm.
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In vivo biosafety assessment
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Figure S9. In vivo biosafety assessment of trehalose-releasing nanogels. (A) H&E-stained images of
main organs from ApoE " mice after various treatments for one month. All the micrographs were
acquired at 100x magnification, scale bar: 200 um. (B) The body weight of ApoE ™~ mice monitored
over one month of treatments. (C) Complete blood count (CBC) profile of ApoE™" mice after one
month of treatments. WBC: white blood cells, RBC: red blood cells, HGB: hemoglobin, and PLT:
platelets. (D) The biochemical assays of hepatic and kidney functions of ApoE™" mice after one
month of treatments. ALT: alanine aminotransferase, AST: aspartate aminotransferase, CR:
creatinine, and UA: uric acid. (E) Blood lipid profile of ApoE™~ mice after one month of treatments.
TG: triglycerides, CHO: total cholesterols, HDL-C: high-density lipoprotein (HDL) cholesterols,
LDL-C: low-density lipoprotein (LDL) cholesterols. Data are presented as mean + SD, n = 5.
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Table S2. Comprehensive blood routine analysis and normal reference ranges in mice.

Samples WBC (10°/L) RBC (10'?L) HGB (g/L) PLT (10%/L)
Reference range 0.8-10.6 6.5-11.5 110-165 400-1600
Control 9.70+3.49 9.02+1.85 121.00+30.21 1207.60 £461.50
Trehalose 6.54+2.88 9.22+0.84 120.60+15.42 1308.80+587.78
NG 7.02£1.53 8.801+0.78 120.40£13.13 1260.80+290.49

Table S3. Serum liver and kidney function indicators detection data and normal reference ranges in

mice.
Samples ALT (U/L) AST (U/L) CR (umol/L) UA (umol//L)
Reference range 10.06-96.47 36.31-235.48 10.91-84.09 44.42-224.77
Control 58.95+16.28 166.51+33.61 52.37+9.35 108.52+21.54
Trehalose 57.09+11.56 156.98+33.01 36.23+25.32 73.69114.09
TNG 38.99+9.48 182.23+33.60 40.33+16.23 80.93410.42

Table S4. Serum lipid indicators detection data and normal reference ranges in mice.

Samples TG (mmol/L) CHO (mmol/L) HDL-C (mmol/L) LDL-C (mmol//L)
Reference range 0.84-2.72 2.05-4.16 1.28-2.65 0.12-0.26

Control 1.43£0.22 14.9411.06 0.94+0.09 13.58+2.05
Trehalose 1.57%+0.59 13.49+1.10 1.14£0.15 10.04+0.72
TNG 1.47+0.47 10.62+2.24 1.49+0.33 8.13+1.39
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