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Abstract: Chitosan/starch-based composites were prepared by thermomechanical processing as an
alternative to the traditional solution method, with the aim of fabricating environmentally friendly
materials on a larger scale. Different contents and types of lignin and poly(vinyl alcohol), PVA
were incorporated into chitosan/starch compositions to improve their mechanical properties. It was
demonstrated that the presence of both lignin and PVA increases the values of tensile strength and
elongation at break of the composites. Moreover, it was observed that by the selection of a type of
lignin and PVA, it was possible to tailor the internal microstructure of the samples. As observed in
scanning electron microscope (SEM) micrographs, the introduction of lignin and PVA resulted in the
formation of a smooth surface and homogeneous samples.
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1. Introduction

Due to the increased demand for petroleum materials and the impact of their accu-
mulation in the environment, there is a growing interest in the design of biodegradable
and compostable polymers. Among a wide range of biopolymers, chitosan is the second
most popular natural polymer. Chitosan is a natural bioactive polysacharide possessing
intrinsic antimicrobial activity, exhibiting exceptional physicochemical properties imparted
by the presence of a polysaccharide backbone, including biodegradability, biocompatibility,
and low toxicity. Due to its properties, chitosan has been extensively investigated in many
fields, mainly as an environmentally friendly material for packaging applications [1-3].
Moreover, the good film-forming properties of chitosan allows the production of different
films and coating materials [2-5]. Chitosan is obtained by a partial deacetylation of chitin,
and the degree of deacetylation is proportional to the transformational degree of chitosan
from chitin [1]. Most chitosans are insoluble in water and in commonly used organic
solvents, but they can be dissolved in acidic aqueous solutions of pH below 6.3 [5]. Still,
the use of chitosan at large scale is limited. The reason for this is its high costs and worse
properties when compared to traditional petroleum-based plastics, such as lower barrier
against water vapor, and thermal and mechanical strength. Fortunately, these properties
can be improved by blending chitosan with other biopolymers [4,5].

Chitosan-based films and coatings have been recently intensively studied [2-23].
Most of the research has been focused on evaluating different preparation conditions
(including the processing method) and incorporation of additives to improve the properties
of composites. Currently, there are two main methods to produce films from chitosan: a
wet method based on solvent casting, and a dry method [6], with the preference for wet
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method due to its unquestionable simplicity [2-15]. The obtained materials, however, are
fragile at small thickness. Additionally, solvent casting is hard to scale up from laboratory
to industrial level, because it is a long-lasting process [6]. Only a few literature reports
describe the method of chitosan plasticization by one-step extrusion process, but in these
composites the amount of chitosan is less than 10 wt.%.

Recently, blends of chitosan/PVA, chitosan/starch, or chitosan/lignin have been
greatly studied as promising materials for industrial applications [7-18]. Polymer blends of
chitosan and PVA exhibited good thermal stability, unique morphology and reduced solu-
bility in acid solution. FTIR study showed that PVA and chitosan were considered miscible
and compatible owing to hydrogen-bonding interaction [7,8]. Moreover, the use of sorbitol
as a plasticizer caused an increase in the elongation at break [9]. Composites of chitosan
and starch showed good mechanical properties, especially after the addition of more starch
content [10]. Furthermore, the addition of keratin fibers increased the glass temperature
and the storage modulus of the obtained films [11]. The other type of biocomposite film
that has recently been a subject of investigations is chitosan/lignin [12-15]. The FTIR data
confirmed the formation of hydrogen bonding between the hydroxyl and carbonyl groups
in chitosan with carbonyl, hydroxyl, and ether groups in lignin [12,15]. Additionally, a salt
was formed between the protonated amino group of chitosan and the carboxylic group of
lignin. The bond formation between the components led to the formation of a crosslinked
elastic framework carrying the main mechanical load. Introduction of lignin resulted in
an insignificant decrease in tensile strength and modulus of the obtained composite films,
while it greatly decreased the cost of formed films.

Polymer blending by mixing two natural biopolymers (chitosan and starch) with PVA
was investigated in the following studies [16-18]. The infrared spectra confirmed the good
compatibility of PVA with chitosan/starch composite [16]. Additionally, several beneficial
effects of PVA addition to the composite were observed: an increase of film flexibility
and elongation at break [16], pore disappearance and smoothing of the surface [17], and
improved mechanical and functional properties without the loss of biodegradability [18].

Another method for preparing polymer films and coatings is thermomechanical pro-
cessing. As opposed to the casting method, this method can be used in industrial conditions,
which allows the preparation of biodegradable materials on a larger scale. However, the
plasticization of chitosan is necessary before applying this method. Glycerol, sorbitol,
and xylitol are frequently used as plasticizers, and their presence provides thermoplastic
material with good mechanical properties [19-22]. Furthermore, thermomechanical pro-
cessing allows the use of the conventional tools for polymer processing, such as extruders,
kneaders, injection molding, etc., enabling the production of a wide variety of forms and
shapes in contrast to a wet method, in which only casted films are produced.

More recently, chitosan has been plasticized during a one-step extrusion process [23-26].
The plasticizing system (glycerol with acetic acid) was mixed with polyethylene [21] or
keratin fiber [25]. Extrusion compounding was shown to be a promising method for the in-
dustrial processing of chitosan/starch composites due to the possibility of further molding
of the materials and its high productivity. It could be used to fabricate a material with a
high dispersion and distribution degree of the chitosan phase in starch.

Taking into account the versatility of thermomechanical processing, we used this
method to fabricate chitosan/starch composites with lignin and PVA. To the best of our
knowledge, similar composites have been only obtained by conventional casting meth-
ods [16-18]. Moreover, every previous work describing thermomechanical-processed
chitosan [19,20] was associated with its low content in the composite. In our case, chitosan
was one of the main components of the composite, with a content of about 30 wt.%. We
measured the hydrophilic, mechanical, and thermal properties of investigated samples and
analyzed their variation with sample composition.
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2. Materials and Methods
2.1. Materials

Chitosan 30-100 cps (Myw = 250,000, DD > 90%) and chitosan 100-300 cps (Myw = 890,000,
DD > 90%) were purchased from Glentham Life Sciences Ltd. (Corsham, UK).. Each
composite contained native potato starch purchased from Przedsiebiorstwo Przemystu
Ziemniaczanego “Trzemeszno” Sp. z o. o. (Trzemeszno, Poland), glycerol from Eurochem
BGD Sp. z o0.0. (Tarnéw, Poland) and acetic acid 20% solution. Three types of lignin
were used (dealkaline L0045 from Tokyo Chemical Industry (Tokyo, Japan), and Kraft
(sulfate) ones: Lineo Classic and Lineo Classic W from Stora Enso (Stockholm, Sweden)).
Three different PVA were used: Elvanol 71-30 (viscosity 27.0-33.0 mPa.s, Mw ~ 100,000,
fully hydrolyzed) was provided by Kuraray Europe GmbH (Hattersheim am Main, Ger-
many), Mowiol 20-98 (viscosity 18.5-21.5 mPa.s, Mw ~ 125,000, 98.0-98.8 mol% hydrolysis)
purchased from Merck (Darmstadt, Germany) and Mowiol 8-88 (viscosity 7-9 mPa.s,
Mw ~ 67,000, 86.7-88.7 mol% hydrolysis) were also purchased from Merck (Darmstadt,
Germany).

2.2. Sample Preparation

The formulation of chitosan/starch-based samples is shown in Table 1. The appro-
priate amount of glycerol was incorporated in the chitosan powder and manually mixed.
Then, an adequate amount of acetic acid aqueous solution (20 wt.%) was added to the
chitosan/glycerol mixture to obtain a paste with final chitosan concentration of 30 wt.%.
Then, starch, lignin, and PVA were introduced. The mixtures were then mechanically
blended in a HaakePoly-Lab QC Reomix 600 internal batch mixer at 80 °C for 4 min, with
a rotor speed of 40 rpm. Finally, the resulting materials were first hot-pressed at 110 °C,
250 bar pressure for 7 min and immediately cooled at room temperature, in the press, for
2 min.

Table 1. Composition of chitosan/starch-based blends.

Composition, wt.%

Sample Chitosan Starch PVA Lignin Glycerol AAAS
CHIE 30.30CH1 15.76 21.52F - 10.90 21.52
CH2E 30.30¢H?2 15.76 21.52E - 10.90 21.52

CHIEL 28.74CH1 14.94 20.40F 5.17- 10.35 20.40

CH2EL 28.74CH2 14.94 20.40F 5.17% 10.35 20.40

CHI1ELC 28.74CH1 14.94 20.40F 5.17-C 10.35 20.40
CH2ELC 28.74CH2 14.94 20.40F 5.17.C 10.35 20.40
CHIELCW  28.74CH1 14.94 20.40F 5.17LCW 10.35 20.40
CH2ELCW  28.74CH2 14.94 20.40F 5.17LCW 10.35 20.40
CH2L 36.10€H2 18.77 - 6.50" 13.00 25.63
CH2M1L 28.74CH2 14.94 20.40M!1 5.17- 10.35 20.40
CH2M2L 28.74CH2 14.94 20.40M2 5.17% 10.35 20.40

CH1—Chitosan 100-300 cpi; CH2—Chitosan 30-100 cpi; E—PVA Elvanol 71-30; L—Lignin TCI; LC—Lignin
StornaEnso Classic; LCW—Lignin StornaEnso Classic W; M1—PVA Mowiol 20-98; M2—PVA Mowiol 8-88;
AAAS—Acetic Acid Aqueous Solution.

2.3. Moisture Content (MC), Swelling Degree (SD), and Total Soluble Matter (TSM)

Moisture content (MC) was determined by a gravimetric method. Weighed samples
of a mass ~1 g were dried in an air-circulating oven at 105 °C for 24 h. After this time, the
samples were once again weighed. Moisture content was calculated as the percentage of
weight loss based on the original weight. Triplicate measurements of MC were conducted
for each sample, and the average MC was calculated. A swelling degree (SD) study was
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performed by putting dried samples into 100 mL distilled water at room temperature for
24 h. All samples were weighed before and after swelling. Total soluble matter (TSM) was
determined by immersing samples in 100 mL of distilled water at 25 °C for 24 h. After
this time, the samples were dried in an air-circulating oven at 105 °C for 24 h. TSM was
calculated in relation to the dry mass, and it was expressed as the percentage of sample dry
matter solubilized.

2.4. Mechanical Properties

Tensile tests were performed by means of an Instron 4466 machine. The tests were
carried out at ambient temperature with the indications of PN-EN ISO 527: 2012, sheets 1
and 2. A constant stretching rate of 100 mm/min was applied. Mechanical properties were
determined from the average of five measurements.

2.5. Scanning Electron Microscopy (SEM)

Surface morphology of the composite samples was studied using a HITACHI TM3000
scanning electron microscope at a 10 kV accelerating voltage and a chamber pressure of
about 9 x 1073 Pa. Cross-sectional SEM samples were made by freeze fracturing with
liquid nitrogen.

2.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out using a Mettler Toledo TGA 2 Thermobal-
ance. The samples (5 mg) were heated up in an open platinum crucible (Pt 70 puL), in
the temperature range 30-1100 °C, with the heating rate 3 = 20 °C/min, in the dynamic
(100 mL/min) nitrogen or air atmosphere. The thermographs were analyzed with the use
of the STARe Thermal Analysis Software.

2.7. Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Mettler Toledo DSC 822e Differential
Scanning Calorimeter. Measurements were carried out in two or three stages for mg ~5 mg
in an aluminum crucible (Al 40 puL) closed with perforated lid, under a nitrogen flow of
50 mL/min according to the temperature program below:

The investigated samples were first heated from 0 °C to 220 °C with the heating rate
f =10 °C/min, then cooled to 0 °C at 10 °C/min, and finally, the second heating was
performed to 220 °C at 10 °C/min. The investigated samples were first heated from —60 °C
to 220 °C at 10 °C/min, then from —60 °C to 300 °C with the same heating rate.

3. Results
3.1. Moisture Content, Swelling Degree, and Total Soluble Matter

Figure 1, Figure 2, Figure 3 show the moisture content (MC), swelling degree (SD),
and total soluble matter (TSM) of the chitosan/starch-based samples. As can be seen in
Figure 1, MC values are similar (around 10%) for all investigated samples. Regarding the
composites prepared with different chitosan (CH1 and CH?2), it is noticed that the type
of chitosan has a slight influence on the moisture content, of about 1 wt.%. In the case
of a swelling degree (Figure 2), it can be noticed that the highest value of this parameter
(about 200%) is obtained for compositions CH1E and CH2E, with the absence of lignin.
This behavior can be explained by the physical crosslinking of hydrophilic polymers with
lignin via H-bonds. Lignin partially “blocks” hydrophilic sites of glycerol and chitosan by
hydrogen bonds with OH groups, leaving less OH groups to interact with water molecules,
resulting in lower SD values [27]. Significant values are also observed for CH2M1L and
CH2M2L samples, both containing PVA, which is not fully hydrolyzed. PVA is widely
recognized as a crystalline water-soluble polymer. The degree of crystallinity depends
on the degree of hydrolysis, and higher degree of hydrolysis causes higher crystallinity.
According to [28] the swelling behavior closely correlates with the crystallinity. Therefore,
the increase in the swelling ratio is expected to arise from the degradation of crystalline
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phase leading to the increase in the presence of amorphous one. The lowest SD value
is observed in the case of CH2ELC and CH2ELCW samples where kraft lignin is used.
Among the various types of lignin, kraft lignin is much less soluble in water at neutral
or acidic pH because of the lack of hydrophilic groups [29]. Considering the total soluble
matter for chitosan/starch-based samples, it can be noticed that this parameter is similar
for all investigated samples. The exception is the CH2M2L sample, where TSM reaches a
value 30% higher than for other samples. Compared to other samples, only this sample
contains PVA with the lowest percentage of hydrolysis (86.7-88.7 mol%). The partially
hydrolyzed PVA possesses residual acetate groups, which are essentially hydrophobic, and
can generate a steric hindrance that disturbs the arrangement of the intermolecular chains
in PVA and inhibits the formation of hydrogen bonds between the molecular chains. The
presence of an adequate number of these acetate groups enhances composite solubility
in water.
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Figure 1. Moisture content (MC) for chitosan/starch-based samples.
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Figure 2. Swelling degree (SD) for chitosan/starch-based samples.
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Figure 3. Total soluble matter (TSM) for chitosan/starch-based samples.
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CH2ELCW

Figure 4 shows optical images of samples after immersion in water for 24 h. As can be
seen, chitosan/starch-based samples swell after immersion in water. The smoothest surface
after swelling is observed for the sample CH2L suggesting its most homogeneous structure.
Nevertheless, it can be seen that most of the samples retained their structure and shape.
The most visible degradation of a sample can be observed for CH2M2L, which suggests
its lowest resistance to water, as confirmed by the results of SD and TSM measurements.
However, it can be seen that swelling is lower for samples with lignin and regarding to the
obtained results, the lowest value is observed for the composite modified with LCW. This
indicates that the type of lignin influences on the structure of the investigated composites,
probably due to the presence of chemical interactions between amino groups in chitosan
and methoxy together with hydroxy groups in lignin [30]. A tighter structure leads to a
decrease in swelling.

CHIEL CHIELC CHIELCW

CH2EL CH2ELC

CH2M1L CH2M2L

Figure 4. Chitosan/starch-based samples after immersion in water for 24 h.

3.2. Mechanical Properties

The effect of lignin and PVA content on the mechanical properties is shown in Figure 5,
Figure 6, Figure 7. Regarding the composites prepared with different chitosan (CH1 and
CH2), it is noticed that the type of chitosan has a slight influence on the mechanical
properties of composites. In the case of tensile strength, a difference of about 2 wt.% is
observed whereas elongation at break and nominal elongation at break vary by about 4%
for both types of chitosan. However, tensile strength and elongation at break increases for
samples modified with lignin, which is expected to arise from the interactions between
chitosan/starch and lignin. This result is different from described by Rosova et al. [15],
where the addition of lignin resulted in a decrease in tensile strength and elongation at
break in chitosan samples. Even though mechanical properties of the samples can be
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mainly linked to the physicochemical characteristic of the polymers and plasticizers, it
should be also taken into account that interactions between polymers and plasticizer could
vary with the inclusion of additional ingredients, such as lignin or PVA. Different results
were observed by Chen et al. [12], where tensile strength increased with the increase in
lignin content up to 20 wt.% and decreased after reaching this value. Meanwhile, the
value of elongation at break also increased, so it was concluded that lignin can be used
as a compatibilizer in chitosan-based samples. Regarding the composites prepared with
different lignin (L, LC and LCW), it is noticed that the type of lignin has an influence on
the mechanical properties of composites. In the case of tensile strength, the highest value is
observed for CHI1EL and CH2EL, where lignin L is used. Considering elongation at break
and nominal elongation at break, a slight difference is noted, about 3 wt.%. It is noticed that
PVA also influences the mechanical properties of composites. Samples modified with PVA
exhibit an increase in tensile strength and decrease in elongation at break. The differences
in the results between the types of PVA are associated with distribution and density of
intermolecular and intramolecular interactions in the network created in chitosan/starch
samples modified with PVA [31]. Regarding the composites prepared with different PVA
(E, M1 and M2), the highest value is observed in the case of the CH2M2L sample, which
contains PVA with the lowest percentage of hydrolysis.

Tensile strength (MPa)

; O N
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[N AR IR OUR U U, NN
S TSR
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Figure 6. Elongation at break for chitosan/starch-based samples.
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Figure 7. Nominal elongation at break for chitosan/starch-based samples.

3.3. Morphology

Figure 8 shows scanning electron microscopy (SEM) images of chitosan/starch-based
samples. For all samples, a homogeneous structure is observed demonstrating that the
chitosan/starch-based samples modified with lignin and /or PVA had a smooth, flat surface.
Lignin is present here in the form of irregularly shaped particles, and PVA seems to be
entirely dissolved. SEM images show that regardless of the type of lignin, it is evenly
distributed in the polymer matrix, and no voids are noticed in the polymer matrix. The
surface of CH2E sample without lignin appears to be relatively smoother than that of
CH2L composite (6.5 wt.% L). Despite this, it must be emphasized that proper interfacial
interaction is an important factor when lignin or other fillers are to be used to improve
mechanical properties [32]. According to the mechanical properties results, it is noticed
that lignin significantly increases the mechanical properties of the chitosan/starch-based
samples. This indicates good interaction between the components, and it is proven by these
SEM images, where the samples showed smooth surfaces. Karua and Saho also prepared
starch/chitosan samples with the addition of PVA [17]. In this case, an increasing PVA
content ranging from 0 to 10 wt.% resulted in the increase in the tensile strength of blends.
Moreover, the corresponding SEM images showed that upon the addition of PVA, the
surface of the blend became smooth, and the pores disappeared. In our case, SEM images
confirm that the samples with PVA appears to be relatively smoother than those without
it. In summary, SEM images confirm the homogeneity of dispersion of lignin and PVA
in the chitosan/starch matrix, providing a confirmation that the conditions of processing
were appropriate.

3.4. Thermal Analysis

Figure 9, Figure 10, Figure 11 show the TG/DTG curves for the chitosan/starch-
based samples as well as pure starch, pure chitosan, pure PVA, and pure lignin. For
chitosan/starch-based samples, it can be observed that some specific degradations for
chitosan and its crosslinked products occurred. At higher temperatures a degradation of
PVA byproducts is also observed [33]. Two main weight losses occurred at the temperature
ranges of 200—400 °C and 480-600 °C. The first weight loss is assigned to a rapid decom-
position of polymer segments of PVA, chitosan, and starch due to the thermal scission
of the polymer backbone. The second weight loss is caused by the degradation of the
byproducts generated from PVA during its thermal degradation [34] and lignin. For all
chitosan/starch-based samples, the two main weight losses were observed each with one
Tonset, Which indicates significant interactions between the components [35]. It should be
also taken into account that the Tonset is different for the obtained samples, which should be
associated with intramolecular interactions in the samples. The strong hydrogen-bonding
interaction between the groups should also increase thermal stability as the formation of a
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confined structure in the chitosan/starch-based samples [5]. This is observed in the case
of samples modified with lignin, where the Tonset Values in the second stage were higher
than for samples without lignin. An additional weight loss in the region of 200 °C can
be observed in the DTG curves for samples modified with lignin. This was not observed
either on the curve for pure lignin or for the non-modified samples (Figure 11). It should be
also noted that for all samples, there is a single event representing the pyrolysis of glycerol
observed in the range 130-260 °C [36].

CH2L CH2E CH2ELC

CH2M2L CH2EL CH2ELCW

Figure 8. SEM images of chitosan/starch-based samples modified with PVA and lignin, 1000 x.
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Figure 9. TG and DTG curves of chitosan/starch—based samples.
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Sample CH2E
Sample CH2EL
Sample CH2ELC
Sample CH2ELCW

Derivative weight (%/°C)

100 200 300 400 500 600 700 800 900 1000 °C
Temperature (°C)

Figure 10. DTG curves of chitosan/starch—based samples.
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Figure 11. DTG curves of sample CH2EL, pure starch, PVA E, chitosan CH2 and lignin L.

Figures 12 and 13 show the transitions detected in the thermograms of pure lignin
used in the chitosan/starch-based samples. The DSC thermogram showed a wide endother-
mic peak between 20-150 °C assigned to the loss of water. The highest water content is
noticed for lignin LCW. Moreover, at temperature of about 0 °C, an additional endothermic
peak of the DSC curve is observed, and is associated with the content of freezable water
in this type of lignin. Taking into account the enthalpy of fusion and water evaporation
of pure LCW), it can be concluded that it contains both freezable water and non-freezable
bound water. For both lignin and chitosan, a thermal event was registered. The glass
transition temperature was determined using the enthalpy calculation procedure given by
Richardson [37], and the values were presented in Table 2. The glass transition tempera-
ture is clearly higher for lignin than for chitosan. Moreover, the highest glass transition
temperature is observed for lignin L. Figure 14 shows the differential scanning calorimetric
scans of the prepared chitosan/starch-based samples. In the first heating curve, a wide
endothermic peak between 30-180 °C is observed, which is related to the evaporation of
water present in the sample. This transition is no longer observed at the second heating
scans. The DSC thermogram shows an endothermic peak between 180-220 °C which is
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attributed to the melting of PVA, while an exothermic peak starting above 250 °C indicates
a thermal decomposition of prepared samples.

Aexo

Heat flow (mW)

—
|
\l\\\\\\ ///’_
V| N/
i \ |
Il \ |
\ v
Lignin LC \
Lignin LCW \ |
Lignin L \'
\
v

60 40 20 0 20 40 60 80 100 120 140 160 180 200 °C
Temperature (°C)

Figure 12. DSC curves of various lignin; 1st heating (dotted line) and 2nd heating (solid line).
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Figure 13. DSC determination of glass transition temperature (Tg) and change in heat capacity (Cp)
for Lignin L.

Table 2. Glass transition temperatures and their associated change in heat capacity.

Sample Tg (°C) AC, J-g 1K D)
Lignin LC 148.4 0.374
Lignin LCW 154.2 0.325
Lignin L 170.7 0.658
Chitosan CH2 89.8 0.457




Polymers 2021, 13, 2685

12 of 14

Aexo

s
E
2
2
.
s ~
T | chHzeL AN N ,N"7
N~ - A
CH2ELC 2 e o,
J CH2ELCW ——
50 0 50 100 150 200 250 °C

Temperature (°C)

Figure 14. DSC curves of chitosan/starch—based samples; 1st heating (dotted line) and 2nd heating
(solid line).

4. Conclusions

Herein, we describe the fabrication and characterization of environmentally friendly
chitosan/starch-based composite materials modified with lignin and PVA. This is the first
study reporting samples containing significant amount of chitosan, with a content of about
30 wt.%, prepared via thermomechanical processing. The physicochemical characterization
of composites involved the determination of moisture content, swelling degree, total
soluble matter, tensile strength, and elongation at break. The results showed that the
type of lignin and PVA had a significant influence on the structure of the samples, with
the superior mechanical characteristics exhibited by the materials modified with lignin.
Furthermore, the addition of PVA was found to increase the tensile strength and decreased
the elongation at break. Due to the higher value of tensile strength and similar value of
elongation at break, investigated composite materials exhibit better mechanical properties
than chitosan/starch compositions produced by extrusion process and containing less
than 10 wt.% of chitosan. Moreover, strong hydrogen-bonding interaction between the
groups in the chitosan/starch-based samples increased the thermal stability of investigated
composites. SEM images showed a good dispersion of lignin and PVA within the composite
material, showing smooth surfaces and a high level of homogeneity. The best results were
obtained for samples containing both investigated components, i.e., ~20 wt.% PVA and
~5 wt.% lignin, for which tensile strength and nominal elongation at break were equal to
~9 MPa and ~40%, respectively. The performed study proved that the use of lignin and
PVA in chitosan/starch composites is a suitable method for obtaining a thermomechanical-
processed material. Due to the fact that thermomechanical processing is the most popular
method used in the production of packaging, and biopolymers are popular materials on
the packaging market, the presented studies can contribute to broaden the applicability
of biopolymers at a large scale. Still, the presented results are preliminary, and further
research is necessary to improve material properties for industrial application.
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Abstract: One of the major objectives of food industry is to develop low-cost biodegradable food
packaging films with optimal physicochemical properties, allowing for their large-scale production
and providing a variety of applications. To meet the expectations of food industry, we have fabricated
a series of solution-cast films based on common biodegradable polysaccharides (starch, chitosan
and alginate) to be used in food packaging applications. Selected biopolymers were modified by
the addition of glycerol and oxidized sucrose (starch), glycerol (chitosan), and glycerol and calcium
chloride (alginate), as well as being used to form blends (starch/chitosan and starch/alginate,
respectively). A chestnut extract was used to provide antibacterial properties to the preformed
materials. The results of our studies showed that each modification reduced the hydrophilic nature
of the polymers, making them more suitable for food packaging applications. In addition, all films
exhibited much higher barrier properties to oxygen and carbon dioxide than commercially available
films, such as polylactic acid, as well as exhibiting antimicrobial properties against model Gram-
negative and Gram-positive bacteria (Escherichia coli and Staphylococcus epidermidis, respectively),
as well as yeast (Candida albicans).

Keywords: starch; chitosan; alginate; biopolymers; polysaccharide; modification; barrier properties

1. Introduction

As the environment becomes increasingly polluted with plastics, there is an urgent
need for the development of biodegradable polymers applicable in industry. Currently,
these are polysaccharides, such as starch, chitosan and alginates, that serve as the most
popular biodegradable polymers. However, the raw polysaccharide-based materials do
not exhibit the appropriate physicochemical properties necessary for food packaging
applications [1-4]. Therefore, numerous recent studies [3,5-9] focus on the modification
of such biopolymers. Unfortunately, the modification of biodegradable polymers is not as
obvious as in the case of conventional synthetic polymers, since each polysaccharide, due to
its chemical structure, requires a different modification method. Additionally, it is known
that the introduction of some modifications can have an adverse effect on the process of
biodegradation. Since biodegradable polymers are primarily used in the packaging market,
modifiers must be non-hazardous and considered as safe for food contact.

The most common modification route for starch is plasticization, and the most com-
monly used plasticizer is glycerol [5-7]. This modification is used to improve the elongation,
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distribution, flexibility, elasticity, and rigidity of the film [8-11]. Moreover, the addition
of plasticizers can change the continuity and thus improve the properties of starch-based
films [5]. Another popular way to modify starch is by using crosslinking, e.g., with natural
organic acids (lactic acid, malic acid and citric acid). The presence of acidic crosslinking
agents leads to the decrease in swelling, water uptake and water vapor permeability of
materials, and these effects are proportional to the amount of a crosslinker [12-14]. Fur-
thermore, the presence of organic acids was found to improve the tensile strength of starch
films [15,16], as well as to reduce water vapor permeability, and to increase thermal prop-
erties without affecting biodegradability of investigated films [17,18]. Xu et al. [19] used
oxidized sucrose as a starch crosslinking agent, and the obtained films were found to be
strong and ductile.

Chitosan can be modified through the addition of plasticizers or crosslinking agents
(citric acid) [20-24]. Similarly to the case of starch, plasticizers improve the elongation,
distribution, flexibility, elasticity, and rigidity of chitosan-based films [25-27]. Chitosan,
due to its chemical nature, does not always require additional modifications beyond plas-
ticization. It dissolves only in acidic conditions, so it is not as highly soluble in water as
other polysaccharides. Nevertheless, crosslinking with citric acid can provide some addi-
tional benefits, for instance the improvement in mechanical, thermal and moisture barrier
properties when compared to the unmodified chitosan film [21,22]. Another approach for
chitosan modification is the use of glycidol [28-31]. The resulting chitosan derivatives form
micelles, hydrogels or membranes, and are commonly used for drug/gene delivery.

For sodium alginates, the most common modification is the use of calcium chloride
as a crosslinking agent [32-34]. Recent results indicate that the swelling properties of
alginate films decrease after the addition of CaCly, which is due to the crosslinking reaction
between the carboxyl group of alginate and calcium ions [33,35,36]. Modified alginate films
exhibited higher tensile stress and tensile strain compared to the unmodified films [33,34].
Giz et al. [34] revealed a synergistic effect when alginate films were crosslinked with CaCl,
and plasticized with glycerol, as they observed an increase in tensile strength and a decrease
in elongation at break as the result of this “double” modification route.

Another approach to achieve suitable physical and mechanical properties of biodegrad-
able films is to fabricate blends by mixing two or three polymers. The results of infrared
spectroscopy, scanning electron microscopy and X-ray diffraction have confirmed the com-
patibility between starch, chitosan and alginate, due to the presence of strong interactions
such as hydrogen bonds, as well as ionic interactions [37-39]. Moreover, such films are
generally homogeneous, thin, smooth, with good coherence and no visual defects [40,41].

Numerous comparisons of the same non-modified and modified biodegradable poly-
mers can be found in the literature [32,42-46]. Unfortunately, there is still limited data
showing how polymers of different chemical structures belonging to the same group differ
in their properties. Therefore, we have decided to perform a comparative study using three
non-modified and modified polysaccharides, namely starch, chitosan and alginate. In the
present study, starch was modified by the addition of oxidized sucrose (crosslinking agent)
and glycerol (plasticizer), chitosan was modified by the addition of glycerol (plasticizer),
and alginate was modified by the addition of CaCl, (crosslinking agent) and glycerol (plas-
ticizer). Additionally, we have fabricated polymer blends by mixing two polysaccharides
to form starch/chitosan and starch/alginate, respectively. All materials were modified
with a chestnut extract, which is known from its antimicrobial activity [47]. Preformed
films were characterized to assess their applicability as food packaging materials, and the
following properties were determined: hydrophilic properties (moisture content, swelling
degree, total soluble matter, water contact angle), barrier properties (oxygen and carbon
dioxide permeability), and mechanical properties (tensile strength, elongation at break).
Furthermore, antimicrobial properties of developed films, which are of great interest for
storing food, were also investigated. The performance of polysaccharide-based films was
compared with the performance of a commercially available poly(lactic acid) (PLA) film.
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2. Materials and Methods
2.1. Materials

Starch was purchased from Heuschen & Schrouff OFT B.V. Chitosan 30-100 cps
(MW = 250,000, DD > 90%) was purchased from Sigma-Aldrich (St. Louis, MI, USA).
Sodium alginate (Brookfield viscosity 350-550 mPas, c = 1 wt.% at 20 °C) was supplied
by Acros Organics (Branchburg, NJ, USA). Acetic acid was purchased from POCH S. A.
(Gliwice, Poland) (99.5-99.9%) and chestnut extract Farmatan (>76% tannins) was provided
by Tanin Sevnica (Sevnica, Slovenia). Calcium chloride (purity > 96%) was purchased from
Avantor Performance Materials (Radnor, PA, USA). Glycerol was produced by Nortchem
(Los Angeles, CA, USA). Oxidized sucrose was prepared using sucrose from Pfeifer &
Langen Polska (Poznan, Poland), sodium periodate (>98%) from Acros Organics and
barium chloride purchased from STANLAB Sp. J. Lublin (Lublin, Poland).

2.2. Film Preparation
2.2.1. Modified Starch-Based Films
Preparation of Oxidized Sucrose

Oxidized sucrose was prepared according to a slightly modified protocol described
in Wang et al. [48]. In short, 6.50 g sucrose and 12.90 g sodium periodate were dissolved
in 200 mL distilled water and stirred at room temperature (24 °C) on a magnetic stirrer
(IKA, Staufen, Germany) at 1000 rpm for 24 h. Approximately 7 g of barium chloride
was then added to the solution and stirred at 5 °C for 1 h to allow complete precipitation.
The solution was filtered, and the filtrate was stored in a fridge (5 °C) for further use.

Preparation of Modified Starch-Based Films

Starch solution (5%, w/w) was prepared by dispersing starch with chestnut extract
(0.75% w/v) and glycerol (40%, w/w based on the mass of starch) in water. Oxidized sucrose
(15 % w/w based on the mass of starch) was added, and the mixture was stirred at 90 °C
for 30 min. The solution was poured onto Teflon-coated plates. The cast films were dried
overnight at room temperature (24 °C) and later peeled from the plates. The starch films
were then incubated /dried in an air oven at 160 °C for 4 min.

2.2.2. Modified Chitosan-Based Films

Chitosan solution (2%, w/w) was prepared by dispersing chitosan in acetic acid
solution (1%, v/v) with chestnut extract (0.75% w/v) and glycerol (30%, w/w based on
the mass of chitosan). The mixture was agitated overnight on a magnetic stirrer (IKA,
Staufen, Germany) at 1000 rpm and room temperature (24 °C). Afterwards, the mixture
was homogenized at 6000 rpm for 5 min with an homogenizator (Ultra-Turrax T50, IKA,
Staufen, Germany) and left overnight. The mixture was cast on Petri dishes and left
overnight at room temperature (24 °C) to dry.

2.2.3. Modified Alginate-Based Films

Alginate solution (1%, w/w) was prepared by dispersing sodium alginate with chest-
nut extract (0.75% w/v) and glycerol (30%, w/w based on the mass of alginate) in water and
stirring overnight on a magnetic stirrer (IKA, Staufen, Germany) at 1000 rpm and room
temperature (24 °C). Afterwards, the mixture was homogenized at 6000 rpm for 5 min
with an homogenizator (Ultra-Turrax T50, IKA, Staufen, Germany) and left overnight.
The mixture was cast on Petri dishes and left overnight at room temperature (24 °C) to dry.
The cast films were peeled from the plates and soaked in 40 mL 2.5% CaCl, solution for 2 h.
Thereafter, the films were washed with distilled water and dried at room temperature.

2.2.4. Modified Starch and Chitosan-Based Films

Starch and chitosan solution was prepared by dispersing starch (2%, w/w) and chitosan
(2%, w/w) with chestnut extract (0.75% w/v) and glycerol (30%, w/w based on the mass of
starch and chitosan) in acetic acid solution (1%, v/v), and stirring overnight on a magnetic
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stirrer (IKA, Staufen, Germany) at 1000 rpm and at 100 °C. Afterwards, the mixture was
homogenized for 5 min at 6000 rpm with an homogenizator (Ultra-Turrax T50, IKA, Staufen,
Germany) and left overnight. Thereafter, oxidized sucrose (15% w/w based on the mass
of starch) was added and stirred at 90 °C for 30 min. The solution was poured onto Petri
dishes and the cast films were dried overnight at room temperature (24 °C) and later peeled
from the plates. The films were then treated in an air oven at 160 °C for 4 min.

2.2.5. Modified Starch and Alginate-Based Films

Starch and alginate solution was prepared by dispersing starch (5%, w/w) and alginate
(1%, w/w) with chestnut extract (0.75% w/v) and glycerol (30%, w/w based on the mass
of starch and alginate) in distilled water and stirring overnight on a magnetic stirrer at
1000 rpm and at 100 °C. Afterwards, the mixture was homogenized at 6000 rpm for 5 min
with an homogenizator (Ultra-Turrax T50, IKA, Staufen, Germany) and left overnight.
Then, oxidized sucrose (10% w/w based on the mass of starch) was added and stirred at
90 °C for 30 min. The solution was poured onto Petri dishes and the cast films were dried
overnight at room temperature (24 °C) and later peeled from the plates. The films were
then treated in an air oven at 160 °C for 4 min. The abbreviations of all obtained films are
shown in Table 1.

Table 1. Abbreviations of samples investigated in this study.

Abbreviations

CH ALG STCH STALG

Sample

Modified Modified Modified starch and  Modified starch and

starch-based film chitosan-based film  alginate-based film  chitosan-based film alginate-based film

2.3. Measurement of Film Thickness

The film thickness was measured with a digimatic micrometer (Mitutoyo Absolute,
Tester Sangyo Co., Ltd., Tokyo, Japan). Twenty values were randomly taken at different
locations for each film, and the average value was determined as the final result.

2.4. Measurement of Moisture Content, Swelling Degree and Total Soluble Matter

Moisture content (MC), swelling degree (SD) and total soluble matter (TSM) were
determined using a gravimetric three-step method. Square samples with an area of 1 cm?
were cut from the films and weighed on an analytical balance (M;). Then, the samples were
dried at 100 °C for 24 h and weighed again (M;). Thereafter, the analyzed film pieces were
placed in 30 mL of distilled water, left at room temperature (24 °C) for 24 h and weighed
again (M3). In the last step, the samples were dried at 100 °C for 24 h and weighed (My).
The measurements were repeated five times and the average value was determined. MC,
SD and TSM were calculated as follows:

MC(%) = (A’hM;MZ) % 100 )
1

SD(%) = (MB'M;W % 100 )
2

Tsm(%) = M= M) g 3)
2

2.5. Measurement of Contact Angle

The contact angle between water and the films was measured using an optical contact
angle meter and a contour analysis systems (OCA15 from DataPhysic, Filderstadt, Ger-
many) at room temperature (24 °C). Deionized water (1 pL) was carefully dropped onto
the films and contact angles were determined from the average of ten measurements.
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2.6. Measurement of Oxygen and Carbon Dioxide Permeability

Oxygen and carbon dioxide permeability was determined using an isobaric apparatus
(Supplementary Information, Figure S1). The samples in a form of a disk with an area
of about 6 cm? were sealed in a diffusion chamber. In the chamber, compressed oxygen
(class 5.0) or carbon dioxide (technical gas) were supplied at a controlled flow rate to keep
the pressure constant in that compartment. The flow of the chambers was connected to a
manometer to ensure the equality of pressures (from 0.05 to 1.0 MPa).

Before the measurement, the samples were degassed for 24 h and then placed in the
apparatus to condition for 2 h with the appropriate gas. The permeation coefficient was

determined as follows: Vi
X
P = 4
SxAp @)

where V is the volumetric flow (mol-s~1), [ is the sample thickness (m), S is the sample
activate area (m?) and Ap is the pressure difference on both sides of the film (Pa).

2.7. Measurement of Mechanical Properties

Mechanical properties, including tensile strength and elongation at break, were per-
formed by means of an Instron 4466 machine at a speed of 5 mm/min at room temperature.
Films were cut into strips (80 mm x 20 mm) for measurement. Final values of tensile
strength and elongation at break were determined from the average of ten measurements.

2.8. Measurement of Antimicrobial Properties

Before using the chestnut extract for the fabrication of polysaccharide-based foils, its antimi-
crobial properties were assessed against model Gram-positive bacteria (Staphylococcus epidermidis
ATCC12228), Gram-negative bacteria (Escherichia coli ATCC25922) and yeasts (Candida albicans
ATCC18804) using an inhibition zone assay [49] (Supplementary Information, Figure S2).
This experiment confirmed superior antimicrobial properties of chestnut extract, particu-
larly when compared with other investigated plant extracts, including those derived from
nettle, grape, and graviola.

Antimicrobial activity of polysaccharide films was determined against standard bac-
terial isolates, i.e., Gram-negative bacteria Escherichia coli ATCC25922 (E. coli) and Gram-
positive bacteria Staphylococcus epidermidis ATCC12228 (S. epidermidis), as well as yeast
(Candida albicans ATCC18804), by a serial dilution following co-culture with each film.
Briefly, a single bacterial colony was cultured in 10 mL of Mueller-Hinton broth (MHB) at
37 °C overnight. Thereafter, bacteria from a 1 mL of cultures were collected by centrifuga-
tion (7000x g, 3 min, 4 °C), and resuspended in a sterile saline solution. The optical density
was normalized to 0.5 McFarland standard (approximately 1.5 x 108 CFU/mL) using a
densitometer. Finally, 100 puL of the normalized cultures were inoculated into sterile bottles
containing 4 mL M9 minimal supplemented glucose and the given film to be analyzed.
The resulting mixture was then incubated overnight at 37 °C in a shaking incubator, fol-
lowed by a serial dilution plating on MHB for CFU/mL determination. Experiments were
repeated four times and the results presented as the logjg of the average CFU/mL.

2.9. Scanning Electron Microscopy

Surface morphology of the films was studied using a Phenom ProX scanning electron
microscope at a 10 kV accelerating voltage.

2.10. Fourier-Transform Infrared Spectroscopy

The infrared (FTIR) spectra of the films were recorded in the 4000-650 cm ! range with
a resolution of 2 cm~! using a Spectrum Two spectrometer (Perkin Elmer). For measure-
ments, films were cut into small discs and placed tightly between the sensor and support
to ensure good contact. For each spectrum, 25 scans were taken. These analyses were
performed in duplicate at room temperature.
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3. Results and Discussion

The images of ST, CH, ALG, STCH, STALG films are shown in Figure 1. As it can
be noticed, all obtained films are homogeneous and they have a slightly brownish color
due to the addition of a chestnut extract. The thickness of prepared films ranges between
40 pum for alginate films to 110 um for films based on alginate and starch. The commercially
available PLA-based film had a thickness of 7 um.

Figure 1. Physical appearance of the modified: (A) starch-based (ST) film; (B) chitosan-based (CH)
film; (C) alginate-based (ALG) film; (D) starch and chitosan-based (STCH) film; (E) starch and
alginate-based (STALG) film; (F) commercially available PLA-based film.

3.1. Moisture Content, Swelling Degree and Total Soluble Matter

The MC, SD and TSM values of the obtained films are shown in Figure 2. These ma-
terial properties are related to the film’s sensitivity to water and moisture, which is one
of the major areas of interest in the design of food packaging materials. MC indicates the
total volume of empty space occupied by water molecules in the network microstructure of
the film [50]. As shown in Figure 2A, the MC values are the lowest for the commercially
available PLA-based sample (about 5%) and the highest for the starch-based sample (about
22%). The chitosan and alginate-based samples also showed higher moisture content than
PLA (about 17% and 16%, respectively). It is worth noting that the samples based on
two polysaccharides, i.e., STCH and STALG, showed much lower MC values than these
polymers separately (about 10% for both samples). Similar MC values were observed for
other films based on starch [51], chitosan [52,53], alginate [54,55] and their blends [56,57].
In the case of SD (Figure 2B), which is an undesirable property of a film, especially if it is
intended for packaging applications [58], it can be noticed that the highest value of this
parameter is obtained for STALG and STCH (about 1400% and 700%, respectively). Addi-
tionally, in this case, the different behavior of the two-component samples compared to the
single-polymer based samples can be observed. Samples based on a single polysaccharide
had a much lower SD value than their combinations. The lowest SD value was observed
for PLA (i.e., about 5%), and the nearest values were observed for ST and CH (about 60%
and 40%, respectively).
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Figure 2. Moisture content (A), swelling degree (B) and total soluble matter (C) of the starch-based
(ST), chitosan-based (CH), alginate-based (ALG), starch and chitosan-based (STCH) and starch and
alginate-based (STALG) films and the commercially available PLA-based film (p < 0.05).

Balakrishnan et al. [59] also prepared films using starch as a matrix and oxidized
sucrose as a crosslinking agent. After crosslinking, a reduction in film swelling was
observed, indicating that the acetal bond had a strong influence on the swelling behavior of
the films, acting as a barrier that prevents water molecules from passing through, causing
the films to swell [19,48,59]. In this case, swelling was reduced by up to half for films
prepared with oxidized sucrose. On the other hand, Rodriguez et al. [60] studied the SD of
chitosan films modified with different content of glycerol and observed that the amount of
glycerol significantly affected the swelling behavior of the film. Li et al. [61] studied the
influence of the crosslinking agent content (calcium chloride) on the swelling behavior of
alginate-based films. They noticed that the SD values of the films decreased significantly
when the concentration of CaCl, was increased to 6% w/v. The results indicated that the
total degree of cross-linking of the films increased with CaCl, concentration.

TSM is another important factor in selecting films for specific applications. Solubility is
a desirable property in many cases, such as for food encapsulation. However, for foods with
high moisture content, water resistance and integrity are required, and high solubility of the
film is disadvantageous. In our case, low solubility in water is desirable, and considering
the TSM values (Figure 2C), it can be noticed that this parameter is similar for CH, STCH
and PLA samples (about 18%). However, the lowest value was observed for ST film
(about 5%) and the highest value for ALG and STALG (about 35 and 40%, respectively).
These values show that each modification had the desired effect, as previous studies
indicate that the films based on the pure polysaccharides used in this study are almost
completely soluble [62]. ST and CH samples show the lowest SD and TSM values among
all obtained samples, indicating their best properties for use as food films. Compared
to the commercially available PLA sample, the TSM properties of the ST film are even
better (Figure 2C), indicating that the films obtained in the present study fully meet the
hydrophobicity requirements of commercially available films.

3.2. Contact Angle

The water contact angle values of the obtained films are shown in Figure 3 to un-
derstand the effect of the modifiers on the wettability of the films. This parameter is a
good indicator of the hydrophilicity, because as the wettability of the surface increases,
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the contact angle decreases [53]. It is well known that the water contact angle (0) value
of 0 < 90° indicates the hydrophilic nature of the test sample, while 6 > 90° represents its
hydrophobic nature [63,64]. The values for all investigated films were less than 90°, indicat-
ing hydrophilicity of the surfaces. The most hydrophilic film was found to be STCH and ST,
with a contact angle of about 40° and 55°, respectively. Bastos et al. [65] observed that the
unmodified starch film had a contact angle of 55°, which decreased rapidly with time if the
droplet remained on the surface due to water absorption. The addition of glycerol increased
the hydrophilic behavior of the film [66,67], but in our case the additional modification with
oxidized sucrose caused the contact angle value to remain the same as the unmodified film.
On the other hand, Balakrishnan et al. [59], who examined the contact angle of films based
on pure starch and modified with oxidized sucrose, showed that the reduction in hydroxyl
groups in the crosslinked sample due to the reaction between starch and oxidized sucrose
resulted in a reduction in hydrophilic properties. The pure starch film without modifier
showed the lowest contact angle (about 33°), which was due to the presence of a large
number of hydroxyl groups in starch. For films prepared with oxidized sucrose, the contact
angle increased to about 92°. The authors hypothesized that [59] that during film drying
the aldehyde groups in the oxidized sucrose sample reacted with the hydroxyl groups
of starch and formed water stable acetal bonds. Other samples, including PLA, shows
a contact angle of approximately 70°. Although this value still indicates the hydrophilic
nature of the film, the use of PLA films in the packaging market indicates that this level of
hydrophilicity is sufficient for food packaging. Therefore, it can be concluded that the CH,
ALG and STALG films obtained in this study should be the best alternative to commercially
available films, including those based on PLA. Previous studies [53,68,69] demonstrated
that the contact angle for pure chitosan film was approximately 105°. As estimated in our
research, the contact angle values for chitosan equals to 71° due to the modification with
hydrophilic glycerol. Taverna et al. [70] determined the contact angle for films based on
pure alginate, which was about 25°. Its value increased after treatment of the film with
CaCly, which is related to the lower water absorption capacity of the crosslinked films.
Such a relationship can also be observed in our study, in which the contact angle for ALG
and STALG was about 70°.

Figure 3. Contact angle of the starch-based (ST), chitosan-based (CH), alginate-based (ALG), starch
and chitosan-based (STCH) and starch and alginate-based (STALG) films and the commercially
available PLA-based film (p < 0.05).

3.3. Oxygen and Carbon Dioxide Permeability

Oxygen and carbon dioxide permeability values are shown in Figure 4. Oxygen and
carbon dioxide are the most common gases studied in food packaging applications. The per-
meation of oxygen from the air into the package should be avoided due to deterioration
of product properties caused by oxidation during long-term storage. On the other hand,
carbon dioxide can potentially reduce the food degradation, leading to a significant increase
in shelf life [71,72]. Maintaining a certain level of carbon dioxide concentration along with
the desired oxygen concentration that have been introduced during food packaging is
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helpful in preserving different types of food. Therefore, high barrier properties of the film
are very important for food packaging films [73]. The highest oxygen and carbon dioxide
permeabilities were observed for PLA, indicating its low barrier properties compared to the
films obtained in the present study. All other films provided good barrier properties to O,
and CO,. ST films showed almost no detectable O, permeability, while CH and ALG films
showed permeability values of about 2 and 3 x 10710 cm® /m-s-Pa, respectively. The CO,
permeability was much lower than that of O,, i.e., about 1 x 10~'! cm® /m-s-Pa and
25 x 10712 cm3 /m-s-Pa, respectively. This effect was also observed for other similar
polymers previously [72,74].

Figure 4. Oxygen (A) and carbon dioxide (B) permeability of the starch-based (ST), chitosan-based
(CH), alginate-based (ALG), starch and chitosan-based (STCH) and starch and alginate-based (STALG)
films and the commercially available PLA-based film (p < 0.05).

O, permeation is generally lower when compared to CO, permeation, due to the de-
crease in diffusivity and increase in solubility with decreasing permeant size (O, molecular
diameter is 3.1 A and CO, molecular diameter is 3.4 A, respectively) [75]. Garcia et al. [76]
used plasticizers (glycerol and sorbitol) to improve the barrier properties of starch-based
films. They observed that O, permeability was significantly lower (10~!% cm3 /m-s-Pa) than
for CO, (1072 cm® /m-s-Pa), indicating a selective effect of these films on gas permeability,
which the authors attributed to the higher solubility of CO, in the starch films. It was also
observed that the CO, and O, permeabilities for the unplasticized films were significantly
higher than those for the plasticized films, which was attributed to the presence of pores
and cracks on the surface of the unplasticized films. On the other hand, Butnaru et al. [77]
investigated the effect of plasticizer for O, and CO, permeability of chitosan films. The O,
permeability values for the reference chitosan film were 67 mL/m?, and after the addi-
tion of plasticizer, the O, permeability was higher at 212 and 134 mL/m?, respectively.
The increased O; values can be attributed to the plasticization effect of the biopolymer
by the plasticizer molecules [78]. The plasticization effect results in increased mobility of
oxygen molecules due to disruption of hydrogen bonds, creating additional sites for oxygen
solvation [79]. In turn, the presence of the plasticizer led to improved barrier properties for
COy, achieving half the CO, values compared to pure chitosan [77]. It is worth noting that
the films based on two polymers showed a different characteristics than the films based on
a single polymer. In the case of oxygen permeability for films based on two polysaccharides
(Figure 4A), the barrier properties of STCH and STALG films decreased significantly, by as
much as about 70% and 90%, respectively, compared to ST, CH and ALG films. On the
other hand, the lowest permeability values for carbon dioxide (Figure 4B) were recorded for
ST and ALG, but the combination of these two polymers (STALG) resulted in a significant
increase in permeability. In contrast, the high barrier properties of starch in the ST sample
did not contribute to the reduced permeability of carbon dioxide when combined with
chitosan. STCH sample showed barrier properties at the same level as CH. These results
could mean a lower degree of interaction between starch and chitosan than in the case
of starch and alginate, causing easier migration of oxygen and carbon dioxide molecules
through the film. Nevertheless, the results obtained for all the investigated films in the
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present study outperformed the commercial food packaging films used today, such as PLA
films or even low-density polyethylene (LDPE) [53,80].

3.4. Mechanical Properties

Mechanical properties of investigated films are summarized in Figure 5. They are
important in evaluating the quality of food packaging films, since they are used to assess
the ability of packaging materials to maintain integrity under various stresses that occur
during processing and storage of packaged foods [77]. It can be seen that the tensile
strength values (Figure 5A) are the highest for the commercially available PLA-based film
(about 30 MPa). This value is about 70% higher when compared with CH and STCH and
as much as 95% higher when compared with ST, ALG and STALG. The lowest tensile
strength values were noted for ST and ALG (about 2 MPa) and the highest for CH (about
8 MPa). The combination of the weakest samples, i.e., ST and ALG, did not improve their
properties, since the tensile strength of STALG remained around 5 MPa. On the other hand,
the combination of ST and CH slightly improved the tensile strength to 12 MPa (as noted
for STCH). This shows that in some cases the addition of a polymer with a weaker tensile
strength can increase the mechanical properties of the final material. The same relationship
was observed by Tan et al. [81], who investigated the effects of starch concentration, chitosan
and glycerol content on mechanical properties of their composites. An optimum tensile
strength of 5.19 MPa was obtained with the combination of these two polysaccharides,
in which the concentrations were: starch 5 wt.%; chitosan 20 wt.%; glycerol 40 wt.%.
Elongation at break results (Figure 5B) also show that the highest values were noted for
the commercial PLA sample (about 460%). In this case, the value is also significantly
higher than for the samples obtained in this study (by about 80% when compared to ST,
CH, STALG and by as much as about 95% for ALG and STCH). Djalila et al. [37] studied
the physicomechanical properties of films based on starch, alginate and their mixture,
and noted a clear increase in the elongation at break from about 5% to 19% of the films
when the alginate content increased from 0% to 50%. On the other hand, Xu et al. [82]
investigated and compared the mechanical properties of chitosan and starch-based films
at different ratios and at a concentration gradient of 0.5. The results showed that the
tensile strength and elongation at break of the films first increased and then decreased with
increasing starch content. The maximum elongation at break of the film with a starch to
chitosan weight ratio of 1.5:1 reached 60%. Balakrishnan et al. [59] studied the effect of
crosslinking starch with oxidized sucrose on the mechanical properties of investigated films
and found a significant improvement after adding the modifier to pure starch. A maximum
threefold increase in tensile strength was obtained with a slight deterioration in elongation
at break.

Figure 5. Tensile strength (A) and elongation at break (B) of the starch-based (ST), chitosan-based
(CH), alginate-based (ALG), starch and chitosan-based (STCH) and starch and alginate-based (STALG)
films and the commercially available PLA-based film (p < 0.05).

The increase in strength properties is mainly due to the good compatibility of starch
with oxidized sucrose, which results from chemical and physical interactions between
starch and the crosslinking agent. On the other hand, crosslinked films have a slightly
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lower elongation percentage due to the limited mobility of the starch macromolecular
chain. Rhim [83] studied alginate films prepared with and without CaCl, treatment and
demonstrated an increase in the tensile strength of and a concurrent decrease in elongation
at break when CaCl, was applied to the alginate films. The same observation was also
found in our study, in which the elongation at break also decreases with an increase in
tensile strength. Another property was observed by Ibrahim et al. [33], who also studied
alginate films modified with CaCl,. In this case, the alginate films showed an increase in
tensile strength with an increase in elongation at break after modification. The mechanical
properties of the alginate films increased up to 4 times after immersion in CaCl,. The im-
provement in the mechanical properties of the films may be due to the crosslinking reaction
between Ca?* ions and the carboxyl group of alginate. The crosslinking can be formed by
simple ionic bridging of two carboxyl groups on adjacent polymer chains with calcium
ions [84]. Even though polysaccharide-based films have not been found to outperform
commercial PLA films from the point of view of their mechanical properties, acquired
results did not stand out of other literature proceedings describing this class of materials.
The best tensile strength results were obtained for CH and STCH (i.e., about 8 MPa and
10 MPa, respectively), and the best elongation at break properties were obtained for ST and
STALG (i.e., about 78% and 88%, respectively). Obviously, further research is needed to
improve their properties, but the results obtained so far can be considered as satisfying.

3.5. Antimicrobial Properties

The results of antimicrobial assays demonstrated that different films obtained in this
study caused a significant reduction in the growth of both model Gram-positive and Gram-
negative bacteria, such as S. epidermidis (Figure 6A), and E. coli (Figure 6B). In particular,
a 4-5 log reduction in the growth of S. epidermidis was observed while for E. coli there was a
5 log reduction for CH and over a 7-8 log reduction when co-cultured with starch-based,
alginate-based, and both polymer blend films. Moreover, the study showed that starch-
based films were more resistant to E. coli bacterial pathogens than chitosan-based films.

Figure 6. The effect of modified polysaccharide films on the viability of S. epidermidis cells (A), E. coli
cells (B) and C. albicans (C); unpaired t-Test: * p < 0.05.

It is important to indicate that the primary source of antibacterial activity of investi-
gated films was the presence of a chestnut extract, which is a rich source of polyphenolic
compounds, phenolic acids, and tannins [85,86]. Since the amount of chestnut extract was
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the same in all investigated films, the difference in antibacterial effects should be associated
with a biopolymer matrix and the presence of modifiers. For instance, Priya et.al. [87]
studied the antimicrobial activity of PVA starch cross-linked samples and found that both
the crosslinking agent and plasticizer induced antimicrobial properties. In our study, starch
was crosslinked with oxidized sucrose, which led to acetal formation able to release cationic
ions interacting with the anionic charges of microbial cell membranes through electrostatic
bonding. This specific interaction led to increased cell peripherality and leakage of intercel-
lular components, which ultimately induced cell death [88]. It is also expected that the low
film permeability could reduce the attraction of bacterial species [89].

On the other hand, the antibacterial properties of chitosan could be easily justified by
its ability to bind to the negatively charged bacterial cell wall and cause disruption of the cell,
followed by its interactions with DNA leading to cell death [90]. It is also known that the
presence of chitosan can affect an efflux of particular ions (K*, Ca?*, H*, CI') and increase
transmembrane potential difference in the cells, altering the ionic balance required for
microorganisms to maintain their vitality [91]. Still, the antibacterial properties of chitosan
are dependent on its molecular weight, degree of deacetylation, concentration, pH, chitosan
source, temperature, as well as a type of microorganisms and a cell growth phase [92].
Superior antibacterial properties of ALG foils when compared with other investigated
materials could be associated with the presence of CaCl,. Recent studies [93,94] show that
CaCl; exhibits an inhibitory effect on microbial growth, as demonstrated in the example
of Ralstonia pseudosolanacearum. The antibacterial activity mechanism of CaCl, is based on
its ability to arrest the swarming motility of bacteria, disrupt their physiological functions
and, finally, inhibit the formation of a mature biofilm.

Although a chestnut extract was found to exhibit antifungal properties, not all in-
vestigated polysaccharide-based foils were observed to follow this behavior (Figure 6C).
An antifungal effect was noted for STALG, ST and ALG, but no effect of antifungal activity
was observed in any of chitosan-based foils, even though chitosan itself is known to exhibit
antifungal properties [91]. We expect this behavior to be associated with a limited solubility
of chitosan at neutral pH, which restricts its intrinsic antifungal activity and limits the
release of a chestnut extract.

The results of microbiological investigations confirmed that fabricated polysaccharide-
based films can be regarded as having antibacterial activity towards E. coli and S. epidermidis.
It should be highlighted that commercially used packaging materials, for instance, PLA,
alone and unmodified did not show antimicrobial activity [95]. Therefore, modified
polysaccharide-based films, as confirmed by previous studies (Table 2), perfectly match
current trends in packaging industry to apply bioactive and biodegradable materials for
the development of antibacterial and antioxidative packaging systems functionalized with
natural bioactive agents.

3.6. Scanning Electron Microscopy

Figure 7 shows scanning electron microscopy (SEM) images of the obtained polysaccharide-
based and commercially available PLA films. For all the obtained samples, a homogeneous
structure is observed, indicating that the modified films have a smooth, flat surface in the
case of the ST film, the presence of undissolved particles of chestnut extract in the polymer
matrix is noted. Nevertheless, the blends of starch with other polymers, i.e., chitosan or
alginate (sample STCH and STALG, respectively) show that the extract appears to be com-
pletely dissolved. For the commercially available PLA film, unspecified particles are noted
which may indicate the use of fillers in the present film to modify the physicochemical
properties of the material. As noted, when analyzing mechanical properties of samples,
PLA film was found to have the highest mechanical properties, which is most likely due to
the presence of a filler. Many studies [101-103] noted that fillers significantly improve the
mechanical properties of samples, including materials based on polysaccharides. Never-
theless, the SEM images confirm the homogeneity of the chestnut extract dispersion in the
polymer matrix and the compatibility of the polymers.



Materials 2022, 15, 3236 13 of 20

Table 2. Polysaccharide-based films containing different plant extracts exhibiting antimicrobial
activity towards particular microorganisms.

Biopolymer Antimicrobial Agent Microorganisms Ref.
Chitosan Chestnut extract E. coli, B. subtilis [96]
Chitosan Chestnut extract P. fluorescens, E. coli [97]

P. commune
Chitosan Chestnut extract E. coli, S. epidermidis This study
Chestnut Cornus officinalis fruit ext.ra}ct, E. coli, S. aureus,
. glycerol monolaurate, nisin, [98]
starch-chitosan ) N L. monocytogenes
pine needle essential oil
Starch Chestnut extract E. coli, S. epidermidis This study

Nisin, e-polylysine, olive
Alginate extract, nettle extract, green E. coli, S. aureus [99]
tea extract

Algae extract,

Alginate aminoglycosides E. coli [100]
Alginate Chestnut extract, CaCl, E. coli, 5. °p idermidis, This study
C. albicans

Figure 7. SEM images of: (A) starch-based (ST) film; (B) chitosan-based (CH) film; (C) alginate-based
(ALG) film; (D) starch and chitosan-based (STCH) film; (E) starch and alginate-based (STALG) film;
(F) commercially available PLA-based film.

3.7. Fourier-Transform Infrared Spectroscopy

FTIR spectra are useful for observing and understanding the molecular interactions
that polymers engage in with various modifications. Figure 8 illustrates the FTIR spectra of
unmodified and modified polysaccharide films and their blends, as well as a comparison of
all obtained samples. The FTIR spectra of unmodified and modified starch films (Figure 8A)
showed clear changes in the spectral regions primarily due to the use of oxidized sucrose
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and glycerol, as a peak at 3450 cm ! is noted, which is attributed to the stretching vibration
of the -OH groups, and at 2960 cm ™!, which can be attributed to the stretching vibration of
the -CH bond [18,104]. The absorption band between 1000 and 1200 cm ™! was characteristic
of -CO stretching of the polysaccharide skeleton [105].

Figure 8. FTIR spectra of ST films (A), CH films (B), ALG films (C), STCH films (D), STALG films
(E) and a summary of all spectra (F).

FTIR spectra of unmodified and modified chitosan films (Figure 8B) are almost com-
parable, indicating that glycerol did not change the structure of chitosan but only inter-
acted with it. Chitosan exhibited two strong vibrational bands at 1645 and 1584 cm~1;
these bands are attributed to the vibrations of amide I and amide II, respectively [106]. It has
been reported that the deformation vibrations of amines usually produce strong or very
strong bands in the region of 1638-1575 cm~! [107]. A broad band in the range of about
3600-3100 cm ! is attributed to N-H and OH-O stretching vibrations. This band is also
related to some extent to the intermolecular hydrogen bonds of the chitosan molecules [108].

The spectra of alginate films are shown in Figure 8C. As alginate is modified with
glycerol, the O-H stretching peak (~3380 cm™!) has a much higher intensity due to the
O-H groups derived from glycerol. On the other hand, when additionally modified with
calcium chloride, the O-H stretching peak becomes narrower and of greater intensity
compared to the unmodified sample, but lower than when modified with glycerol by itself.
This is characteristic of an increase in intramolecular bonding [109]. The O-H shoulder (at
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3250 cm’l), corresponding to the intermolecular binding, also becomes narrower and has
higher intensity. The -COO™ peaks at ~1650 and 1420 cm ! (asymmetric and symmetric
stretching, respectively) become broader and more intense after glycerol and their intensity
strongly decreases after additional modification with calcium chloride. This is because
this peak is characteristic of the ionic bonding. When calcium ions replace sodium ions
in the alginate structure, the charge density, radius and atomic mass of the cation change,
creating a new environment around the carbonyl group [109]. In the region 1150-1000 cm !,
a set of intense peaks can be observed that can be attributed to C-C and C-O stretching
vibrations [110].

The FTIR spectra obtained for STCH are shown in Figure 8D. It can be observed that
the unmodified STCH film as well as the modified film show a broad absorption band
centered at 3380 cm !, which can be attributed to N-H and O-H stretching vibrations [111].
The peak is definitely more intense when modified with glycerol alone. After modification
with oxidized sucrose, the intensity decreases suggesting higher interactions with O-H
groups for the STCH sample than for the ST sample (Figure 8A). The peak at 2918 cm !
can be attributed to the asymmetric C-H stretching vibrations of methylene groups, and the
peak at about 2876 cm ! to the -CHj group of acetylamino groups in chitosan [18,104] Their
amount decreased in the modified film with glycerol and oxidized sucrose compared to
the modified only with glycerol sample, which may be due to the reaction of chitosan with
sodium periodate, which leads to the elimination of acetamido groups by strong oxidant
and strong acid [112]. The band at 1645 cm ™! can be attributed to the C-O stretching
vibration of the residual amide bond [113]. On the other hand, the band at 1597 cm ! can be
attributed to N-H bending vibrations of chitosan, which disappeared in the modified sample
with oxidized sucrose by reaction with aldehydes from oxidized sucrose products [112].
The band at 1412 cm ™! is a C-N stretching vibration in chitosan and the peak at 1080 cm ™!
is attributed to C-O stretching vibration [113]. The bands in the 1000 and 1100 cm~! region
are attributed to the C-O bond of the C-O-H group in starch [114]. The intensity of these
bands is significantly reduced for the unmodified sample, suggesting high interactions
between the starch itself with chitosan.

The spectra of modified and unmodified starch- and alginate-based films are shown
in Figure 8E. A strong absorption due to -OH stretching vibration (3400 cm~!) was noted
in the FTIR spectra. It is typical of polymeric association of hydroxyl groups [115]. As can
be seen, the highest intensity was recorded for the sample modified with glycerol only,
and the additional modification with calcium chloride caused the intensity to drop below
that recorded for the unmodified sample. This explains the hydrophilicity results of these
films, which were found to be lower than for the STCH sample. The peaks at values from
about 1600 cm ! to 1400 cm ™! can be attributed to asymmetric and symmetric stretching
vibrations of -COO™ [116]. The spectra of the modified blend with glycerol, oxidized
sucrose and calcium chloride exhibit lower intensities, which indicates intermolecular
interaction through hydrogen bond formation between -COO™ groups in alginate and -OH
groups in starch [115].

4. Conclusions

In this study, modified films based on starch, chitosan, alginate and their compositions
with a chestnut extract were prepared by a solution casting method. An extensive character-
ization of as-formed films revealed that polysaccharides are promising materials for food
packaging industry. Particular materials were shown to match the requirements of com-
mercially available films, for example low swelling degree (starch and chitosan), low total
soluble material (starch), optimal hydrophilicity (chitosan alginate, and starch/alginate),
and high barrier properties with respect to O, and CO, (all investigated films). An impor-
tant benefit of polysaccharide-based films containing chestnut extract was their antibacterial
nature verified against E. coli, S. epidermidis, and C. albicans. Even though the mechanical
properties of investigated materials were satisfactory, they were still worse than the ones of
a commercially available PLA film. However, SEM studies showed that the commercially
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available PLA film contains particles indicating the use of a filler, which can significantly
improve the mechanical properties. Therefore, further studies with the use of fillers are
planned for starch, chitosan, alginate films and their blends.

Due to the fact that polysaccharides are becoming an increasingly popular alternative
to traditional plastics in packaging production, the research presented herein may con-
tribute to expanding the applicability of biopolymers through an easier selection of the
polymer matrix. This is a comparative study and further research, especially in direction
of improving mechanical properties, is needed for further application of polysaccharides
in industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15093236/s1, Figure S1: Schematic diagram of experimental
apparatus for gas permeability testing; Figure S2: Antimicrobial activity of four commercially
available extracts: chestnut (K), graviola (G), grape (W), nettle (P) tested against model Gram-positive
bacteria (S. epidermidis), Gram-negative bacteria (E. coli) and yeasts (C. albicans); control well was
filled with deionized water (ddH,O).
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ABSTRACT

Chitosan-based films modified with synthesized (propylene glycol monoacetate, propylene glycol esters of fatty
acids, and epoxidized propylene glycol esters) and commercial eco-friendly plasticizers (epoxidized soybean oil
and epoxidized palm oil) were prepared by a casting technique, with the aim to obtain environmentally friendly
materials for packaging applications. To assess the applicability of alternative plasticizers, their properties were
compared to the two most common plasticizers, i.e. glycerol and sorbitol. The chemical structure of newly
synthesized plasticizers was verified by gas chromatography with mass detector, infrared spectroscopy and 'H
NMR; and their acid, epoxy, iodine, and saponification values were determined. Plasticized chitosan-based films
were characterized in terms of hydrophilic, barrier, thermal, mechanical properties, zeta potential and
morphology, confirming their flexibility and homogeneity. The research confirmed that the alternative plasti-
cizers introduced by us are more effective than commercially available ones, exhibiting lower hydrophilicity and
superior mechanical properties compared to samples plasticized with traditional plasticizers. Moreover, these
properties were found to be even better after ageing for 10 months.

1. Introduction

cellulose, starch, chitosan, or sodium alginate (Mohamed et al., 2020;
Swain & Mohanty, 2018). Cellulose films are mostly fabricated from

Food packaging plays an important role in protecting food from
external environment, ensuring food quality and extending its shelf life.
Unfortunately, most of the packaging used on the market today is made
of petroleum-based polymers, such as polypropylene or polyesters,
which cause environmental pollution due to their non-biodegradable
nature (Ncube et al.,, 2020). In consequence, there is an urgent de-
mand for developing biomaterials that can replace petroleum-based
plastics.

A number of studies have been conducted so far on the use of poly-
saccharides in food packaging (Mohamed et al., 2020). Current research
is mainly concerned with obtaining films from such polysaccharides as

cellulose derivatives such as methylcellulose or carboxymethyl cellu-
lose, which are further modified with polyethylene glycol, silver nano-
particles or nanocellulose to improve their physicochemical properties
(Cazon et al., 2017). Starch (mainly from corn, rice, wheat, cassava and
potatoes) is primarily plasticized with glycerol, xylitol, or sorbitol (Zhao
etal., 2021). Starch films currently available on the market are primarily
blended with polyesters, mainly polylactic acid (Muller et al., 2017). On
the other hand, sodium alginate films are primarily cross-linked with
calcium ions, leading to improved water barrier properties and me-
chanical resistance (Cazon et al., 2017). Another polysaccharide, chi-
tosan, shows good gelation and film formation properties, as well as
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good antioxidant activity and excellent antimicrobial activity, with
effective inhibition of most fungi, gram-negative and gram-positive
bacteria (Zhao et al., 2021). When combined with additives such as
antibacterial extracts, it is possible to obtain chitosan-based antibacte-
rial food films, which are of great interest for packaging applications. In
particular, these properties distinguish chitosan from other poly-
saccharides (Zhao et al., 2021).

Chitosan is a polymer derived through the deacetylation of chitin,
which is one of the most common polysaccharides in nature (Bakshi
et al., 2020; Priyadarshi et al., 2018). Solubility of chitosan depends on
many factors, such as degree of deacetylation, molecular weight, dis-
tribution of acetyl groups along the main chain and type of acid used for
its protonation (Cazon & Vazquez, 2019; Pardo-Castano & Bolanos,
2019). Nevertheless, it is important that chitosan is soluble in dilute acid
solutions at pH below 6.5 due to the presence of amino groups (Bakshi
et al., 2020; Sami El-banna et al., 2019). For this reason acids, such as
acetic or lactic acid, are frequently used to dissolve chitosan (Melro
et al., 2020; Tambunan & Chamidah, 2021). Despite many promising
properties of chitosan films, they are rigid without modification and
require plasticizers to improve their physico-mechanical properties.
Addition of plasticizers into the film formulation reduces frictional
forces between polymer chains. Plasticizer molecules placed between
the polymer chains disrupt the hydrogen bonds and spread the chains
apart, what not only increases flexibility of the film but also improves its
other properties, such as gas permeability, including water vapor (Bal-
lesteros-Martinez et al., 2020; Farhan & Hani, 2017).

Polyols have been particularly effective for polysaccharide plastici-
zation. For that purpose, mainly glycerol and sorbitol were incorporated
into most chitosan-based films (Castello et al., 2018; Epure et al., 2011;
Liu et al., 2014; Ma, Qiao, et al., 2019; Matet et al., 2013; Priyadarshi
et al., 2018; Sun et al., 2020). This is due to their low molecular weight,
since the smaller the molecule, the greater is the plasticizing effect on
the polymer matrix (Murrieta et al., 2019). However, it is known that the
hydrophilicity of plasticized films increases due to the presence of hy-
droxyl groups in glycerol and sorbitol (Vieira et al., 2011). Furthermore,
small molecules diffuse to the film surface, especially during long term
storage, resulting in secondary film brittleness. For this reason, search-
ing for other plasticizers is still an issue. The literature suggests that
other polyols, such as ethylene glycol, propylene glycol or polyethylene
glycol (Vieira et al., 2011), could be also used as plasticizers. Suyatma
et al. (2005) studied the effects of ethylene glycol, propylene glycol,
polyethylene glycol and glycerol on the mechanical and surface prop-
erties of chitosan films that were stored for 3 and 20 weeks. Glycerol and
polyethylene glycol were found to be more suitable as plasticizers of
chitosan than ethylene and propylene glycol. In addition, chitosan films
containing 20 wt% glycerol or polyethylene glycol showed good sta-
bility for 5 months. Meanwhile, Caicedo et al. (2022) used glycerol,
sorbitol and polyethylene glycol as plasticizers for starch/PVOH/chito-
san films. The sample plasticized with sorbitol at 30 wt% was found to
have the lowest water vapor permeability, the highest elongation at
break and better thermal resistance than samples prepared with other
plasticizers. Alternative plasticizers are still being sought, including oils
such as palm oil (Hasan et al., 2020), rosehip seed oil (Darie-Nita et al.,
2021), epoxidized chia seed oil (Dominguez-Candela et al., 2021),
epoxidized soybean oil (Alhanish & Abu Ghalia, 2021) olive oil or corn
oil (Giannakas et al., 2017) and fatty acids (Srinivasa et al., 2007). On
the other hand, Vlacha et al. (2016) proposed oleic acid as a plasticizer
for chitosan films. Samples prepared with this plasticizer were shown to
be a better barrier to water vapor. Unfortunately, other properties
(including mechanical and hydrophilic) were worse than they were for
glycerol. Similar conclusions can be drawn from other works (Matet
et al., 2013; Rodriguez-Nunez et al., 2014; Thawien, 2008), which also
indicated that glycerol and sorbitol are the most effective plasticizers for
chitosan at this time. Unfortunately, samples obtained with these plas-
ticizers, do not solve the problem of brittleness or hydrophilic character
of chitosan-based materials.
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In this paper, we propose alternative plasticizers (APs) as modifiers
for chitosan-based films to tackle the aforementioned drawbacks. We
propose three different mixtures of plasticizers based on renewable raw
materials such as propylene glycol, acetic acid, oleic acid and succinic
acid. Propylene glycol has been already proven to have good plasticizing
properties (Ibrahim et al., 2020) and acids such as acetic acid, oleic acid
and succinic acid can also act as plasticizers (Chen et al., 2008; Qiao
etal., 2021; Vlacha et al., 2016). In addition, all substrates used by us are
environmentally friendly, the synthesis process does not require purifi-
cation steps and a previous study (Ledniowska et al., 2022) has shown
that such plasticizer mixtures have a low migration rate. To the best of
our knowledge, such plasticizer mixtures have not been studied in the
context of biodegradable films. Thus, this work focuses on the evalua-
tion of suitability of chitosan films containing alternative plasticizers
and chestnut extract as packaging films, mainly in the food industry. For
this purpose, mechanical, hydrophilic, structural, thermal, zeta poten-
tial and ageing properties of chitosan films were determined. In addi-
tion, two commercially available alternative plasticizers (CAPs), namely
epoxidized soybean oil (EPOS) and epoxidized palm oil (EPOP), were
also used in this study. To assess the applicability of APs as plasticizers,
their performance was compared with the performance of the two most
common used plasticizers for chitosan, i.e. glycerol (GLY) and sorbitol
(SOR). The influence of plasticizer type on the mechanical, hydrophilic,
and barrier properties of the films was investigated for freshly prepared
films and after 10 months of storage.

2. Material and methods
2.1. Materials

Chitosan (viscosity: 0.03-0.1 Pa-s, MW = 250 kg/mol, DD > 90 %)
was purchased from Sigma-Aldrich (Steinheim, Germany). Acetic acid
was purchased from Avantor (Gliwice, Poland) (99.5-99.9 %) and
chestnut extract Farmatan (>76 % tannins) was provided by Tanin
Sevnica (Sevnica, Slovenia). Glycerol was supplied by Merck (Darm-
stadt, Germany), while sorbitol by Sigma-Aldrich (Steinheim, Ger-
many). Epoxidized soybean oil and epoxidized palm oil were from Inbra
Indtstrias Quimicas LTDA (Sao Paulo, Brasil) and Malaysian Palm Oil
Board (Kajang, Malaysia), respectively. For the synthesis of APs, pro-
pylene glycol purchased from Chempur (Piekary Slaskie, Poland), acetic
acid (99.5-99.9 %) from Avantor (Gliwice, Poland), oleic acid (90.0 %)
from Alfa Aesar (Ward Hill, MA, USA), and succinic acid (>99.5 %) from
POL-AURA (Zabrze, Poland) were used. Methanesulfonic acid (>99.0
%) from TCI (Zwijndrecht, Belgium) was used as a catalyst. Cyclohexene
and toluene (both pure p.a.) from Chempur (Piekary Slqskie, Poland)
were used as solvents. Formic acid (85.0 %), hydrogen peroxide (30.0
%) and di-sodium hydrogen phosphate dihydrate (pure p.a.) from
Chempur (Piekary Slaskie, Poland) were used for epoxidation reaction
and purification of epoxidized esters. Sodium hydrogen carbonate (pure
p.a.) from Chempur (Piekary Slaskie, Poland) was used for purification
of acetic acid esters.

2.2. Plasticizer preparation

Esterification and epoxidation reactions were carried out in a glass
reactor with a capacity of 500 or 1000 cm?, equipped with a mechanical
stirrer, a temperature controller with a Pt-100 temperature sensor,
Dean-Stark trap (for esterification reactions), reflux condenser and
dropping funnel (for selected reactions). The reactor was heated using a
heating mantle with automatic temperature control.

2.2.1. Synthesis of mixed esters based on propylene glycol and acetic acid
(00

Propylene glycol (167.4 g) was esterified with acetic acid (120.7 g),
where 25 wt% of the amount of acetic acid was placed in the reactor,
while the remaining amount was added dropwise over 6 h. The process
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was carried out for 24 h using methanesulfonic acid (0.58 g) as a catalyst
at a temp. of 80 °C, with intensive stirring (400 rpm) and nitrogen
bubbling. Cyclohexane (57.5 g) was used to remove water released as a
by-product from the reaction mixture and collected in the Dean-Stark
trap. The main product was poured into a separating funnel and puri-
fied consequently with saturated NaHCOs solution, distilled water (6 wt
%) and cyclohexane (15 wt%) and then separated into two phases. The
bottom layer was removed, while the rest was distilled off in a rotary
evaporator under reduced pressure. The schematic route of OC plasti-
cizer synthesis is shown in Fig. 1.

2.2.2. Synthesis of mixed esters based on succinic acid, propylene glycol
and oleic acid (KBOL)

Mixed esters based on succinic acid, propylene glycol and oleic acid
were synthesized in two steps. In the first step, propylene glycol (226.4
g) was esterified with oleic acid (600.0 g). The process was carried out
for 8 h using methanesulfonic acid (1.70 g) as a catalyst at a temp. of
120 °C, with stirring at 400 rpm and nitrogen bubbling. Toluene (82.8 g)
was used to remove water released as a by-product from the reaction
mixture and collected in the Dean-Stark trap. At the end of the reaction,
the remaining toluene was distilled from the reaction mixture in a rotary
evaporator under reduced pressure. In the second step, succinic acid
(35.4 g) and the catalyst (0.47 g) were added to the mixture obtained in
the first step of the synthesis (200.0 g). Toluene (25.0 g) was used to
remove water released as a by-product from the reaction mixture and
collected in the Dean-Stark trap. The synthesis was carried out for 8 h at
120 °C, in the same way as it was in the first step. The schematic route of
KBOL plasticizer synthesis is shown in Fig. 2.

2.2.3. Synthesis of epoxidized mixed esters based on succinic acid,
propylene glycol and oleic acid (EPKBOL)

Epoxidized mixed esters based on succinic acid, propylene glycol and
oleic acid were synthesized in three step process. The first and second
steps were carried out according to the method described in 2.2.2. In the
second stage, 41.4 g of succinic acid and 0.50 g of the catalyst were
added to 200 g of the reaction mixture. The epoxidation reaction was the
third step, in which formic acid (16.3 g) was added to the reaction
mixture (148.3 g) of the second step. Thereafter, hydrogen peroxide
(152.5 g) was added dropwise for about 1 h. The whole process was
carried out for 4 h at 60 °C with intensive stirring. After this time, the
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obtained product was placed in a separating funnel and allowed to
separate into two phases for about 1 h. The bottom layer, containing
mainly water, formic acid and hydrogen peroxide, was removed, and the
upper layer, containing the epoxidized mixed ester, was purified using
aqueous solution of NapHPO4 (0.1 M) and distilled water, until pH value
was close to 7. The purified product was dried using a vacuum evapo-
rator. The schematic route of EPKBOL plasticizer synthesis is shown in
Fig. 3.

2.3. Film preparation

Chitosan solutions were prepared according to Guo et al. (2019).
Chitosan (2 %, w/v) was dissolved into 1.0 % (v/v) acetic acid aqueous
solution with 30 % (w/w) plasticizer (GLY, SOR, EPOS, EPOP, OC, KBOL
or EPKBOL) based on the mass of chitosan, by stirring with a magnetic
stirrer at 800 rpm and room temp. for 24 h. Chestnut extract (0.75 % (w/
v)) was added into the polymer solutions to obtain an active film ac-
cording to the previous studies (Janik et al., 2022). The solutions were
then homogenized for 5 min at 6000 rpm and were left overnight to let
air bubbles disappear. Finally, the chitosan solutions were cast over Petri
dishes (46 g per 12 x 12 cm dish) and dried at room temperature. Ob-
tained films were named according to the plasticizers used, i.e. GLY film,
SOR film, EPOS film, EPOP film, OC film, KBOL film and EPKBOL film,
respectively.

2.4. Plasticigers characteristic

2.4.1. Gas chromatography

PerkinElmer Autosystem XL gas chromatograph with an on-column
injector, a ZB-5HT capillary chromatography column (length 15 m, i.
d. 0.32 mm, 0.10 pm film) and a flame ionization detector (FID) was
used for quantitative analysis of the compounds. Temperature for the
injector was 50 °C and for the detector was 380 °C. Helium was used as
the carrier gas at a pressure of 70 kPa in a temperature mode pro-
grammed from 50 to 370 °C.

Agilent Technologies 7890A gas chromatograph with a Mass Hunter
software, a DB-5HT capillary column (length 30 m, i.d. 0.25 mm) and a
mass detector (MSD type 7000 GC/MS Triple Quad) with a temperature
mode programmed from 80 to 340 °C was used for qualitative identifi-
cation of the reaction mixture components.

Fig. 1. Schematic route of OC plasticizer synthesis.



W. Janik et al.

Carbohydrate Polymers 301 (2023) 120277

Fig. 2. Schematic route of KBOL plasticizer synthesis.

2.4.2. Acid value, epoxy value, iodine value, saponification value, ester
value and water content

The acid, epoxy, iodine and saponification values were determined
according to PN-EN 14104:2004, PN-C-89085-13:1987, PN 87/C-
04281:1987 and PN-EN ISO 3657:2004 standards, respectively. By
subtracting the acid value from the saponification value, the ester value
was calculated. The water content was determined using a 870 KF
Titrino Plus titration assembly (Metrohm), according to PN-ISO
760:2001 standard.

2.4.3. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR Nicolet Model 6700 spectrophotometer fitted with the Omnic
software (THERMO Scientific) was used for recording the infrared
spectra based on PN-ISO 6286:1994 standard. FTIR tests were carried
out using ZnSe 60 crystals and the SMART ATR reflection device.

2.4.4. H Nuclear Magnetic Resonance (1H NMR)

'H NMR spectra of post reaction mixtures of all synthesized plasti-
cizers were collected using a Varian UNITY INOVA 300 MHz spec-
trometer in CDCl;3 as a solvent and TMS as internal standard.

2.5. Film characteristic

2.5.1. Thickness

The film thickness was measured using a digital micrometer (Mitu-
toyo Absolute Tester, Tokyo Sangyo Co. Ltd., Japan) with a resolution of
0.001 mm. The values presented were calculated as an average value of
twenty measurements taken at different points for each sample.

2.5.2. Moisture content, swelling degree and total soluble matter
Moisture content (MC), swelling degree (SD), and total soluble
matter (TSM) were determined gravimetrically according to the method
described by Deng et al. (2020). The films were cut into 2 cm x 2 cm
squares, then weighed and dried in an air-circulating oven at 105 °C for

24 h. After that the samples were weighed again and MC was calculated
as the percentage of weight loss based on the original weight. The dried
samples were then immersed into 100 mL of distilled water at 25 °C for
24 h. After removing the free surface water, the swollen films were
weighed and SD was calculated as the percentage of weight loss based on
the dry sample and after immersion it into water. The samples were
dried once more at 105 °C for 24 h to get the final dry mass. TSM was
calculated in relation to the dry mass, and it was expressed as the per-
centage of sample dry matter solubilized. The entire procedure was
repeated for all samples after storage for 10 months.

2.5.3. Contact angle

The wettability of the films was measured using an optical contact
angle tester and the contour analysis systems (OCA15, DataPhysic). A 1
pL droplet of distilled water was carefully deposited onto the film sur-
face. After water droplet was stabilized, the contact angle of the sample
was examined. The wettability was determined from the average of ten
measurements. The entire procedure was repeated for all samples after
storage for 10 months.

2.5.4. Gas permeability

Oxygen and carbon dioxide permeability (OP and CDP, respectively)
were determined using an isobaric apparatus as described in (Janik
et al., 2022) according to the PN-EN ISO 2556:2002 standard. Pressur-
ized oxygen (class 5.0) and carbon dioxide (technical gas) were used.
The films in the form of disks with surface area of ca. 6 cm? were placed
in a diffusion chamber. Before measurements, the samples were
degassed for 24 h and then conditioned in the apparatus for 2 h with the
appropriate gas. The measurements were performed at room tempera-
ture and at a controlled pressure in the range of 0.05 to 1.0 MPa. The gas
flow rate was measured during the experiment using the El-Flow select
flow meter (with a range of 0-0.7 cm®/min). The permeation coefficient
was determined according to eq. (1), where V is the volumetric flow
(rnol~s’1), 1is the sample thickness (m), S is the sample area (mz) and Ap
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Fig. 3. Schematic route of EPKBOL plasticizer synthesis.

is the pressure difference on both sides of the film (Pa).
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Water vapor permeability (WVP) was determined according to the
ASTM E96-02 standard. The film samples in the form of discs (24.64 mm
diameter) were mounted on a glass cell containing silica gel. The test
glass cell was placed in a desiccator with NaBr, which generated a water-
vapor differential pressure of 2854.23 Pa. The cell was weighed every
60 min for 8 h. Water vapor permeability was determined from the
average of three measurements.

2.5.5. Zeta potential analysis

The surface charge of the chitosan-based films was assessed by the
zeta potential at the film-water interface. Streaming zeta potential was
measured using the electrokinetic analyzer (SurPASS 3, Anton Paar,
Austria). All samples based on chitosan were placed in the Adjustable
Gap Cell for Planar Samples with dimensions of 20 x 10 mm. Samples
were mounted in the holder using a double-sided adhesive tape. The
adjustable gap ranged from 110 to 140 pm to avoid any material
swelling effect on the measurement. Prior the zeta potential tests, all
samples were rinse at least 6 times in 0.01 M KClI solution with pH of 5.9
to establish the cell constant. pH value of KCl solution was controlled by
progressive addition of 0.05 M KOH. The zeta potential measurement
was performed 3 times for each sample at a fixed pH = 5.85.

2.5.6. Mechanical properties

Tensile tests of a film strip (8 cm x 2 cm) were performed by Instron
4466 testing machine. The tests were carried out at room temperature
according to ASTM D882. A constant stretching rate of 5 mm/min was
applied. Mechanical properties were determined from the average of

five measurements. The entire procedure was repeated for all samples
after storage them for 10 months.

2.5.7. Biodegradability

Biodegradation (soil degradability) of chitosan films with APs was
carried out according to the method reported by De Carli et al. (2022).
Small pieces of dry film samples (2 x 3 cm) were buried 5 cm below the
surface of the soil in plastic containers. About 10 mL of water was added
to the samples daily to keep the soil moisture at 40 %. After 15 days of
incubation at 25 + 1.0 °C, final weights of the samples were measured.
Soil degradability was calculated as the percentage of weight loss based
on the original weight. All tests were performed in triplicate.

2.5.8. Morphological properties

The surface and cross-section morphologies of the film samples were
studied using Phenom ProX equipped with the 3D Roughness Recon-
struction software working at 10 kV acceleration voltage. Cross-
sectional SEM samples were made by freeze fracturing in liquid nitro-
gen. Additionally, surface roughness of all investigated films was
measured by the 3D RR software module of SEM and using the Filmetrics
Profilm3D® optical profilometer in WLI normal mode, with 10x
objective and 4 x digital zoom option.

2.5.9. Fourier-Transform Infrared Spectroscopy

FTIR spectra of the films were recorded in the range of 4000-650
cm ! with a resolution of 2 cm ™! using a Spectrum Two spectrometer
(Perkin Elmer). Films were cut into small discs and placed tightly be-
tween the sensor and support to ensure good contact. For each spectrum
25 scans were taken. These analyses were performed in duplicate at
room temperature.
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2.5.10. Thermal analysis

Thermogravimetric analysis (TGA) was carried out using a Mettler
Toledo TGA 2 Thermo-balance. The samples (10 mg) were heated up in
an open platinum crucible (Pt 70 pL), in the temperature range
30-800 °C, with the heating rate p = 20 °C/min, in the dynamic (100
mL/min) nitrogen (inert atmosphere, thermal stability) or air (oxidative
atmosphere; thermoxidative stability) atmosphere. The thermographs
were analyzed with the use of the STARe Thermal Analysis Software.

Differential Scanning Calorimetry (DSC) measurements were per-
formed using the Mettler Toledo DSC 822e Differential Scanning Calo-
rimeter. DSC curves of each film were obtained from the second heating
run at a rate of 10 °C/min, after the first run of heating up to 190 °C and
cooling to 0 °C at the same rate, under nitrogen atmosphere. The weight
of each sample film was about 10 mg.

2.6. Statistical analysis

Experimental data were analyzed for statistical significance by
analysis of variance (ANOVA) and Tukey's multiple range test witha p <
0.05 significance level. Data were evaluated by OriginPro 8.5.0 software
(OriginLab, Northampton, MA, USA).

3. Results and discussion
3.1. Plasticizer characterization

Each synthesized plasticizer was prepared by esterification reaction.
EPKBOL plasticizer was additionally subjected to epoxidation reaction.
The plasticizers were analyzed by GC/FID and GC/MS and their chem-
ical compositions are shown in Table 1.

OC plasticizer was synthesized from propylene glycol and acetic acid
(Fig. 1). The aim of this synthesis was to obtain as many monoesters of
acetic acid and propylene glycol as possible, because they contain free
hydroxyl groups which can interact with the hydroxyl groups of chitosan
via hydrogen bonding (Chen et al., 2018). Since the esterification re-
action is not selective, esters mixture containing 67.0 wt% of propylene
glycol monoacetate and 9.4 wt% of propylene glycol diacetate was ob-
tained. Due to the use of an excess of propylene glycol, 21.1 wt% of the
compound remained in the final mixture. Analysis of mass spectra
collected for each main components present on the chromatogram
confirmed the presence of four compounds in OC plasticizer, i.e. pro-
pylene glycol acetate (two isomers), propylene glycol diacetate, and
unreacted substrates: acetic acid and propylene glycol. The mass spectra
and fragmentation analysis are presented in Supplementary Data
(Figs. S1-S2), as well as 'H NMR spectrum of OC plasticizer (Fig. S7).
Analysis of 'H NMR spectrum confirms the presence of all aforemen-
tioned species (Table S1). Moreover, the content of each component

Table 1
Composition of OC, KBOL and EPKBOL plasticizers determined by gas
chromatography.

Compound OC (wt KBOL (wt EPKBOL (wt
%) %) %)
Acetic acid 2.3 - -
Propylene glycol 21.1 0.4 0.1
Succinic acid - 0.0 0.0
Propylene glycol monoacetate 67.0 - -
Propylene glycol diacetate 9.4 - -
Propylene glycol succinate - 1.1 0.6
Oleic acid - 2.3 -
Epoxidized oleic acid - - 2.4
Propylene glycol monooleate - 11.5 7.3
Propylene glycol dioleate - 33.2 34.9
Succinic acid, propylene glycol and oleic - 15.2 16.2
acid mixed esters
Non-volatile components - 335 35.6
Others 0.3 2.9 2.9
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obtained from 'H NMR spectrum is consistent with the GC data (see
Fig. S7 and Table S2 in Supplementary Data).

KBOL and EPKBOL plasticizers were both obtained by similar
methods - the difference is that more succinic acid was used during the
second step of EPKBOL synthesis; the compound was also subjected to
epoxidation reaction. In this reaction, the unsaturated bonds of oleic
acid moieties were oxidized with performic acid to introduce oxirane
rings into the EPKBOL structure. The purpose of this approach was to
obtain two different plasticizers that can interact with chitosan in
different ways. KBOL is a mixture of structures containing hydroxyl
groups but also carboxyl groups that can bond amino groups of chitosan
(Brasselet et al., 2019). In contrast, EPKBOL, due to the presence of
oxirane rings, can bond both amino and hydroxyl groups of chitosan,
depending on the pH (Jain et al., 2013; Kumar et al., 2004). Table 1
shows the compositions of KBOL and EPKBOL before the epoxidation, as
it was assumed the reaction did not affect ester bonds and ester
composition.

In the first synthesis step for both plasticizers, mono- and diesters of
oleic acid and propylene glycol were obtained. In the second step, suc-
cinic acid was added. During reaction with propylene glycol, its succi-
nate was produced (1.1 wt% and 0.6 wt% for KBOL and EPKBOL,
respectively). Subsequently, in the reaction of succinic acid with pro-
pylene glycol monooleate, mixed esters of succinic acid, propylene
glycol and oleic acid were obtained (15.2 wt% and 16.2 wt% for KBOL
and EPKBOL, respectively). After the second step, 11.5 wt% and 7.3 wt%
of propylene glycol monooleate and 33.2 wt% and 34.9 wt% of pro-
pylene glycol dioleate remained in KBOL and EPKBOL, respectively.
Succinic acid reacting with propylene glycol most probably formed not
only esters but also oligoesters by oligomerization reactions of these two
compounds. This is indicated by the high content of non-volatile com-
ponents in the products. The oligomerization products, marked as non-
volatile components in Table 1, are responsible for 33.5 wt% and 35.6
wt% of mass for KBOL and EPKBOL, respectively. A slight difference in
the amount of succinic acid added does not significantly affect the final
plasticizer composition. Mass spectra confirmed the presence of five
compounds, i.e. propylene glycol monooleate (two isomers), propylene
glycol dioleate, oleic acid, propylene glycol, succinic acid mixed esters
(two isomers) in KBOL, and also five components of EPKBOL, i.e.
epoxidized propylene glycol monooleate (two isomers), epoxidized
propylene glycol dioleate, epoxidized oleic acid propylene glycol, suc-
cinic acid mixed esters (two isomers) and epoxidized oleic acid- How-
ever, epoxidized mixed esters of oleic acid propylene glycol and succinic
acid were not seen on the EPKBOL chromatogram. The epoxidation re-
action takes place under relatively mild conditions and should not affect
the content of the different types of esters (this is confirmed by the
analogous KBOL and EPKBOL ester values - Table 2). Therefore, it can be
assumed that epoxidized mixed esters of oleic acid propylene glycol and
succinic acid are also present in the analyzed EPKBOL sample. However,
due to the lower volatility of these esters, their presence could not be
confirmed by GC/MS. The corresponding mass spectra of identified
compounds and the fragmentation patterns are shown in Figs. S3-S6
(Supplementary Data). The structures of all components of both oleic
acid based plasticizer, found from GS/MS, are also confirmed by the 'H
NMR analysis (Supplementary Data, Figs. S8-S9). Their interpretation is
summarized in Tables S3 and S5 (Supplementary Data).

Table 2

Chemical properties of the synthesized plasticizers.
Properties ocC KBOL EPKBOL
Acid value (mg KOH/g) 21.0 221 12,0
Epoxy value (mol/100 g) - - 0.19
Iodine value (g 1,/100 g) 0.0 53.0 5.7
Saponification value (mg KOH/g) 417 305 296
Ester value (mg KOH/g) 392 283 284

Water content (wt%) 0.55 0.33 0.19
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The structures of the synthesized plasticizers were also analyzed by
FTIR. The spectra of OC, KBOL, and EPKBOL are shown in Fig. S10
(Supplementary Data) and their main IR peaks with corresponding
functional groups are shown in Table S5 (Supplementary Data). The
FTIR spectra for each plasticizer (OC, KBOL and EPKBOL) show a strong
stretching vibration band at 1736 cm ™!, which can be attributed to the
carbonyl bond (C=0), characteristic for ester groups. Additionally, the
occurrence of esterification reaction is confirmed by the presence of
ester C—O—C bond stretching vibration bands at 1043 cm ™! and 1232
cm™ ! for OC; at 1082 cm™ ! and 1156 cm ™! for KBOL; at 1082 cm ™! and
1154 cm™! for EPKBOL. The spectra show a strong and broad O—H
stretching vibration band for OC at 3427 cm ™! and a weak band at 3464
cm ™! for KBOL and EPKBOL. These bands correspond to the hydroxyl
groups in the unreacted propylene glycol, and also to their monoesters
(containing one free hydroxyl group). GC analysis confirms the presence
of these compounds in each sample, but for OC the amount of unreacted
glycol and monoesters is ca. 7 times higher than for KBOL and EPKBOL,
what is also seen in the bands intensity. At 2924/2925 cm ™! and 2854/
2855 cm™! for KBOL and EPKBOL, respectively, bands are present;
corresponding to the C—H stretching vibrations of fatty acid hydrocar-
bon chains moiety. In the FTIR spectra of OC, there are three weak bands
at 2882 cm™!, 2936 cm™! and 2974 cm™?, corresponding to the C—H
stretching vibrations of acetic acid hydrocarbon chain moiety. The FTIR
spectra for KBOL, unlike for other synthesized esters, exhibit an ab-
sorption band at 3009 cm ™!, which corresponds to the C—H stretching
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and deformation vibrations in unsaturated —HC—CH— bonds. It in-
dicates the presence of unsaturated C—=C bonds in the structure of KBOL.
Its absence in EPKBOL indicates a reaction involving unsaturated bonds.

The chemical properties, such as acid value, iodine value, saponifi-
cation value, ester value and water content were determinated for the
plasticizers and are shown in Table 2. This values provide an additional
confirmation for the occurrence of esterification and epoxidation re-
actions, respectively. The epoxy value was determined only for EPKBOL
and it was 0.19 mol/100 g, what confirms formation of oxirane rings,
further acknowledged by the iodine number. In the case of OC plasti-
cizer, the iodine number was equal to zero since therein are no unsat-
urated bonds. For KBOL, the iodine number was 53.0 g I5/100 g, while
for EPKBOL after epoxidation, it decreased to 5.7 g I5/100 g. It indicated
a low content of unsaturated bonds, and confirmed the efficiency of the
epoxidation reaction. Acid values were equal to 21.0 mg KOH/g, 22.1
mg KOH/g and 12.0 mg KOH/g for OC, KBOL and EPKBOL, respectively.
The saponification value was determined for each plasticizer to calculate
the ester value. OC had the highest ester value of 392 mg KOH/g - for
KBOL and EPKBOL the ester values were almost identical: 283 mg KOH/
g and 284 mg KOH/g, respectively. This difference is due to the size of
the individual molecules. The ratio of acetic acid and propylene glycol
esters molecules (short chain structures) to OC will be higher than the
amount of succinic acid, propylene glycol and oleic acid esters molecules
(long chain structures). All plasticizers were characterized by low water
content, below 0.6 %.

Fig. 4. Moisture content (A), swelling degree (B), total soluble matter (C) and contact angle (D) for chitosan-based films; different lowercase letters indicate

significantly different value at p < 0.05 using Tukey's Multiple Range Test.
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3.2. Film characterization

At a macroscopic scale, all films were homogeneous with a brownish
color due to the presence of a chestnut extract (see Supplementary Data,
Fig. S11). All films had a similar thickness of ca. 90 pm.

3.2.1. Hydrophobicity

Hydrophobicity was determined by moisture content, swelling de-
gree, total soluble matter and contact angle measurements. MC, SD and
TSM were determined immediately after film preparation (direct results:
MCPR, SDPR, TSMPR) and after 10 months of storage (results after 10
months: MC'?, SD!?, TSM'?). The results, summarized in Fig. 4, indicate
the ability of the films to interact with water molecules. As shown in
Fig. 4A, all MCPR values for the films with APs decreased, compared to
the control films (GLY and SOR). In contrast, the MC!° for sorbitol was
much lower and decreased by almost a half, compared to the fresh
sample. MCPR values are similar (around 8 %) for the samples prepared
with CAPs, what is >50 % less than for the GLY and SOR control sam-
ples. In the case of CAPs, the MC!? results remained the same for EPOS
before and after ageing and increased slightly, to about 11 % for EPOP.
Regarding the films prepared with the three synthetized plasticizers, it
was noticed that the type of plasticizer had a slight (ca. 1.5 %) influence
on the MCPR, A similar relationship was observed for the values of MC'°.
In the case of SD (Fig. 4B), it can be noticed that the SDPR value was
almost 50 % higher for all the films with APs, compared to GLY and SOR
films (with an exception for SDPR of EPKBOL, for which the value
increased by about 30 %, compared to GLY). Similar relationship was
observed after 10 months. All the SD'° values for APs are higher than for
glycerol and sorbitol, but the difference is slightly smaller, by about 25
%, than for the direct results. On the other hand, TSMPR and TSM!°
values (Fig. 4C) are lower for all films with APs, compared to the GLY
film, and especially to the SOR film measured directly, which has the
highest TSMP® value of about 25 %. The results obtained after 10
months of ageing also suggest that the films with glycerol and sorbitol
show the highest TSM'° values - ca. 28 % for both films, while the values
for APs were at least half as high. Therefore, these results indicate that
the APs films are more resistant to destruction by contact with water
than the GLY and SOR films. MC, SD and TSM values for chitosan-based
films with plasticizers were described in several studies (Leceta et al.,
2013; Ma et al., 2017; Debandi et al., 2016). For instance, Ma et al. who
used glycerol as a plasticizer indicated that the SD values increased with
an increase in the glycerol concentration in the films. On the other hand,
Debandi et al. reported that the SD value increased until the glycerol
content of 30 % and decreased at a plasticizer content of 50 %. Leceta
et al. observed that the TSM value increased with the increase in the
amount of glycerol in the sample. The observation suggests specific in-
teractions between plasticizer and water.

To investigate the effect of APs on film hydrophobicity, contact angle
values for chitosan films were determined (Fig. 4D). According to our
results, the contact angle for the chitosan film without plasticizer (but
containing chestnut extract) is about 45°. It can be observed that the
addition of APs increased contact angle value to about 60° (EPOP, KBOL,
EPKBOL) and to about 70° (EPOS, OC). The reference plasticizers (GLY
and SOR) also caused the contact angle values to increase to about 70°
and 65°, respectively. Analyzing the results for samples aged for 10
months, no significant changes are observed in the values of contact
angle. The results for GLY and SOR after 10 months are similar to APs.
The contact angle values for all films is <90°, indicating the hydrophilic
nature of the surfaces. Nevertheless, plasticizers used in this study
caused reduction of hydrophilic character of chitosan. According to
Chen et al. (2021) the lower surface hydrophilicity of films containing
plasticizers is due to the compaction of biopolymer chains that reduces
free volume and assists binding between plasticizer and chitosan polar
groups, reducing thus the amount of free polar groups.
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3.2.2. Gas permeability and zeta potential

In order to use films in packaging applications, high barrier prop-
erties are required, reflecting the ability of oxygen, carbon dioxide and
water vapor molecules to pass through the film. In addition, the surface
charge of the packaging material is also an important aspect, which is
the primary parameter for increasing or suppressing interactions of
compounds dissolved in aqueous solution with the surface of the pack-
aging (Zemljic et al., 2020). The literature indicates that changes in the
physical properties of the films are closely related to the nature of the
polyelectrolytes of the biopolymer components and their ability to affect
microstructural network through ion groups (Sabbah & Esposito, 2016).
For this reason, the zeta potential for the obtained films was also
determined. As it can be seen in Fig. 5A, the zeta potential of chitosan
film without plasticizer (containing only chestnut extract) was equal to
—4.28 + 0.39 mV. Numerous studies have shown that the zeta potential
for neat chitosan is positive and at pH value at which our measurements
were made (5.85) the zeta potential values for neat chitosan were re-
ported between +11 and +17 mV (Mehdizadeh et al., 2022; Ni et al.,
2021), while modification of chitosan by different additives causes
changes of the potential- both directions of the change are possible
(Maciel et al., 2017). Pavlatkova et al. showed that the value of the zeta
potential depends on the type of used extract (Pavlatkova et al., 2022).
In our case, the chestnut extract lowered the zeta potential to negative
values. Neri et al. (2010) investigated the composition of chestnut
extract and showed that its main components are starch, sucrose, pro-
teins and lipids. Polysaccharides, like starch impact on the decrease of
zeta potential because they contain hydroxyl groups which can create
electrostatic interactions with positively charged amino groups of chi-
tosan (Ahmad et al., 2020; Nobeyama et al., 2018; Voci et al., 2022). No
significant deviation in zeta potential for films containing plasticizers
was observed. This means that the type of plasticizer has not the
dominant effect on the zeta potential of the chitosan film, and the
negative value of zeta potential is only related to the presence of
chestnut extract.

When it comes to the permeability of Oy, CO, and HO, there are
several factors that may be responsible for the observed differences.
Among them are the physical state of the plasticizer, their molecular
weight, and the structure of the film as a result of the chemical inter-
action of the plasticizer (Srinivasa et al., 2007). Oxygen, carbon dioxide
and water vapor permeability values of the films under investigation are
shown in Fig. 5B. The highest OP, CDP and WVP values were observed
for EPOP film, indicating its low barrier properties, compared to the
films with other plasticizers. This is probably due to the greater surface
roughness of this film compared to films containing other plasticizers
(see Supplementary Data, Table S6). The relation between roughness of
a film and water vapor permeability was studied by Ma, Yang, et al.
(2019) and Ramon and Hoek (2013). They showed that an increase in
roughness leads to increased water permeability. All the films with APs
exhibited higher barrier properties, compared to GLY, SOR and CAPs
films. EPKBOL film showed almost no detectable O, and CO, perme-
ability, while OC and KBOL films showed permeability (cm®
m s 1.Pa 1) ca. 5 and 8 x 1072 for O, and ca. 4 x 1073 and 3 x
1072 for COy, respectively. Caicedo et al. (2022) investigated the effect
of the amount and type of plasticizer (glycerol and sorbitol) on WVP
values. The barrier results were similar to those obtained in this study (at
levels ranging from 1012 g-m s ! Pa ' to 10 12 g:m~!s7! Pa~!) and it
was also proven that the films obtained with both plasticizers did not
show different barrier results, but the WVP values increased as the
amount of plasticizer increased. An increase in gas permeability can be
expected when the material is plasticized, which increases the mobility
of polymer chains and thus decreases the resistance of the film to gas
permeation. This effect, in turn, can be significantly offset by good
barrier properties of the plasticizer itself and its ability to effectively fill
small voids in the polymer matrix (Srinivasa et al., 2007). In addition,
Jiménez-Regalado et al. (2021) showed that the film that absorbed the
most moisture was the one that provided the best barrier to water vapor
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Fig. 5. Zeta potential (A), carbon dioxide and water vapor permeability (B) for chitosan-based films, different lowercase letters indicate significantly different value

at p < 0.05 using Tukey's Multiple Range Test.

what is also observed in this study, e.g., GLY film with the highest MC
value has the best barrier to water vapor, and EPOP film with the lowest
MC value has the lowest WVP value. The presence of water molecules
and their interaction with the polar groups of chitosan through inter-
chain hydrogen bonds gradually reduce the cohesion energy of the
polymer, leading to plasticization of the matrix and an increase in the
diffusion coefficient (Jiménez-Regalado et al., 2021). On the other hand,
Sabbah et al. (2019) conducted barrier studies of chitosan films plasti-
cized with spermidine and/or glycerol and compared them with
commercially available films used as food casings. Their results showed
that the films with the addition of these plasticizers showed similar
barrier properties compared to commercial film against oxygen and
carbon dioxide, but increased permeability against water vapor. In our
case, it can be seen that APs have the greatest ability to fill small voids in
the polymer matrix. This is due to the different interactions of various
esters and their epoxidized derivatives having different molecular
weights.

3.2.3. Mechanical properties

Mechanical properties of polymer materials are largely related to the
distribution and density of intermolecular and intramolecular in-
teractions in the network formed within e.g. chitosan films (Leceta et al.,
2013). Tensile strength (TS) and elongation at break (EB) for chitosan
films were measured immediately after the film preparation (direct

results: TSDR, EB®) and after 10 months of its storage (TSIO, EB!9) to
determine the effect of APs on the mechanical properties. The charac-
teristic stress-strain curves of the films are illustrated in Fig. 6. It can be
seen that the presence of APs, particularly EPOS, EPOP and OC, has a
positive effect on the mechanical properties of the films compared to
GLY and SOR. For films with APs, the investigated samples displayed
TSPR values spanning from ~1 to 10 MPa and TS' values in the range of
approx. 2-3 MPa. Although the highest TSPR results were recorded for
KBOL and GLY, their EBPR was lower than for most APs (only EPKBOL
showed EBPR at a comparable level). Moreover, the glycerol- and
sorbitol-based films after 10 months of ageing were to brittle, even for
handling them. Nevertheless, direct tests for the films prepared with GLY
and SOR showed that these types of plasticizer had strong influence on
the mechanical properties of the film. In the case of SOR, the measured
properties of the film were about 1 MPa (TSP®) and 10 % (EBDR), which
were the lowest values for all of the performed tests. Such weak me-
chanical properties of chitosan films plasticized with sorbitol were also
reported by Rodriguez-Ntinez et al. (2014), where elongation at break
was about 2 % and tensile strength was about 40 MPa. Comparing the
APs used in this study, it can be stated that most of them improve the
EBPR by about 30-46 % (EPOS, EPOP and OC), with the exception of
KBOL, which caused a slight decrease of 7 %. Nevertheless, this decrease
is balanced by an increase in TSR of about 30 %, compared to GLY and
up to about 80 %, compared to SOR. Other chitosan samples with APs
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Fig. 6. Stress vs. strain curves of chitosan-based films: A) direct results; B) results after 10 months, different lowercase letters indicate significantly different value at

p < 0.05 using Tukey's Multiple Range Test.

(EPOS, EPOP,0C) showed an increase in TSR over sorbitol and a
decrease in TSP® from 20 to 40 %, compared to glycerol. Additionally,
the significant advantage of the APs, compared to sorbitol and glycerol,
is that all EB values for the APs showed no deterioration over 10 months.
The samples were not as brittle as those with glycerol and sorbitol,
indicating a much lower loss of these plasticizers from chitosan over
time. Such changes in mechanical properties under the influence of
various plasticizers and time are the result of weakening of different
intermolecular forces between adjacent chitosan chains, resulting in an
increase in free volume and a decrease in mechanical properties
(Debandi et al., 2016). The inclusion of APs either increased or resulted
in equally good mechanical properties of the films compared to GLY,
which was due to the fact that added plasticizers could establish inter-
molecular hydrogen bonding interactions with the matrix, making the
films more resistant (Tan et al., 2020; Zhang et al., 2020). Of the plas-
ticizers we synthesized, the best film mechanical properties were pro-
vided by OC plasticizer, containing primarily propylene glycol
monoacetate, but also propylene glycol diacetate, acetic acid and pro-
pylene glycol in its mixture. Therefore, it can be concluded that these
compounds show better plasticizing activity than larger molecule like
propylene glycol succinate, oleic acid, propylene glycol monooleate,
propylene glycol dioleate or succinic acid, propylene glycol and oleic
acid mixed esters.

3.2.4. Biodegradability

The soil degradation study of the obtained films showed that after 15
days, the films were completely degraded. The application of APs to the
films did not change the degradation properties in the soil. Chitosan
films using the alternative plasticizers proposed in this research can be
considered as fully biodegradable materials.

3.2.5. Morphological analysis

The external and internal structure of chitosan films containing
investigated plasticizers was presented by imaging their surface and
cross-section, as illustrated in Fig. S12 (Supplementary Data). Investi-
gated films were smooth, compact and without any crack or pores. The
cross-section of SEM images indicated a uniform smooth interface. These
observations confirmed good interaction and compatibility of the
chitosan-based films obtained with glycerol, sorbitol and APs. Also no
changes were noticed between the films obtained with two commercial
APs plasticizers and our proposed APs.

3.2.6. Fourier-Transform Infrared Spectroscopy
FTIR spectroscopy was used to evaluate interactions between plas-
ticizers and chitosan. The shifts and changes in intensity of the
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characteristic peaks in the spectra reflect the physical bonds and
chemical interactions between the substances and characterize their
compatibility. Fig. 7 shows FTIR spectra of unplasticized and plasticized
chitosan-based materials. The spectra of unplasticized, GLY and SOR
films (Fig. 7A) are almost the same, indicating that glycerol and sorbitol
did not change the structure of chitosan but only interacted with it. The
spectra of GLY and SOR films exhibited only slightly lower intensities,
which indicates intermolecular interaction through hydrogen bond
formation. The most significant differences in spectral intensity are
observed for CAPs and APs (Figs. 7B-C and 7D-F, respectively). The
absorption bands between 1200 and 870 cm ™! are characteristic for -CO
stretching vibrations and could be considered as a specific region of the
polysaccharide skeleton (Long et al., 2021). Their lowest intensity was
observed for films with alternative plasticizers, most notably EPOP, OC
and KBOL. Chitosan exhibited two strong vibrational bands at 1550 and
1400 cm™!, which were attributed to the vibrations of amide I and
amide II, respectively (Leceta et al., 2013). For EPOP, OC and KBOL,
these bands were almost imperceptible, suggesting strong interactions
(mainly intermolecular hydrogen bonding interactions) between these
plasticizers and the polymer matrix. The peaks in the range of 2900 and
2800 cm ! are characteristic to the methyl group. In the case of OC and
EPKBOL, these bands were almost imperceptible, which also suggested
their strong interaction with chitosan. A broad band in the range of
about 3600-3000 cm ™! is attributed to the N—H and OH—O stretching
vibrations (Xu et al., 2019). This band is also related to some extent to
the intermolecular hydrogen bonds of the chitosan molecules (Jancic
et al., 2021). For both CAPs and APS, the intensity of this band was
significantly lower compared to unplasticized chitosan or GLY and SOR
films.

3.2.7. Thermal analysis

Thermal and thermoxidative stability of neat chitosan and the
chitosan-based films was evaluated by a thermogravimetric analysis and
differential scanning calorimetry. In TGA, two parameters were
measured: the temperature of the onset of degradation (Topser) and the
temperature at which thermal degradation results in 50 % weight loss
(T3%). In turn, DSC allowed determining the glass transition temperature
of the obtained materials. The results are summarized in Table S7
(Supplementary Data) and the obtained TG curves for the two different
atmospheres are shown in Fig. 8. The results indicate that all plasticized
films exhibit similar thermal degradation behavior to chitosan. They
undergo an initial slight weight loss at around 100 °C and then sharp
weight loss from 200 to 350 °C. The first stage is related to the evapo-
ration of water and residual acetic acid present in the polymer matrix
(Souza et al., 2019). Whereas the second thermal event is attributed to
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Fig. 7. FTIR spectra of pure chitosan and: A) GLY, SOR; B) EPOS; C) EPOP; D) OC; E) KBOL and F) EPKBOL films.

Fig. 8. TG curves of chitosan and chitosan-based films: A) in air; B) in nitrogen.

polymer decomposition (Szymanska & Winnicka, 2015). In the case of
chitosan, the main thermal degradation step begins at 300 °C, which is
associated with the highest weight loss (=60 %). This result may be due
to degradation of the polysaccharide and deacetylation of chitosan
(Corazzari et al., 2015). The third step, occurring in the temperature
above 400 °C in air, can be associated with the oxidative degradation of
carbonaceous residue formed during the previous step (Lim et al., 2015;
Ma, Qiao, et al., 2019). The most significant difference can be observed
when comparing the initial thermal degradation for neat and plasticized
chitosan. As shown in Table S7 (Supplementary Data), the onset
decomposition temperature in an air atmosphere was 256.9 °C for chi-
tosan and decreased to 213.8 °C for GLY film, and to about 220 °C for all
other films. A similar relationship was observed in a nitrogen
atmosphere.

It is also worth noting that at temperatures above 300 °C, the neat
chitosan displayed a higher rate of thermal decomposition than the
plasticized films, especially CAPs and APs (an increase in T3 of about
90 °C). This can be attributed to the good interaction that occurs be-
tween the alternative plasticizers and the chitosan matrix, as evidenced
by the FTIR spectra and SEM cross-section images. This result was also
supported by Wang et al. (2006), Lavorgna et al. (2010) and Kusmono
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and Abdurrahim (2019), who found that the thermal stability at higher
temperature of the plasticized film was better compared to the control
film due to the formation of cross-linking network induced by hydrogen
bonds. Among our APs films, EPKBOL is found to have the lowest
thermal stability, with values similar to GLY and SOR. On the other
hand, DSC results show that the T, of neat chitosan is 189 °C and the
inclusion of a plasticizer results in a decrease of Tg. This is consistent
with results obtained by other (Dong et al., 2004; Ma, Qiao, et al., 2019).
GLY, SOR and EPKBOL films showed similar Ty of about 160 °C, while
other samples showed a lower Tg of about 150 °C. According to our
thermoanalytical studies, it can be concluded that the nature of plasti-
cizer has an insignificant influence on the thermal stability of chitosan
films.

4. Conclusions

Chitosan-based films were prepared using commercial and alterna-
tive, environmentally friendly plasticizers that were synthesized from
compounds such as propylene glycol, acetic acid and succinic acid.
These plasticizers were characterized by GC/FID and GC/MS and their
key chemical properties were determined. The structures of the obtained
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plasticizers were confirmed by 'H NMR. Commercial plasticizers, such
as epoxidized palm oil and epoxidized soybean oil, were also used to
compare them with the traditional plasticizers, i.e. glycerol and sorbitol.

The results indicate that the innovative plasticizers OC, KBOL and
EPKBOL improve the properties of chitosan film in comparison with
films containing GLY, SOR or commercially available EPOS, EPOP
plasticizers. The films with novelty plasticizers are less hydrophilic than
those prepared with traditional plasticizers, suggesting a potential so-
lution to the problems of destructive effects caused by moisture (the
TSM results, among others, are lower for all APs films, compared to the
GLY film and especially to the SOR film, which showed the highest
TSMPR value of about 25 %). In addition, the films provide an effective
barrier to oxygen, carbon dioxide and water vapor, which helps to
maintain the product quality. Furthermore, the addition of APs improves
the mechanical properties of the films. Taking into account the deteri-
oration over time, chitosan films with Aps exhibit undoubtedly much
better properties than those containing traditional plasticizers (above
all, elongation at break was maintained at about 50 % for KBOL and
EPKBOL and about 80 % for EPOS, EPOP and OC). Our study shows that
comparing all the results with each other, the most effective plasticizer
turned out to be the OC plasticizer. It exhibits the best elongation at
break and as good barrier and hydrophilic properties as the other APs.
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Due to the growing demand for robust and environmentally friendly antimicrobial packaging
materials, biopolymers have recently become extensively investigated. Although biodegradable
biopolymers usually lack mechanical properties, which makes it inevitable to blend them with
plasticizers. The purpose of this study was to investigate plasticization efficiency of bio-based
plasticizers introduced into sodium alginate compositions containing chestnut extract and their effect
on selected film properties, including primarily mechanical and antibacterial properties. The films
were prepared by the casting method and sodium alginate was cross-linked with calcium chloride.

Six different plasticizers, including three commercially available ones (glycerol, epoxidized soybean
oil and palm oil) and three synthesized plasticizers that are mixtures of bio-based plasticizers, were
used to compare their influence on the film properties. Interactions between the polymer matrix and
the plasticizers were investigated using Fourier transform infrared spectroscopy. The morphological
characteristics of the films were characterized by scanning electron microscopy. Thermal properties,
tensile strength, elongation at break, hydrophilic, and barrier properties of the obtained films were
also determined. To confirm the obtaining of active films through the use of chestnut extract and to
study the effect of the proposed plasticizers on the antibacterial activity of the extract, the obtained
films were tested against bacteria cultures. The final results showed that all of the obtained films
exhibit a hydrophilic character and high barrier effect to oxygen, carbon dioxide and water vapor. In
addition, sodium alginate films prepared with chestnut extract and the plasticizer proposed by us,
showed better mechanical and antimicrobial properties than the films obtained with chestnut extract
and the commercially available plasticizers.

Recently, there has been a growing interest in innovative and environmentally friendly antimicrobial packaging
materials based on biodegradable polymers that extend the shelflife of food'. Among various packaging materi-
als, petroleum-based plastics are dominant, especially for their low production cost and very good mechanical
properties. However, their non-biodegradable nature has become a serious threat to the environment?. An
alternative to non-biodegradable plastics are materials based on polysaccharides and among them, those based
on starch, chitosan and sodium alginate have been the most popular®.

Sodium alginate, which is extracted from brown seaweed, is one of the most popular biodegradable poly-
mers. The chemical structure of alginate consists of p-D-mannuronic acid (M) and 8-L-guluronic acid (G)*. The
monomers in the polymer chains are arranged alternately in GG and MM blocks, along with MG blocks®. Sodium
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alginate has high compatibility with most anionic substances, film-forming ability and is fully biodegradable®.
However, pure sodium alginate films exhibit high water solubility, relatively poor mechanical properties and
weak antimicrobial activity, making it necessary to modify them for use in packaging”$. An important property
of alginates is their ability to react with multivalent metal cations, specifically calcium ions. The ions form con-
nections between MM and GG blocks of the polymer, yielding a three-dimensional network®. The cross-linked
sodium alginate lose their hydrophilic character, what improves its water barrier properties and reduces water
solubility®!?. Mechanical properties are also significantly improved by cross-linking!’, as well as by the use of
proper plasticizers, which improve flexibility of the films and expand their potential applications'?.

In general, unmodified sodium alginate films are very brittle and fragile, what limits their application'*.The
use of plasticizers results in an increase in elongation at break and a decrease in tensile strength of the films'.
In the case of biodegradable films, it is also important that the plasticizer has to be eco-friendly, biodegradable
and non-toxic. The most commonly used plasticizers are polyols, of which glycerol'®-*’ and sorbitol?!~?* are the
most often incorporated into the alginate matrix. Jost et al.?! compared the efficiency of glycerol and sorbitol as
plasticizers (20-50 wt%) for alginate films, finding that both positively affected mechanical properties, but led to
differences in barrier properties. Incorporation of glycerol into the matrix increased permeability of oxygen and
water vapor, while sorbitol had no effect on barrier properties. In another study, Jost and Stramm?* investigated
the effects of glycerol, sorbitoland triethanolamine (20-50 wt%) as plasticizers of alginate and cornstarch films
and they found that glycerol was more effective than sorbitol in mechanical properties improvement, while
triethanolamine appeared to be as effective as glycerol, but it had a different effect on barrier properties. Trietha-
nolamine reduced the water vapor and oxygen permeability of the film, while glycerol led to their increase, and
sorbitol had no effect at all. Among polyols, mannitol (12.5-50 wt%)?, diethylene glycol (20 wt%)*, isopropanol
(30 wt%)* or polyethylene glycol (10-30 wt%)?*-2% were also used for the plastification of sodium alginate films.
In addition to glycerol and sorbitol, Olivas and Barbosa-Canovas® proposed fructose and polyethylene glycol
(PEG-8000) as plasticizers (40 wt%). Glycerol, sorbitol and fructose led to a significant increase in elongation
at break of investigated films, when compared to PEG-8000. Water vapor permeability for films with fructose
and with sorbitol showed the lowest values, while with PEG-8000—the highest. It was also found that PEG-8000
was incompatible with alginate, what was evidenced by phase separation. On the other hand, Paixao et al.” used
glycerol (Gly), tributyl citrate (TC) and their mixture as plasticizers for sodium alginate (70%TC + 30%Gly,
60%TC + 40%Gly, 50%TC + 50%Gly, 30%TC + 70%Gly and 10%TC + 90%Gly). The addition of tributyl citrate
made the film less hygroscopic, as it was confirmed by solubility and water vapor permeability tests. Tributyl
citrate and its mixture with glycerol increased tensile strength of the films, with higher values observed at higher
concentrations of glycerol. Films plasticized with tributyl citrate and its mixture with glycerol were opaque,
while films with glycerol were transparent. Aadil and Jha®® prepared films based on alginate and lignin using
three different plasticizers: glycerol, polyethylene glycol and epichlorohydrin (10-15 wt%). The film with glyc-
erol showed higher solubility and swelling values compared to films with the other plasticizers. In contrast, the
film with polyethylene glycol had the highest tensile strength. In addition, films based on alginate and lignin in
the presence of epichlorohydrin showed the highest thermal stability and better physico-mechanical and UV
light barrier properties, and could be successfully used in packaging and coating applications. Unfortunately,
epichlorohydrin can be used at low concentrations only, as it is toxic at higher ones.

Besides modifying mechanical properties, one of the other desirable modification of alginate is to obtain pack-
aging materials with antimicrobial properties. Such materials can significantly reduce the number of undesirable
microorganisms in food. Antibacterial activity of sodium alginate-based films can be provided by adding to the
polymer matrix various bioactive nanoparticles, such as ZnO, Ag, CuO, or natural extracts®**. A wide range of
such extracts can be found in the literature, including extracts of white ginseng®, green tea®, peanut red skin*
or roselle hibiscus”. In addition, antibacterial properties of alginate films can also be provided by tansy essential
oil*®, lemongrass essential 0il*, basil leaf ethanol extract® or brown propolis extract*’. Chestnut extracts used
as antibacterial agents in different polysaccharide-based films have been indicated by recent studies*!~* as well.
Since chestnut extract is a rich source of polyphenolic compounds, phenolic acids, and tannins*~*, its presence
in the packaging material is expected to provide antibacterial activity over a wide range of bacterial strains,
either by a direct killing of bacteria or by attenuation of bacterial pathogenicity®. To be active, chestnut extract
should migrate from the internal space of the material to its surface, to be in contact with bacterial cells. Since the
addition of the plasticizer leads to higher free volume between polymer chains, it should also allow the chestnut
extract particles to migrate and fully reveal the antibacterial properties. In consequence, it should be possible to
modulate antibacterial properties of sodium alginate films by using deliberately selected plasticizers. In addition
to the antimicrobial properties that nanomaterials bring to food packaging, concerns about the safety of nanoma-
terials should not be ignored. A number of researchers®~>> have investigated the problem of safety of using the
nanomaterials to provide so-called active, or antibacterial, films. Studies have focused on the risk of migration of
nanoparticles from packaging materials into food and their impact on consumer health®. It has been found that
due to the small size, nanomaterials can bioaccumulate in the body’s organs and tissues®>*’. Extended migration
studies are therefore needed before marketing antibacterial packaging with nano-additives. Even if a substance
is GRAS (generally regarded as safe), additional testing is required to assess the risks associated with its nano
counterparts, since the physicochemical properties of nanostates differ significantly from those of macrostates®.
The aim of the present study was to investigate plasticization efficiency of bio-based plasticizers introduced into
sodium alginate compositions containing chestnut extract and their effect on selected film properties, suitable
for food packaging applications. Effects of six plasticizers (three commercially available, i.e. glycerol, epoxidized
soybean oil and palm oil, and three mixtures synthesized by us: (i) esters of propylene glycol with acetic acid, (ii)
esters of propylene glycol with oleic acid and succinic acid, (iii) epoxidized esters based on propylene glycol, oleic
acid and succinic acid, on the mechanical and physicochemical properties, including moisture content, swelling
degree, total soluble matter content and gas permeability (oxygen, carbon dioxide and water vapor) were studied.
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Structural changes (infrared spectroscopy) and thermal properties (thermogravimetric analysis) of the materials
as well as surface topography of the films (scanning electron microscopy) were also investigated. To confirm the
antimicrobial activity of the films prepared with chestnut extract and different plasticizers, microbiological tests
were conducted with the use of Escherichia coli, Staphylococcus epidermidis, and Candida albicans.

Materials and methods

Materials. Sodium alginate (Brookfield viscosity 350-550 mPaxs, c=1%, w/w at 20 °C) was supplied by
Across Organics (Geel, Belgium). Chestnut extract Farmatan (=76% tannins) was provided by Tanin Sevnica
(Sevnica, Slovenia). Calcium chloride (purity >96%) and acetic acid (99.5-99.9%) were purchased from Avan-
tor Performance Materials (Gliwice, Poland). Glycerol was supplied by Merck (Darmstadt, Germany), while
epoxidized soybean oil and epoxidized palm oil were from Inbra Industrias Quimicas LTDA (Sao Paulo, Bra-
sil) and Malaysian Palm Oil Board (Kajang, Malaysia), respectively. Propylene glycol, cyclohexene and toluene
(both pure p.a.), formic acid (85.0%), hydrogen peroxide (30.0%), disodium hydrogen phosphate dihydrate and
sodium hydrogen carbonate (pure p.a.) were purchased from Chempur (Piekary Slaskie, Poland). Oleic acid
(90.0%) was supplied by Alfa Aesar (Ward Hill, MA, USA), and succinic acid (=99.5%) by POL-AURA (Zabrze,
Poland). Methanesulfonic acid (>99.0%) was provided by TCI (Zwijndrecht, Belgium).

Preparation of the bio-based plasticizer mixtures. Plasticizer mixtures were prepared as described
in our previous study®®*. In short, esterification reactions (propylene glycol with acetic acid, propylene glycol
with oleic acid and succinic acid) and epoxidation reactions (epoxidation of mixed esters based on propylene
glycol, oleic acid and succinic acid) were carried out in a glass reactor of 500 or 1000 cm?® volume, equipped with
a mechanical stirrer, a temperature controller, Dean-Stark trap (for esterification reactions), reflux condenser
and dropping funnel (for selected reactions). The schematic route of the synthesis is shown in Figs. S1, S2 and
S3 (Supplementary).

Preparation of the antibacterial films. Sodium alginate films with chestnut extract and different plas-
ticizers were prepared by casting method and then subjected to cross-linking reaction with calcium chloride
(Fig. 1), according to the method described in our previous study*!. In short, aqueous sodium alginate solution
(1%, w/w) was prepared by dispersing sodium alginate with chestnut extract (0.75%, w/v) and a selected plasti-
cizer (30%, w/w based on the mass of alginate)—Table 1.The films were obtained by casting the solution (46 g)
onto Petri dishes (12x 12 cm dish) thus obtaining a thickness of ca. 50 pm. After drying (24 h), the films were
subjected to a cross-linking process. For this purpose, 40 ml of a 2.5% calcium chloride solution was poured onto
the dried film and left on the film for 2 h under cover. After this time, the film was rinsed with distilled water and
laid out on a paper towel, which was pressed to prevent the film from wrinkling during drying.

Mechanical properties. Mechanical properties i.e. tensile strength and elongation at break of sodium
alginate films with chestnut extract and various plasticizers were examined using Instron 4466 testing machine.
The analysis was performed on film samples 2 cm x 8 cm. The samples were stretched at a speed of 5 mm/min
at room temperature. Final values were calculated as the average of ten measurements. During testing of the
mechanical properties, the thickness of the film was measured using a digital micrometer (Mitutoyo Absolute
Tester, Tokyo Sangyo Co. Ltd., Japan) with a resolution of 0.001 mm. The values presented were calculated as an
average value of 10 measurements taken at different points for each sample.

Figure 1. Preparation of plasticized and crosslinked sodium alginate films.

Symbol CP1 CP3 MP1 MP2 MP3
Plasticizer Commercial Synthesized
. . Epoxidized mixed esters of
o L . L .1 | Mixed esters of propylene Mixed esters of propylene gly- o
Description | Glycerol Epoxidized soybean oil | Epoxidized palm oil glycol and acetifac?g col, oleic acid ar?d sﬁ}c’cinicga}c’id E:gg}:f:aec%}iycoh oleic acid and

Table 1. Samples under investigations.
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Hydrophilic properties. Hydrophilicity of sodium alginate films with chestnut extract and various plas-
ticizers was analyzed using three-step gravimetric method (moisture content—MC, swelling degree—SD, and
total soluble matter—TSM) and by determination of the contact angle values.. Film samples with surface area of
1 cm? were weighed (M,), dried at 100 °C for 24 h and weighed again (M,).
M; — M
My = MM g (1)
M,
The samples were then placed in 30 mL of distilled water, left at room temperature for 24 h and weighed
again (M;).
Mz — M,
SD(%) = Ms = M2) 100 @)
M,
In the final step, the samples were dried at 100 °C for 24 h and weighed (M,). Measurements were repeated
five times and the average value was calculated. TSM values were calculated using the following formulae:
My — M
TSM (%) = M2 =MD 100 3)
M,
The water contact angle of the film surface was measured using an optical contact angle meter and a contour
analysis system (OCA15 from DataPhysic). Droplets of distilled water (1 uL) were examined at ten points on
each sample. All measurements were performed at ambient temperature (ca. 24 °C).

Barrier properties. Oxygen and carbon dioxide permeability of the sodium alginate films with chestnut
extract and various plasticizers were determined using an isobaric apparatus®. The samples with a circular sur-
face area of 60 mm? were degassed for 24 h and conditioned with the appropriate gas in the apparatus prior to
testing for 2 h. Then, the diffusion chamber was sealed and compressed oxygen (class 5.0) or carbon dioxide
(technical gas) was supplied at a controlled flow rate to keep the pressure constant. The permeation coeflicient
was determined as follows:

_ Vxl
T Sx Ap @

where V is the volumetric flow (mol s7!), 1 is the sample thickness (m), S is the sample area (m?) and Ap is the
pressure difference on both sides of the sample (Pa).

Water vapor transmission rate (WVTR) and water vapor permeability (WVP) of sodium alginate films with
chestnut extract and various plasticizers were determined according to the methodology proposed by Aguirre-
Loredo et al.%* and Jiménez-Regalado et al.*!. The samples, in the form of discs, were mounted on a glass container
(internal diameter of 24.64 mm) with silica gel in its interior (~ 0% relative humidity, RH) and sealed with a liquid
paraffin. After the paraffin solidified, the cup was weighed in order to calculate the initial weight. The covered
glass container was then placed in a desiccator containing a supersaturated saline solution of BaCl, (90% RH),
generating a water-vapor differential pressure of 2854.23 Pa. The glass container was weighed seven times at
60 min intervals. The determinations were made in triplicate. The WVTR and WVP values were determined
as follows:

wvTR =

WVP = WVTR x LAp )

where Am/At is the moisture weight gain in time (g/s), A is the exposed surface area of the film (m?), L is the
thickness of the film (mm), and Ap is the difference in partial pressure (2854.23 Pa).

Surface morphology. The morphology of the sodium alginate films with chestnut extract and various
plasticizers was examined by a scanning electron microscopy (Phenom ProX) at 10 kV accelerating voltage, as
well as an optical profilometer (Filmetrics Profilm 3D, KLA Co.). Surface roughness was obtained according to
ISO 25178 via arithmetical mean height area roughness parameter (S,).

Antimicrobial activity. Antimicrobial activity of sodium alginate films with chestnut extract and various
plasticizers, as well as a control sample (sodium alginate film plasticized with glycerol, without chestnut extract)
was determined against Escherichia coli ATCC25922, Staphylococcus epidermidis ATCC12228, and Candida albi-
cans ATCC18804. The samples in the form of discs (10 mm in diameter) were placed in 12-well plates containing
200 pl of M9 minimal medium supplemented with glucose as the sole carbon source. Thereafter, 20 pl of the
targeted bacterial culture, normalized to 10* CFU/ml, was inoculated into each well and incubated overnight
at 37 °C with shaking at 150 rpm. Overnight cultures were serially diluted in double distilled autoclaved water
and plated on LB agar to determine CFU/ml of recovered targeted bacteria. All experiments were performed in
triplicates and repeated three times.

Statistical significance analysis was performed using an unpaired, two-tailed Student’s t-test (JMP software
v.5; SAS Institute Inc., Cary, NC, U.S.A.). The CFU/ml of surviving bacteria, when co-cultured in the presence
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of alginate films, was compared to the no treatment control (alginate film with no chestnut extract). P values of
less than 0.05 were considered to be statistically significant.

Thermal analysis. Thermal and thermoxidative stability of neat sodium alginate and the sodium alginate
films with chestnut extract and various plasticizers were investigated by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC).Thermogravimetric analysis was carried out using Mettler Toledo TGA
2 Thermo-balance. The sodium alginate film samples (about 5 mg) were heated up in an open platinum crucible
(Pt 70 uL), in the temperature range from 30 to 800 °C at the heating rate $ = 10 °C/min, in the dynamic (100 mL/
min) nitrogen (inert atmosphere) or air (oxidative atmosphere) atmosphere. Two parameters were measured:
the temperature of the onset of degradation (T, the temperature at maximum degradation (T,,) and weight
loss on evaporation of water (Am).The thermographs (thermogravimetric (TG) curves and derivative thermo-
gravimetric (DTG) curves) were analyzed using the STARe Thermal Analysis Software.

Differential Scanning Calorimetry (DSC) measurements were performed using Mettler Toledo DSC 822¢
Differential Scanning Calorimeter. The alginate film samples (about 5 mg) were heated in an aluminum crucible
(A140 pL) closed with perforated lid (0.5 mm), in dynamic (50 ml/min) nitrogen atmosphere, in the temperature
range from 0 to 300 °C at the heating rate =10 °C/min.

Chemical structure. Fourier transform infrared spectroscopy (FTIR) was used to identify the chemical
structure of the sodium alginate films with chestnut extract and various plasticizers and possible interactions
between their components. The FTIR spectra were measured using a Spectrum Two spectrometer (Perkin
Elmer). The spectra were averaged for 25 scans recorded at a resolution of 2 cm™ in the range from 4000 to
650 cm™.

Results and discussion

Mechanical properties. The effect of the bio-based plasticizers incorporated in the formulations of sodium
alginate with chestnut extract on the tensile strength and elongation at break of the films was investigated. All
films had a similar thickness of ca. 50 um. Typical stress-strain curves are shown in Fig. 2. It can be seen that the
highest tensile strength values, 75-76 MPa, exhibited films containing MP1 mixture and commercially available
glycerol, sample CP1. The values are about 70% higher than the values for films with the other plasticizers. The
lowest tensile strength value, ca. 35 MPa, was noted for CP3 sample, wherein epoxidized palm oil was used as a
plasticizer. Almost equally low value was observed for MP3 sample with the epoxidized mixture of synthesized
plasticizers. The highest values of elongation at break were recorded for the synthesized plasticizer mixtures, i.e.
MP1 and MP2 (about 4.5% and 5.5%, respectively). In this case, the values were about 50% higher than for other
samples investigated. Such significantly better elongation at break is related to the increased flexibility of the pol-
ymer chains and compatibility between polymer matrix and plasticizer. It was confirmed by SEM images (Fig. 5),
wherein the structures of MP1 and MP2 samples are much more homogeneous than that of the other samples.
Zactiti and Kieckbusch® also studied sodium alginate-based films plasticized with glycerol and they obtained
values of about 120 MPa and 4.5% for tensile strength and elongation at break, respectively. On the other hand,
Paixdo et al.” studied sodium alginate films plasticized with glycerol, tributyl citrate or tributyl citrate/glycerol
mixture. They noted that sodium alginate plasticized with tributyl citrate showed the highest tensile strength
(about 150 MPa), while for the material plasticized with glycerol it was only ca. 104 MPa. In contrast, the elonga-
tion at break value was the highest for films plasticized with glycerol and it was equal to ca. 6%. Aadil and Jha®®
proposed two plasticizers other than glycerol for sodium alginate, i.e. epichlorohydrin and polyethylene glycol.
They found that the addition of the latter leads to an increase in the intermolecular space due to a decrease in the
hydrogen bonds between lignin and sodium alginate, resulting in a decrease in glass transition temperature and
melting point, which in turn improves the flexibility and processing properties of the film.

Hydrophilic properties. Moisture content and total soluble matter values of the obtained films with chest-
nut extract and various plasticizers are shown in Fig. 3A. The results show that the highest MC value, about 20%,

Figure 2. Effect of the bio-based plasticizers on tensile strength and elongation at break for sodium alginate
films.
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Figure 3. (A) Moisture content and total soluble matter; (B) swelling degree and water contact angle of the
plasticized sodium alginate films.

was recorded for the sample plasticized with glycerol, i.e. CP1. MC for the other samples was comparable, at
around 15%. Analyzing the TSM values, the highest value for MP3, about 11%, and the lowest for CP3, about 3%,
can be observed. Among the synthesized plasticizer mixtures, the lowest TSM value was recorded for MP2, at
around 6%. In contrast, SD results, Fig. 3B, showed that CP1 has the highest swelling properties, about 65%, and
the lowest was recorded for CP2 and CP3, about 40%. The results are similar to those obtained in others studies
on sodium alginate films®*®*. In contrast, Eltabakh et al.%® proposed sodium alginate maltodextrins-based films
with phenolic extract of Azolla pinnata fern leaves for which slightly lower hydrophilicity results were obtained.
In this case, a noteworthy effect was decrease in MC, SD and TSM values which was associated with the use of
the phenolic extract. On the other hand, Abdin et al.® proposed sodium alginate arabic gum based films with
Syzygium cumini seeds extract. Also in this case, a decrease in the hydrophilic properties of the obtained films
with the addition of the extract was noted. However, in both cases, the values were slightly lower for the control
samples (without the extract) than the results obtained for the films investigated in our studies. This suggests
that the lower hydrophilic character of the films was influenced primarily by the addition of maltodextrins and
arabic gum. Contact angle studies confirmed that all of the obtained sodium alginate-based films are hydrophilic
(contact angle <90°). Nevertheless, significant differences were noted for samples containing different plasticiz-
ers. The most hydrophilic character was observed for MP2 (CA about 40°). It is worth noting that the epoxida-
tion of the plasticizer caused a decrease in the hydrophilic character of the film, as its CA increased from 40°
(MP2) to about 50° (MP3). Lu et al.”” prepared similar films based on sodium alginate crosslinked with CaCl,
and plasticized with glycerol but their recipes were enriched with nano-silica and oregano essential oil. The CA
value of the resulting films was about 30°, which also indicates the hydrophilic nature of these films. A similar
finding was observed by Hou et al.*8, who used films prepared with sodium alginate and agar and modified with
nano SiO,—the resulting CA value was about 60°. This suggests that neither CaCl, crosslinking or presence of
the forementioned plasticizers or nano additive change the nature of the films to hydrophobic.

Barrier properties. The effect of different plasticizers on the barrier properties of the sodium alginate films
with chestnut extract is shown in Figure 4. Many factors can affect the gas permeability of a film, such as its
thickness, water sensitivity and crystallinity®. According to Jouki et al.*’, polymers with high crystallinity, due
to their ordered structure, show significantly lower gas permeability than polymers with low crystallinity. This
is primarily because the amorphous phase of the polymer is mainly responsible for the mass transfer of gases.
The oxygen permeability (OP) of food packaging materials is essential for food preservation””!. As shown in
Fig. 4A, the oxygen permeability values were relatively low for all samples (about 6x 107! cm*/m?) compared

Figure 4. (A) Permeability of oxygen (OP) and carbon dioxide (CDP); (B) water vapor transmission rate
(WVTR) and water vapor permeability (WVP) of the plasticized sodium alginate films.
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Figure 5. SEM images of sodium alginate film surfaces prepared with different plasticizers.

to commercially available polylactide film*'. Carbon dioxide barrier properties for films used for packaging are
as important as OP because they affect respiration or oxidation reactions in food and also affect the shelf life of
products’. In our case, CO, permeability was also relatively low for all samples—about 5x 107! cm?®/m2 How-
ever, it is worth noting that epoxidation of the plasticizer led to a decrease in CDP. Despite the slightly higher
OP and CDP for the films with the plasticizers synthesized in our study, their values were still lower or nearly
equal than for the commercially available polylactide film, for which the values are on the order of 10~ and 1071,
respectively*!. Water vapor permeability (WVP) is another parameter that determines the water sensitivity of
films. It plays an important role in the broad applications of biodegradable films”. In the present study, Fig. 4B,
the overall WVP and WVTR increased slightly only for MP1, and for the other samples it was without significant
changes compared to CP1.

Surface morphology. To evaluate the homogeneity and structure of the sodium alginate film surfaces,
their SEM images and interferometric optical profiles are shown in Figs. 5, 6, respectively. It can be noted that all
films are quite uniform in roughness, with the average S, of 50 nm (Table 2). It can be noted that the films with
glycerol (CP1) and with the two synthesized plasticizers (MP1 and MP2) presented a more homogeneous and
uniform surface structure (as evidenced in their SEM images) than the films prepared with the other plasticizers

Figure 6. Optical profiles of sodium alginate film surfaces prepared with different plasticizers.
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Symbol CP1 CP2 CP3 MP1 MP2 MP3
Roughness (S,, nm) 51.8+1.1 49.4+0.7 55.3%5.6 64.6+4.5 56.5+7.5 38.7+2.2

Table 2. Surface roughness of sodium alginate film surfaces prepared with different plasticizers.

under investigation, even though the smoothest surface is represented by MP3 (S,=38.7 +2.2 nm). This homo-
geneous structure mainly influenced the mechanical properties of the obtained sodium alginate-based films.
They exhibited better tensile strength and elongation at break values compared to samples with a heterogeneous
structure. Such a non-uniform surface with aggregate structures was observed for films prepared with epoxi-
dized plasticizers (CP2, CP3 and MP3), what can be attributed to the limited compatibilityof the components
with the polysaccharide matrix’>”*. The observed difference in the morphology of the films was also in line with
the gas barrier properties (the non-uniform surface and aggregates resulted in higher barrier properties).

Antimicrobial activity. The results of microbiological studies, Figs. 7A,C, demonstrate that all alginate-
based films containing chestnut extract exhibited strong antibacterial activity against both gram-negative E.
coli and gram-positive S. epidermidis with up to 7 to 8-fold reduction in the recovered CFU/ml, respectively. In
the case of fungi C. albicans, only a two-three-fold inhibition relative to the control disc was observed, Fig. 7B.
Interestingly, the highest antibacterial effects were shown by sodium alginate films containing chestnut extract
and synthesized plasticizers, particularly MP2 and MP3, which were found to decrease the bacterial presence to
single cells (Table S1, Supplementary). The results are in line with previous research’>~”” showing antimicrobial
properties of fatty acid esters. In the case of alginate films containing both chestnut extract and fatty acid based
plasticizers, a synergistic effects are observed in relation to their antimicrobial activity. Even though chestnut
extract-containing sodium alginate films were not found to exhibit as strong antifungal properties as antibacte-
rial ones, still, a significant decrease in the number of cells was observed on the surface of alginate films plas-
ticized with CP2, MP2 and MP3. These observations can be also attributed to the presence of fatty acids in the
plasticizers used for the fabrication of materials. Although chestnut extract does not exhibit strong antifungal
properties, fatty acids and their esters are known to be efficient antifungal agents”’. Since soybean oil contains
higher content of linoleic acid (characterized by a low minimum inhibitory concentration’® than palm oil, also
CP2 is more active against C. albicans than CP3.

Thermal analysis. The effect of various plasticizers on the thermal properties of sodium alginate films with
chestnut extract was evaluated by thermogravimetric analysis and differential scanning calorimetry. TG and
DTG curves in nitrogen atmosphere are shown in Fig. 8A,B, respectively. It can be seen that for all samples
the first peaks in the DTG curves, below 200 °C, correspond to the evaporation of physically absorbed water.
For neat sodium alginate (Control), the second weight loss is around 230 °C (T, in TG curves), while the
maximum of degradation occured at 235 °C (T, in DTG curve), which corresponds to the decomposition of
polysaccharides by the fracture of glycosidic bonds, decarboxylation, decarbonylation and loss of bonded water.
The final degradation occured at around 500 °C, which might be attributed to the degradation of the formed
intermediate compounds in the second stage and char formation'>”. For the plasticized alginate films, the deg-
radation process has slightly decreased. Initial decomposition temperature (T,,.) has decreased, compared to
pure sodium alginate. Moreover neat alginate degradation gave a sharp peak while for plasticized films degrada-
tion peak was broader and a shoulder appeared indicating that the crosslink structure is shifting the alginate
degradation to relatively higher temperatures. As shown in Table S2 (Supplementary Data), a similar relation-
ship was observed in air atmosphere. Hence, these findings indicate that the addition of plasticizers retarded
the initials thermal degradation and prolongs the degradations process®. Furthermore, the CP1 and MP1 films
showed the lowest T, values, respectively 207.4 °C and 208.9 °C. This suggests in CP1 and MP1 samples the
plasticizers could easily locate into alginate network and disrupt the intermolecular interactions. These disorders

Figure 7. Antimicrobial activity of plasticized sodium alginate films against E. coli (A), C. albicans (B) and S.
epidermidis (C). Asterisk represents statistically significant difference (p <0.05). NS =no significance difference
relative to the control (CTRL-plasticized sodium alginate film without chestnut extract).
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Figure 8. Thermal curves of neat sodium alginate and plasticized sodium alginate-based films: (A) TG in
nitrogen; (B) DTG in nitrogen; (C) DSC, where Control- neat sodium alginate.

cause softening of the polymer structure, which results in increased chain mobility, making less packed chains
more susceptible to degradation processes®*°.

Figure 8C shows DSC results. Thermograms for all samples showed a broad endothermic peak centered at
120 °C, confirming the evaporation of adsorbed water. The intensity of this DSC peak changes, what indicates
a different amount of adsorbed water, but does not affect the hydrogen bonds between alginate molecules. The
thermograms illustrate also the emergence of a sharp endothermic peak at 220 °C, probably corresponding to
cleavage of calcium-carboxylate bonds within the complex. Such sharp endothermic peak indicates a highly
ordered molecular arrangement forming the so-called “egg-box” structure within calcium alginate matrix®8!.
Moreover, calcium crosslinking led to upward shift of the exothermic band from 240 to 281 °C indicative for
increased alginate resistance to thermal oxidation?’. However, no significant relationship between the type of
plasticizer and the DSC curves shape was observed.

Chemical structure. The FT-IR spectra of unplasticized and plasticized sodium alginate films with chest-
nut extract are shown in Fig. 9. The characteristic peaks of neat sodium alginate (Control) were observed at
3606-3018 cm™ (broad, attributed to O-H stretching vibrations), 2975-2913 cm™ (-CH stretching vibrations),
1604 cm™! (asymmetric ~-COO- vibrations) and 1415 cm™ (symmetric -COO- vibrations) and 1090-1017 cm™!
(C-0O-C antisymmetric stretching vibrations)**2. The absorbance bands at 1200-960 cm™ attributed to the
skeletal vibrations of pyranose ring of alginate®. Plasticized alginate films showed the same FT-IR patterns as
the unplasticized ones. For the plasticized alginate films, a characteristic broad band was observed between
3700 and 3000 cm™!, which was attributed to the O-H stretching vibration. The intensity of this band increased
with the addition of a plasticizer; the highest intensities were observed for CP3 and MP2, while the lowest
for CP1 and MP1I, suggesting hydrogen bonding between the plasticizer and alginate matrix. The bands at ca.
1600 cm ™" and 1405 cm™!, which were observed for each plasticized film, are characteristic for asymmetric and
symmetric stretching vibrations of the COO- groups, respectively®*. For CP2, CP3, MP2 and MP3, a band at
1748-1741 cm™! was observed which can be attributed to the double carbonyl bonds (C=0) formation; the most
intense peak was observed for MP2. The least intesive bands at 1758-1754 cm™! were observed for CP1 and MP1,
which also correspond to C=0 stretching vibrations®. For CP1, C-H stretching vibration bands were observed
at 2975 cm™, while for the other samples at 2920 cm™ and 2850 cm™. The most intensive bands were observed
for CP3, MP2 and MP3, confirming the presence of hydrocarbon chains in the structure of the used plasticizers

Figure 9. FT -IR spectra of sodium alginate films with different plasticizers, where Control- neat sodium
alginate.
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(they contain fatty acids)®. The bands at 1090 cm™ and 1020 cm™ were attributed to C-O-C antisymmetric
stretching vibrations present in all plasticized alginate films.

Conclusion

In order to develop new antibacterial and environmentally friendly sodium alginate-based films for food pack-
aging, the selection of proper plasticizer is essential. The obtained results confirmed that each investigated
plasticizer modifies the structure of the polymer but in a different way. Films CP1, MP1 and MP2 showed a
more homogeneous structure, suggesting that the plasticizers are more compatible with sodium alginate than
the epoxidized ones (CP2, CP3 or MP3). It was found that the film plasticized with mixed esters of propylene
glycol and acetic acid of propylene glycol (MP1) and the film plasticized with glycerol (CP1), showed better
mechanical properties (tensile strength and elongation at break) than the other films studied in this paper. It
was due to a more homogeneous structure, that did not show morphological changes with the appearance of
agglomerations, which promote increased film brittleness. All the films showed a hydrophilic character (contact
angle <90°) and high barrier properties to oxygen, carbon dioxide and water vapor compared to commercially
used polylactide or polyethylene films. In addition, the presence of plasticizers, both commercially available or
synthesized ones, was found to increase the antibacterial activity of sodium alginate films with chestnut extract
for both gram-negative and gram-positive bacterial strains. The highest antibacterial activity showed sodium
alginate films containing chestnut extract and the synthesized plasticizer mixtures, particularly MP2 and MP3,
which was due to the synergistic effects between chestnut extract and fatty acid-derived plasticizers in relation to
their antimicrobial activity. As the sodium alginate-based films plasticized with the synthesized MP1 and MP2
showed better elongation at break and significantly better antibacterial properties compared to glycerol, further
work is planned with these plasticizers to improve the mechanical properties of the films even more. Expanded
research is also planned in terms of their application in the food packaging sector, such as migration studies of
the plasticizers and the active compound, among others. In addition, the obtained results suggest the need to
look for other additives that could enhance low hydrophobicity of the sodium alginate-based films.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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Abstract: The deterioration of the performance of polysaccharide-based films over time, particularly
their hydrophilicity and mechanical properties, is one of the main problems limiting their applica-
tions in the packaging industry. In the present study, we proposed to improve the performance of
chitosan-based films through the use of: (1) nanocellulose as an additive to reduce their hydrophilic
nature; (2) bio-based plasticizer to improve their mechanical properties; and (3) chestnut extract
as an antimicrobial agent. To evaluate their stability over time, the properties of as-formed films
(mechanical, hydrophilic, barrier and antibacterial) were studied immediately after preparation and
after 7, 14 and 30 days. In addition, the morphological properties of the films were characterized by
scanning electron microscopy, their structure by FTIR, their transparency by UV-Vis and their thermal
properties by TGA. The films showed a hydrophobic character (contact angle above 100°), barrier
properties to oxygen and carbon dioxide and strong antibacterial activity against Gram-negative
(E. coli) and Gram-positive (S. aureus) bacteria. Moreover, the use of nanofillers did not deteriorate the
elongation at breaks or the thermal properties of the films, but their addition reduced the transparency.
In addition, the results showed that the greatest change in film properties occurred within the first
7 days after sample preparation, after which the properties were found to stabilize.

Keywords: chitosan; nanofiber cellulose; aging; bio-based plasticizer

1. Introduction

The research interest in the development of innovative and environmentally friendly
biocomposites based on biodegradable polymers and fillers to improve material strength
properties has continued to grow rapidly over the last few decades. Among the various
fillers for biopolymers, nanofillers are among the most popular, not only for their reinforcing
properties but also for providing additional advantages, such as barrier properties or
antibacterial activity [1]. Nanofillers play an important role in the design of biopolymer-
based materials for various applications. Their main task is to improve the mechanical
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properties of the material, which has already been confirmed in numerous studies [2-5].
The most commonly used biopolymer nanofillers for food packaging films are cellulose,
starch, chitin and chitosan [6]. Some of the nanofillers, such as nanochitosan, improve not
only the mechanical properties of the film but also its antimicrobial properties [7].

Among the previously mentioned nanofillers, nanocellulose (NC) is the most popular.
It is a biodegradable and renewable nanofiller, obtained as a result of the decomposition of
cellulose fibers [8]. The high interest in it is mainly due to its wide availability—cellulose
is the main polysaccharide accumulating in plant biomass [2]. It is estimated that plants
produce about 75 billion tons of cellulose per year, making it a highly available material [9].
Three types of nanocellulose are used in applications that improve material mechanical
properties: cellulose nanofibers, cellulose nanocrystals and bacterial nanocellulose. The
first two are isolated from plants and the last from bacteria [2]. Cellulose fibers, with or
without chemical pretreatment, are mechanically fragmented in water into nanocellulose.
The obtained products are distinguished depending on their morphology into nanofibrils
and nanocrystals [8].

The use of NC is becoming also increasingly popular due to its properties, such as high
strength, high extensibility, non-toxicity and biodegradability [10]. The incorporation of NC
into the polymer matrix allows for the formation of a material with improved performance
without compromising its biodegradability [11]. The effect of introducing NC into bio-based
materials has been widely studied [4,7,12,13]. Attempts to obtain NC-reinforced chitosan
nanocomposites suitable for use in the food industry, e.g., as active packaging films, have
been described [2,11,14]. It has been observed that the addition of nanocellulose leads to the
improvement of the mechanical properties, thermal stability, hydrophobicity and oxygen
barrier of the film. Moreover, NC-loaded films showed bactericidal activity against Gram-
positive and Gram-negative bacteria and fungicidal activity against Candida albicans [11].
In addition, chitosan films with NC reduce total volatile basic nitrogen (TVB-N), which is
considered an indicator of food freshness under refrigeration conditions [11].

Despite ongoing research into combining chitosan with NC for use as bioactive pack-
aging films, the impact of time on such systems remains unclear [11]. This information is
crucial from the perspective of applying these materials for food packaging. The issue of
the instability of chitosan—glycerol compositions has already been addressed by us in our
previous study [15], in which we proved that replacing glycerol with esters of propylene
glycol and acetic acid resulted in a more stable material over time. Therefore, in the present
study, the esters of propylene glycol and acetic acid were also used for plasticization and
were tested not only immediately after receiving them but also after 7, 14 and 30 days.
The maximum time was determined based on our previous studies conducted on films
based on chitosan and sodium alginate [15,16]. To obtain bioactive films, chestnut extract
was used. To further improve the properties of chitosan, a biocomposite was obtained
using NC as a filler. Mechanical properties, hydrophilic properties, oxygen, carbon dioxide
and water vapor permeability and antibacterial activity were determined for the obtained
sample immediately after receiving the samples and after 7, 14 and 30 days. To evaluate
the morphology, structure, transparency and thermal properties of the obtained samples,
scanning electron microscopy, Fourier transform infrared spectroscopy, ultraviolet-visible
spectroscopy and thermal gravimetry were used, respectively.

2. Results and Discussion
2.1. Mechanical Properties

The mechanical performance of polymeric materials is one of the most important
properties determining their applicability. Tensile strength (TS) and elongation at break
(EB) for bio-nanocomposite films based on chitosan were measured immediately after the
film preparation and after storage at room temperature for 7, 14 and 30 days to determine
the effects of time on the mechanical properties. The characteristic stress—strain curves
of the bio-nanocomposite films are illustrated in Figure 1. The strongest effect of time on
mechanical performance can be observed within the first 7 days after sample preparation.
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The TS value drops during this time from 7 MPa (NC/0) to 3.48 MPa (NC/7), and then for
the subsequent days, the values are statistically equal. After 14 days of sample preparation,
the TS value was 3.65 MPa (NC/14), and after 30 days, it increased slightly to 4.68 MPa
(NC/30). The presented results show that the first 7 days have the greatest effect on the
deterioration of TS. In contrast, the EB results show a slightly different relationship, as
the elongation increased slightly over time. Indeed, newly prepared film showed an EB
of 63% (NC/0), while after 7 days, this value increased to 75% (NC/7), and then for the
subsequent days, the values were statistically equal. For NC/14, the EB was 74%, and for
NC/30, it was 72%. This outcome is primarily related to the deteriorating properties of
TS, which mostly cause the EB to increase [17,18]. Comparing the results of our previous
studies [15] conducted without the use of NC, it can be seen that the presence of nanofibers
significantly affects the increase in TS. Chitosan films prepared with the same plasticizer
but without NC showed a TS of 6 MPa, while the use of nanofibers increased this value
to 7 MPa (NC/0), and after 30 days, it dropped to 4.5 MPa (NC/30). In contrast, EB
values remained at the same level, i.e., about 70%. The same relationship was observed
by other researchers [3,5,7,11], who also reported a significant effect of nanofiller on TS
and not on EB. For example, Costa et al. [11] added cellulose nanocrystals to a chitosan
film and observed that, as the amount of NC increased, TS increased, while EB remained
unchanged. Nevertheless, this relationship is not confirmed in every case, as in the study
described by Jannatyh et al. [3], the addition of cellulose nanocrystals to the chitosan film
resulted in an increase in TS and a simultaneous decrease in EB. This outcome may be
related to poor dispersion of the nanofiller, incompatible structures or agglomeration of the
nanoparticles [19]. Also worth mentioning is the effect of the chestnut extract itself used
in the present samples. It has been shown that the addition of chestnut extract causes an
increase in TS, but a decrease in EB [20,21]. This finding was confirmed, among others, by
the study of Korge et al. [21], who observed a significant increase in TS and decrease in EB
for chitosan-based films after the addition of chestnut extract.

Sample | Stress, MPa | Strain, %
NC/0 7.242 63.92
NC/7 3.48P 75.0P
NC/14 3.65P 74.8P
NC/30 4.68P 72.6°

Figure 1. Stress vs. strain curves with exact values of bio-nanocomposite films based on chitosan;
different lowercase letters indicate significantly different values at p < 0.05 using Tukey’s multiple
range test.

2.2. Hydrophobic Properties

The hydrophobic properties of polymeric materials are as important as the mechanical
properties for the determination of their applicability. Moisture content (MC, Figure 2A),
total soluble matter (TSM, Figure 2A), swelling degree (SD, Figure 2A) and dynamic contact
angle (CA, Figures 2B and 3) for chitosan-based bio-nanocomposite films were measured
immediately after film preparation and after storing the films for 7, 14 and 30 days to
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MC and TSM (%)
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determine the effects of time on the hydrophobic properties. The results showed that all
of these values decreased slightly over time. For MC, the initial value dropped from 15%
(NC/0) to about 11% for the other samples (i.e., NC/7, NC/14 and NC/30). TSM values
also dropped slightly, from about 18% for NC/0 to about 14% for NC/30. In the case of
SD, the values increased after 7 days from 50% to 85% (for NC/0 and NC/7, respectively)
and then dropped slightly to 81% and 78% (for NC/14 and NC/30, respectively). Most of
these results also showed that the stabilization of the material occurred after 7 days, as the
largest changes were recorded during this time, and the other values were statistically the
same A similar conclusion was observed in the mechanical properties discussed earlier,
which decreased over 7 days related to the decrease in moisture content and thus to the
formation of a less flexible structure through a reduction in plasticization of the amorphous
areas of the polymer network [22,23].
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Figure 2. Moisture content (MC), total soluble matter (TSM) and swelling degree (SD) (A) and
dynamic contact angle (CA) (B) for bio-nanocomposite films based on chitosan; different lowercase
letters indicate significantly different values at p < 0.05 using Tukey’s multiple range test.

In contrast, the wetting angle results shown in Figures 2B and 3 indicate that the
sample tested immediately after preparation showed a hydrophobic character (100° at
0 s and about 98° at 30 s, NC/0) and this value, despite the decreasing MC value over
time, remained unchanged until 14 days (100°; NC/14). However, tests performed on
day 30 showed a decrease in the wetting angle value to about 82° (NC/30), demonstrating
that the samples became hydrophilic over time. It is also worth mentioning the effects
of NC and chestnut extract itself on these properties. Referring to the results obtained in
previous studies [15], MC, TSM or SD for pure film without NC is practically the same as
for film with nanofiller. In contrast, the CA results showed that the use of NC shifted the
nature of the film decisively from hydrophilic to hydrophobic (from 70° to 105° for films
without NC and with NC, respectively). The improvement of hydrophobic properties was
also observed by Lavri¢ et al. [2], in which the addition of cellulose nanocrystals to the
chitosan film led to an increase in the contact angle from 75° to 108°. This relationship was
also confirmed by Mao et al. [4], who showed that, after adding cellulose nanocrystals to
the chitosan film, CA increased. Moreover, the value continuously increased by increasing
the NC content. On the other hand, in the case of the addition of chestnut extract, Baji¢
et al. [20] and Korge et al. [21] observed that, with an increase in its amount (0.5-1%), the
hydrophilicity decreased. This outcome was attributed to the presence of a large number
of hydrolysable tannins in the chestnut extract; this component has many interaction sites
that crosslink the polymer chain, so they tend to saturate the hydrogen bonds in chitosan.
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Figure 3. Dynamic contact angle images of bio-nanocomposite films based on chitosan.

2.3. Gas Permeability

The barrier properties of polymer films play an important role in the food packaging
industry. The film is designed to delay the transfer of molecules between food and the
environment to preserve food quality. Measuring properties, such as the permeability of
oxygen, carbon dioxide or water vapor, makes it possible to estimate the shelf life of a
product. The most commonly studied properties of biodegradable films are water vapor
permeability and oxygen permeability because the proper amount of water keeps products
fresh and crispy, while oxygen spoils food through oxidation reactions but is necessary for
respiration of fresh vegetables and fruits [24].

Oxygen and carbon dioxide permeability (Figure 4A) and water vapor transmission
rate and water vapor permeability (Figure 4B) for chitosan-based bio-nanocomposite films
were measured immediately after film preparation and after storing the films for 7, 14 and
30 days to determine the effects of time on barrier properties. The obtained results of both
OP and CDP for the tested films were relatively low (at a level of 1071 cm3/m?) compared
to commercially available polylactide film or low-density polyethylene (PE-LD) [25] and
slightly decreased over time. The OP for NC/0 was about 2.5 x 1071% cm?®/m?, and after
30 days, this value decreased to about 1.5 x 10710 em3/m?2 (NC/30). In contrast, the CDP
for NC/0 was about 3 x 107!Y em3/m?, and after 30 days, the value dropped to about
2 x 10710 em3/m? (NC/30). Despite the notable decline in values, none of these results
were statistically different from each other. The OP of chitosan films is influenced by the
concentration of plasticizer, as well as storage time. Leceta et al. [26] reported that OP
values increased with increasing glycerol content. In addition, Butler et al. [27] reported
that OP increased not only with the plasticizer concentration but also after film storage
time. A similar decreasing relationship over time was noted for WVP and WVTR. The
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obtained values were relatively low and close to each other, and after 30 days, they reached
a value of about 5 x 1078 mmxg/Paxm? x 24 h (NC/30). As in the previously described
studies, i.e., mechanical and hydrophobic properties, the greatest changes for WVP and
WVTR were observed after 7 days of storage, whereas for OP and CDP, a decrease in these
values was observed after 14 days of storage. Nevertheless, also in this case, the results
were not statistically different from each other. It is worth mentioning that slightly higher
WVP values may be related to higher relative humidity in the environment [28-30] because
chitosan has amino and hydroxyl groups that interact with water molecules through
hydrogen bonds without modifying the chemical structure [22,31]. Adsorption of water
molecules allows for a more flexible structure by plasticizing the amorphous regions of
the polymer network and promoting internal rearrangement, consequently facilitating gas
transport through the polymer matrix [22,23]. Moreover, WVP is closely related to the MC
of the material: as WVP increases, MC also increases [18]. In our study, MC decreased over
time, which was also observed for WVP, OP and CDP, due to the evaporation of water
from the polymer matrix under the storage conditions. As the water content of the material
decreases, its elasticity decreases, making the structure more compact and resistant to water
and gas permeability [32].

(A 56~ =81I;P' 40 50 1 =WW\\//;“R_ 12.0

10.0

E

o2
o

WVP (x10™ mmxg/Paxm’x24h)

6.0

4.0

CDP (x10"cm*/m?)
WVTR (%107 g/sxm’)

2.0

X 0.0
NC/0 NC/7 NC/14  NC/30 NC/0 NC/7 NC/14  NC/30

Figure 4. Oxygen (OP) and carbon dioxide permeability (CDP) (A) and water vapor transmission
rate (WVTR) and water vapor permeability (WVP) (B) for bio-nanocomposite films based on chitosan;
different lowercase letters indicate significantly different values at p < 0.05 using Tukey’s multiple
range test.

Comparing the barrier properties (OP, CDP and WVP) obtained for plasticized chitosan
film without nanofillers in our previous study [15] to the results obtained with the addition
of NG, it can be seen that the addition of nanofiller slightly increased the values of OP, CDP
and WVP, but these values were still relatively low values, and the obtained barrier results
were satisfying because the barrier properties of the obtained bio-nanocomposite films
based on chitosan films exceeded or were almost equal to the commercial food packaging
films currently used, such as those based on PLA or PE-LD [25,26]. The introduction of
NC deteriorated the barrier properties of the film because it facilitated the diffusion of
the gas molecules through the film structure. NC in the form of fibers creates channels
that facilitate the passage of oxygen, carbon dioxide or water vapor molecules through
the film [33]. For pure chitosan film, Kerch et al. [34] reported that WVP increases at room
temperature during storage (30 days). In contrast, Khan et al. [35] studied the effect of NC
concentration on the WVP of chitosan films. They reported that WVP values decreased
with increasing NC concentrations. In their case, crystalline NC was used and not the fiber
form, which had a significant impact on the results.
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2.4. Morphology

To study the structure of the obtained bio-nanocomposite films based on chitosan,
surface and cross-sectional images (Figure 5A,B, respectively) were taken to evaluate the
homogeneity of the obtained materials. SEM microphotographs show the homogeneity of
the NC-loaded film, as confirmed by both its surface and cross-sectional images. The surface
of the chitosan films was found to be smooth, which indicated good film homogenization
of chitosan and NC in aqueous medium. Considering the possibility of agglomeration
of the used nanofiller in the film, no significant inhomogeneities that could indicate a
large agglomeration of the filler were noted. The films showed a homogeneous and dense
structure, indicating proper NC dispersion in the chitosan matrix.

Figure 5. SEM images of the bio-nanocomposite films based on chitosan: surface (A) and cross-section (B).

2.5. Fourier Transform Infrared Spectroscopy

FTIR analysis was carried out to evaluate the structural interactions among chitosan,
NC and chestnut extract and the structural changes of the film after exposure to wa-
ter for 24 h. Figure 6A shows the spectra of NC, chestnut extract and chitosan pow-
ders, and Figure 6B showed the plasticized chitosan film with chestnut extract (Control),
with chestnut extract and nanocellulose (NC/0) and after their immersion in water for
24 h (Control_H20 and NC/0_H2O, respectively). The FTIR spectrum of NC powder
(Figure 6A) showed several typical bands, namely the very broad bands located in the
region of 3200-3500 cm ™!, corresponding to stretching vibrations of the O-H groups of
cellulose, a C-H stretch band at 2900 cm~! and absorption bands of B-glycoside bonds
at 1591 and 1057 cm ™! [11,36-38]. The powder spectrum of chestnut extract (Figure 6A)
also showed its characteristic bands in the region of 3100-3500 cm ™!, corresponding
to the O-H stretching vibrations derived from different chemical environments, char-
acteristic of polyphenolic extracts [39,40]. In the region of 2800-2985 cm~!, the C-H
stretching vibrations, derived from carbohydrates and sugars, could be observed and,
between 1661 and 1769 cm !, the C=0 stretching vibrations of esters of hydrolysable tan-
nins. In the region of 1422-1620 cm ! the C=C-C aromatic bonds [39] and, in the region
from 1123 to 1380 cm~! and from 959 to 1082 cm ™!, the bands for C—O were observed,
respectively [39,40]. Structural analysis of chitosan powder (Figure 6A) also showed char-
acteristic bands, i.e., between 3100 and 3500 cm ™!, the overlapping broad band from both
O-H and N-H stretching vibrations and, at 2920-2850 cm !, the symmetric and asymmet-
ric modes of C—H stretching vibrations at methylene and methyl carbon [41,42]. Since the
chitosan grade is 90% DD, the characteristic peaks representing the I amide band (C=0O
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stretching in nondeacetylated amide) were only weakly visible in the slope of the free
amine N-H bending and C-N stretching located at 1555 cm~!. The weak resolved broad
peak with a maximum at 1400 cm ! is attributed to the combined C-H bending in -CH and
-CHy, as well as -CH3 symmetrical deformations and -CH, wagging [26]. The absorption
band at 1038 cm ! could be attributed to the C-O stretching and asymmetric stretching of
the C-O-C bridge in the saccharides ring. The signal at 893 cm ! corresponds to the out of
the plane C-H bending of the saccharides ring [26].

YA o W\/\

Transmittance (%)
Transmittance (%)

Figure 6. FTIR spectra of the NC, chestnut extract and chitosan powders (A), of the obtained films
before and after immersion in water (B), where control indicates plasticized chitosan film with
chestnut extract, and H20 indicates after immersion in water.

Figure 6B shows the plasticized chitosan film with chestnut extract (Control) and the
film with chestnut extract and nanocellulose (NC/0), as well as after their immersion in
water for 24 h (Control_H20 and NC/0_H2O, respectively). Comparing the spectra before
and after soaking in water, a significant increase in band intensity was observed for both
Control_H20 and NC/0_H2O. After soaking the spectra, all of the characteristic features of
the bio-composite were retained. More intensive stretching vibrations of the O-H groups in
the region of 3100-3500 cm~! were noted, which can be attributed to the absorbed residual
water. The observed increase in the intensity and sharpness of the peaks characteristic for
chitosan indicated that 24 h of soaking in water led to its swelling and backbone relaxation,
and the residual water likely partially softened the composite, ensuring its better adherence
to the UATR crystal surface. No evident release of bio-composite components, such as
plasticizer or fillers, was observed.

2.6. Optical Properties

An important property of food packaging materials is their transparency since it allows
consumers to evaluate food freshness and general appearance by visual inspection before
purchasing [43]. Based on the UV-Vis spectra of the obtained bio-nanocomposite films
based on chitosan, as well as chitosan films with and without a chestnut extract (Figure 7),
it can be observed that the presence of chestnut extract decreased the transmittance of films,
even without the presence of NC fibers. While the transmittance of a pristine chitosan
film was noted between 84% (at 450 nm) and 97% (at 1000 nm), it dropped to 28-75% for
chestnut extract-containing chitosan film. The presence of NC decreased transmittance
further, but this feature was found to increase with time, as the process of aging occurred.
The observed discoloration should be associated with the limited stability of chestnut
extract and its partial degradation [44].
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Figure 7. UV-Vis spectra of the obtained NC-loaded films based on chitosan, as well as chitosan films
without (Control I) and with chestnut extract (Control II).

2.7. Antimicrobial Activity

Antimicrobial activity of NC-loaded films was assessed toward Escherichia coli, Staphy-
lococcus aureus and Candida albicans, which represent model foodborne pathogens that
are Gram-negative bacteria, Gram-positive bacteria and fungi, respectively [45-47]. Their
morphology after 24 h of incubation on the surface of NC/0 is presented in Figure 8. Ob-
served phenotypes indicated that the pathogens entered the multiplication stage of growth
that occurred after their attachment to the surface. Therefore, 24 h was found to be an
appropriate timepoint to investigate the effect of the material on the viability of pathogens,
eliminating the risk of false-positive results based on the presence of pathogens entering
the death phase [48].

Figure 8. SEM images of E. coli, S. aureus and C. albicans inoculated overnight on the surface of
NC/0 films.

The results of the antimicrobial tests (Figure 9) showed that the chitosan-based bio-
nanocomposite films obtained in this study caused a strong reduction in the growth of both
model Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria and slight fungicidal
activity against C. albicans. In particular, a 6-7 log reduction in the growth of E. coli and
S. aureus was observed, while only a 1-2 log reduction was observed for C. albicans. In
addition, the study showed that the chitosan-based bio-nanocomposite films were stable
over time and retained their antibacterial activity against each pathogen. It is important to
mention that the source of the antimicrobial activity of the studied films was the presence
of both chestnut extract, which is a rich source of polyphenols, such as phenolic acids
and tannins [49], and NC, which also exhibits antibacterial activity [50]. The antimicrobial
activity of chestnut extract was proven in previous studies [21,25,51], in which its antimi-
crobial properties were demonstrated against model Gram-positive bacteria (Staphylococcus
epidermidis ATCC12228), Gram-negative bacteria (Escherichia coli ATCC25922) and yeast
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(Candida albicans ATCC18804). Korge et al. [51] also confirmed the antibacterial activity of
chestnut extract against Escherichia coli K12 and Bacillus subtilis DSM 402. Dehnad et al. [14]
prepared films of glycerol-plasticized chitosan and nanocellulose, studying their effects
on inhibitory activity against both Gram-positive (S. aureus) and Gram-negative bacteria
(E. coli and S. enteritidis). The results proved that, for all of the aforementioned bacteria,
there was a decrease in their growth. In turn, Costa et al. [11] investigated the potential
of chitosan/cellulose nanocrystal films for use as active pads in meat packaging to ex-
tend shelf life and preserve properties over time. Several concentrations of nanocellulose
(5, 10, 25 and 50 wt.%) were used, and the films were produced by solvent casting. The
study showed that the films obtained in this way exhibited antibacterial activity against
Gram-positive and Gram-negative bacteria and slight fungicidal activity against C. albicans.

Figure 9. Antimicrobial activity of bio-nanocomposite films based on chitosan against E. coli, S. aureus
and C. albicans, where Control—chitosan-based film without NC; NS = no significant difference
relative to the controls. Comparisons among groups were performed by one-way ANOVA, followed
by Bonferroni’s multiple comparison post-hoc test. Statistical significance was considered at p < 0.05.

2.8. Thermal Analysis

Thermal degradation of the obtained bio-nanocomposite films based on chitosan
(NC/0) was analyzed and compared to the film without NC (Control) and to the used neat
chitosan, nanocellulose and chestnut extract (Figure 10). This analysis helped to determine
the temperature at which the material is stable and the change in mass as a function of
temperature change. Because of the law of NC content, the results indicated that the film
with nanocellulose (NC/0) exhibited similar thermal degradation behavior to the film
without nanocellulose (Control). They underwent an initial slight weight loss at around
100 °C, followed by a rapid weight loss between 250 and 400 °C. The first stage is associated
with the evaporation of water and residual acetic acid present in the polymer matrix [52],
while the second thermal event is attributed to the complex decomposition of chitosan [53].
Concerning chitosan, the main stage of thermal degradation begins at 300 °C, which is
associated with the greatest weight loss (=60%). This result can be attributed to degradation
of the polysaccharide and deacetylation of chitosan [54]. In the case of nanocellulose, two
steps were also noted, namely dehydration and degradation. The complete release of
absorbed water took place at around 100 °C, followed by sharp decomposition noted
at around 320-350 °C. In the case of the nanocellulose, the degradation occurred at ca.
50-70 °C lower than that typical for cellulose. The same relationship was also observed in
previous work [55], indicating that nanocellulose should not be processed at temperatures
higher than 200 °C. In the case of chestnut extract, initial weight loss was observed due to
water evaporation, and the moisture was completely evaporated at about 150°, followed
by the second phase, described as multistep complex thermal degradation (starting around
220 °C) [56].
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Figure 10. TG curves of the chitosan-based films, neat chitosan, nanocellulose and chestnut extract
powder, where Control indicates plasticized chitosan film with chestnut extract.

3. Materials and Methods
3.1. Materials

Chitosan 0.03-0.1 Pa x s (MW = 250 kg/mol, DD > 90%) was purchased from Sigma-
Aldrich (Steinheim, Germany). Acetic acid was purchased from Avantor (Gliwice, Poland)
(99.5-99.9%), and Farmatan chestnut extract (>76% tannins) was provided by Tanin Sevnica
(Sevnica, Slovenia). Propylene glycol, cyclohexene (pure p.a.) and sodium hydrogen car-
bonate (pure p.a.) were purchased from Chempur (Piekary Slaskie, Poland). Methane-
sulfonic acid (>99.0%) was provided by TCI (Zwijndrecht, Belgium). Nanofibrillated
cellulose (10-20 nm wide, 2-3 um length) was purchased from Nanografi Nano Technology
(Ankara, Turkiye).

3.2. Preparation of the Bio-Based Plasticizer

Plasticizer mixtures were prepared as described in our previous study [15,57]. In short,
propylene glycol was esterified with acetic acid for 24 h at 80 °C using methanesulfonic
acid as a catalyst. Cyclohexane was used to remove water as a byproduct of the reaction.
The esterification product was purified using a saturated solution of sodium hydrogen
carbonate, distilled water and cyclohexane.

3.3. Preparation of the Bio-Nanocomposite Films

Bio-nanocomposite films based on chitosan with a bio-based plasticizer reinforced
with nanofiber cellulose were prepared by a casting method as described in our previous
study [15]. Chitosan (2%, w/v) was dissolved in 1.0% (v/v) acetic acid aqueous solution
with 30% (w/w) bio-based plasticizer based on the mass of chitosan by stirring with a
magnetic stirrer at 800 rpm at room temperature for 24 h. Chestnut extract (0.75% (w/v))
was added, and the solution was homogenized for 5 min at 6000 rpm. Then, 0.5% (w/v)
nanocellulose was added and homogenized for 1 min at 800 rpm. These solutions were left
overnight to let the air bubbles disappear. Finally, bio-nanocomposite chitosan solutions
were cast over Petri dishes (46 g per 12 cm x 12 cm dish) and dried at room temperature.
In this way, bio-nanocomposite films with a thickness of about 94 um were obtained and
tested directly (sample NC/0) and after 7, 14, and 30 days (sample NC/7, NC/14, and
NC/30, respectively) of storage at 23 °C £ 2 °C and 50 £ 5% relative humidity with access
to light and air.

3.4. Mechanical Properties

Tensile tests were performed at room temperature using an Instron 4466 testing
machine. The specimens were cut in rectangular shapes 80 mm in length and 20 mm in
width. The samples were conditioned before testing for 24 h at 23 4+ 2 °C and 50 + 2%
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RH and were stretched at a crosshead speed of 5 mm/min. All tests were carried out on a
minimum of five samples, and the final results were calculated as an average. The entire
procedure was repeated for films stored for 7, 14 and 30 days.

3.5. Hydrophilic Properties
The hydrophilicity of the films was analyzed by moisture content—MC, swelling
degree—SD, total soluble matter—TSM and water contact angle—CA. MC, SD and TSM

were analyzed using a three-step gravimetric method; i.e., film samples with surface area
of 1 cm? were weighed (M), dried at 100 °C for 24 h and weighed again (M,).

MC(%) = (MlM;M” x 100 1)
1

The samples were then placed in 30 mL of distilled water, left at room temperature for
24 h and weighed again (M3).

(M3 —Mp)

SD(%) = 5

x 100 2

In the final step, the samples were dried at 100 °C for 24 h and weighed (My). Mea-
surements were repeated five times, and the average value was calculated. TSM values
were calculated using the following formula:

(M; — My)
2

TSM(%) = x 100 (©)]

The dynamic water contact angle of the film surface was measured using a semi-
automatic goniometer for dynamic contact angle and contour analysis systems (OCA15EC,
DataPhysic, Filderstadt, Germany). A droplet of 5 pL of deionized water was applied
on the film surface according to the device’s instructions. The measurement was taken
immediately upon contact with the surface, after 30 s and after 60 s. The dynamic water
contact angle was determined based on the average of the three measurements. The entire
procedure was repeated for films stored for 7, 14 and 30 days.

3.6. Gas Permeability

Oxygen and carbon dioxide permeability through the bio-nanocomposite films were
determined using an isobaric apparatus [15]. The samples for oxygen and carbon dioxide
barrier testing, in the form of discs (60 mm?), were degassed for 24 h and conditioned
with the appropriate gas in the apparatus prior to testing for 2 h. Then, the diffusion
chamber was sealed, and compressed oxygen (class 5.0) or carbon dioxide (technical gas)
was supplied at a controlled flow rate to keep the pressure constant. The permeation
coefficient was determined as follows:

V x1
P_SxAp @)

where V is the volumetric flow (mol-s~1), 1 is the sample thickness (m), S is the sample
area (m?), and Ap is the pressure difference on both sides of the sample (Pa). The entire
procedure was repeated for films stored for 7, 14 and 30 days.

Water vapor transmission rate (WVTR) and water vapor permeability (WVP) were
determined according to the methodology proposed by Aguirre-Loredo et al. [32]. The
samples in the form of discs (24.64 mm?), were mounted on a glass container with silica
gel in its interior (~0% relative humidity, RH) and sealed with liquid paraffin. After the
paraffin solidified, the cup was weighed to calculate the initial weight. The covered glass
container was then placed in a desiccator containing a supersaturated saline solution of
BaCl, (90% RH), generating a water-vapor differential pressure of 2854.23 Pa. The glass



Int. . Mol. Sci. 2023, 24, 13205

13 of 17

container was weighed seven times at 60-min intervals. The determinations were made in
triplicate. The entire procedure was repeated for films stored for 7, 14 and 30 days. The
WVTR and WVP values were determined as follows:

Am

TR=——
WVTR = =7 (5)

WVP = WVTR x LAp (6)

where Am/At is the moisture weight gain in time (g/s), A is the exposed surface area
of the film (m?), L is the thickness of the film (mm), and Ap is the difference in partial
pressure (Pa).

3.7. Morphology

The morphology of the bio-nanocomposite films was examined by a scanning electron
microscope (ZEISS Supra 35) at 10 kV of accelerating voltage, equipped with an energy
dispersive X-ray detector (EDS) (Thermo Scientific™ EDX UltraDry).

3.8. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra of the composite films were recorded in the
range of 3700-650 cm~! with resolution of 2 cm~! using a Spectrum Two spectrometer
equipped with a diamond UATR accessory (Perkin Elmer). For each spectrum, 16 scans
were taken. These analyses were performed in duplicate at room temperature. In addition,
the films were also tested after soaking for 24 h in water. For this purpose, the films were
cut into small disks and stirred in water at room temperature for 24 h. The following films
were dried at 80°C, and spectrum scans were performed according to the above procedure.

3.9. Transparency

The transparency of NC-loaded films was measured with the use of UV-Vis spectropho-
tometry (Hewlett Packard 8453 UV /Vis Diode Array Spectrophotometer) in the wavelength
range from 450 nm to 1000 nm. UV-Vis spectra of NC-loaded chitosan films were compared
with UV-Vis spectra of pristine chitosan films with and without chestnut extract.

3.10. Antimicrobial Activity

The antimicrobial activity of bio-nanocomposite films based on chitosan was deter-
mined against Escherichia coli ATCC25922, Staphylococcus aureus ATCC23235 and Candida
albicans ATCC18804. They all represent foodborne pathogens [45-47], and numerous stud-
ies have used these pathogens to validate the antimicrobial activity of various materials,
including food packaging materials [58,59]. Samples in the form of discs (10 mm in diame-
ter) were placed in 12-well plates containing 500 uL of M9 minimal medium supplemented
with glucose as the sole carbon source. Thereafter, 20 uL of the targeted bacterial culture,
normalized to 10* CFU/mL, was inoculated into each well and incubated overnight at
37 °C with shaking at 250 rpm. Overnight cultures were serially diluted in double-distilled
autoclaved water and plated on LB agar to determine CFU/mL of recovered targeted
bacteria. In control experiments, bacteria were inoculated in M9 media in the absence
of NC. Surviving bacteria were quantified by serial dilution and plating on LB agar. All
experiments were performed in triplicate and repeated three times.

To visualize and analyze the morphology of pathogens, a scanning electron microscope
(Phenom ProX, Thermo Fisher Scientific, Waltham, MA, USA) at 15 kV of accelerating volt-
age was used. The materials were first fixed with 3% glutaraldehyde (Fisher BioReagents,
Waltham, MA, USA) for 24 h and dehydrated by immersing the samples in solutions of
ethanol (Acros Organics) with increasing concentrations (30%, 50%, 70%, 80%, 90%, 95%,
99.8%) and then dried for 24 h at 50 °C. Subsequently, the samples were sputter-coated
with a gold layer (20 min, 20 mA; Q150R Quorum Technologies, Lewes, UK).
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3.11. Thermal Analysis

Thermogravimetric analysis (TGA) was carried out using a TGA 8000 thermogravimet-
ric analyzer (PerkinElmer Inc., Waltham, MA, USA). The samples (ca. 10 mg) were heated
in an open ceramic sample pan in the temperature range of 50-1000 °C, with the heating
rate p =20 °C/min in a dynamic (20 mL/min) nitrogen atmosphere. The thermographs
were collected and analyzed using Pyris™ 11 software (Waltham, MA, USA).

3.12. Statistical Analysis

Experimental data in Sections 3.1-3.3 were analyzed for statistical significance by
analysis of variance (ANOVA) and Tukey’s multiple range test with a p < 0.05 significance
level. Data were evaluated by OriginPro software, version 8.5.0 (OriginLab, Northampton,
MA, USA), whereas for the experimental data in Section 3.6, the analysis was performed by
one-way ANOVA, followed by Bonferroni’s multiple comparison post-hoc test. Statistical
significance was considered at p < 0.05

4. Conclusions

Nanocomposite films have been made from chitosan, bio-based plasticizer and nanocel-
lulose. The properties of these films were evaluated immediately after preparation and
after 7, 14 and 30 days to determine changes over time. Interestingly, the greatest changes
in film properties occurred within the first 7 days, after which the properties were found
to stabilize. This outcome shows that significant changes occur in the first few days after
sample preparation, such as a decrease in MC, which affects the other properties of the
obtained films. Immediately after preparation, the tested films showed tensile stress at
around 7 MPa, which dropped to 4.5 MPa after 7 days and oscillated around 4 MPa after
14 and 30 days. Elongation at break, on the other hand, increased slightly over time, rising
from 60% for the initial sample to about 75% for the remaining ones. In this case, the
greatest change also occurred within the first 7 days. The introduction of nanocellulose into
the films mainly increased their hydrophobic character (the contact angle was about 105°).
Based on the results, the use of nanocellulose to enhance the hydrophobic character of the
films may be an interesting method to obtain films with better hydrophobic properties. Due
to the presence of chestnut extract and NC, all films exhibited strong antibacterial activity
against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria and slight fungicidal
activity against C. albicans, which were maintained over time. The use of nanofillers did
not affect the thermal properties of the film, but their addition reduced the transparency. In
addition, the results show that testing bio-films not only immediately after testing but also
over time can provide more meaningful results. The results presented in this article show
not only the possibility of obtaining a more hydrophobic (due to the nanocellulose), more
antibacterial (due to the synergistic effect of the chestnut extract, nanocellulose and bio-
plasticizer) and more durable (due to the bioplasticizer and nanocellulose) chitosan-based
film than those without the above-mentioned components, but they also prove that, during
the first 7 days, the film’s properties can significantly deteriorate. In our case especially, a
significant decrease in tensile strength was noted. Considering that the mechanical proper-
ties are among the most problematic properties of chitosan-based films, it is worth noting
that films tested directly can provide misleading results. Nevertheless, properties such as
antibacterial activity and barrier properties did not deteriorate over time, allowing us to
conclude that the films obtained in the present study can successfully serve as active food
packaging that extends the life of the product. However, to confirm their applicability to
food, further research is needed, including mainly studies of migration performed in terms
of the bioplasticizer, as well as the chestnut extract and nanocellulose.
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