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1. Introduction

Chitin and chitosan-based materials are widely used and researched in healthcare,
pharmaceutical, biomedical engineering, and related fields due to their biological activity.
This Special Issue focuses on the preparation and application of materials based on chitin
and chitosan, with the aim of presenting the latest research advances in biomedical appli-
cations and highlighting the potential for further innovative research. This Special Issue
showcases the potential of chitin and chitosan-based materials by examining innovative
approaches to maximize their structural, physical-chemical, and bioactive qualities.

2. An Overview of the Published Articles

The Special Issue highlights the potential uses of chitin and chitosan-based materials
in biomedical, pharmaceutical, and sustainable practices and related fields. Liao et al.
prepared a class of multifunctional chitosan-based hydrogels through dual cross-linking
with borate esters and hydrogen bonds, achieving glucose-sensitive controlled release,
providing a new method for the design of polysaccharide-based hydrogels [1]. Zhou et al.
designed a flexible, low-cost, biomimetic spiral hollow bacterial cellulose-chitosan fibre,
which could be an attractive candidate to replace other petroleum-based sutures [2].

Li et al. developed an emulsion carrying thyme essential oil via inducing cross-linking
of chitosan particles through hydrogen bonds and electrostatic interactions. This emulsion
has great potential for prolonging the storage life of strawberries [3]. Shi et al. prepared
a hydrogel using chitosan and coumarin as raw materials for the controlled release of
taxifolin [4]. Zhang et al. prepared chitosan-based Janus nanofiber membranes as wound
dressings, which have vast potential applications in skin tissue engineering [5]. Blanzeanu
et al. used extrusion moulding to prepare composite blends of chitosan, providing a
sustainability-recycling-based approach to converting seafood waste into cutting-edge
functional materials [6].

Li et al. summarize the state-of-the-art developments in chitosan-based dressing
materials, highlighting the benefits in burn-wound treatment and examining the key
challenges and potential future directions for chitosan-based dressing materials. This mini-
review provides a new viewpoint on the evolution of wound dressings for burn care [7].

Zhou et al. provide a broad overview of chitosan extraction and modification tech-
nologies, with a focus on their applications in environment, energy, and biomedicine. It
uses a novel classification framework to provide readers with the most detailed analysis
for a systematic understanding of the latest research progress [8].

Polymers 2025, 17, 2060
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Together, these eight articles showcase the versatility of chitosan materials and
discuss potential preparations and applications, touching upon the variety of ways in
which they could be used in many fields, ranging from environmental sustainability
to medical therapeutics.

3. Conclusions

The breadth of chitosan-based technologies and their potential to solve practical
problems are highlighted in this Special Issue. From sophisticated biomedical systems
to ecofriendly preservation solutions, together, these studies emphasize the versatility,
biodegradability, and efficacy chitin and chitosan. As research progresses, further optimiza-
tion of chitin and chitosan properties may result in more relevant and effective applications
in industrial and clinical settings.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Chitosan and technical cashew nutshell liquid (CNSLt) have emerged as promis-
ing natural compounds due to their antimicrobial, immunomodulatory, and fermentation-
modulating properties. This study aimed to evaluate the inclusion of chitosan and CNSLt as
potential substitutes for the ionophore monensin on feed intake, ruminal fermentation, ni-
trogen balance, and microbial protein synthesis in steers. Five crossbred steers (Bos taurus),
18 months old with an average body weight of approximately 350 kg and fitted with
permanent ruminal cannulas, were assigned to a 5 x 5 Latin square design. The experi-
mental diets consisted of: (1) control (CON), (2) monensin (MON; 25 mg/kg of dry matter
[DM]), (3) chitosan (CHIL; >850 g/kg deacetylation degree, 375 mg/kg DM), (4) CNSLt
(500 mg/kg DM), and (5) CNSLt + CHI (500 + 375 mg/kg DM). Supplementation with CHI
or CNSLt + CHI reduced the intake of dry matter, crude protein, and neutral detergent fiber.
Additionally, fecal excretion of whole corn kernels increased in these treatments. Ruminal
fermentation parameters were affected, with the CNSLt + CHI treatment promoting higher
molar proportions of propionate and acetate, along with reduced estimated methane emis-
sions. However, purine derivatives, microbial protein synthesis, and nitrogen balance were
not significantly affected by any of the treatments. These results suggest that CNSLt and
CHI, particularly when combined, may serve as effective natural alternatives to monensin
in high-grain diets for ruminants.

Keywords: methane; natural additives; ruminal fermentation; beef cattle

1. Introduction

A high-grain diet is commonly used in beef cattle to enhance weight gain and pro-
ductivity. However, the increased availability of rapidly fermentable carbohydrates leads
to elevated production of volatile fatty acids (VFAs) and the accumulation of lactic acid,
which can result in subacute ruminal acidosis (SARA). The occurrence and persistence
of SARA can disrupt the ruminal environment by causing the death of Gram-negative

Polymers 2025, 17, 1860 https://doi.org/10.3390/polym17131860
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bacteria and promoting the proliferation of acid-tolerant bacteria that thrive at a ruminal
pH significantly lower than the recommended level [1].

Alterations in ruminal fermentation can compromise the efficient utilization of diets. In
this context, feed additives serve as an alternative to mitigate the risk of acidosis, improve di-
etary utilization efficiency, and enhance both animal performance and health [2,3]. Among
the commonly used additives, ionophores such as monensin are widely applied. However,
restrictions on the use of antimicrobials in animal production [4] and food safety regulations
imposed by importing countries have prompted the search for alternatives to the use of
ionophores [5].

Optimizing ruminal fermentation is crucial for improving feed efficiency and enhanc-
ing overall ruminant productivity. Traditional strategies, such as the use of ionophores
(i.e., monesin and lasalocin), have been widely employed to regulate microbial populations
and fermentation patterns. However, increasing regulatory restrictions and growing con-
sumer concerns regarding antibiotic residues have intensified the search for alternative feed
additives. Chitosan, a deacetylated derivative of crustacean chitin, has emerged as a promis-
ing natural compound due to its antimicrobial, immunomodulatory, and fermentation-
enhancing properties [6]. Studies have shown that chitosan supplementation in ruminant
diets can modify the ruminal microbiota, increase propionate production while reducing
acetate and methane emissions [7,8]. Additionally, its ability to inhibit fibrinolytic bacteria
and protozoa suggests a potential role in enhancing nitrogen utilization and reducing
ammonia concentrations in the rumen [9].

Despite these promising results, the mechanisms by which chitosan interacts with
ruminal microorganisms and fermentation processes remain not fully understood. Fur-
ther research is needed to refine dosage strategies and evaluate the long-term ef-
fects of chitosan supplementation on animal performance, nutrient digestibility, and
environmental sustainability.

Technical cashew nut shell liquid (CNSLt) has emerged as a promising natural additive
with multiple benefits for ruminant nutrition and methane mitigation. Rich in phenolic
compounds such as anacardic acid, cardanol, and cardol, CNSLt exhibits strong antimi-
crobial activity, selectively inhibiting methanogenic archaea while promoting propionate-
producing microorganisms [10]. In vitro studies have shown that CNSLt supplementation
can reduce methane emissions by up to 70.1% and increase propionate production by 44.4%,
effectively shifting ruminal fermentation toward a more energy-efficient profile [10].

Additionally, CNSLt influences microbial populations by disrupting the cell mem-
branes of hydrogen-producing bacteria, resulting in a more favorable fermentation pattern
characterized by reduced acetate and butyrate production [11]. These findings underscore
CNSLLt's potential as an environmentally sustainable alternative to conventional feed addi-
tives, such as ionophores, for improving ruminant productivity and reducing greenhouse
gas emissions.

Based on this evidence, we hypothesized that the combined supplementation of chi-
tosan and technical cashew nutshell liquid (CNSLt) would enhance ruminal fermentation
and digestion without negatively affecting feed intake, nitrogen balance, or microbial
protein synthesis in high-grain diets for feedlot cattle. Therefore, the objectives of this study
were to evaluate the effects of chitosan and CNSLt, individually and in combination, on
ruminal fermentation, nutrient digestion, and microbial protein synthesis. Additionally,
this study aimed to assess the impact of these additives on feed intake and nitrogen balance,
supporting their potential as sustainable alternatives to conventional feed additives in
high-grain diets.
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2. Materials and Methods
2.1. Location, Animals, and Treatments

The experiment was conducted at the Ruminant Nutrition Sector, Animal Nutrition
Laboratory, and By-Product Evaluation Laboratory (LAPAC/FINEP) of the Federal Univer-
sity of Grande Dourados (UFGD), Brazil.

Five crossbred steers (Holstein x Zebu), aged 18 months, castrated, with an average
body weight of approximately 350 kg, and fitted with permanent ruminal cannulas, were
used. The animals were housed in individual covered pens (24 m?; 4 x 6 m) with concrete
flooring, each equipped with individual feed troughs and automatic waterers with a
supply of 60 L/animal/day. A 5 x 5 Latin square design was employed, with animals
randomly assigned to treatments across five experimental periods. Each period lasted
19 days, including 10 days of dietary adaptation and 9 days of data collection.

The diet consisted of 85% corn grain and 15% protein pellet, formulated to meet the
nutritional requirements of growing steers. Treatments were based on the inclusion of
chitosan (CHI) [12] and technical cashew nut shell liquid (CNSLt) [13], either alone or
in combination. Chitosan (>850 g/kg deacetylation degree, 0.32 g/mL density, pH 7.90,
viscosity) was supplied by Polymar Industria e Comércio de Importacao e Exportacao
LTDA (Fortaleza, CE, Brazil), and CNSLt was obtained from Usibras Company (Aquiraz,
CE, Brazil). The CNSLt used contained 10.03 mg/g of anacardic acid, 540.77 mg/g of
cardanol, 102.34 mg/g of cardol, and 19.17 mg/g of 2-methylcardol, and its composition
was confirmed by chemical analysis [13]. The experimental treatments were as follows:
CON: control diet without additives; MON: monensin at 25 mg/kg of dry matter (DM);
CHI: chitosan at 375 mg/kg DM; CNSLt: CNSLt at 500 mg/kg DM; and CNSLt + CHI:
combination of CNSLt (500 mg/kg DM) and CHI (375 mg/kg DM).

Animals were fed one time daily (08:00), based on the previous day’s dry matter intake.
Feed offered and refusals (orts) were recorded daily, maintaining a 5-10% surplus to avoid
feed restriction. The two dietary components (whole corn and the pellet) were manually
mixed in the feed trough and offered as a total mixed ration (TMR) (Table 1).

Table 1. Ingredient proportions and chemical composition of the supplements utilized.

Ingredients (g/'kg de MS)
Whole corn 850
Protein, vitamin, and mineral pellet 1 150

Chemical composition

g/kg DM Corn Pellet Diet

Dry matter 850 912.1 845.8
Organic matter 957 822.5 933.2
Crude protein 95 394.7 137
Neutral detergent fiber 96 372.9 241
Acid detergent fiber 18 236.9 63.5
Starch 750 38.9 651

Total digestible nutrients 797.86 682.36 737.38

1'Ca, 43 g/kg; P, 10 g/kg; S, 4 g/kg; Mg, 0.7 g/kg; K, 2.7 g/kg; Na, 9.7 g /kg; Co, 5 mg/kg; Cu, 175 mg/kg; Cr,
1.4 mg/kg; F, 130 mg/kg; I, 5 mg/kg; Mn, 182 mg/kg; Mo, 0.35 mg/kg; Zn, 421 mg/kg; Vitamin A, 21.000 U.I;
Vitamin D, 3.000 U.[; Vitamin E, 140 U.L.

2.2. Nutrient Intake and Apparent Total Digestibility

Dry matter intake (DMI) was determined by calculating the difference between the
amount of feed offered and feed refused (orts), and it was also estimated based on total
fecal dry matter (DM) excretion. To estimate fecal DM output, titanium dioxide (TiO,) was
used as an external marker. TiO, was administered daily in paper cartridges at a dosage
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of 5 g/day and introduced directly into the rumen via the cannula once daily at 08:00 for
10 consecutive days. The initial five days were designated for external marker adaptation,
while fecal sampling occurred over the following five days [14].

Beginning on the seventh day of each experimental period, fecal samples (~200 g)
were collected directly from the rectal ampulla at multiple time points (08:00, 10:00, 12:00,
14:00, and 16:00). Samples were stored in labeled plastic trays and pre-dried in a forced-air
oven at 55 °C. At the end of each period, samples from each animal were pooled to form
a composite sample per period. Fecal TiO, concentrations were determined by UV /Vis
spectrophotometry (380 nm), as described by [15].

Fecal excretion was estimated using the following equation:

FI

FE = Trc

where FE = daily fecal excretion (g/day), FI = titanium dioxide intake (g/day), and
TFC = titanium dioxide concentration in feces (g/g DM).

Apparent total digestibility coefficients were determined for dry matter (DM), crude
protein (CP), and organic matter (OM). Analyses were conducted following standard
AOAC procedures: DM (method 930.15), CP (N x 6.25; method 984.13), and ash
(ASH; method 942.05), with OM calculated as OM = 100—ASH [16]. Fiber fractions, includ-
ing neutral detergent fiber (NDF) and acid detergent fiber (ADF), were analyzed according
to Van Soest et al. [17]. Starch content was measured using the enzymatic colorimetric
method described by [18].

To quantify corn grain excretion in feces, samples were collected directly from the
rectal ampulla of each animal between 09:00 and 11:00 on the 16th day of each experimental
period. A 300 g fecal sample was weighed using an analytical balance and washed under
running water through a 2.00 mm sieve (Granutest, Tyler 9, ABNT 10, Prolab, Sao Paulo,
Brazil). The recovered corn grain particles were manually collected, weighed, and dried in
a forced-air oven at 55 °C for 72 h to determine their dry matter content [19].

2.3. Ruminal Fermentation

On the 19th day of each experimental period, ruminal fluid samples were manually
collected to determine ruminal pH, ammonia nitrogen (N-NH3) concentration, short-
chain fatty acid (SCFA), and branch-chain fatty acid (BCFA) profiles. Sampling occurred
immediately before feeding and at 2, 4, 6, and 8 h post-feeding, with samples obtained
from the liquid—solid interface of the rumen. The collected samples were filtered through
triple-layered gauze. Ruminal pH was measured using a portable digital pH meter (Meta
Quimica, Meta 210P, Sao Paulo, Brazil).

For SCFA analysis, 20 mL of ruminal fluid was centrifuged at 3500 rpm for 5 min.
From the supernatant, 1800 pL was mixed with 100 pL of 20% ortho-phosphoric acid and
frozen for later analysis. Additionally, 1600 pL aliquots were mixed with 400 pL of formic
acid (98-100%) and centrifuged at 7000x g for 15 min at 4 °C.

SCFA concentrations were determined using a gas chromatograph (GC-2010 Plus,
Shimadzu, Barueri, Brazil) equipped with an automatic injector (AOC-20i), a Stabilwax-
DA™ capillary column (30 m, 0.25 mm ID, 0.25 um df; Restek®, Bellefonte, PA, USA),
and a flame ionization detector. Samples were acidified with 1 M ortho-phosphoric acid
(Merck®, Rahway, NJ, USA, Ref. 100573) and fortified with a mixture of free volatile acids
(Supelco®, St. Louis, MO, USA, Ref. 46975). A 1 uL aliquot was injected with a split
ratio of 40:1, using helium as the carrier gas at a linear velocity of 42 cm-s~!. The total
chromatographic run time was 11.5 min. The injector and detector temperatures were set at
250 °C and 300 °C, respectively. The column temperature program began at 40 °C, ramping
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to 120 °C at 40 °C/min, to 180 °C at 10 °C/min, and finally to 240 °C at 120 °C/min,
where it was held for 3 min. Quantification was performed using dilutions of the WSFA-2
standard (Supe1c0®, Ref. 47056) and glacial acetic acid (Sigma—Aldrich®, St. Louis, MO,
USA, Ref. 33209), with peak identification and integration conducted using GCsolution
v.2.42.00 software (Shimadzu®).

For N-NHj analysis, 40 mL of ruminal fluid was preserved with 1 mL of 1:1 HCI
and frozen at —18 °C. Ammonia nitrogen concentration was determined via distillation
using 2N KOH as the distillation base, following prior centrifugation at 1000x g for 15 min,
without acid digestion [20].

Methane production (mM /L) was estimated using the following equation [21]:

CH, = 0.45(Cy) — 0.275(C3) + 0.40(Cy)

where Cp, C3, and C4 represent acetate, propionate, and butyrate concentrations
(mM), respectively.

2.4. Microbial Protein Synthesis

Urine samples were collected on the 15th, 16th, 17th, and 18th day of each experimental
period using the spot sampling method during spontaneous urination, 4 h after supplement
feeding [22]. To determine concentrations of creatinine, urea, uric acid, and allantoin, a
10 mL urine aliquot was diluted in 40 mL of 0.036 N sulfuric acid. An additional 40 mL
aliquot was preserved in 1 mL of concentrated sulfuric acid (36 N) for total urinary nitrogen
(N) analysis. All samples were properly labeled and stored at —18 °C.

Allantoin concentration was determined using a colorimetric method [23,24]. Com-
mercial assay kits (Labtest®, Lagoa Santa, Brazil; Gold Analisa® Diagnostica Ltd.a, Belo
Horizonte, Brazil) were used to quantify creatinine, urea, and uric acid concentrations.

The total excretion of purine derivatives (PD, mmol/day) was calculated by summing
urinary allantoin and uric acid. The absorbed microbial purines (Pabs, mmol/day) were
estimated using the following equation [25]:

PD = 0.85 x Pabs + 0.385 x BW%7?

where BW is the body weight of the animal in kilograms.

Daily excretion of urea nitrogen (N-urea) and creatinine nitrogen (N-creatinine) was
calculated by multiplying the concentrations of urea and creatinine in the spot urine
sample by the estimated 24 h urinary volume, using correction factors of 0.466 and 0.3715,
respectively, which correspond to the nitrogen content of urea and creatinine.

The estimated daily urinary volume (UV, L/day) was calculated using the following

equation [26]:
UV — 27.36 * BW
[Creatinine]

where BW is the animal’s body weight (kg), and [Creatinine] is the creatinine concentration
(mg/L) in the spot urine sample. The constant 27.36 represents the average daily creatinine
excretion (mg/kg BW/day) for crossbred and Zebu steers. Microbial protein synthesis =
(Urinary excretion of purine derivatives) X (a constant value) [26].

Nitrogen balance (NB) was calculated as the difference between total nitrogen intake
and total nitrogen excretion in urine and feces. Nitrogen concentrations in urine and
feces were determined using the micro-Kjeldahl method. Retained nitrogen (NRet) was
estimated by subtracting Absorbed N-Urine N.
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2.5. Urea and Creatinine Metabolism

On the 17th day of each experimental period, blood samples were collected from the
caudal vein four hours after feeding. Heparin was used as an anticoagulant. Immediately
after collection, the samples were centrifuged at 5000 rpm for 15 min to separate the plasma.
The supernatant was then labeled and stored at —18 °C until analysis. Plasma urea and
creatinine concentrations were determined using a commercial enzymatic assay kit (Gold
Analisa® Diagnostica Ltda, Belo Horizonte, Brazil).

2.6. Statistical Analysis

Data were analyzed using the MIXED procedure of SAS (Statistical Analysis System,
version 9.4, SAS Institute Inc., Cary, NC, USA) in a 5 x 5 Latin square design, considering
fixed effects of treatment, period, and random effects of animal and residual error, with the
following model:

Yij = n+ Aj + P+ Dy + erry

where Yy = dependent variable; i = overall mean; A; = animal effect (i=1to 5); P; = period
effect (j =1 to 5); Dy = diet effect; and ey = experimental error.

Repeated measures over time (for variables such as pH, N-NHj3, and SCFA) were ana-
lyzed using the REPEATED statement, and the best covariance structure was selected based
on the lowest Akaike Information Criterion (AIC) value, according to the following model:

Yijk =un+ A+ P] + Dk + Ty + Ty(Dk) + errijk

where Yijk = dependent variable; u = overall mean; A; = animal effect (i = 1 to 5);
P;j = period effect (j = 1 to 5); Dy = treatment effect (k =1 to 5); Ty = time effect (y = 1 to 5);
Ty (Dy) = interaction between diet and time; and err;y = experimental error.

Treatment means were compared using Tukey’s test at a significance level of p < 0.05.
Data normality and homoscedasticity were verified using the Shapiro-Wilk and Levene’s
tests, respectively. Results are presented as least squares means + standard error of the

mean (SEM).

3. Results

Steers supplemented with CHI + CNSLt exhibited lower (p < 0.032) intakes of dry
matter (DM), corn kernels, pellets, organic matter (OM), crude protein (CP), and neutral
detergent fiber (NDF) compared to those fed the CON, CNSLt, and MON diets (Table 2).
However, no significant differences were observed in comparison to steers supplemented
with CHI alone. Additionally, CHI-supplemented steers did not differ from those on the
other experimental diets.

Steers supplemented with CHI + CNSLt exhibited greater (p = 0.008) starch digestibility
compared to those receiving the CON, CNSLt, and MON diets. However, no significant
differences were observed in comparison to steers supplemented with CHI alone.

Additionally, CHI + CNSLt supplementation resulted in lower (p = 0.012) corn kernel
excretion in feces compared to steers receiving the CON and CNSLt treatments, with no
significant differences observed relative to CHI or MON.

Furthermore, CHI + CNSLt-supplemented steers showed lower (p = 0.014) ruminal
ammonia nitrogen concentrations compared to all other treatment groups. Regarding short-
chain fatty acid concentrations, steers supplemented with CHI + CNSLt exhibited lower
(p <0.045) acetate and butyrate concentrations, higher (p = 0.038) propionate concentrations,
and consequently lower (p = 0.018) estimated methane concentrations compared to the
other treatment groups (Table 3).
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Table 2. Intake and digestibility according to experimental diets.
Experimental Diets !
Item SEM 2 p-Value
CON CHI CSNLt CHI + CSNLt MON
Intake (g/d)
Dry matter 7462 7.23 ab 8.092 6.60 P 7412 0.387 0.032
Dry matter, %BW 2.24 1.89 2.10 2.26 2.20 0.122 0.554
Corn kernel 6.34b 6.15° 6.87 5.61° 6.29 2 0.329 0.017
Pellet 1122 108" 1212 0.990 11120 0.058 0.026
Organic matter 7.162 6.95 b 7.77 2 6.34 P 7112 0.376 0.018
Crude protein 0.984 2 0.954 2b 1.062 0.872"b 0.984 2 0.051 0.026
NDF 2452 2.322b 2.834 1.94b 2424 0.231 0.017
Starch 3.86° 3.713b 3274 3.30° 3.822 0.387 0.032
Digestibility (g/kg)
Dry matter 534 454 504 568 504 4.194 0.124
Organic matter 568 488 530 596 535 4.398 0.147
Crude protein 700 616 686 718 702 5.470 0.149
NDF 486 404 456 502 445 7.347 0.161
Starch 7920 8262 806 ° 8542 815° 3.143 0.008
Excretion of intact corn kernel (g/kg)
Corn kernel 306.5° 268.2 % 301.62 241.6° 276.7 3 2.985 0.012
1 CON (no additive); CHI (supplemented with 375 mg/kg DM); CNSLt (supplemented with 500 mg/kg DM of
technical cashew nutshell liquid); CHI + CNSLt (supplemented with 375 mg/kg DM of chitosan + 500 mg/kg
DM of technical cashew nutshell liquid) and MON (supplemented with 25 mg/kg DM of sodic monensin).
2 SEM (standard error of mean). *® Means followed by different letters on the same line differ by 5% in the TUKEY
test adjusted by SAS PROC MIXED.
Table 3. Ruminal fermentation according to experimental diets.
Experimental Diets !
Item SEM 2 p-Value
CON CHI CSNLt CHI + CSNLt MON
pH 6.21 6.22 6.20 6.28 6.28 0.006 0.654
N-NHj3, mg/dL 20.96 2 25.822 23.832 15.14 b 22612 0.026 0.014
mmol/L
Acetate 44,56 ° 57.94 2 54372 37.75¢ 4753 0.120 0.045
Propionate 30.16 2 26.14 2 24.57° 335142 26.23 0.131 0.038
Butyrate 13.72b 19.04 2 20.252 10.65 © 11.71 be 0.087 0.012
Isobutyrate 1.18 1.23 1.40 1.03 1.21 0.018 0.236
Isovalerate 4.05 437 3.66 3.07 4.61 0.040 0.414
Valerate 1.97 1.65 2.07 3.10 248 0.042 0.447
Brach chain fatty acids 7.20 7.24 7.13 7.19 8.30 0.046 0.484
Total 95.64 110.36 106.32 89.11 93.76 0.173 0.784
Acetate/propionate 1.93 2.24 2.47 1.79 2.06 0.028 0.654
Methane 17.252b 25.812 26.50 2 12.03° 18.86 0.097 0.018

1 CON (no additive); CHI (supplemented of 375 mg/kg DM); CNSLt (supplemented of 500 mg/kg DM of technical
cashew nutshell liquid); CHI + CNSLt (supplemented of 375 mg/kg DM of chitosan + 500 mg/kg DM of technical
cashew nutshell liquid) and MON (supplemented of 25 mg/kg DM of sodic monensin). > SEM (standard error of
mean). °° Means followed by different letters on the same line differ by 5% in the TUKEY test adjusted by SAS
PROC MIXED.

Additionally, steers receiving CHI or CNSLt individually showed higher (p < 0.045)
concentrations of acetate, butyrate, and methane than those in the other groups. Steers
supplemented with MON exhibited intermediate (p < 0.045) concentrations of acetate, pro-
pionate, butyrate, and methane compared to those receiving CHI, CNSLt, or CHI + CNSLt.

Steers supplemented with CHI + CNSLt also demonstrated lower (p = 0.027) nitrogen
intake than those receiving the CON, CNSLt, and MON diets (Table 4); however, no signifi-
cant differences were observed when compared to steers supplemented with CHI alone.
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Table 4. Nitrogen balance and microbial protein synthesis according to experimental diets.

Experimental Diets !

2 -
fem CON CHI CSNLt  CHI + CSNLt MON SEM p-Value
g/d
N-intake 157.44 2 152.64 2b 169.60 @ 139.42 P 156.26 @ 0.227 0.027
N-feces 16.13 21.68 25.63 14.23 19.53 0.149 0.224
N-urine 21.40 27.37 12.49 13.66 6.08 0.132 0.324
N-absorbed 141.31 130.96 143.97 125.19 136.73 0.242 0.442
N-retained 119.91° 103.59 © 131.482 111.53P 130.65 @ 0.246 0.007
mmol/d
Allantoin 221.42 162.40 221.64 201.87 202.18 0.423 0.841
Uric acid 47.43 14.13 29.26 35.23 55.46 0.207 0.751
Total purines 268.81 176.54 250.84 237.09 257.64 0.443 0.801
Purines absorbed 303.45 193.47 280.71 267.42 198.37 0.482 0.872
g/d
Microbial
. 220.62 140.66 204.09 194.43 183.77 0411 0.847
nitrogen
Microbial protein 1378.90 879.14 1275.54 1215.18 1198.59 1.028 0.847
1 CON (no additive); CHI (supplemented of 375 mg/kg DM); CNSLt (supplemented of 500 mg/kg DM of technical
cashew nutshell liquid); CHI + CNSLt (supplemented of 375 mg/kg DM of chitosan + 500 mg/kg DM of technical
cashew nutshell liquid) and MON (supplemented of 25 mg/kg DM of sodic monensin). 2 SEM (standard error of
mean). *“ Means followed by different letters on the same line differ by 5% in the TUKEY test adjusted by SAS
PROC MIXED.
Additionally, steers supplemented with CHI + CNSLt exhibited intermediate nitrogen
retention (p = 0.007) compared to the other groups. Steers supplemented with CNSLt alone
showed the highest nitrogen retention, whereas those receiving CHI alone presented the
lowest values.
No significant differences were observed among treatments regarding microbial pro-
tein synthesis (Table 4), as well as urea and creatinine metabolism parameters (Table 5).
Table 5. Urea and creatinine metabolism according to the experimental diets.
Experimental Diets !
Item SEM 2 p-Value
CON CHI CSNLt CHI + CSNLt MON
Urine (mg/dL)
Urea 801.28 813.02 834.42 802.35 793.49 28.56 0.357
Creatinine 1.42 1.86 1.78 1.77 243 0.12 0.328
N-urea 352.69 354.35 361.64 355.97 338.55 12.98 0.325
N-Creatinine 0.529 0.746 0.802 0.722 0.688 0.015 0.357
Blood (mg/dL)
Urea 20.75 20.79 22.59 23.22 24.08 1.88 0.335
Creatinine 2.76 2.57 2.00 2.31 2.92 0.74 0.247
N-urea 9.60 9.35 10.92 10.88 10.15 1.05 0.635
N-Creatinine 1.19 1.12 1.18 1.13 1.16 0.32 0.345
Excretion (mg/kg BW)

Urea 887.58 820.64 783.50 889.66 669.22 15.89 0.868
Creatinine 27.47 27.75 27.41 27.53 27.51 3.21 0.865
Clearance (mg/kg BW)

Urea 45.45 44.85 42.00 43.96 44.00 2.65 0.881
Creatinine 5.95 6.07 6.06 5.98 6.25 1.23 0.865
Fractional excretion (%)

Urea 69.95 67.78 66.23 68.23 67.18 4.88 0.885

1 CON (no additive); CHI (supplemented of 375 mg/kg DM); CNSLt (supplemented of 500 mg/kg DM of
technical cashew nutshell liquid); CHI + CNSLt (supplemented of 375 mg/kg DM of chitosan + 500 mg/kg DM of
technical cashew nutshell liquid) and MON (supplemented of 25 mg/kg DM of sodic monensin). 2 SEM (standard
error of mean).
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4. Discussion

Our hypothesis proposed that combined supplementation with chitosan and cashew
nutshell liquid (CNSL) would enhance ruminal fermentation and digestion without ad-
versely affecting feed intake, nitrogen balance, or microbial protein synthesis in high-grain
diets for feedlot cattle. The results provide partial support for this hypothesis. Supplemen-
tation with CHI + CSNLt improved starch digestibility and altered ruminal fermentation
patterns, evidenced by increased propionate concentrations and reduced levels of acetate,
butyrate, and methane. These changes suggest a shift toward more efficient energy utiliza-
tion within the rumen.

Additionally, the reduced fecal excretion of corn kernels suggests enhanced starch
utilization. However, contrary to expectations, nitrogen retention in the CHI + CSNLt
group was intermediate, with CSNLt alone resulting in the highest retention and CHI alone
the lowest. Furthermore, microbial protein synthesis and urea and creatinine metabolism
remained unaffected, suggesting that CHI + CSNLt supplementation did not significantly
enhance nitrogen utilization as anticipated. While the combined additives improved
digestion and fermentation efficiency, their effects on nitrogen metabolism and microbial
protein synthesis were less pronounced. Therefore, the hypothesis is supported primarily
regarding fermentation and digestibility improvements, warranting further investigation
into their influence on nitrogen metabolism and protein dynamics in high-concentrate diets.

The observed reduction in dry matter, organic matter, and fiber intake in CHI + CSNLt-
supplemented steers may be attributed to metabolic regulation of intake, particularly
influenced by increased ruminal propionate concentrations [27-29]. Propionate, a key glu-
coneogenic volatile fatty acid (VFA), contributes to satiety signaling via hepatic oxidation,
potentially resulting in earlier satiety and reduced intake [30].

The improved total starch digestibility and decreased fecal corn kernel excretion sug-
gest enhanced ruminal starch degradation and post-ruminal absorption, possibly linked to
the antimicrobial effects of chitosan and CNSL [12]. These additives may modulate rumi-
nal microbial populations by promoting amylolytic bacteria while suppressing excessive
proteolysis and methanogenesis. The shift toward higher propionate and lower acetate and
butyrate levels supports this mechanism.

Despite reduced intake, the greater energy yield from increased propionate availability
may have compensated for lower energy intake, maintaining the energy supply. However,
the absence of significant differences between CHI + CSNLt and CHI alone suggests that
chitosan may have had a predominant role in these metabolic effects, while CNSL may have
offered an additive, but not synergistic, benefit for fermentation and digestive efficiency.

The physical form of the diet may have also supported ruminal pH maintenance.
Whole corn kernels digest more slowly than processed corn, and pellets provide a source
of NDF that supports ruminal motility, saliva production, and pH buffering [12]. The high
propionate concentration typical of corn-based diets [31] was likely further increased by
chitosan’s ability to shift fermentation toward propionate production through inhibition
of Gram-positive bacteria [32,33]. The combination of CHI and CNSLt may have intensi-
fied this effect, as anacardic acid in CNSLt has been reported to enhance propionic acid
production [10].

The reduction in ruminal ammonia nitrogen concentrations in steers supplemented
with CHI + CSNLt may reflect the modulation of proteolytic microbial activity. Both
chitosan and CNSLEt selectively inhibit Gram-positive bacteria, including hyper-ammonia-
producing species, thereby potentially reducing deamination rates and improving nitrogen
use efficiency [34].

The changes in SCFA profiles—reduced acetate and butyrate alongside elevated
propionate—further support the occurrence of microbial modulation. Enhanced starch
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digestibility and lower fecal starch loss in the CHI + CSNLt group are consistent with
this shift toward greater fermentation efficiency and energy utilization [35]. Additionally,
the decrease in methane concentration may be due to the propionate-promoting effects
of the additives, as propionate serves as a competitive hydrogen sink, limiting substrate
availability for methanogenesis [10]. The intermediate fermentation profile in MON-
supplemented steers suggests only partial modulation, while the elevated acetate, butyrate,
and methane levels in CHI- and CSNLt-supplemented groups suggest that the additives
alone were less effective in promoting a glucogenic profile compared to their combined
use.

The CHI + CSNLt combination demonstrated effects on ruminal fermentation similar
to those of ionophores [35,36]. The observed reduction in acetate likely reflects the inhibition
of Gram-positive acetate-producing bacteria, promoting propionate synthesis [32,33]. The
VFA profile in the rumen is influenced by diet composition and microbial populations,
and high-starch diets, such as those used in this study, favor succinate- and propionate-
producing bacteria [37].

Reduced methane production with CHI + CSNLt supplementation may involve sev-
eral mechanisms. Chitosan has been shown to reduce H; ion concentrations and inhibit
methanogenic bacteria [32], while anacardic acids in CNSL exert strong anti-methanogenic
effects [38]. Additionally, by enhancing propionate production, CNSL indirectly reduces
hydrogen availability for methanogenesis, further decreasing CH4 emissions [13,34].

The reduction in methane production observed with CHI + CSNLt supplementation
may be associated with the combined mechanisms of action of these additives. Chitosan
creates a ruminal environment with lower H; ion concentrations and exerts antimicrobial
activity against methanogenic bacteria [32]. Meanwhile, CNSLt contains anacardic acids,
which have a significant inhibitory effect on methanogenic bacteria [38]. Furthermore,
CNSLt enhances propionate production, and this VFA competes directly with methane for
the available Hy, thereby reducing hydrogen availability for methanogenesis [13,34].

The lower nitrogen intake in the CHI + CSNLt group was consistent with the reduced
dry matter and crude protein intake, suggesting feed intake regulation by these additives.
Despite this, the intermediate nitrogen retention observed may suggest a tendency toward
improved nitrogen utilization efficiency [13,35]. This is supported by the reduced ruminal
ammonia concentrations in this group, which suggests lower proteolysis and deamination
rates, likely due to suppression of hyper-ammonia-producing microbes. Enhanced starch
digestibility may have promoted a more synchronized energy-to-nitrogen ratio, favoring
microbial protein synthesis [9].

The greater nitrogen retention observed in steers supplemented with CSNLt alone may
reflect moderate modulation of fermentation, allowing for more effective microbial nitrogen
capture. In contrast, lower retention in CHI-supplemented animals may suggest that its
antimicrobial action disrupted microbial protein synthesis or altered nitrogen recycling
dynamics [9].

In summary, CHI + CSNLt supplementation significantly modulated ruminal fer-
mentation by promoting a glucogenic profile with increased propionate production and
reduced acetate, butyrate, and methane emissions. These changes, along with improved
starch digestibility and lower fecal starch loss, highlight the potential of CHI + CSNLt as
an effective strategy to optimize fermentation and feed efficiency in high-starch, low-fiber
diets. Although the effects on nitrogen metabolism were less pronounced, the combination
showed promise in improving nitrogen utilization efficiency.

Future studies should investigate the long-term effects of CHI + CSNLt supplemen-
tation on performance, microbial community dynamics, and metabolic health. Further
exploration into dose optimization, interactions with various starch sources, and impacts on
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post-ruminal digestibility and systemic metabolism may enhance its practical application
in intensive feedlot systems.

5. Conclusions

The combined supplementation of chitosan and cashew nut shell liquid (CHI + CSNLt)
proved to be an effective strategy for modulating ruminal fermentation in high-grain
diets. It enhanced starch digestibility, reduced methane emissions, and optimized nitrogen
utilization. These findings indicate that CHI + CSNLt may serve as a viable alternative to
monensin sodium, particularly in diets characterized by high levels of fermentable starch
and low physically effective fiber, where metabolic disorders such as subacute ruminal
acidosis are of concern.

By promoting a more glucogenic fermentation profile while simultaneously mitigating
nitrogen losses and enteric methane production, CHI + CSNLt emerges as a promising and
sustainable feed additive for intensive feedlot systems. Nonetheless, further research is
needed to determine optimal dosing strategies, assess long-term effects on the ruminal
microbiome, and evaluate the impacts on overall animal performance and health. Despite
these considerations, under extreme dietary conditions, the CHI + CSNLt combination
presents a compelling alternative to ionophores, offering both performance advantages
and potential improvements in the environmental sustainability of ruminant production.
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Abstract: Chitosan, a naturally occurring alkaline polysaccharide with excellent biocom-
patibility, non-toxicity, and renewability, has the ability to undergo cross-linking reactions
with polyphenolic compounds. In this study, chitosan-encapsulated green tea extract
microsphere resin (CS-GTEMR) was successfully prepared using chitosan and green tea
extract via reversed-phase suspension cross-linking polymerization. The structural charac-
terization of CS-GTEMR was conducted using Fourier Transform Infrared Spectroscopy
(FTIR) and Differential Scanning Calorimetry (DSC). Additionally, its physical properties,
swelling behavior, polyphenol content, and antioxidant activities were investigated. The
results indicate that CS-GTEMR consists of reddish-brown microspheres with a smooth
surface and dense pores. The study found that the total content of polyphenolic compounds
encapsulated in CS-GTEMR was 50.485 + 0.840 pg/g. The characteristic absorption peak of
phenolic hydroxyl groups appeared in the FTIR spectrum, suggesting that the polyphenolic
compounds had been successfully encapsulated within the CS-GTEMR. The equilibrium
swelling ratio of CS-GTEMR was determined to be 229.7%, indicating their suitability
for use in solutions with a pH range of 1-13. In simulated gastric and intestinal fluids,
the release rates of polyphenolic compounds from CS-GTEMR were 24.934% and 3.375%,
respectively, indicating that CS-GTEMR can exert a sustained-release effect on polyphenolic
compounds. CS-GTEMR demonstrated antioxidant activities such as scavenging DPPH
radicals, superoxide anion radicals, hydroxyl radicals, and hydrogen peroxide, as well as
exhibiting iron-reducing and molybdenum-reducing powers. With its high mechanical
strength, acid resistance, and organic solvent resistance, CS-GTEMR can protect polypheno-
lic compounds from damage. Therefore, CS-GTEMR can be utilized as a natural antioxidant
or preventive agent in food, expanding the application scope of green tea extracts.

Keywords: chitosan-encapsulated green tea extract microsphere resin; preparation;
characterization; physical properties; swelling properties; polyphenolic content;
antioxidant activities

1. Introduction

The important role of polyphenolic compounds in human health is of current interest.
The main sources of polyphenolic compounds in diet are fruits and beverages, especially
in tea and coffee [1-3]. Li et al. quantified 19 polyphenolic compounds from green tea
extract by ultra-high performance liquid chromatography coupled with quadrupole-time
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of flight mass spectrometry (UPLC-Q-TOF MS) [4]. This suggests that tea products are
a good source of polyphenolic compounds. Polyphenolic compounds generally have
significant antioxidant and pharmacological capabilities, including scavenging free radicals,
antibacterial, anti-inflammatory, and cholesterol-lowering activities. When polyphenolic
compounds enter the plasma, they contribute to increasing the antioxidant capacity of
the plasma and reduce the risk of cardiovascular disease by preventing the oxidation of
plasma low-density lipoprotein. Rajapaksha et al. obtained eight polyphenolic compounds
from Schinus terebinthifolia fruit, which exhibited significant antioxidant, cytotoxic, anti-
inflammatory, analgesic, and antimicrobial properties, and also proliferation inhibition in
MCEF-7 human cancer cell lines [5]. However, the concentration and antioxidant activities
of polyphenolic compounds are reduced in alkaline pH environments such as intestinal
fluid in the human body, which greatly limits their application.

In order to solve the problem that polyphenolic compounds are easily lost in the
human body, they can be encapsulated in polymers to reduce the influence of the pH
value of the environmental solution on them. In this way, the release time of polyphenolic
compounds can be controlled or prolonged, and their concentration levels in plasma
can be maintained, so as to give full play to their physiological activities. Chitosan is
a natural, non-toxic, non-immunogenic, alkaline polysaccharide that is biocompatible,
renewable, and biodegradable. Due to the biocompatibility and adhesion properties of
chitosan, bioactive substances can be encapsulated in chitosan, which contributes to the
transport and sustained release of bioactive substances. Liu et al. incorporated inulin and
chitosan into alginate-based microspheres for targeted delivery and release of quercetin
into the colon [6]. Quercetin encapsulated in microspheres retained 80.3% after in vitro
gastrointestinal digestion. Colonic fermentation experiments showed that quercetin release
was delayed, but fermentation occurred within 3 h and was completely metabolized by
microorganisms within 24 h. Yu et al. synthesized astaxanthin-loaded nanoparticles
by the amidation reaction of carboxymethyl chitosan and methionine [7]. The loading
capacity of astaxanthin reached 39.68 ug/mL, which realized the controllable release of
astaxanthin in the simulated intestinal high-concentration ROS environment. In vitro cell
experiments showed that the nanoparticles could effectively alleviate the oxidative damage
caused by HyO; on the intestinal epithelial cell line No.6 (IEC-6 cells). It is suggested
that if polyphenolic compounds are encapsulated in chitosan microspheres, they will also
have a controllable release effect and can give full play to the physiological activity of
polyphenolic compounds.

Green tea extract, a product derived from the tea processing industry, primarily con-
sists of polyphenolic compounds and also contains bioactive components such as tea
polysaccharides and amino acids. It exhibits significant potential in promoting human
health, with demonstrated effects including the inhibition of atherosclerosis, reduction in
blood pressure, modulation of insulin secretion levels, enhancement of memory function,
suppression of prostate cancer cell proliferation, and improvement of intestinal health.
Hossain et al. conducted a multidimensional investigation encompassing cellular, animal,
and molecular mechanistic studies to elucidate the effects of green tea extract on atheroscle-
rosis [8]. Their findings demonstrated that green tea extract could mitigate oxidative stress
and enhance cell survival rates while significantly improving the blood lipid profile in high-
fat diet-fed mice. Molecular docking analysis revealed that catechin compounds exhibited
strong binding affinities with key targets, including LOX-1, HMG-CoA reductase, caspase-3,
and Nrf2. Meanwhile, de la Fuente-Muiioz et al. demonstrated that the combined extract
of black tea and green tea effectively alleviated angiotensin II-induced cardiovascular dys-
function in mice through anti-inflammatory, antioxidant, and anti-apoptotic effects, while
exhibiting antihypertensive properties [9]. These findings indicate that green tea extract
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may serve as a potential natural agent for preventing atherosclerosis and reducing cardio-
vascular risk. Sulaimani et al. revealed that green tea extract exerted no significant impact
on postprandial blood glucose in healthy adults but delayed postprandial insulin secretion
in the morning rather than at night [10]. This phenomenon untangles the time-dependent
regulatory effect of green tea extract on insulin sensitivity. Joo et al. administered green
tea extract to patients with subjective memory complaints for 12 weeks [11]. The results
demonstrated enhanced memory function and strengthened functional connectivity within
the default mode network, providing critical evidence for the cognitive-improving effects
of green tea extract. In a separate study, Moalemi et al. treated PC3 prostate cancer cells
with green tea extract for 48 h, revealing suppressed expression of cyclin B1, p-AR, CDK1,
p-AKT, PSA, c-Myc, and p-CDK1 [12]. These findings offer a theoretical foundation for
the design of antitumor treatment plans. In addition, green tea extract demonstrates re-
markable efficacy in maintaining intestinal health. For instance, it significantly elevates
the levels of antioxidant factors in the intestinal tract of mice while reducing the content of
pro-inflammatory cytokines [13]. This intervention alleviates antibiotic-induced weight
loss and intestinal pathological damage, promotes the colonization of Bifidobacterium and
Lactobacillus genera in the murine gut microbiota, and concurrently inhibits the proliferation
of Escherichia coli and Enterococcus species. The study investigating the effects of green tea
extract on growth performance, Clostridium perfringens colonization, and inflammatory
responses in broilers with experimental subclinical necrotic enteritis demonstrated that
dietary supplementation with green tea extract alleviated characteristic growth suppression
in chicks during subclinical necrotic enteritis, reduced the severity of C. perfringens infection
in the intestine, and modulated inflammatory responses [14]. The aforementioned research
findings comprehensively demonstrate the potent protective and health-enhancing capabil-
ities of green tea extract in biological systems. It can be anticipated that green tea extract
holds promising prospects as a potential natural therapeutic agent.

However, one critical issue warrants attention: among these diverse biological effects,
green tea extract needs to exert its actions at distinct target sites, including but not limited
to arterial tissues and the intestinal tract. If green tea extract can reach the target sites
in the organism at sufficiently high concentrations, it can effectively exert its preventive
and therapeutic effects. However, when administered in its current powdered or solution
form, green tea extract is evidently unable to achieve the objective of reaching the target
sites at high concentrations and functioning efficiently within the complex physiological
environment of the organism. The development of an appropriate delivery system for green
tea extract is crucial to achieve targeted release at specific sites with high bioavailability
in vivo. Chitosan has emerged as the material of choice for in vivo green tea extract
delivery due to its remarkable functional properties, excellent biocompatibility, and absence
of toxic side effects. Bavi et al. fabricated chitosan—gelatin—green tea extract composite
particles using an electrospray system [15]. The results demonstrated that these composite
particles achieved sustained release of green tea extract for up to 9 days under pH 7.4
conditions, significantly enhanced cell viability, and effectively inhibited apoptosis. This
system provides an excellent natural biomaterial for Parkinson’s disease treatment. Piran
et al. encapsulated green tea extract in chitosan—citric acid nanoparticles, and their results
showed that the antioxidant activity of tea polyphenols was enhanced [16]. This confirmed
the potential of nanoparticles to deliver green tea polyphenols in food. Chuysinuan et al.
investigated the controlled release behavior and antioxidant activity of green tea extract
embedded in a composite of cyclodextrin and chitosan [17]. Through the evaluation of
swelling properties, degradation curves, and the scavenging activities of DPPH and ABTS
free radicals, it was proved that this method had a protective effect on green tea extract.
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The above research results show that chitosan hydrogel has a protective effect on green
tea extract and can exert its antioxidant activity. However, chitosan can only be dissolved
under acidic pH conditions, which makes the preparation conditions of chitosan hydrogel
extremely harsh. Thereby, the product of chitosan green tea extract is prone to degradation
in physiological solutions. Kudtacik-Kramarczyk et al. evaluated the interaction between
chitosan-encapsulated yellow tea extract hydrogel and simulated fluids by the change rule
of pH value [18]. They found that incubation in simulated physiological solution led to a
decrease in the contact angle of the hydrogel, which could even decrease by 60%. As can
be seen, the direct encapsulation of green tea extract in chitosan hydrogel will affect its uti-
lization rate in the organism. In order to overcome this disadvantage of chitosan hydrogel,
chitosan should be modified to ensure that the prepared chitosan-encapsulated tea extract
product has a stable structure and properties. Reversed-phase suspension cross-linking
polymerization is an effective method for chitosan modification. When the cross-linking
agent is added to the emulsion formed by chitosan acetate solution and liquid paraffin,
the amino and hydroxyl groups in chitosan are cross-linked with the aldehyde group of
the cross-linking agent, thus forming microspheres with dense surface and porosity. The
cross-linking reaction can change the crystal structure of chitosan, making its products
resistant to acids, alkalis, and chemicals. It is foreseeable that if the green tea extract is en-
capsulated in chitosan microspheres, the chitosan microspheres can resist the physiological
fluid, allowing the green tea extract to exert its beneficial effects. In this paper, chitosan
microspheres loaded with green tea extract were prepared by a reverse-phase suspension
cross-linking polymerization method. The morphology was observed by a high-resolution
three-dimensional microscope, and the size distribution was analyzed by a particle size
analyzer. The structural characteristics of the polyphenolic compounds in the microspheres
combined with the chitosan matrix were analyzed by FTIR and DSC. The feasibility of
the reverse-phase suspension cross-linking polymerization method in the application of
chitosan microspheres encapsulation of green tea extract was explored by evaluating the
swelling properties of microspheres, the release properties, and the antioxidant activities
of polyphenolic compounds. Compared with existing studies on chitosan-encapsulated
polyphenolic compounds microspheres, the novelty of this research involves designing
a reverse-phase suspension two-step cross-linking polymerization method for preparing
chitosan-encapsulated green tea extract microspheres. The advantage of this approach is
that a hydrogel is first formed through pre-cross-linking, followed by a secondary cross-
linking reaction to generate stable and robust chitosan-encapsulated green tea extract
microspheres. They exhibit the microstructural characteristics of the microspheres, demon-
strating resistance to acids, alkalis, and chemicals, thereby facilitating more controlled
release of the encapsulated compounds. Given the superior antioxidant activity of green
tea extract and its significant potential in protecting and enhancing organismal health,
this study aimed to develop a chitosan-encapsulated green tea extract microsphere resin
(CS-GTEMR) capable of protecting and controllably releasing polyphenolic compounds.
The primary objective of this research was to establish CS-GTEMR as a promising natural
therapeutic agent for the prevention and treatment of certain diseases, as well as a nu-
traceutical supplement to safeguard human health. Furthermore, CS-GTEMR could be
developed into a functional food ingredient for meat products, baked goods, and beverages,
where it would serve as a natural antioxidant to extend shelf life and thereby broaden the
application scope of green tea extract.
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2. Materials and Methods
2.1. Chemical Reagents

Chitosan with a viscosity average molecular weight of 5.3 x 10° and deacetylation
degree (DDA) 85% was provided by Lizhong Chitosan Co., Ltd., Qingdao, China, and
used without any purification. Green tea extract (GTE) was obtained from Hainan Qunli
Pharmaceutical Co., Ltd., Sanya, China. Acetic acid, liquid paraffin, ethyl acetate, Span-
80, formaldehyde solution, 50% glutaraldehyde solution, petroleum ether (boiling range
60-90 °C), acetone, and anhydrous ethanol were analytical reagents produced by
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. All other reagents were of
analytical grade and used as received.

2.2. Preparation of CS-GTEMR and Chitosan Microsphere Resin (CS-MR)

The preparation of CS-GTEMR by using reversed-phase suspension cross-linking
polymerization technology was carried out according to the method of Yu et al. [19].
The process involves 8 steps, which are dissolution, dispersion, emulsification, pre-cross-
linking, cross-linking, filtration, washing, and drying. First, green tea extract (0.5% w/v)
was dissolved in distilled water, and then acetic acid (2% v/v) was added to the green tea
extract solution with stirring. Chitosan (5% w/v) was added to the mixture with a glass
rod and stirred to form a viscous red-brown chitosan green extract mixture with many
bubbles. After standing overnight, the mixed liquid is degassed in a vacuum. Secondly,
the above-mentioned mixed liquid was added to liquid paraffin (50% v/v). The mixed
liquid was stirred in a water bath at 40 °C at 300 r/min for 20 min to form a suspension
with many small liquid droplets. Thirdly, Span-80 (0.6% w/v) was added to the suspension,
followed by the addition of ethyl acetate (10% v/v). In a water bath at 40 °C, the mixed
liquid was stirred at 300 r/min for 20 min to form an emulsion. Fourthly, formaldehyde
solution (10% v/v) was added to the emulsion, in a water bath at 50 °C, and the emulsion
was stirred at 300 r/min for 20 min. Fifth, after adding the glutaraldehyde solution (5% v/v)
to the above solution, the stirring speed was immediately reduced to 175 r/min, and the
temperature was increased to 60 °C. The pH value of the reaction mixture was adjusted to
7.5 with 2 mol/L NaOH solution, and then stirred for 3 h. Sixth, when the reaction is over,
a proper amount of petroleum ether is poured into the reaction mixture and mixed evenly.
After CS-GTEMR settling, discard the upper layer of liquid. Then, pour in an appropriate
amount of petroleum ether, mix evenly, and remove the petroleum ether with a vacuum
filter to obtain CS-GTEMR. Seventh, wash the CS-GTEMR with acetone, anhydrous ethanol,
and distilled water in turn. Then, CS-GTEMR was soaked in distilled water, and after
CS-GTEMR settled to the bottom of the container, the upper layer of distilled water and
CS-GTEMR suspended on the surface was decanted. The process was repeated five times.
Finally, the CS-GTEMR was dried under vacuum at 50 °C.

CS-MR was also prepared by reversed-phase suspension cross-linking polymerization
technology. When preparing CS-MR, chitosan (5% w/v) was added directly to the acetic
acid solution (2% v/v) instead of the green tea extract acetic acid solution. The other steps
were the same as the preparation method of CS-GTEMR.

2.3. Determination of Physical Properties

Physical properties of CS-GTEMR and CS-MR were determined according to the
method of Yu et al. [20].

2.3.1. Determination of Water Absorption Capacity

The 0.1 g samples were fully swelled in distilled water and filtered. Then, the surface
water of the samples was sucked dry and weighed (W, g). Finally, the samples were dried
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at 105 °C for 4 h and weighed (W5, g). The water absorption capacity (M, %) was calculated

using Formula (1).

M(%) = Wl%lwz x 100 (1)

2.3.2. Determination of Pile-Up Density

Pile-up density is the weight of the samples per unit volume, in which the volume
includes the skeleton, pore, and interstitial volume of the samples. Take a sample of volume
2mL (Vp, mL) and weigh its mass (W, g). The pile-up density (o, g/mL) was calculated
using Formula (2).

4%
pp(g/mL) = Vo ()

2.3.3. Determination of Skeleton Density

Add 5 mL of n-heptane to a 10 mL graduated cylinder and measure its mass (W1, g).
Then, pour out the n-heptane. Add 0.1 g (W, g) of the sample into the cylinder, followed
by 2 mL of n-heptane, and let it sit for 2 h. Afterward, top up the cylinder with n-heptane
to the 5 mL mark and measure its mass (W5, g) again. The skeletal volume (Vr, cm?) and
skeletal density (o7, g/ cm?) can be calculated using Formulas (3) and (4), respectively.

W -+ W
[ . )
where dt is the n-heptane density, 0.6830 g/ cm?.
1%
or(g/cm’) = (4)

Vr
2.3.4. Determination of Pore Degree

The pore degree (P) can be calculated using Formula (5), where pr and M are skeletal
density and water absorption capacity, respectively.

prM

b= M+ i—M ©)

2.3.5. Determination of Free Aldehyde Group Content

After fully swelling 0.1 g (W, g) of the sample in water, the water was removed by
suction filtration. Then, 10.0 mL of hydroxylamine reagent was added, and the mixture was
oscillated in a 25 °C water bath for 1 h. Following this, two drops of 0.05% bromophenol
blue indicator were added, and the solution was titrated to the endpoint with a standard
hydrochloric acid solution (N, 0.02 mol/L). The volume of standard hydrochloric acid
consumed by the blank control was denoted as V (mL), while the volume consumed
by the sample was denoted as V1 (mL). The free aldehyde group content was calculated
using Formula (6).

N x (Vo — V1)

o ®)

Free aldehyde group content (mmol/g) =

2.3.6. Determination of Weak Basic Exchange Capacity

After fully swelling 0.1 g (W, g) of the sample in water, it was filtered to remove
moisture, and then oscillated with 20.0 mL of standard hydrochloric acid solution (N,
0.05mol/L) in a 25 °C water bath for 1 h. Following this, 15.0 mL of the supernatant was
taken, and two drops of 0.2% phenolphthalein indicator were added. The solution was
then titrated to the endpoint using a standard sodium hydroxide solution (N3, 0.05 mol/L).
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The volume of standard hydrochloric acid solution consumed was denoted as V; (mL), and
the volume of standard sodium hydroxide solution consumed was denoted as V, (mL).
The weak basic exchange capacity was calculated using Formula (7) below.

N1XV1—N2XV2X%

- )

Weak basic exchange capacity (mmol/g) =

2.4. Structure and Thermal Stability Characterization

The morphological characterization of the sample was carried out by a super depth of
field three-dimensional microscopy system (VHX-950F, KEYENCE, Osaka, Japan). Average
particle diameter and particle size distribution of the samples were determined by a laser
diffraction particle size analyzer (LS200, Beckman Coulter, Inc., Fullerton, CA, USA). The
FTIR spectra of samples were determined by a Fourier transform infrared spectrometer
(Nicolet NEXUS 470, Thermo Nicolet Corporation, Madison, WI, USA). DSC curves of sam-
ples were determined by differential scanning calorimeter (200PC, NETZSCH-Gerétebau
GmbH, Selb, Germany), and their thermal stability was analyzed.

2.5. Determination of the Polyphenolic Compounds Content

Polyphenolic compounds content in CS-GTEMR was determined according to the
method of Pérez et al. [21]. The 0.1 g sample was fully swollen in distilled water and then
filtered to remove excess water. A total of 0.5 mL of Folin—Ciocalteu reagent was added to
the sample, mixed well, and allowed to stand in the dark for 5 min. Subsequently, 2.5 mL of
a NapCOjs solution (20% w/v) was added to the mixture, which was then mixed uniformly
and left to stand in the dark for 1 h. The absorbance was determined at 725 nm, and the
polyphenolic compounds content of the sample was calculated based on a standard curve
(pyrogallol). The reported polyphenolic compounds content represents the Mean £ SD of
three independent experiments.

2.6. Determination of Antioxidant Activities
2.6.1. Determination of DPPH Free Radical Scavenging Activity

DPPH free radical scavenging activity was determined according to the method of Yu
et al. [22]. Three groups of different reaction solutions were prepared, involving solution 1
(2 mL sample solution and 2 mL DPPH solution (0.2 mmol/L)), solution 2 (2 mL sample
solution and 2 mL anhydrous ethanol), and solution 3 (2 mL DPPH solution (0.2 mmol/L)
and 2 mL distilled water). All three mixture solutions were kept in the dark at room
temperature for 20 min. Then, the absorbance values of A; (solution 1), A; (solution 2), and
Ay (solution 3) were determined at 517 nm. The DPPH free radical scavenging rate (8) was
calculated as follows:

A — A
DPPH free radical scavenging rate (%) =(1 — — " 1y % 100 8)
0

2.6.2. Determination of Superoxide Anion Free Radical Scavenging Activity

Superoxide anion free radical scavenging activity was determined according to the
method of Zhang et al. [23]. To a 2.0 mL Tris-HCI buffer solution (pH 8.2, 0.1 mmol/L),
add 2.0 mL of distilled water, mix well, and let it stand in a water bath at 25 °C for 20 min.
Then, add 0.1 mL of preheated 3 mmol/L pyrogallol at 25 °C, mix well, and immediately
measure the absorbance at 325 nm every 30 s for a total of 11 measurements. Calculate
the rate of change, AA, of pyrogallol absorbance over time. A total of 2.0 mL of sample
solution was mixed with 2.0 mL of distilled water and allowed to stand at 25 °C for 20 min
after thorough mixing. Then, 0.1 mL of 3 mmol/L pyrogallol, preheated in a 25 °C water
bath, was added. The mixture was immediately measured for absorbance at 325 nm every
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30 s, with a total of 11 measurements taken. The rate of change in absorbance (AAg) of the
sample solution over time was calculated. The superoxide anion radical scavenging rate E
(%) was determined using Formula (9).

_ AAy— MAg

E(%) = == x 100 )

2.6.3. Determination of Hydroxyl Radical Scavenging Activity

Hydroxyl free radical scavenging activity was determined according to the method of
Falcone et al. [24]. (1) Mix 2 mL of phosphate buffer (pH =7.4, 0.1 mol/L), 1 mL of distilled
water, and 1 mL of FeSO;, solution (0.75 mmol/L) uniformly. Then, add 1 mL of H,O,
(0.01%) and mix for 1 min before adding 1 mL of 1,10-phenanthroline anhydrous ethanol
solution (0.75 mmol/L). Allow the mixture to stand in a water bath at 37 °C for 60 min.
Determine the absorbance value Ap at 536 nm;

(2) Replace the HyO, in step (1) with 1 mL of distilled water, keeping all other condi-
tions the same as in (1), and measure the absorbance value Ag;

(3) Substitute the distilled water in step (1) with 1 mL of sample solution, and measure
the absorbance value Ag. Calculate the hydroxyl radical scavenging rate D (%) according
to Formula (10).

Ag — Ap

2.6.4. HyO, Scavenging Activity

Hy0O; scavenging activity was determined according to the method of Porcher
et al. [25]. After fully swelling CS-GTEMR (0.1 g) in distilled water, remove the water
and add 4 mL of H,O; solution (2 mmol/L). Let the mixture stand for 10 min. Adjust
the zero point with phosphate buffered solution (pH = 7.4) and determine the absorbance
values of the H,O; solution and the sample at 203 nm.

2.6.5. Determination of Iron Reducing Power

Iron reducing power was determined according to the method of Yu et al. [22]. A total
of 2.5 mL phosphate buffer solution (pH 6.6, 0.1 mol/L) and 2.5 mL K3Fe(CN)g (1%) were
added to 1.0 mL sample solution, mixed evenly, and stood in a water bath at 50 °C for
20 min. Next, 2.5 mL TCA (10%) was added to the above mixture solution and centrifuged
for 5 min at 2800 x g. Then, 2.5 mL distilled water and 0.5 mL FeCl; (0.1%) were added to
2.5 mL supernatant, mixed evenly, and the mixture solution stood at room temperature
for 10 min. The effect of iron reducing power was determined by the absorbance value
at 700 nm.

2.6.6. Determination of Molybdenum Reducing Power Activity

Molybdenum reducing power was determined according to the method of Yu et al. [22].
After fully swelling CS-GTEMR (0.1 g) in distilled water and removing the excess water,
4 mL of phosphomolybdenum blue reagent solution was added. As a control, 0.1 mL
of ascorbic acid solution (100 pg/mL) was added to 4 mL of phosphomolybdenum blue
reagent solution. Both the sample and the control were incubated in a water bath at
95 °C for 90 min, then cooled to room temperature, and their absorbance values were
determined at 695 nm. Ag is the sample’s absorbance, and Ac is the control’s absorbance.
The molybdenum reducing power activity was calculated according to Formula (11).

Ac—A

Molybdenum reducing power activity (%) = Ts x 100 (11)
C
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2.7. Statistical Analysis

All experiments were performed in triplicate, and data were expressed as means
and standard deviations. The SPSS Statistics 17.0 software (IBM Inc., Armonk, NY, USA)
was used to analyze the variance of the results with the method of least significant differ-
ence (LSD).

3. Results and Discussion

3.1. Characterization of CS-GTEMR
3.1.1. Basic Physical Properties of CS-GTEMR

The three-dimensional super depth of field microscopy image of CS-GTEMR is pre-
sented in Figure 1. CS-GTEMR appears as a reddish-brown, spherical body with a smooth
surface and a dense, porous structure. This configuration enhances their specific surface
area, favoring the exertion of active effects. During the preparation of CS-GTEMR via the
reversed-phase suspension cross-linking polymerization technology, chitosan and green
tea extract acetic acid solution are introduced into liquid paraffin containing emulsifier
and pore-forming agent, resulting in the formation of an oil-in-water emulsion. In the
traditional preparation method of chitosan microsphere gel, only one cross-linking reac-
tion is performed using cross-linking agents such as glutaraldehyde, epichlorohydrin, or
genipin [26,27]. However, in this study, formaldehyde was used as a pre-cross-linking agent
to form a liquid gel of chitosan. Subsequently, glutaraldehyde was employed as the cross-
linking agent, and after a secondary cross-linking reaction, the chitosan liquid gel solidified
into a hard and porous microsphere resin. Furthermore, during the secondary cross-linking
process, the polyphenolic compounds and polysaccharides present in green tea extract can
effectively interact with chitosan, resulting in the formation of chitosan-encapsulated green
tea extract microsphere resin (CS-GTEMR). The determination of particle size distribution
revealed that the average particle size of CS-GTEMR is approximately 316.106 um, with
100% of the particles being smaller than 549.541 pum. Additionally, 90%, 50%, and 10% of
the particles are smaller than 460.905 um, 309.487 pum, and 237.500 um, respectively. Based
on the particle size distribution diagram in Figure 2, it can be observed that the particle size
of CS-GTEMR follows a normal distribution with a relatively uniform distribution. There
exist interactions between the chitosan matrix and components such as tea polyphenols
from green tea extracts, resulting in smaller particle sizes. These hydrophilic interactions
are essential forces for the formation of spherical particles. Additionally, some covalent
bonds can also be formed between them; for instance, the amino groups in chitosan can
react with the quinone rings in tea polyphenols. These physicochemical interactions have
been confirmed in proteins and polyphenols [28].

el
100.00 um -

Figure 1. Microphotograph of CS-GTEMR (x100).
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Figure 2. Particle size distribution of CS-GTEMR.

Table 1 presents the physical properties of CS-GTEMR. Yu et al. reported the physical
properties of chitosan microsphere resin (CS-MR) prepared by reversed-phase suspension
cross-linking polymerization technology [20]. The water adsorption capacity of CS-MR is
51.982 + 1.944%, indicating that CS-GTEMR exhibits a higher water adsorption capacity.
This enhanced capacity is attributed to the presence of green tea extract components in
CS-GTEMR. Among these components, groups such as hydroxyl groups from polyphe-
nolic compounds or polysaccharides, amino groups, and carboxyl groups from proteins
or amino acids readily bond with water, thereby increasing the water adsorption capac-
ity [29]. The content of free aldehyde groups in CS-GTEMR is lower than that in CS-MR
(0.315 £ 0.009 mmol/g). During the cross-linking reaction, the proteins and amino acids,
which are the main components of green tea extract, contain free amino groups. These
amino groups have the potential to react with either both aldehyde groups of glutaralde-
hyde or with just one aldehyde group (where the other aldehyde group has already cross-
linked with the amino group of chitosan), resulting in the formation of carbon—nitrogen
double bonds (Schiff base) [30]. This process contributes to a reduction in free aldehyde
groups in CS-GTEMR. The weak basic exchange capacity of CS-GTEMR is greater than
that of CS-MR (1.311 + 0.084 mmol/g). In addition to the free amino groups present in
chitosan, the proteins and amino acids from green tea extract in CS-GTEMR also contain
amino and carboxyl groups, all of which contribute to its weak basic exchange capacity.
Hence, CS-GTEMR exhibits a higher weak basic exchange capacity. Based on the above
analysis, CS-GTEMR can be described as a reddish-brown, spherical, porous microsphere
resin with water absorption and weak basic exchange capabilities.

Table 1. Physical properties of CS-GTEMR and CS-MR.

Physical Properties CS-GTEMR CS-MR [20]
Water absorption capacity /M (%) 64.296 + 1.588 51.982 £+ 1.944
Pile-up density/pp (g/mL) 0.843 + 0.087 0.862 + 0.007
Skeletal density/pr (g/cm?) 1.248 + 0.480 1.212 + 0.453
Pore degree/P 0.679 £ 0.075 0.554 £ 0.097

Free aldehyde group/(mmol/g) 0.267 4 0.012 0.315 4= 0.009
Weak basic exchange capacity/(mmol/g) 1.409 £ 0.084 1.311 £ 0.084

3.1.2. FTIR Spectroscopy Analysis

Figure 3 presents the FTIR spectra of chitosan powder, CS-MR, and CS-GTEMR, with
the wave numbers of their main peaks listed in Table 2. The broad peak, formed by the
overlapping of the stretching vibration absorption peaks of v(O-H) and v(N-H) in chitosan
powder, CS-MR, and CS-GTEMR, shifts from 3444 cm ™! to approximately 3420 cm ™!
towards the shorter wave number. This shift is attributed to the presence of the Schiff
base I'T bond in CS-MR and CS-GTEMR, which induces a weak association between the
-OH hydrogen and the IT electron cloud, resulting in a red shift of the hydroxyl stretching
vibration peak [31]. Both C5-MR and CS-GTEMR exhibit characteristic absorption peaks
of aldehyde groups around 1716 cm ™!, indicating the presence of free aldehyde groups
from glutaraldehyde that did not react with amino groups [32]. Although the proteins
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and amino acids, which are the main components of green tea extract in CS-GTEMR,
contain free amino groups that can react with glutaraldehyde to form Schiff bases, their
low concentrations are insufficient to completely eliminate the pendant aldehyde groups,
only reducing their amount. The disappearance of the amino bending vibration absorption
peak at 1650 cm ! and the emergence of a Schiff base absorption peak at 1558 cm ! in CS-
GTEMR indicate the formation of a -C=N bond through the cross-linking reaction between
glutaraldehyde and amino groups. This finding aligns with previous reports stating that
Schiff bases primarily form between 1540 and 1590 cm~! [33]. Since the proteins and amino
acids in CS-GTEMR contain free amino groups that can react with glutaraldehyde to form
Schiff bases, the amide II peak in the FTIR spectrum of CS-GTEMR remains unchanged.
After the chitosan cross-linking reaction, the intensity of the v(C-O) stretching vibration
absorption peak of their C4-OH groups is significantly reduced. The possible reason is that
the chitosan molecules undergo a structural transformation from a long-chain structure to
a coiled and curly spatial structure after the cross-linking reaction. The primary hydroxyl
groups may form hydrogen bonds with nitrogen or hydrogen atoms. Additionally, the high
reactivity of the primary hydroxyl groups allows them to bond with the aldehyde group of
glutaraldehyde. The characteristic absorption peak of 3-D-glucopyranoside in CS-GTEMR
has shifted to 916 cm ™!, indicating that the cross-linking reaction did not result in the
ring-opening of the 3-D-glucopyranose ring. Instead, it is likely that the amino groups in
CS-GTEMR formed hydrogen bonds with the hydroxyl groups of chitosan, strengthening
the force between glucose units in chitosan and leading to a change in the peak position.
The presence of a characteristic absorption peak of phenolic hydroxyl groups, v(H-O), at
1230 cm~! in CS-GTEMR suggests the existence of polyphenolic compounds within the
material [34].

916.50 (C)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers cm-1

Figure 3. FTIR spectrum (a) chitosan powder, (b) CS-MR, and (c¢) CS-GTEMR.

Table 2. Main wave numbers of chitosan powder, CS-MR, and CS-GTEMR.

Peaks Attribution Chitosan Powder (cm—1) CS-MR (cm™1) CS-GTEMR (cm—1)

v(O-H) and v(N-H) 3444.86 3420.21 3422.42
v(-CHj) 2917.82 2925.88 2925.15
v(-CHy) 2875.65 2875.98 2862.14
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Table 2. Cont.

Peaks Attribution Chitosan Powder (cm—1) CS-MR (cm—1) CS-GTEMR (ecm—1)

v(-CHO) - 1715.07 1712.62

amide I (v(C=0) and v(C-N)) 1649.84 1650.65 1650.48
d(-NHy) 1597.87 - -

v(C=N) - 1573.36 1558.52

amide II (3(N-H) and v(C-N)) 1540.99 - 1541.28

amide III (v(C-N) and 5(N-H)) 1259.77 1227.50 1227.18

v(C-0-C) 1154.80 1102.21 1103.10

Cs-OH (v(C-0)) 1087.55 weaker weaker

C3-OH (v(C-0)) 1029.13 1031.00 1024.82

characteristic absorptlor} peak of 897 47 weaker 916.50

B-D-glucopyranoside
phenolic hydroxyl group (v(H-O)) - - 1230.00

3.1.3. Differential Scanning Calorimetry (DSC) Analysis

Figure 4 displays the DSC curves of chitosan powder, CS-MR, and CS-GTEMR. The
first heating stage curve reveals that the onset temperature of the endothermic peak for CS-
GTEMR is 42.95 °C, with a peak end temperature of 91.34 °C and an endothermic enthalpy
AH of 42.02 J/g. In comparison, the experimental data for chitosan powder and CS-MR
are 57.06 °C, 82.88 °C, and 40.49 ] /g, and 39.93 °C, 87.74 °C, and 63.41 ] /g, respectively.
The endothermic peak observed in this stage is primarily attributed to the dehydration of
chitosan macromolecules [35]. The maximum endothermic peak of CS-GTEMR is greater
than that of chitosan powder and CS-MR, while its endothermic enthalpy lies between
that of chitosan powder and CS-MR. Most of the water molecules in chitosan powder are
bonded to amino groups, forming hydrogen bonds, which require less energy to break.
When chitosan is prepared into spherical cross-linked resin, some of its amino groups
react with glutaraldehyde to form Schiff bases. The water molecules originally bonded
with amino groups are then bonded with hydroxyl groups. This requires more energy to
break the hydrogen bonds formed between water molecules and hydroxyl groups, thus
explaining why the endothermic enthalpy of CS-MR is higher than that of chitosan powder.
In CS-GTEMR, besides bonding with hydroxyl groups, water molecules also bond with the
free amino groups of proteins and amino acids. The energy required to break the hydrogen
bonds formed between amino groups and water molecules is less than that required to
break the hydrogen bonds between water molecules and hydroxyl groups. Therefore, the
endothermic enthalpy of CS-GTEMR is greater than that of chitosan powder but less than
that of CS-MR.

DSC/(mW/mg)

Exothermic direction

(@)
(b)

50.00 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00

Temperature/°C

Figure 4. DSC of (a) CS-GTEMR, (b) CS-MR, and (c) chitosan powder.
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The second heating stage revealed that the exothermic peak of CS-GTEMR initiated
at 202.69 °C and terminated at 247.40 °C, with an exothermic enthalpy of 85.96 J /g. The
experimental data for chitosan powder and CS-MR were as follows: 288.58 °C, 326.09 °C,
124.20J /g, and 215.36 °C, 276.68 °C, 85.63 ] / g, respectively. The exothermic peak in this
stage is associated with the thermal and oxidative decomposition of chitosan, the thermal
decomposition of polysaccharides, polyphenolic compounds, proteins, and amino acids, as
well as the volatilization and elimination of volatile products. The thermal degradation
temperatures decrease in the order of chitosan powder, C5-MR, and CS-GTEMR. Chitosan
exhibits two types of intramolecular hydrogen bonds: one between the hydroxyl group at
carbon 3 and the oxygen atom at carbon 5, and the other between the hydroxyl group at
carbon 6 and the nitrogen atom of the amino group. Due to its good crystallinity, chitosan
demonstrates excellent thermal stability [36]. However, when chitosan is prepared into
cross-linked spherical resins, the formation of Schiff bases between amino groups and
glutaraldehyde disrupts the intramolecular hydrogen bonds within the chitosan chains.
The decrease in the crystallinity of chitosan affects its thermal stability, leading to the
conclusion that the thermal stability of CS-MR is lower than that of chitosan powder.
When green tea extract is added during the cross-linking process, the hydroxyl and amino
groups present in the extract further disrupt the hydrogen bonds within the chitosan
chains, resulting in the thermal stability of CS-GTEMR being even lower than that of
CS-MR. Additionally, DSC curve data reveal the glass transition temperature ranges for
chitosan powder, CS-MR, and CS-GTEMR to be 290.05~300.60 °C, 219.59~223.22 °C, and
192.78~211.18 °C, respectively. These results confirm that the thermal stability of the three
substances, from highest to lowest, is chitosan powder, CS-MR, and CS-GTEMR.

3.2. Results and Analysis of Swelling Properties of CS-GTEMR
3.2.1. Results and Analysis of CS-GTEMR Swelling Properties in Water

The swelling ratio of CS-GTEMR in distilled water at different times is shown in
Figure 5. CS-GTEMR exhibits swelling properties in distilled water, with an equilibrium
swelling ratio of 229.7%. Zhu et al. investigated the swelling behavior of tannic acid-
modified keratin/sodium alginate/carboxymethyl chitosan biocomposite hydrogels [37].
The results indicated that the modified hydrogels exhibited a three-dimensional microp-
orous structure with a swelling ratio of 1541.6%. However, the CS-GTEMR prepared in this
study appeared spherical in shape and had a more compact texture, resulting in a lower
swelling ratio compared to the aforementioned findings. The main components of green tea
extract contained in CS-GTEMR mostly possess hydroxyl and amino groups, which easily
bond with water molecules, thereby increasing the water absorption and swelling ratio.
This result aligns with the high water absorption capacity and porous physical properties
of CS-GTEMR. As illustrated in Figure 5, no statistically significant difference (p > 0.05)
was observed in the swelling ratio of CS-GTEMR between 72 h and 96 h, indicating that
the swelling equilibrium had been achieved by 72 h. Extending the swelling time further
will not increase the swelling ratio. This phenomenon indicates that the microsphere resin
prepared by reversed-phase suspension cross-linking polymerization technology has a
tough structure and will not rupture due to excessive swelling in water. This suggests that
CS-GTEMR can be applied in aqueous environments.

3.2.2. Results and Analysis of CS-GTEMR Swelling Properties in Different pH Solutions

The equilibrium swelling ratios of CS-GTEMR in buffer solutions with different pH
values after 96 h of swelling are presented in Figure 6. Upon completion of the swelling
process, no discoloration or microsphere damage was observed in the CS-GTEMR samples
across all pH buffers, indicating that CS-GTEMR can maintain a stable structural state
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in solutions with pH values ranging from 1 to 13, and is capable of absorbing water and
swelling under these conditions. Notably, the equilibrium swelling ratio of CS-GTEMR
reached a minimum value of 170.2% in a Tris-HCI buffer at pH 9.0 (p < 0.05). The maximum
equilibrium swelling ratio of the material in a disodium hydrogen phosphate—citric acid
buffer solution at pH 3.0 is 267.5% (p < 0.05). It should be noted that no significant difference
was observed in swelling ratios between the pH 7 and pH 11 groups (p > 0.05). However,
statistically significant differences were identified between the swelling ratios at pH 13
versus those at both pH 7 and pH 11 (p < 0.05). The active hydroxyl and amino groups of
polyphenolic compounds, polysaccharides, proteins, and amino acids from green tea extract
in CS-GTEMR can bond with water molecules under different pH conditions, resulting in
varying equilibrium swelling ratios. These findings suggest that CS-GTEMR can also be
applied in solutions with a pH range of 1-13.
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Figure 5. Swelling kinetic curves of CS-GTEMR in water (different letters in each indicator mean
significant differences at 0.05 level (p < 0.05, n = 3)).
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Figure 6. Swelling rates of CS-GTEMR in different pH solutions (different letters in each indicator
mean significant differences at 0.05 level (p < 0.05, n = 3)).
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3.3. Evaluation of the Polyphenolic Compounds in CS-GTEMR
3.3.1. Content of Polyphenols in CS-GTEMR

The content of polyphenolic compounds encapsulated in CS-GTEMR was determined
using the Folin—Ciocalteu method, and the measured value was 50.485 4 0.840 ug/g. Chi-
tosan is a linear polymer composed of multiple linked glucosamine units. Under acidic
pH conditions, it exhibits a high positive charge density due to the presence of a posi-
tive charge on each glucosamine unit. Polyphenolic compounds with specific molecular
weights and sizes can serve as complexing agents. The coordination interaction between
polyphenolic compounds and chitosan can be either reversible or irreversible. The re-
versible coordination of polyphenolic compounds and chitosan occurs in two stages. In
the first stage, polyphenolic compounds and chitosan form soluble complexes through
non-covalent bonding, achieving an equilibrium state in solution. In the second stage,
the equilibrium state is disrupted, leading to the aggregation and precipitation of these
soluble complexes from the solution. This entire process is typically reversible, and under
appropriate conditions, the precipitated complexes can be redissolved. In this study, prior
to the preparation of CS-GTEMR, a mixture of chitosan and green tea extract was dissolved
in an acetic acid solution. During the dissolution process, feather-like aggregates were
observed in the mixed solution of chitosan and green tea extract, indicating the formation
of reversible complexes between chitosan and the polyphenolic compounds present in the
green tea extract. In the emulsification step of the microsphere preparation process, the
complexes precipitated from the polyphenolic compounds and chitosan were redissolved
to form soluble complexes. After undergoing a secondary cross-linking reaction, polyphe-
nolic compounds are encapsulated within chitosan microspheres in a stable coordination
structure. Evidently, this reversible complex dissolution process facilitates the encapsula-
tion of a greater number of polyphenolic compounds within the chitosan microspheres.
Furthermore, the enhanced stability of the polyphenolic compounds’ binding state within
the microspheres is beneficial for their controlled release and the exertion of their active
effects during application. During the preparation of chitosan-encapsulated olive leaf
extract microspheres using the spray drying method, a soluble complex is formed between
the olive leaf extract and the chitosan matrix. If the interaction between the extract and
chitosan mixture does not progress to the second stage of aggregation during the spray
drying process, the resulting microspheres will contain a low amount of olive leaf extract.

3.3.2. Results and Analysis of the Polyphenolic Compounds Release Rate in Simulated
Gastric and Intestinal Fluid

When exposed to simulated gastric fluid and simulated intestinal fluid, the re-
lease rates of polyphenolic compounds from CS-GTEMR were 24.934 + 0.168% and
3.375 £ 0.134%, respectively. It can be inferred that the release rate of polyphenolic
compounds is higher in simulated gastric fluid compared to simulated intestinal fluid. The
swelling ratios of CS-GTEMR at various pH values obtained in this study indicate that
within the pH range of 1-3, which corresponds to simulated gastric fluid, the swelling
ratio of CS-GTEMR is significantly higher than at other pH values. In this highly acidic
environment, the porous structure of CS-GTEMR exhibits a high swelling ratio, result-
ing in the exposure of a significant amount of encapsulated polyphenolic compounds to
the simulated gastric fluid. Under these conditions, a large number of hydrogen ions
may competitively displace the amino groups of chitosan that were originally covalently
coordinated with the polyphenolic compounds. Based on the reversible coordination
mechanism between polyphenolic compounds and chitosan (as described in Section 3.3.1),
under acidic conditions, some of the aggregated and precipitated complexes redissolve and
subsequently dissociate into the ligand (chitosan) and the coordinating reagent (polyphe-
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nolic compounds). Consequently, a higher release rate of polyphenolic compounds is
observed in the simulated gastric fluid. In simulated small intestinal fluid, the release
rate of polyphenolic compounds from CS-GTEMR was relatively low, reaching 3.375%.
This finding is consistent with the research results obtained by Hameed et al. [38]. They
prepared cross-linked chitosan microspheres encapsulating antiviral drugs using a copoly-
merization technique with polysaccharides extracted from pomegranate peel and chitosan.
The swelling experiments demonstrated that the cross-linked chitosan microspheres could
control the release of the encapsulated drug in a pH 7.4 solution, while the drug release
rate was maximized at pH 1.3. In this study, within the pH range of 7-8, which simulates
small intestinal fluid, the swelling ratio of CS-GTEMR reached its minimum value. In
this weakly alkaline environment, where only a limited number of hydroxide ions are
present, the amino groups of chitosan in CS-GTEMR remain unaffected by hydrogen ions.
Consequently, the complexes formed between chitosan and polyphenolic compounds
do not dissociate but instead maintain a stable existence. This protective mechanism
ensures that the majority of polyphenolic compounds encapsulated within CS-GTEMR
are effectively preserved and retained within the system. The cumulative release rate of
polyphenolic compounds in simulated gastric fluid and simulated small intestinal fluid
was 28.309%, indicating that nearly 72% of the polyphenolic compounds in CS-GTEMR
can be further released and exert their active effects. In the large intestine environment,
microorganisms can degrade or decompose the chitosan matrix of CS-GTEMR, allowing the
retained polyphenolic compounds in CS-GTEMR to be completely released into the large
intestine environment. There, they can exert their biological activities, such as antioxidant
properties, to protect the health of the organism. Several studies have demonstrated that
polyphenolic compounds, upon absorption, are widely distributed in tissues throughout
the body, particularly exhibiting high concentrations in the esophagus, small intestine, and
large intestine [39-41]. Consequently, a higher quantity of polyphenolic compounds in the
large intestine corresponds to a greater content of these compounds in the colon, which is
beneficial for the protective effects of polyphenols on colonic health.

3.4. Results and Analysis of Antioxidant Activity

Oxygen free radicals, including O, ~, -OH, -OR, etc., are normal metabolites of human
body metabolism. Under normal circumstances, the production and elimination of oxygen
free radicals in the body are balanced. The presence of a small amount of oxygen free radi-
cals in the human body can also promote cell proliferation and accelerate the bactericidal
and anti-inflammatory effects of cells. However, once the production of oxygen free radicals
in the body becomes excessive or the antioxidant system malfunctions, the metabolism of
oxygen free radicals will be unbalanced, becoming an important factor causing aging and
many diseases. For example, heart disease, hypertension, chronic pneumonia, etc., are all
related to oxygen free radicals. Polyphenolic compounds exhibit antioxidant activity due
to their ability to scavenge hydroxyl radicals and superoxide anions. Many plant extracts
contain polyphenolic compounds, which can serve as natural food antioxidants, protecting
the human body from the harmful effects of free radicals [42,43]. Alternatively, these com-
pounds can be prepared into microspheres through coordination with some biopolymers
and administered as a prophylactic agent via the digestive tract. This approach can increase
the level of polyphenolic compounds in the digestive system, thereby playing a role in
disease prevention.

The DPPH radical method is a rapid approach widely used to evaluate the ability
of antioxidants to scavenge free radicals within a relatively short period of time. DPPH
radical is a highly stable nitrogen-centered radical. If the tested compound can scavenge it,
this indicates that the compound has the effect of reducing the effective concentration of
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hydroxyl radicals, alkyl radicals, or peroxy radicals, or interrupting the lipid peroxidation
chain reaction. The DPPH radical ethanol solution is deep purple and exhibits a strong
absorption peak near 517 nm. When a radical scavenger is added to the DPPH radical
solution, the DPPH radical accepts electrons or hydrogen from the tested substance, trans-
forming into a stable diamagnetic molecule. Consequently, the solution color changes from
purple to yellow, and the absorbance value decreases. The magnitude of this decrease in
absorbance is linearly related to the extent of radical scavenging. From this relationship,
the ICsp value of the scavenger can be determined. Therefore, it can be used to detect
the scavenging of DPPH free radicals, thereby evaluating the antioxidant properties of
the sample. The smaller the ICsy value, the greater the scavenging rate and the stronger
the antioxidant activity is. After adding CS-GTEMR to the DPPH solution, the optical
density at 517 nm decreased rapidly, and the degree of color removal indicated the ability
of CS-GTEMR to scavenge DPPH free radicals. Simultaneously, the scavenging abilities of
crude tea polyphenols and ascorbic acid for DPPH free radicals were determined, and the
results are shown in Table 3. CS-GTEMR has the ability to scavenge DPPH free radicals,
and its effect is similar to that of crude tea polyphenols. Sathiyaseelan et al. encapsulated
Melaleuca alternifolia oil within chitosan-sodium alginate microspheres and investigated
the antioxidant, antibacterial, and wound healing properties of these microspheres [44].
The results indicated that the microspheres exhibited DPPH and ABTS radical scavenging
abilities. Furthermore, the microspheres demonstrated negligible cytotoxicity and were
found to promote the proliferation of NIH3T3 cells in an in vitro scratch assay. This sug-
gests that the polyphenolic compounds encapsulated in CS-GTEMR are very stable and
maintain good activity.

Table 3. Results of scavenging DPPH free radicals.

Peaks Attribution CS-GTEMR Crude Tea Polyphenol Ascorbic Acid
1G5 0.16 g/mL 61.49 ug/mL 70.66 pg/mL
scavenging rate/% 59.42 4+ 3.99 64.78 £ 1.46 40.35 = 4.44

Pyrogallol undergoes auto-oxidation and decomposition in a weakly alkaline environ-
ment (pH 8.2) to produce O™ 5. As the reaction progresses, O™ - accumulates in the system,
resulting in a linear increase in the absorbance value of the reaction solution at a wavelength
of 325 nm over time. By determining the rate of change in absorbance of the antioxidant
reaction solution with time, the ability of the antioxidant to inhibit the accumulation of
O™ can be obtained. The kinetic curves for the auto-oxidation of pyrogallol, crude tea
polyphenols, ascorbic acid, and CS-GTEMR in scavenging superoxide anion radicals are
shown in Figure 7. The kinetic curves for the auto-oxidation of pyrogallol, crude tea
polyphenols, and ascorbic acid in scavenging superoxide anion radicals all show a linear
upward trend. However, the kinetic curve for CS-GTEMR in scavenging superoxide anion
radicals flattens out after 240 s. No significant difference was observed in the absorbance
values of the CS-GTEMR curve between 270 s and 300 s (p > 0.05). Furthermore, within the
0-300 s time range, significant differences were detected at all time points for the curves
of pyrogallol, tea polyphenols, and ascorbic acid (p < 0.05). At the end of the reaction,
the scavenging rate of CS-GTEMR for superoxide anion radicals was 52.893%, while the
scavenging rate of ascorbic acid was 34.238%. This indicates that CS-GTEMR has good
scavenging activity for superoxide anion radicals.

32



Polymers 2025, 17, 1633

—+—Pyrogallol -=-Crude tea polyphenol ——Ascorbic acid ——CS-GTEMR
14

1.2

1

=
%

Absorbence
[=]
=N

S
L=
I

0.2

0 __k T T l T I. T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300

Time /s

Figure 7. Scavenging superoxide anion radicals activities (different letters in each indicator in the
same substance mean significant differences at 0.05 level (p < 0.05, nn = 3)).

Hydroxyl radicals are known as the strongest oxidant, capable of undergoing reactions
such as dehydrogenation, addition, and electron transfer. These radicals can react with
substances like amino acids, proteins, nucleic acids, and fats, causing oxidative damage to
biological organisms. This damage can lead to aging and disease, posing significant harm to
the body. Consequently, research on both the oxidative damage caused by hydroxyl radicals
and their scavengers has garnered attention. The scavenging effects of ascorbic acid, crude
tea polyphenols, and CS-GTEMR on hydroxyl radicals are illustrated in Figure 8. Compared
to ascorbic acid and crude tea polyphenols, CS-GTEMR exhibits better scavenging activity
against hydroxyl radicals (p < 0.05). Furthermore, crude tea polyphenols demonstrated
slightly higher hydroxyl radical scavenging activity than ascorbic acid (p < 0.05). Zhu
et al. prepared catechin-grafted chitosan and investigated its antioxidant activity [45].
Their findings indicated that at a concentration of 1 mg/mL, the catechin-grafted chitosan
exhibited a reducing power of 0.51, a hydroxyl radical scavenging rate of 46.81%, and a
DPPH radical scavenging rate of 67.08%. This study untangled that the antioxidant activity
of catechin-grafted chitosan originates from the phenolic hydroxyl groups on the catechin
molecules. This suggests that green tea extract encapsulated in chitosan microspheres can
still retain its antioxidant activity.

The determination of hydrogen peroxide scavenging activity is capable of assessing
the ability of antioxidants to reduce peroxidizing agents. Although hydrogen peroxide
itself does not exhibit high reactivity, its combination with superoxide anion can damage
many cellular components. The results of hydrogen peroxide scavenging by ascorbic acid,
crude tea polyphenols, and CS-GTEMR are presented in Figure 9. CS-GTEMR demonstrates
the strongest effect on hydrogen peroxide, performing better than both ascorbic acid and
crude tea polyphenols (p < 0.05). Furthermore, both ascorbic acid and crude tea polyphe-
nol demonstrated superior absorbance variation trends compared to hydrogen peroxide
(p <0.05).
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differences at 0.05 level (p < 0.05, nn = 3)).

Reducing power is a crucial indicator that represents the electron-providing capability
of antioxidants. Antioxidants deactivate free radicals by donating electrons through their
reducing action, thereby converting these radicals into stable molecules. Polyphenolic
compounds, as antioxidants, possess the ability to donate electrons, and their antioxidant
efficacy is closely linked to their reducing power. The stronger the reducing power, the
greater the antioxidant activity. Figure 10 illustrates the results of iron-reducing power for
ascorbic acid, crude tea polyphenols, and CS-GTEMR. Due to the presence of numerous
aromatic ring hydroxyl groups, crude tea polyphenols exhibit a higher electron-donating
capacity than ascorbic acid, resulting in a higher absorbance value (p < 0.05). As for CS-
GTEMR, the absorbance value presented is obtained after diluting the reaction solution six
times, indicating that its iron-reducing power significantly exceeds that of both ascorbic acid
and crude tea polyphenols (p < 0.05). The phosphorus molybdenum blue method is based
on the reduction of Mo(VI) to Mo(V) by antioxidant compounds, forming a green Mo(V)
complex that has maximum absorption at 695 nm. Antioxidants block free radical chain
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reactions by donating hydrogen atoms. The results are shown in Figure 10. The absorbance
value reflecting the molybdenum-reducing capacity of CS-GTEMR was significantly higher
than that of crude tea polyphenols and ascorbic acid (p < 0.05). In conclusion, CS-GTEMR
demonstrates superior reducing power activities.
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Figure 10. Iron and molybdenum reducing power activities (different letters in each substance in the
same indicator mean significant differences at 0.05 level (p < 0.05, n = 3)).

4. Conclusions

This paper investigates the physical properties, structural characteristics, swelling
behavior, polyphenol content, and antioxidant activity of CS-GTEMR prepared using the
reversed-phase suspension cross-linking polymerization technique. The results indicated
that CS-GTEMR exhibited a reddish-brown spherical shape with a porous, dense, and
smooth surface. The average particle size is approximately 316.106 um, and it contains a
total polyphenol content of 50.485 ug/g. The presence of characteristic absorption peaks
of phenolic hydroxyl groups in the FTIR spectrum suggests the existence of polypheno-
lic compounds within CS-GTEMR. The DSC results indicate that the thermal stability
of CS-GTEMR is lower than that of chitosan powder and CS-MR. CS-GTEMR exhibits
excellent swelling properties in both distilled water and solutions with pH ranging from
1.0 to 13.0. The cumulative release rate of polyphenolic compounds from CS-GTEMR
in simulated gastric fluid and simulated intestinal fluid is only 28.309%, suggesting that
the polyphenolic compounds within CS-GTEMR have the potential for further release
and can exert antioxidant activities, such as scavenging free radicals and reducing power.
The aforementioned results demonstrate that the successful encapsulation of green tea
extract into the CS-GTEMR system was confirmed through quantitative determination of
polyphenolic compounds and identification of the characteristic phenolic hydroxyl peak
in FTIR spectroscopy. This confirms the successful preparation of chitosan microsphere
materials with developmental potential for green tea extract protection. Furthermore,
experimental data on swelling characteristics, controlled release performance in simulated
gastrointestinal fluids, and antioxidant activity indicate that CS-GTEMR maintains stabil-
ity across a wide pH range and achieves controlled release of polyphenolic compounds.
Based on these findings, CS-GTEMR demonstrates potential for development as both a
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directly ingestible nutraceutical and pharmaceutical agent to safeguard human health.
Furthermore, in food processing applications such as meat products, baked goods, and
fruit/vegetable beverages, CS-GTEMR may serve as a promising natural antioxidant due
to its controlled release of polyphenolic compounds. This property effectively inhibits
lipid peroxidation, thereby contributing to extended food shelf life. In the future, various
functional groups such as flavonoids, pigments, polysaccharides, and peptides could be
grafted onto CS-GTEMR, enabling the development of chitosan microspheres with diverse
functional activities. Subsequently, their applications may be extended to areas like encap-
sulation carriers for natural products, sustained-release agents for active substances, and
clarification agents for fruit juices and beverages. The development and application of this
range of CS-GTEMR products hold promise for playing a significant role in the food and
beverage industry, the production of functional food ingredients, and the pharmaceutical
industry. Therefore, it is crucial to further explore the activity and applications of the
CS-GTEMR series of functional products in the future.
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Abstract: Nanostructured drug-delivery systems with enhanced therapeutic potential
have gained attention in biomedical applications. Here, flufenamic acid (FFA)-loaded
chitosan/poly(vinyl alcohol) (CHS/PVA; CSPA)-based electrospun nanofibers were fab-
ricated and characterized for antibacterial, anticancer, and antioxidant activities. The
FFA-loaded CSPA (FCSPA) nanofibers were characterized by scanning electron microscopy,
Fourier-transform infrared spectroscopy, X-ray diffraction (XRD), and differential scanning
calorimetry to evaluate their formation process, functional group interactions, and crys-
tallinity. Notably, the average diameter of FCSPA nanofibers decreased with increasing
CSPA contents (CSPA-1 to CSPA-3), indicating that FFA addition to CSPA-3 significantly
decreased its diameter. Additionally, XRD confirmed the dispersion of FFA within the
CSPA amorphous matrix, enhancing drug stability. FCSPA nanofibers exhibited a high
swelling ratio (significantly higher than that of the CSPA samples). Biodegradation studies
revealed that FCSPA exhibited accelerated weight loss after 72 h, indicating its improved
degradation compared with those of other formulations. Furthermore, it exhibited a signifi-
cantly high drug-encapsulation efficiency, ensuring sustained release. FCSPA nanofibers
exhibited excellent antibacterial activity, inhibiting Staphylococcus aureus and Escherichia
coli. Regarding anticancer activity, FCSPA decreased HCT-116 cell viability, highlighting
its controlled drug-delivery potential. Moreover, FCSPA demonstrated superior antiox-
idation, scavenging DPPH free radicals. These findings highlight FCSPA nanofibers as
multifunctional platforms with wound-healing, drug-delivery, and tissue-engineering
potential.

Keywords: chitosan; poly(vinyl alcohol); electrospinning; drug-release; antibacterial;
anticancer; antioxidant

1. Introduction

Electrospinning is a powerful and adaptable technology for fabricating nano-to-
micrometer-scale fibers. It involves the alteration of various operational, process, and
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formulation parameters [1]. The fabrication of fibers through electrospinning of polymer
solutions has been widely studied, with key parameters including applied voltage, tip-to-
collector distance, solution feed rate, and solution characteristics [2]. The resultant fiber
mats can exhibit a nonwoven and/or aligned fiber structure, depending on the type of
collector used. Electrospinning has been used to fabricate nanofibers with extraordinary
properties, such as extremely high surface area/volume ratios and high porosity owing to
extremely small pore sizes. However, electrospun drug-carrying fibers exhibit high surface
area/volume ratios, making them suitable for diffusion- and disintegration-based drug
delivery [3]. Furthermore, electrospun nanofibers can encapsulate considerable amounts
of drugs (up to 40%) and facilitate prolonged, multiple-phase, or rapid drug delivery [4].
Consequently, nonwoven mats comprising electrospun nanofibers have considerable po-
tential for several uses, including biomedical applications such as drug delivery, wound
dressing, and antibacterial uses [5].

Chitosan (CHS), a (1-4)-linked 2-amino-2-deoxy-D-glucopyranose, is a derivative of
chitin, which is a common naturally occurring polysaccharide [6]. Because of its biocompat-
ible, renewable, biodegradable, wound-healing, antimicrobial, and antitumor properties,
CHS has attracted significant interest for its application in wound dressing, wound healing,
drug delivery, and tissue engineering [7]. Therefore, CHS-based nanofibers have emerged
as valuable biological materials owing to their biocompatibility, biodegradability, and
antibacterial characteristics. However, the amine (NH;) group in the backbone of CHS
saccharide and the strong hydrogen bonding between NH; and hydroxyl (-OH) groups
prevent continuous fiber formation in this material [8]. However, its polycationic behavior
in solution limits the feasibility of directly synthesizing CHS through electrospinning [9].
Numerous studies have attempted to increase the electrospinning capabilities of CHS by
combining it with other polymers, such as poly(vinyl pyrrolidone) [10], poly(vinyl alcohol)
(PVA) [11], poly(ethylene oxide) [12], silk fibroin [13], and zein [14].

Among them, PVA is a synthetic, linear, semicrystalline polymer composed of a carbon
chain and an OH group as its backbone and functional component, respectively [15,16].
PVA exhibits numerous essential characteristics, such as easy accessibility, water solubility,
high film-forming capacity, and thermostability [17]. Furthermore, PVA exhibits superior
fiber-forming capacity and hydrophilicity, and fibers electrospun from PVA have been
commercialized since the 1950s [18]. Furthermore, PVA can improve fiber spinning by
reducing the repulsive forces in charged polymer solutions. Notably, CHS can be inte-
grated with PVA for improved electrospinning, considering their relative miscibility and
comparable electrospinning behaviors, e.g., coagulation, orientation, and cross-linking [18].
Integrating PVA and CHS imparts the solution with the features of each component and
with additional valuable properties, such as good electrospinnability and mechanical
capabilities. Thus, CHS/PVA (CSPA) is a candidate for antimicrobial applications [19].
Additionally, electrospun CSPA nanofibers have been extensively investigated in recent
years because of their biocompatibility, biodegradability, and antibacterial capabilities in
tissue engineering [20-23].

Several nano-delivery systems, including nanofibers, nanoparticles, nanocapsules,
nanoliposomes, and dendrimers, have been investigated for antibacterial drug delivery [24].
The encapsulation of drugs in electrospun nanofibers offers several advantages, including
high surface area/volume ratios and porosities [25,26]. Compared to other nanocarriers
used for antibacterial drug delivery, nanofibers demonstrate high drug-loading capacity,
excellent encapsulation efficiency (EE%), minimal systemic toxicity, and enable both sus-
tained and controlled release profiles. However, no study has experimentally attempted the
electrospinning-based loading of CSPA with flufenamic acid (FFA), i.e., the electrospinning-
based preparation of FFA-loaded CSPA (FCSPA). FFA, a non-steroidal anti-inflammatory
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drug, has garnered attention for its drug-delivery potential as well as for its antibacterial,
cytotoxic, and anticancer applications [27,28]. FFA exhibits remarkable antibacterial and an-
tibiofilm properties; it significantly interrupts biofilm formation and limits bacterial growth,
making it a good alternative for fighting resistant diseases [29,30]. Furthermore, assessing
the cytotoxic and anticancer characteristics of this composite structure may provide new
avenues for drug-delivery systems targeting cancer cells [27,31].

In the present study, FFA-loaded CHS/PVA nanofibers were prepared by electro-
spinning, and the properties of CHS- and PVA-based composite nanofibers in different
ratios were investigated. The prepared CSPA and FFA-loaded CSPA (FCSPA) nanofibers
were characterized by scanning electron microscopy (SEM), Fourier-transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), and differential scanning calorimetry (DSC) to
evaluate their surface morphologies, functional group contents, surface areas, and thermal
properties, respectively. Furthermore, the effects of various CSPA ratios on the swelling
ratio, in vitro biodegradation, EE%, and release behavior of FCSPA nanofibers were investi-
gated. The antibacterial activities of CSPA and FCSPA nanofibers against gram-negative
Escherichia coli and gram-positive Staphylococcus aureus were determined by colony counting.
Additionally, the anticancer and antioxidant activities of CSPA and FCSPA were extensively
investigated. Our findings demonstrate that FCSPA nanofibers are versatile platforms with
potential for wound healing, drug delivery, and tissue engineering.

2. Materials and Methods
2.1. Materials

CHS (molecular weight [MW]: 50-190 kDa; 95% deacetylation degree) and FFA were
obtained from Sigma-Aldrich (St. Louis, MO, USA). PVA (MW: 146-186 kDa, 89% deacety-
lation degree) was procured from Daejung Company Ltd., Korea (Busan, Republic of
Korea), and deionized (DI) water was used as the solvent for the solutions. All chemicals
and solvents were used without further purification. The human colon cancer cell line
(HCT-116) was purchased from the Korean Cell Line Bank (Seoul, Republic of Korea).

2.2. Preparations of Chitosan/Poly(vinyl alcohol) and Flufenamic Acid-Loaded Chitosan/Poly(vinyl
alcohol) Solutions

To prepare the CSPA and FCSPA polymer solutions, 0.3 g of CHS (3% w/v) was
dissolved in 10 mL of 1% (v/v) acetic acid and stirred at ambient temperature for 3 h
until a clear solution was obtained. Concurrently, 2 g of PVA (10% w/v) was dissolved
in 20 mL of distilled water and stirred at 50 °C using a magnetic heater-stirrer for 4 h
to ensure complete dissolution. Thereafter, the CHS and PVA solutions were mixed at
different weight ratios (w/w): 30/70, 50/50, and 70/30 for CSPA-1, CSPA-2, and CSPA-3,
respectively, followed by stirring at ambient temperature for 1 h to achieve homogeneity
(Table 1). For the FCSPA solutions, the optimized CSPA sample, i.e., CSPA-3 ratio (70/30
w/w), was selected. FFA was dissolved in the mixing solution at a concentration of 25 mg
in 5 mL (Table 1). Subsequently, the mixture was continuously stirred until full dissolution
was achieved, ensuring uniform dispersion of all components.

Table 1. Compositions of chitosan (CHS)/poly(vinyl alcohol) (PVA), CSPA, and flufenamic acid-
loaded CSPA (FCSPA) nanofiber solutions.

Sample ID CHS PVA CHS:PVA Ratio FFA
(3% wiv) (10% wlv) (wlw) Content
CSPA-1 0.9 gin 30 mL 7 gin70 mL 30:70 -
CSPA-2 0.9 gin 30 mL 7 gin70 mL 50:50 -
CSPA-3 0.9 gin 30 mL 7 gin70 mL 70:30 -
FCSPA 0.9 g in 30 mL 7 gin70 mL 70:30 (CSPA-3) 25 mgin 5 mL
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2.3. Electrospinning Procedure

The prepared CSPA-1, CSPA-2, CSPA-3, and FCSPA solutions were loaded into a 5 mL
syringe with a 22 G needle and secured using a syringe pump. The flow rate was set to
1 mL/h, with a maintained needle-collector distance of 14 cm. Next, they were subjected
to a high voltage of 30 kV, and the room humidity was controlled at 60% to facilitate
uniform fiber formation (Scheme 1). Thereafter, the electrospun fibers were collected on an
aluminum foil-wrapped collector, washed multiple times with distilled water to remove
the residual acetic acid, and dried overnight in a desiccator at room temperature.

&
@f{m?ﬁ 3,

High voltage
~ power supply

(b) FFA-loaded CHS/PVA solutions

Syringe pump FFA-CHS/PVA NFs

Scheme 1. (a) Chemical structures of CHS, PVA, and FFA. (b) Schematic of the prepared FCSPA
nanofibers via electrospinning.

2.4. Characterizations

Before the electrospinning procedure, the shear viscosities at 100 s~; solution con-
ductivities; and surface tensions of the CSPA-1, CSPA-2, CSPA-3, and FCSPA solutions
were tested. Their viscosities were analyzed using a Brookfield LVT viscometer with a
small-sample thermostated adapter, spindle, and chamber SC4-18/13R at 25 + 0.1 °C.
Further, their conductive characteristics were measured using an Orion 162 conductivity
meter at room temperature, and their surface tensions were measured using the pendant
drop method and a tensiometer (OCA20, Dataphysics Instruments, Filderstadt, Germany).
For all in vitro assays, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofiber suspensions were
prepared at a standardized concentration (10 mg) per well to ensure consistent exposure
and account for the dose-dependent nature of the observed biological responses.

2.4.1. Scanning Electron Microscopy

The surface morphologies and fiber structures of the CSPA-1, CSPA-2, CSPA-3, and
FCSPA electrospun nanofibers were analyzed by SEM (FESEM JSM-7600F, JEOL, Tokyo,
Japan). The samples were sputter-coated with gold using an auto fine coater before imaging
to enhance their conductivities. SEM imaging was performed at an accelerating voltage
of 200 kV, and the fiber diameters were measured using Image] software (1.54j); 50 fiber
diameters were randomly selected for statistical analyses.

2.4.2. Fourier-Transform Infrared Spectroscopy

FTIR spectroscopy was performed to determine the chemical functional groups in the
samples and to examine the molecular interactions in the pure compounds, i.e., CSPA-3,
and FCSPA nanofibers. The FTIR spectra were verified within the 4000-400 cm ! range
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using an attenuated total reflectance module—equipped FTIR spectrometer (Perkin-Elmer,
Waltham, MA, USA).

2.4.3. X-Ray Diffraction

XRD (Shimadzu Corporation, Kyoto, Japan) was performed to investigate the crys-
talline structures of the pure molecules, CSPA-3, and FCSPA nanofibers. The measurements
were performed using a Cu—K« radiation source at 40 kV in a 20 range of 10-80°.

2.5. Swelling Ratio

The swelling properties of the CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers were
evaluated. To achieve this, the samples were immersed in phosphate-buffered saline (PBS)
solution at pH 7.4 and room temperature. The electrospun CSPA-1, CSPA-2, CSPA-3, and
FCSPA nanofibers were cut into uniform pieces (1 cm x 1 c¢m) to ensure consistency during
testing. The initial dry weight (Wy) of each sample was recorded using a high-precision
analytical balance. Subsequently, the samples were fully immersed in the PBS solution for
predetermined intervals (0, 1, 2, 3,4, 5, 6,9, 12, 15, 18, 21, and 24 h) while ensuring complete
submersion and minimal interference. At each interval, the samples were carefully removed
using tweezers, and excess surface water was gently blotted using filter paper to prevent
structural deformation. The swollen weight (W) was immediately measured and recorded.

The swelling percentage was calculated as follows:

Swelling ratio (%) = [(W1 — Wq)/Wy] x 100, 1
where Wy is the initial dry weight and W is the swollen weight after immersion.

2.6. Degradation Profile

The in vitro degradation behaviors of the CSPA-1, CSPA-2, CSPA-3, and FCSPA
nanofibers were evaluated by immersing them in PBS (pH 7.4) containing 0.15% (w/v)
lysozyme to simulate physiological enzymatic degradation. The nanofiber mats (~10 mg)
were cut into uniform pieces (1 cm x 1 cm) and placed in 10 mL PBS solution at 37 °C
inside a shaking incubator set at 100 rpm. At specified intervals (24, 48, and 72 h), the
samples were carefully removed, rinsed with DI water to remove the remaining salts, and
dried in a vacuum at 40 °C until a stable weight was achieved.

The degradation rate was determined as follows:

Degradation (%) = [(Wo — W¢)/Wy] x 100, (2)
where W) is the initial dry weight and W} is the remaining dry weight at each point.

2.7. Drug-Encapsulation Efficiency and Drug Release

To determine the drug EE% of the CSPA-3 electrospun nanofibers, we dissolved a
determined mass of each sample in 1 mL of acetic acid. Thereafter, the FFA concentration
of the solution was measured using high-performance liquid chromatography (Agilent
Technology, Santa Clara, CA, USA) at a maximum wavelength (Amax) of 254 nm. Sub-
sequently, we developed a conventional calibration curve for FFA, and the EE% was
computed as follows:

EE% = Total amount of encapsulated FFA /Theoretical amount of FFA x 100  (3)

The release profile of FFA from the CSPA-3 nanofibers was evaluated in PBS (pH 7.4)
at 37 °C under dynamic conditions. The electrospun FCSPA-3 nanofiber mats were cut
into 1 cm x 1 cm sections and precisely weighed (~10 mg). The nanofiber mats were
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immersed in 50 mL PBS (pH 7.4) in sealed glass vials. These vials were incubated in a
shaking water bath or an orbital shaker at 37 & 0.5 °C with gentle agitation at 100 rpm. To
maintain the sink conditions, 1 mL of the release medium was withdrawn and replaced
with an equal volume of fresh PBS at predetermined intervals (0, 1,2, 3, 4, 5, 6,9, 12, 15,
18,21, and 24 h). Thereafter, the obtained samples were filtered using 0.45 pm membrane
filters, and the concentration of the released FFA was measured by ultraviolet-visible
(UV-Vis) spectrophotometry at Apmax = 254 nm. The calibration curve for FFA in PBS was
developed to assess the drug concentration, after which the cumulative drug release (%)
was estimated.

2.8. Bacterial Culture

The antibacterial activities of the FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers
were assessed against S. aureus and E. coli using the colony-counting method. To begin, bac-
terial suspensions were prepared by inoculating fresh bacterial cultures in Mueller-Hinton
broth (MHB) using an incubation time of 24 h at 37 °C until they reached a concentration
of 10° CFU/mL. The electrospun nanofiber samples (3.5 cm?) were sterilized under UV
light for 30 min before immersion in separate tubes containing 10 mL of bacteria-inoculated
MHB. The tubes were incubated at 37 °C with continuous shaking at 100 rpm, and at
predetermined intervals (0, 2, 4, 6, 12, and 24 h), 100 uL aliquots of the bacterial suspension
were withdrawn, serially diluted in sterile PBS, and spread onto Mueller—-Hinton agar
plates. After 24 h of incubation at 37 °C, the colony-forming units were counted and
compared with those of the control group (ciprofloxacin and vancomycin), consisting of
bacteria without nanofiber treatment. The percentage reduction in bacterial viability was
subsequently calculated as follows:

Bacterial reduction (%) = [(CFU_control — CFU_treated)/CFU_control] x 100  (4)

The bacterial cultures (initial optical density at 600 nm [ODggpl: ~0.05) were
treated with FFA-loaded nanofibers, free FFA, or a standard antibiotic (vancomycin and
ciprofloxacin) in 96-well plates. The cultures were incubated with shaking at 37 °C, and the
ODyggp was measured at 0, 4, 8, 12, and 24 h using a microplate reader. All treatments were
performed in triplicate to evaluate the time-dependent antibacterial effects.

2.9. Cytotoxicity Assay

The cytotoxicities of the FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers were
assessed on HCT-116 cell lines using the 3-[4,5-dimethylthiazol-2-yl]-2,5 2,5-diphenyl
tetrazolium bromide (MTT) assay. The HCT-116 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin and maintained at 37 °C in an incubator containing 5% CO,.
Electrospun nanofiber samples were cut into 6 mm diameter discs, sterilized under UV
light for 30 min, and placed in 96-well culture plates. The cells were seeded at a density
of 5 x 103 cells per well and incubated for 24 h to facilitate cell attachment. Following
incubation, the culture medium was replaced with fresh medium containing FFA, CSPA-1,
CSPA-2, CSPA-3, and FCSPA nanofibers, which were prepared via immersion in DMEM
for 48 h at 37 °C. Next, 20 uL of MTT solution (5 mg/mL in PBS) was added to each
well, followed by incubation for 4 h. Formazan crystals were immersed in 150 pL of
dimethyl sulfoxide, and the absorbance was measured at 570 nm using a microplate reader.
Thereafter, the cell viability was estimated using the following equation:

Cell viability (%) = (Absorbance of test sample/Absorbance of control) x 100  (5)
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2.10. Cell Imaging

To investigate the cell adhesion and morphology of the samples, HCT-116 cells were
seeded onto a control as well as onto FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofiber
scaffolds at a density of 5 x 10° cells per well in 24-well plates. Next, the cells were incu-
bated at 37 °C in a 5% CO, environment for 48 h to facilitate attachment and proliferation.
Subsequently, they were fixed with 4% paraformaldehyde for 15 min, washed three times
with PBS, and permeated with 0.1% Triton X-100 for 5 min. Next, the nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) for 10 min.
Following staining, the samples were rinsed with PBS and observed under a fluorescence
microscope to assess cell morphology.

2.11. Antioxidant Activity

The antioxidant activities of free FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers
were determined using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging
assay. Each 10 mg sample was separately immersed in 1 mL of DPPH ethanolic solution
(10~* mol/L) and incubated in the dark at room temperature for varied durations (6, 12,
18, and 24 h). Additionally, a DPPH solution containing FFA was used as the control. The
percentage of DPPH-scavenging activity was calculated as follows:

DPPH-scavenging activity (%) = Ag — Aj/Ag x 100 (6)

where A is the absorbance of the control solution (DPPH) and A; is the absorbance
of the solution containing the corresponding free FFA, CSPA-1, CSPA-2, CSPA-3, and
FCSPA nanofibers.

2.12. Statistical Analysis

The studies were performed in triplicate, and the data were reported as mean + standard
deviation. SPSS version 27.0 was used to perform a one-way analysis of variance, followed by
Tukey’s test. A p-value < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Nanofiber Morphologies

The surface morphologies and physical properties of the electrospun scaffolds were
analyzed by SEM. Figure 1 shows the effects of varying the CSPA ratios (30/70 [CSPA-1],
50/50 [CSPA-2], and 70/30 [CSPA-3]), along with the FFA-loaded CSPA-3 fiber mats, des-
ignated as FCSPA. The SEM images revealed that the electrospun CSPA-1, CSPA-2, and
CSPA-3 nanofibers were bead-free, continuous, and randomly oriented [32]. A comparative
analysis of Figure 1a,c,e demonstrates that increasing the CHS content caused a substan-
tial increase in the average diameter of the nanofiber, induced noticeable morphological
alterations, and caused an increase in the random-alignment degree [32]. Specifically, at
a CSPA ratio of 70/30 (w/w), the nanofibers appeared to be smooth and without bead
defects (Figure le), making this composition optimal for further investigation. Among
the electrospun nanofibers, the FCSPA variant exhibited reduced average fiber diameter
with increasing CSPA content (Figure 1g) [33]. Notably, FFA incorporation caused a sig-
nificant decrease in the fiber diameter as the size of the CSPA-3 nanofiber decreased from
347 £ 61 nm to 81 £ 27 nm, following FFA-drug loading (Figure 1i-1) [34]. The variations
in the CSPA content affected the fiber diameter and indirectly affected the FFA-loading
efficiency of the CSPA-3 nanofibers. Notably, CHS addition increased the average fiber
diameter, as observed with the increasing CHS contents of the CSPA-1, CSPA-2, and CSPA-3
formulations. In contrast, the presence of FFA in the CSPA-3 formulation (FCSPA) caused
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a reduction in the average fiber diameter, likely due to the enhanced surface charge and
electrostatic repulsion, which facilitated the formation of finer nanofibers.
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Figure 1. Field-emission scanning electron microscopy (FESEM) micrographs of (a,b) CSPA-1,
(c,d) CSPA-2, (e,f) CSPA-3, and (g h) FCSPA nanofibers. (i-1) Distributions of the diameters of
the CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers.

3.2. Surface Properties of Nanofibers

The FTIR spectra of CHS, PVA, CSPA (w/w: 70/30), CSPA-3 nanofibers, FFA, FFA-
loaded CSPA (w/w: 70/30), and FCSPA nanofibers are shown in Figure 2. In the FTIR
spectrum of CHS, the peaks at 1649 and 1547 cm ™! corresponded to the C=O vibration
and N-H bending, respectively (Figure 2a). The band at 1380 cm ! was associated with
CH, deformation, and the absorption band at 1077 cm~! corresponded to the stretching
of the C-O-C bond [15]. The FTIR spectrum of PVA showed a broad O-H stretching
band at 3200-3600 cm ™!, indicating the presence of -OH groups and hydrogen bonding,
whereas C-H stretching occurred at 28003000 cm ™!, indicating methylene (~CH,) vibra-
tions (Figure 2b). The C=0 stretching at 1659 cm ™! corresponded to residual acetate groups,
and the O-H bending at 1592 cm ! was related to the absorbed water [16]. Furthermore,
C-H bending was observed at 1400-1500 ecm~ 1 and C-O stretching was observed around
1141 cm~! and was associated with the polymer crystallinity. The FTIR spectrum of the
CSPA-3 nanofibers showed broad O-H and N-H stretching peaks at 3278-3326 cm !, indi-
cating hydrogen bonding between -OH and NH, (Figure 2c). Furthermore, C-H stretching
was observed at 2800-2950 cm ™!, corresponding to ~CHj vibrations, whereas the C=O
stretching band at 1640-1690 cm ! was attributed to the presence of polymer interactions or
residual acetate groups [21]. The C-O-C and C-N stretching between 1085 and 1144 cm ™!
reflected the polysaccharide structures of CHS and PVA.
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Figure 2. Fourier-transform infrared (FTIR) spectra of (a) CHS, (b) PVA, (c) CSPA-3 nanofibers,
(d) FFA, and (e) FCSPA nanofibers.

A broad N-H stretching band was observed in the FTIR spectrum of FFA at 3321 cm ™!,
and it corresponded to the presence of a secondary NH; group. The C=0O stretching

vibration at 1652 cm 1

corresponded to the carbonyl group, whereas the C-H stretching
between 2800 and 3100 cm ! corresponded to the aromatic and aliphatic C-H vibrations
(Figure 2d). The C=C stretching at 1500-1600 cm ! represented vibrations of the aromatic
rings, and the C-F stretching between 1100 and 1400 cm ! was attributed to the presence of
a trifluoromethyl group [35]. The FTIR spectrum of FCSPA nanofibers exhibited broad O-H
and N-H stretching bands at 3200-3500 cm !, highlighting hydrogen bonding from ~OH
and NH, (Figure 2e). The C=0 stretching peak at 1650 cm ! indicated FFA incorporation
into the CSPA-3 matrix. The C-H stretching vibrations at 2800-3000 cm ! were attributed
to the CH, groups, and the C-O-C and C-N stretching bands between 1085 and 1145 cm ™!
indicated the formation of ether and NH; bonds, representing the FCSPA nanofibers.
The incorporation of FFA largely shifted the peak positions with changes in intensity,
highlighting the interactions between the FFA drug and the CSPA-3 matrix. These spectral
characteristics confirmed the integration of FFA into the CSPA-3 nanofiber matrix.

The XRD patterns of the crystalline and amorphous structures of pure CHS, PVA,
CSPA (w/w; 70/30), CSPA-3 nanofibers, FFA, FFA-loaded CSPA (w/w; 70/30), and FCSPA
nanofibers were analyzed (Figure 3). The XRD patterns of CHS and PVA exhibited broad,
diffuse peaks. CHS exhibited a distinct peak at approximately 26 = 20.3° (Figure 3a),
whereas PVA exhibited a peak around 26 = 19.2° (Figure 3b), characteristic of an amor-
phous phase [32,33]. In contrast, the XRD spectrum of the electrospun CSPA (w/w; 70/30)
nanofibers (Figure 3c) exhibited decreased intensity for the peaks associated with CHS
and PVA, indicating the formation of intermolecular and intramolecular hydrogen bonds
between CHS and PVA during electrospinning [32,33]. The XRD pattern of FFA revealed
sharp, well-defined peaks at 20 of 13.4°, 14.6°, 17.8°,18.3°, 19.2°, 22.7°, 24.3°, 26.1°, 30.1°,
and 31.0°, indicating its crystalline nature (Figure 3d) [36]. However, the XRD pattern of the
FFA-loaded CSPA (w/w: 70/30) nanofibers did not show the sharp crystalline peaks of FFA.
The peaks were replaced by broad peaks. This change in the diffraction pattern indicates
disruption of the crystalline structure of FFA owing to the dissolution of FFA in water and
its blending with the CSPA matrix during electrospinning (Figure 3e). Consequently, the
absence of distinct diffraction peaks for FFA may be attributed to its low concentration in
the composite fibers, which probably falls below the detection threshold of the instrument.
Additionally, FFA may be present in amorphous or molecularly dispersed states within the
CSPA matrix, further contributing to the lack of identifiable crystalline features [37].
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Figure 3. X-ray diffraction (XRD) patterns of (a) CHS, (b) PVA, (c) CSPA-3 nanofibers, (d) FFA, and
(e) FCSPA nanofibers.

3.3. Thermal Properties of Nanofibers

Figure 4 depicts the DSC analyses of CHS, PVA, CSPA (w/w; 70/30), CSPA-3
nanofibers, FFA, FFA-loaded CSPA (w/w; 70/30), and FCSPA nanofibers. The DSC study
of pure CHS and PVA revealed a rather large and highly endothermic curve with peaks at
196 °C and 192 °C (Figure 4) [20,22]. Moreover, the CSPA-3 nanofiber exhibited a peak shift
toward lower temperatures, resulting in the development of a broad endothermic curve at
164 °C. The melting-point reduction of PVA in the blends indicated that there was slight
mixing between PVA and CHS [22,23]. Furthermore, the decrease in the endothermic heat
was attributable to the presence of amorphous CHS, which damaged the crystalline struc-
ture of PVA in the polymer blends. The pure FFA drug exhibited a pronounced endothermic
peak at 160 °C, indicating crystal melting. Similarly, the peaks of the endothermic curve
of FCSPA nanofibers migrated to higher temperatures at 212 °C, following the addition
of FFA-loaded CSPA-3 nanofibers. Upon the addition of FFA, the endothermic curves of
the FCSPA nanofibers became less noticeable and eventually disappeared. These results
indicated substantial interactions between the functional groups of CSPA and FFA. The
DSC results exhibited good agreement with the XRD pattern, indicating consistent thermal
and structural properties of the material.
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Figure 4. Differential scanning calorimetry (DSC) analyses of the (a) CHS, (b) PVA, (c) CSPA-3
nanofibers, (d) FFA, and (e) FCSPA nanofibers.

3.4. Swelling Evaluation

The water-absorption capacities of the scaffolds were evaluated by measuring their
swelling in a PBS solution. The results demonstrated that all nanofibers facilitated effective
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water uptake, which increased with prolonged exposure to the aqueous environment. To
determine the swelling percentages of the CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofiber
mats (Figure 5a), we determined their equilibrium swelling ratios at 24 h, obtaining approx-
imately 169 =+ 8.4%, 187 £ 6.3%, 245 £ 12.2%, and 302 £ 15.1%, respectively. As shown in
Figure 5a, differences were observed in the swelling behaviors of the scaffolds, with the
FCSPA nanofiber mats exhibiting the highest water uptake compared with those of CSPA-1,
CSPA-2, and CSPA-3 [38]. The increase in the swelling percentage may be attributed to the
enhancement of the -OH groups in the FCSPA nanofibers during blending. Additionally,
the higher swelling capacity of the FCSPA nanofibers indicated that the presence of FFA
in the scaffolds increased their surface area, making them more suitable for cell adhesion
and infiltration. Overall, the FFA-loaded CSPA-3 nanofibers exhibited high absorption
capacities (>300%), maintaining a stable swollen state [39]. This property is beneficial for
preserving moisture conditions, making them promising for wound-healing applications
as well as ensuring controlled and sustained drug release in drug-delivery systems. The
SEM graphs (Figure 5b,c) show that the FCSPA nanofibers maintained their integrity after
being immersed in PBS for 24 h, thereby indicating their stability in water solution.
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Figure 5. (a) Swelling ratios of CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers at different incubation
times. Scanning electron microscopy (SEM) images of the degrees of swelling of the FCSPA nanofibers
(b) before and (c) after immersion in PBS for 24 h. (d) In vitro biodegradation of CSPA-1, CSPA-2,
CSPA-3, and FCSPA nanofibers at different incubation times. SEM images of in vitro degradation of
the FCSPA nanofibers (e) before and (f) after 72 h of immersion in PBS (n = 3; p < 0.05).

3.5. In Vitro Degradation

Biodegradation is a key factor in determining the suitability of nanofibers for biomed-
ical applications. The CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofiber mats exhibited
progressive weight loss over time (Figure 5d). Notably, the degradation rate of the FCSPA
nanofiber mat was higher than that of CSPA-1, CSPA-2, and CSPA-3. This may be due
to the incorporation of FFA into the CSPA-3 formulation, which disrupts polymer chain
entanglement and accelerates the degradation process [40]. The highest degradation rate
was observed in the FCSPA nanofibers, likely due to the increased content of the highly hy-
drophilic polymer PVA. After 72 h, the degradation rates for CSPA-1, CSPA-2, and CSPA-3
were 77.2 + 2.38%, 79.0 & 3.07%, and 83.6 £ 3.19%, respectively. In contrast, the FCSPA
scaffolds exhibited significantly higher degradation rates (98.12 = 3.31%), highlighting their
excellent biodegradability [40]. The degradation behaviors of the FCSPA nanofibers before
and after PBS immersion for 24 h were investigated by SEM. In Figure 5e, the morphology
of the FCSPA nanofibers appeared to have degraded; however, their fibrous structure was
still visible before 72 h. In contrast, Figure 5f shows that after 72 h, the surface leveled
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off, with some pores present on the surface. This change was attributed to the excellent
water solubility of PVA in the blend, which ensured moisture retention and facilitated the
biodegradation of the FCSPA nanofibers.

3.6. Loading Efficiency and In Vitro Drug Release

The absence of thermal reactions during electrospinning is advantageous for the
encapsulation of thermolabile bioactive substances. As illustrated in Figure 6a, the EE%
of FFA in CSPA-1, CSPA-2, and CSPA-3 nanofibers were 77.3 & 1.86%, 83.4 £ 2.31%,
and 91.2 + 0.95%, respectively. In all FFA-loaded nanofibers, the EE% exceeded 75%,
demonstrating the effective dispersion of FFA within the CSPA solution, where it remained
stably encapsulated after electrospinning [41]. A notable increase in EE% was observed
when the CSPA ratio was adjusted to 70/30 (w/w). This enhancement was attributed to
the increased CHS concentration, which facilitated the formation of additional hydrogen
bonds between CHS and PVA. Consequently, this interaction likely weakened the binding
capacity of FFA with the CSPA matrix, resulting in an enhanced EE%.
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Figure 6. (a) Drug-encapsulation efficiencies (EE%) of the CSPA-1, CSPA-2, and CSPA-3 nanofibers.
(b) Drug-release profiles of the FCSPA nanofibers in PBS (pH 7.4) at various intervals (n = 3; p < 0.05).

UV-Vis spectroscopy was performed to analyze the release profile of FFA from the
CSPA-3 nanofiber mats, providing insights into the structure—function relationship of the
electrospun FCSPA nanofibers in PBS within 24 h (Figure 6b). The release behavior of free
FFA was used as a control. After 24 h, the release rate of FFA from the FCSPA nanofibers
reached 93.27 &+ 2.31%, whereas free FFA exhibited a release rate of 91.34 4 0.98% within
9 h [41]. Additionally, free FFA demonstrated a rapid release of 96.1 &= 1.20% within the
first 7 h, which was significantly higher than that of FCSPA nanofibers, which released
88.14 & 1.37% of the loaded FFA drug. Within the first 3 h, only 68.4% of the drug was
released from the FCSPA nanofibers, a considerably lower rate than that of pure FFA. More-
over, the higher water-uptake capacity of the FCSPA nanofibers may have contributed to
the accelerated release of FFA. Burst release, a phenomenon frequently observed in various
drug-delivery systems, was evident. This effect can benefit specific applications, such as
wound treatment and targeted drug delivery, where an initial high drug concentration is
beneficial.

3.7. Antibacterial Activity

The antibacterial properties of FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers
against S. aureus (gram-positive) and E. coli (gram-negative) were evaluated using the
colony-counting method (Figure 7a). Among them, FCSPA demonstrated a significantly
higher inhibition rate than the blank CSPA-1, CSPA-2, and CSPA-3 nanofibers, highlighting
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the strong antibacterial performance of the FFA drug [42]. As shown in Figure 7b,c,
the antibacterial efficacy of the FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers
ranged from 39.2% to 98.5% and 39.8% to 96.7% against S. aureus and E. coli, respectively.
The inhibition rate of the FCSPA nanofibers reached 98.5 £ 3.89% against S. aureus and
96.7 & 2.17% against E. coli, which were significantly higher than those of FFA (39.2 £ 1.75%
and 39.8 £ 2.09%), CSPA-1 (54.3 £ 1.21% and 49.8 £ 2.39%), CSPA-2 (68.7 £ 2.18% and
63.6 £ 1.99%), and CSPA-3 (79.7 £ 2.06% and 76.5 £ 1.28%), respectively (Figure 7b,c) [10].
Interestingly, the antibacterial activity was more pronounced against S. aureus than against
E. coli, which may be attributed to structural differences in the cell walls of gram-positive
and gram-negative bacteria [23,33]. These findings suggest that the incorporation of
FFA into CSPA-3 nanofibers significantly enhances their antimicrobial properties against
both bacterial strains. Bacterial growth kinetics revealed that the standard antibiotics
(vancomycin and ciprofloxacin) maintained the lowest ODggg values (0.05-0.1), indicating
strong inhibition. FCSPA nanofibers showed moderate suppression with ODgq reaching
0.25 at 24 h, whereas free FFA exhibited the least effect with ODyg increasing to 0.89
(Figure 7d,e). These results highlight the enhanced and sustained antibacterial activity of
the FCSPA nanofiber-based delivery system compared with that of free FFA.

3.8. Anticancer Analysis

Figure 8a shows the percentage of viable cells over 24 and 48 h of incubation. Com-
pared with the control, the nanofibers demonstrated increased cell viability, with FFA ob-
taining 64.93 £ 2.14% and 68.69 = 3.18%, CSPA-1 showing 61.37 4= 1.29% and 59.81 £ 2.47%,
CSPA-2 at 56.31 £ 0.98% and 53.29 + 2.07%, and CSPA-3 at 68.19 £ 2.62% and 71.25 £ 1.93%
viability over the 24 and 48 h incubation periods, respectively [14]. Furthermore, the FCSPA
nanofiber scaffolds exhibited significantly enhanced cell viability, reaching 73.02 & 2.17%
and 74.21 £ 1.67% at 24 and 48 h, respectively. However, a slight reduction in cell viability
was observed in the FCSPA nanofibers, suggesting that FFA incorporation influenced the
biocompatibility of the CSPA-3 nanofiber mats. This may be attributed to the decreased
density of amino groups due to FFA grafting onto the CSPA backbone [37]. FFA appears to
create a more conducive environment for cell attachment, differentiation, and proliferation
owing to its inherent biocompatibility and biodegradability. These properties make it a
promising candidate for biomedical applications, particularly in tissue engineering and
regenerative medicine. Figure 8b illustrates the cellular behavior of HCT-116 cells cultured
on the nanofiber scaffolds after 48 h of incubation. Cellular internalization was assessed
using DAPI and PI staining, and the resulting images were captured using confocal laser
scanning microscopy. The fluorescence images demonstrated that, compared with the con-
trol, the nanofiber scaffolds supported significantly higher cellular activity [43]. A greater
number of HCT-116 cells adhered to and spread across the surfaces of FFA, CSPA-1, CSPA-2,
CSPA-3, and FCSPA nanofibers, indicating enhanced cell-substrate interactions [44].
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Figure 7. (a) Antimicrobial activities of FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers against
S. aureus and E. coli. Inhibition rates of FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers against
(b) S. aureus and (c) E. coli. (d,e) Bacterial growth kinetics (ODg) over time for FCSPA nanofibers,
free FFA, and a standard antibiotic (n = 3; p < 0.05).

3.9. Antioxidant Analysis

The radical scavenging activity of newly fabricated materials is typically assessed
using the DPPH radical entrapment method to evaluate their antioxidant properties in bio-
logical systems. The DPPH free radical scavenging activities of free FFA, CSPA-1, CSPA-2,
CSPA-3, and FCSPA nanofibers exhibited time-dependent responses, with the scavenging
rate increasing over time (6, 12, 18, and 24 h), indicating the sustained release of FFA from
the CSPA (FCSPA) matrixes (Figure 9). Notably, the antioxidant activity of the FFA-loaded
CSPA-3 nanofiber formulation (86.21 £ 2.36%) was significantly higher than that of the
free FFA (48.5 &+ 1.92%), CSPA-1 (39.8 £ 1.24%), CSPA-2 (61.7 & 0.99%), and CSPA-3
(73.14 & 3.17%) at 24 h. This enhancement can be attributed primarily to the antioxidant
properties of CHS and the incorporation of FFA into the nanofiber structure [40,45]. The
increased scavenging activity of FCSPA nanofibers underscores the significant contribution
of FFA to its antioxidant performance. The notable antioxidant activity of the FFA-loaded
CSPA-3 nanofibers was likely attributable to the high concentration of antioxidants present
in the FFA. As the immersion time in the DPPH solution increased, more FFA was released
from the nanofibers, resulting in a corresponding increase in the DPPH free radical scav-
enging activity [10,40,45]. The antioxidant activity of FFA is attributed to the presence of
an —OH group at the carbon position. These findings indicate that the incorporation of
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FFA into the CSPA-3 nanofiber substantially enhances its antioxidant capacity, making it a
promising candidate for biomedical applications requiring sustained antioxidant effects.
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Figure 8. (a) MTT assay for the HCT-116 cancer cells of control as well as the FFA, CSPA-1, CSPA-2,
CSPA-3, and FCSPA nanofibers after 24 and 48 h. (b) HCT-116 cancer cells treated with control as
well as FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA nanofibers using bright-field, fluorescence-DAPI,
PI staining, and merged images after 48 h. Scale bar: ~100 um. (n = 3; p < 0.05).
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Figure 9. Radical scavenging activities of the free FFA, CSPA-1, CSPA-2, CSPA-3, and FCSPA
nanofibers at different intervals (6, 12, 18, and 24 h) (n = 3; p < 0.05).

As presented in Table 2, the FFA-loaded CSPA nanofibers developed in this study
demonstrated superior EE (91.2%) compared to other bioactive compound-loaded
nanofiber systems reported previously [46-49]. Moreover, the sustained release of FFA
over 72 h significantly exceeds the release durations typically observed for compounds like
quercetin, ibuprofen, and resveratrol, which commonly exhibit burst or moderate-duration
release profiles. The pronounced antioxidant activity and morphological integrity of the
FCSPA nanofibers further highlight the effectiveness of the CSPA matrix in stabilizing
and delivering FFA. These findings underscore the enhanced performance and poten-
tial applicability of the FFA nanofiber system in controlled drug delivery and bioactive
wound-healing platforms.

Table 2. Comparative performances of FCSPA nanofibers and other reported bioactive compound-
encapsulating nanofibers.

Release

Drug Polymer Matrix EE (%) Duration (h) Bioactivity Ref.
FFA CSPA 91.2 72 Antioxidant This study
Curcumin PCL/PEG 70 48 Anti-inflammatory [46]
Quercetin PVA/CHS 78 12 Antioxidant [47]
Ibuprofen PLA 65-75 8-24 Anti-inflammatory [48]
Resveratrol Gelatin 80-90 48 Antioxidant [49]

4. Conclusions

In the present study, we encapsulated FFA in CSPA nanofibers via electrospinning,
yielding FCSPA. The morphologies, chemical compositions, surface characteristics, and
thermal properties of the prepared CSPA and FCSPA nanofibers were examined by SEM,
FTIR, XRD, and DSC, respectively. The FESEM images of the CSPA and FCSPA nanofibers
exhibited a narrow distribution, uniform structures, and a smooth morphology. The FC-
SPA nanofibers exhibited superior swelling capacity (302 £ 15.1% at 24 h), accelerated
biodegradation (98.12 £ 3.31% at 72 h), and high EE% (91.2 £ 0.95%). The controlled
drug-release experiments indicated the stability of FFA drugs that were released within
24 h (93.27 £ 2.31%). The FCSPA nanofibers inhibited E. coli (96.7 + 2.17%) and S. aureus
(98.5 & 3.89%), and their antibacterial effects against gram-positive bacteria were better
than those against gram-negative bacteria. Furthermore, their cell viabilities and anticancer
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activities indicated that the FCSPA nanofibers exhibited low toxicity and good anticancer
activity against the HCT-116 cell line. The FCSPA nanofibers delivered the highest antioxi-
dant performance among the tested samples, achieving an 86.21 + 2.36% DPPH-scavenging
activity in 24 h. These results highlight the fabricated FCSPA nanofiber as a promising
candidate for wound-healing, drug-delivery, and tissue-engineering applications. How-
ever, because we have not comprehensively validated the aforementioned biomedical
applications of our FCSPA nanofibers, we anticipate that further in vivo studies will focus
on validating their clinical potential.
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Abbreviations

FFA Flufenamic acid
CHS Chitosan

PVA Poly(vinyl alcohol)

CSPA CHS/PVA
FCSPA FFA-loaded CHS/PVA

SEM Scanning electron microscopy
FTIR Fourier-transform infrared

XRD X-ray diffraction

DSC Differential scanning calorimetry

FESEM  Field-emission scanning electron microscopy
E. coli Escherichia coli

S.aureus  Staphylococcus aureus

DPPH 2,2-Diphenyl-1-picrylhydrazyl

MW Molecular weight

DI Deionized

NF Nanofiber

PBS Phosphate-buffered saline

Wo Initial dry weight

Wy Swollen weight

EE% Drug-encapsulation efficiency
MHB Mueller-Hinton broth

CFU Colony-forming units

ODgno Optical density at 600 nm
MTT 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide

DMEM  Dulbecco’s modified Eagle’s medium
DAPI 4’ 6-Diamidino-2-phenylindole
PI Propidium iodide
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Abstract: A new series of chitosan-based pyrazole derivatives was successfully prepared
via crosslinking chitosan using either malonopyrazole (MPy-Cs) or thiopyrazole (TPy-Cs).
Three derivatives of TPy-Cs were produced based on their content of TPy, namely TPy-Cs1,
TPy-Cs2, and TPy-Cs3 of crosslinking degrees of 71, 48, and 29%, respectively. Further,
various weight ratios of ZnO nanoparticles were loaded into some of these derivatives to
obtain the corresponding ZnONP bio-composites. FTIR, XRD, SEM, and TEM techniques
were employed to emphasize the chemical, internal, and morphological structure of these
derivatives. Although MPy-Cs derivatives did not show any activity against all the exam-
ined cancer cell lines, TPy-Cs derivatives exhibited an appreciable anticancer activity which
greatly improved with increasing their TPy content, i.e., from TPy-Cs3 to TPy-Csl. The
TPy-Csl displayed ICsq (14.4 ug/mL) against the HN9 cell line that was comparable to the
Doxorubicin (DOX) standard drug (12.6 pg/mL). Among all the prepared composites, TPy-
Cs3/ZnONPs-5% was the most potent anticancer candidate against all the tested cancer cell
lines, although it does not exceed the anticancer activity of DOX. Tpy-Cs2 and its ZnONP
composites were safe on normal human skin fibroblast (HSF) cell lines. Thus, the inclusion
of both TPy and ZnONPs into the chitosan matrix fostered its anticancer efficiency.

Keywords: chitosan; pyrazole; synthesis; ZnO nanoparticles; anticancer activity; cytotoxicity

1. Introduction

Cancer is a leading global cause of death, resulting from abnormal cell proliferation
that spreads throughout the body. Chemotherapy drugs play a crucial role in combating
this deadly disease [1]. To enhance survival rates and decrease tumor size, numerous cancer
patients depend on the use of chemotherapeutic medications [2]. While chemotherapeutic
drugs enhance the effectiveness of cancer treatment, certain patients may endure drug-
induced side effects [3].

The high-dose requirement, poor bioavailability, low selectivity index, development
of drug resistance, and non-specific interactions are major drawbacks of chemotherapeutic
drugs. Therefore, there is an urgent need to develop a suitable drug delivery system to
reduce the therapeutic dose or frequency, and thereby minimize the toxic effects of the
anticancer drugs [4,5].

Biopolymers are utilized as carriers in delivering active pharmaceutical ingredients.
They play a crucial role in developing various delivery systems, such as hydrogels, micelles,
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tablets, capsules, and particulate systems (nanoparticles, beads, and micro) [6-8]. As a
carrier, the biopolymer must be non-toxic, biodegradable, and biocompatible. The latter two
properties help to remove the carrier after drug administration [9,10]. Some biopolymers
used in drug delivery systems include cellulose, alginate, gellan gum, pectin, gum arabic,
guar gum, starch, gelatin, chondroitin sulfate, and hyaluronic acid [11]. Among these,
chitosan is one of the most widely used biopolymers in the pharmaceutical industry [12-14].

Chitosan is a biocompatible and biodegradable polymer that is derived from chitin [15].
Chitosan shows various biochemical activities such as antiproliferative and antimicrobial
activity, immune activation, cholesterol level-lowering activities, production of phytoalexin-
eliciting activities, antihypertensive action(s), and neuroprotective, wound-healing, and
antiulcer activities [16,17]. Chitosan is frequently utilized as a delivery vehicle for nucleic
acids, chemotherapeutic drugs, or anticancer compounds due to its biocompatibility. Addi-
tionally, chemically modified chitosan derivatives can be used as antiproliferative agents,
either on their own or in conjunction with other anticancer agents [18,19].

Chitosan can cause programmed death of cancer cells, often by activating caspases
and other apoptotic pathways [20]. It also helps to inhibit tumor growth and metasta-
sis by reducing inflammation [21]. Chitosan increases the activity of immune cells like
macrophages and natural killer (NK) cells, improving the ability of the body to target
cancer cells [22]. The biocompatibility of the chitosan enables it to be used as a carrier
for anticancer drugs, increasing efficacy while reducing side effects [23]. It also inhibits
the formation of new blood vessels, which tumors require to grow and spread [24], and
may influence metabolic pathways in cancer cells, disrupting their energy production and
viability [25].

Pyrazoles are five-membered heterocycles that form a class of compounds particularly
useful in organic synthesis. They are one of the most studied groups of compounds within
the azole family. A wide variety of synthesis methods and synthetic analogues have been
reported over the years. The presence of the pyrazole nucleus in different structures leads
to diverse applications in areas such as technology, medicine, and agriculture. They are
described as inhibitors of protein glycation, and have been found to possess antibacterial,
antifungal, anticancer, antidepressant, anti-inflammatory, anti-tuberculosis, antioxidant,
and antiviral properties [26,27].

Nowadays, pyrazole systems have garnered increased attention as biomolecules due
to their intriguing pharmacological properties. This heterocycle can be found in numerous
well-established drugs across diverse therapeutic categories [28,29]. Pyrazole derivatives
frequently inhibit the proliferation of cancer cells. They can disrupt key signaling pathways
that control cell cycle progression, resulting in apoptosis (programmed cell death). Many
pyrazole compounds inhibit specific enzymes involved in cancer cell metabolism. For
example, some pyrazole derivatives have been shown to inhibit cyclooxygenase (COX)
enzymes, which are involved in tumor growth and progression. Pyrazoles can activate
apoptotic pathways in cancer cells by regulating the expression of apoptosis-related pro-
teins such as Bcl-2 family proteins and caspases. Certain pyrazole derivatives may inhibit
angiogenesis, the formation of new blood vessels required for tumor growth. This may
involve inhibiting the vascular endothelial growth factor (VEGF) signaling pathway. Pyra-
zoles can influence key signaling pathways, including the PI3K/Akt and MAPK pathways,
which are frequently dysregulated in cancer. Some pyrazoles can cause oxidative stress in
cancer cells, resulting in their death. The increased reactive oxygen species (ROS) levels
can damage cellular components, accelerating apoptosis [30,31].

Zink oxide nanoparticles (ZnONPs) can trigger apoptosis in cancer cells via intrinsic
pathways. This process involves mitochondrial dysfunction, which results in the release of
cytochrome C into the cytosol, activating caspases and initiating apoptotic cascades [32].
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ZnONPs have been shown to produce ROS within cancer cells, which cause oxidative
stress. Increased ROS levels can cause cellular damage, disrupt redox balance, and activate
apoptotic pathways [33,34]. ZnONPs upregulate cyclin-dependent kinase inhibitors, which
can result in cell cycle arrest in the G1, S, or G2/M phases. This stops cancer cells from
growing and can make other therapies more successful [35]. By preventing the production
of blood vessels, ZnONPs may have anti-angiogenic effects by blocking vascular endothelial
growth factors. This restricts the access of the tumors to oxygen and nutrition, which
stops them from growing [36]. According to some research, ZnONPs have the ability
to specifically target cancer stem cells, which are essential for tumor dissemination and
recurrence. ZnONPs can enhance overall therapy results by decreasing the population of
cancer cells [37]. ZnONPs have the ability to improve the effectiveness of other therapeutic
treatments, including radiation and chemotherapy. Better treatment results and fewer
negative effects may result from this synergistic impact [38].

Accordingly, in this work and for the first time, the anticancer activity of chitosan
was boosted by chemical crosslinking via its primary -NH; groups using the bioactive
bis-pyrazole moieties. This was achieved by preparing a series of new pyrazole cross-
linked chitosan derivatives via reacting chitosan with a bis-pyrazole linked with either
a malonic linkage (MPy-Cs) or a thiocarbonyl group (TPy-Cs). The incorporation of
nitrogen-rich pyrazole nuclei, substituted with amino, ester, and thiocarbonyl groups, as
cross-linkages between the chitosan chains, leads to enhancing the interactions between
their positively charged sites and the negatively charged cancer cell membranes. Also, some
new ZnONPs/pyrazole cross-linked chitosan composites were prepared by dispersing
two different ZnONP concentrations of 3 and 5% based on the weight of MPy-Cs and
TPy-Cs derivatives, to improve their anticancer activity. Thus, the amalgamation of bis-
pyrazole, ZnONPs, and chitosan in the same structure is considered to be a good strategy
to accomplish adequate systems for competing with the traditional anticancer agents. The
structure of the prepared derivatives and their ZnONPs/composites was characterized
using FTIR, XRD, SEM and TEM. Their efficacy against three different types of cancer
cells (human colorectal carcinoma cells (HCTj14), human skin carcinoma cells (A375), and
human tongue carcinoma cells (HN9)) was investigated. Their cytotoxicity against human
skin fibroblasts HSF was also evaluated.

2. Materials and Methods
2.1. Materials

Chitosan (Cs, 1.0-3.0 x 10° g mol~! molecular weight, 98% degree of deacetylation)
was purchased from Acros Organics (Morris Plains, NJ, USA). Carbon disulfide (99.9%),
dimethyl sulfate (99%), dimethyl sulfoxide anhydrous (DMSO, 99.9%), and thiocarbo-
hydrazide (98%) were provided by Sigma-Aldrich (Munich, Germany). Ethyl cyanoac-
etate (98%) was supplied by Loba Chemie (Mumbai, India). Potassium hydroxide pellets
(98%) were obtained from Pan-Reac. AppliChem-ITW Reagent (Darmstadt, Germany).
Dimethylformamide and methanol were purchased from Fisher Scientific UK Ltd. (Leices-
tershire, UK). Acetone was provided by NV (Zedelgem, Belgium). Zinc oxide nanoparticles
(ZnONPs) (product number: NCZ4701, CAS number: 1314-13-2, purity > 99.99%, particle
size: 20 nm, form: nanopowder) were supplied by Nanochemazodne Inc. (Leduc, AB,
Canada). Malonohydrazide and ethyl 2-cyano-3,3-bis(methylthio)acrylate were prepared
according to the methods previously described [39,40]. Three human cancer cell lines
included human colorectal carcinoma cells (HCT;14), human skin carcinoma cells (A375),
and human tongue carcinoma cells (HN9), in addition to normal human skin fibroblasts
(normal HSF) which were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). They were maintained at the National Cancer Institute (NCI), Cairo
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University, Cairo, Egypt, in DMEM media containing 10% fetal bovine serum and 1%
penicillin-streptomycin, and incubated in 5% CO, in a humidified atmosphere at 37 °C.

2.2. Methods
2.2.1. Synthesis of Novel Malonopyrazole Cross-Linked Chitosan (MPy-Cs) Derivative

Step A: A mixture of malonohydrazide (0.1 mmol) and ethyl 2-cyano-3,3-bis
(methylthio)acrylate (0.2 mmol) was refluxed in 20 mL of methanol for 2 h. The formed
precipitate was filtered off, dried, and crystallized from methanol to afford the pure bis-
pyrazole product (MPy, Scheme 1A) as faint brown crystals (yield = 85%, mp = 180-182 °C).
IR (KBr) Vmax (cm™1): 3446 and 3335 (NH,), 1721 (C=0 ester), 1657 (C=0O amide and C=N
in the pyrazole rings), 1593 and 1532 (C=C in the pyrazole rings), 947 and 852 (C-S) as
shown in Figure 1. 'H-NMR (DMSO-d6) d (ppm) (Figure 2): 1.26 (t, ] = 7.03 Hz, 6H, 2CHj3
ester), 2.36 (s, 6H, 25CH3), 3.3 (s, 2H, CHy), 4.13 (q, ] = 7.01 Hz, 4H, 2CH, of ester), 6.04 (s,
4H, 2NH,) and *C-NMR (DMSO-d6) & (ppm) (Figure 3): 11.87(-CHj, ester group), 14.93
(-CHs3, -SMe), 59.14 (-CH,, ester), 92.03 (-CO-CH,-CO-, 147.65, 153.39, 163.8, 164.88, 164.94
(-C-SMe), 165.45, 165.98 (2 -C=0). MS (70 eV, El, %), m/z = 487 (M+, 19), Anal. Calcd.:
%C, 43.40; %H, 4.71; %N, 17.86; %S, 13.63 (470.52): Found: %C, 43.38; %H, 4.69; %N, 17.85;
%S, 13.66.
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Figure 1. FTIR spectrum of MPy.
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Figure 2. 'H-NMR spectrum of MPy.
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Scheme 1. Synthesis of novel MPy-Cs derivative: (A) synthesis of MPy; (B) synthesis of MPy-Cs.

Step B: MPy (0.1 mol) was added to chitosan (0.2 mol, already swelled in 50 mL DMSO)
and stirred at 100 °C for 8 h, and then at RT for 12 h, and thereafter poured into a beaker
containing 400 mL acetone with gentle stirring. The reaction mixture was cooled at 4 °C for
4 h, and the formed MPy-Cs derivative (Scheme 1B) was filtered. Exhaustive extraction
using a Soxhlet for 10 h of the MPy-Cs with methanol allowed for its purification from
the unreacted MPy. The MPy-Cs after extraction was washed well with hot methanol and
dried in an air-circulating oven at 60 °C until reaching a constant weight.
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Figure 3. 3C-NMR spectrum of MPy.

2.2.2. Synthesis of Novel Thiopyrazole Cross-Linked Chitosan (TPy-Cs) Derivatives

TPy-Cs derivatives were prepared by adding ethyl 2-cyano-3,3-bis(methylthio)acrylate
(0.2 mol) to the suspended chitosan (0.2 mol) in DMSO (30 mL). The mixture was stirred
at 100 °C for 4 h, and then at RT for 12 h, obtaining MA-Cs (Scheme 2). After that, three
different predetermined quantities of thiocarbohydrazide (TCH, Scheme 2 and Table 1)
were added in situ and stirred at 100 °C for 4 h then at RT for 12 h. The reaction mixtures
were poured into a beaker containing 400 mL acetone with stirring. After cooling at 4 °C
for 4 h, the formed products (TPy-Cs derivatives) were filtered off. The unreacted ethyl
2-cyano-3,3-bis(methylthio)acrylate and thiocarbohydrazide were extracted from the TPy-
Cs derivatives with methanol using a Soxhlet apparatus for 10 h. The TPy-Cs derivatives
after extraction were washed well with hot methanol and dried in an air-circulating oven
at 60 °C until reaching a constant weight. The reactant molar ratio was listed in Table 1
to obtain three novel thiopyrazole cross-linked chitosan (TPy-Cs) derivatives denoted as
TPy-Csl, TPy-Cs2, and TPy-Cs3 of decreasing the TPy moiety content, respectively.

Table 1. Synthesis, elemental analysis and crosslinking degree of novel TPy-Cs derivatives.

Derivative = MA-Cs: TCH MA-Cs TCH (g) Elemental Analysis (%) Crosslinking
Code (Molar Ratio) (g) & C H N (0] S Degree (%)
Cs - - - 44.79 6.82 8.65 39.74 - -
TPy-Csl 1: 0.5 2 0.32 4480  5.09 16.60 28.79  4.72 71
TPy-Cs2 1: 0.25 2 0.16 4480 566 1399 3238 3.17 48
TPy-Cs3 1: 0.125 2 0.08 4479 612  11.88 3529 1.92 29

64



Polymers 2025, 17, 1061

OH

o

HO o

OH COOEt
DMSO0, 100° C HN SMe
o SMe : :
[ —
m? a NC )\r |
HO NH 4 hours
2 SMe EtOOC CN
Cs Ethyl 2-cyano-3,3-bis(methylthio)acrylate MA-Cs

DMSO, 100 °C,
4 hours

SYNHNHZ

NHNH;
thiocarbohydrazide
/‘2,’ g o (TCH)
9 OH
TN

HN NH——4
EtOOC ¢ Y & c COOEt
s

-2 MeSH
(0]
OH HO OH
HO o
o NH HN
o5
T
EtOOC N\”/N / COOEt
HyN
S NH;
TPy-Cs

Scheme 2. Synthesis of novel TPy-Cs derivatives.

2.2.3. Synthesis of TPy-Cs/ZnONPs and MPy-Cs/ZnONP Composites

Using a mortar, two different precalculated quantities of ZNONPs were crushed
separately with a fixed weight of either the Soxhlet-purified TPy-Cs2, TPy-Cs3, or MPy-
Cs (0.25 g), then stirred in 10 mL of acetone for 24 h at room temperature. The ZnONP
bio-composites were filtered and dried at 55 °C. The used ZnONP quantities were 3 and
5% based on the weight of the TPy-Cs and MPy-Cs derivatives. Thus, six composites,
designated as TPy-Cs2/ZnONPs-3%, TPy-Cs2/ZnONPs-5%, TPy-Cs3/ZnONPs-3%, and
TPy-Cs3/ZnONPs-5%, MPy-Cs/ZnONPs-3% and MPy-Cs/ZnONPs-5%, were produced.
The interaction of TPy-Cs with ZnONPs in their composites, as a representative example,

is shown in Scheme 3.
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composites.

2.3. Measurements
2.3.1. FTIR Spectroscopy

FTIR spectroscopy measurements of pyrazole cross-linked chitosan derivatives and
their ZnONP composites were recorded on Agilent Technologies FTIR Spectrometer (Cary
600 Series, Santa Clara, CA, USA) in the wavenumber range from 4000 to 400 cm~ L,

2.3.2. X-Ray Diffractometry (XRD)

X-ray diffractometer (Joel JDX-8030, Akishima, Japan) was utilized to investigate
the internal structure of the pyrazole cross-linked chitosan derivatives and their ZnONP
composites at a diffraction angle (20) throughout a range of 5 to 90°, with a 5° min~! speed.

2.3.3. Scanning Electron Microscopy (SEM)

The surface morphology of the gold-coated pyrazole cross-linked chitosan derivatives
and their ZnONP composites was studied using an ultra-high-resolution Schottky Field
Emission SEM device (JEOL 7610F, Tokyo, Japan).

2.3.4. Transmission Electron Microscopy (TEM)

The inspection of the morphology of the suspended solution of the TPy-Cs2/ZnONPs-
5% was carried out using an advanced high-resolution Field Emission Transmission Elec-
tron Microscope (HR-JEOL, JEM-2100F, Tokyo, Japan).

2.3.5. Anticancer and Cytotoxicity Assay

The activity of MPy-Cs, TPy-Cs derivatives and their ZnONP composites beside the
Doxorubicin (DOX, as a reference drug) against HCT114 (human colorectal carcinoma cells),
A375 (human skin carcinoma cells) and HN9 (human tongue carcinoma cells), and the
normal HSF (human skin fibroblasts) cell lines was evaluated by sulphorhodamine-B (SRB)
assay [41]. In brief, the cells were seeded at a density concentration of 3 x 103 cells/well in
96-well microtiter plates They were allowed to attach for 24 h before being incubated with
the investigated derivatives and their nanocomposites. Consequently, cells were treated
with doses 25, 50, 100, and 200 pg/mL of these samples solubilized in DMSO. Five wells
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were utilized for every concentration with continued incubation for 48 h. Dimethyl sulfox-
ide (DMSO) was used as the control medium (1% v/v) with no effect on the experiment.
After terminating the incubation, the cells were fixed with 20% trichloroacetic acid and
each well was colored with 0.4% SRB dye. Each well’s optical density (O.D.) was measured
spectrophotometrically at 570 nm using an ELISA microplate reader (TECAN sunrise™,
Minnedorf, Switzerland). The mean survival percentage of the cells was calculated as
follows: O.D. (treated cells)/O.D (control cells) x 100. The Half-maximal Inhibitory Con-
centration (ICsg) value of each sample was calibrated from the graph of the dose-response
curve for each concentration using Graph Pad Prizm software (version 8.2).

Further, in this work, we used the outgrowth technique to generate the primary culture
of normal human skin fibroblasts (HSF) from young people’s skin explants. HSF cells were
displayed in samples (up to 200 pg/mL) for 48 h.

3. Results and Discussion
3.1. Synthesis of the MPy-Cs, TPy-Cs Derivatives and Their ZnONP Composites

Novel pyrazole cross-linked chitosan derivatives were synthesized via a chemical
modification of chitosan by incorporating a bis-pyrazole linked with either a malonic
linkage (MPy-Cs, Scheme 1) or thiocarbonyl group (TPy-Cs, Scheme 2) to enhance its
anticancer activity.

The synthesis of MPy-Cs included two steps: first is a condensation of ethyl 2-cyano-
3,3-bis(methylthio)acrylate with malonohydrazide (2:1) in boiling methanol with stirring
for 2 h, obtaining MPy (Scheme 1A, its structure was affirmed depending on spectral
measurements). Secondly, the target MPy-Cs was achieved by heating MPy with chitosan
(1:2) in DMSO at 100 °C for 8 h to condense the -SMe groups of the synthesized MPy with
the amino groups of chitosan (Scheme 1B).

On the other hand, the synthesis of a novel series of TPy-Cs involved firstly the
formation of the intermediate MA-Cs via treating equimolar amounts of chitosan with
ethyl 2-cyano-3,3-bis(methylthio)acrylate in DMSO with stirring at 100 °C for 4 h (Scheme 2).
Afterward, three different molar ratios of thiocarbohydrazide (TCH) were condensed with
MA-Cs (1:2) in situ to afford a series of TPy-Cs derivatives denoted as TPy-Cs1, TPy-Cs2,
and TPy-Cs3 (Scheme 2 and Table 1).

Further, some ZnO nanocomposites based on MPy-Cs, TPy-Cs2, and TPy-Cs3 were
prepared using two different concentrations of ZnONPs of 3 and 5% (based on the
weight of these derivatives), producing MPy-Cs/ZnONPs-3%, MPy-Cs/ZnONPs-5%, TPy-
Cs2/ZnONPs-3%, TPy-Cs2/ZnONPs-5%, TPy-Cs3/ZnONPs-3%, and TPy-Cs3/ZnONPs-5%.

3.2. Characterization of MPy-Cs, TPy-Cs Derivatives and Their ZnONP Composites
3.2.1. FTIR Analysis

FTIR spectrum of Cs (Figure 4) showed, between 3700 and 3000 cm ™!, a very broad
absorption peak, corresponding to the stretching vibration of the hydroxyl groups over-
lapping with that of -NH; groups and their hydrogen bonds. In this wavenumber range,
there is a doublet peak at 3356 and 3294 cm ! related to the -NH, groups. The symmetric
stretching vibration peaks of the -CH and -CH, groups in the moieties of pyranose ap-
peared at 2905 and 2867 cm ™!, respectively. Further, two weak peaks that appeared at 1648
and 1589 cm ™! are attributable to amide I and amide II, respectively, confirming the high
Cs degree of deacetylation. The four absorption peaks that appeared at 1150, 1060, 1027,
and 895 cm ™! confirmed the saccharide moieties of Cs [42].
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Figure 4. FTIR spectrum of MPy-Cs derivative.

In addition to the characteristic stretching vibration peaks of Cs (Figure 4) and MPy
(Figures 1 and 4), the FTIR spectrum of MPy-Cs (Figure 4) showed some additional distin-
guished peaks; at 1713 cm ! related to the C=O of the ester, a broad peak ranged from 1646
to 1545 cm ! attributed to the overlapped C=0 of amide, C=C, and C=N of pyrazole rings.

FTIR spectrum of ethyl 2-cyano-3,3-bis(methylthio)acrylate (Figure 5, Scheme 2)
showed some characteristic stretching vibration peaks at 2207 cm~! assigned to CN group,
at 1695 cm ! corresponded to C=0 of the ester, at 1650 cm ! related to the C=C bond,
at 2980 cm ! indicating C-H bonds in the hydrocarbon chain, and at 910 and 857 cm ™!
attributed to C-S groups [43].
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Figure 5. FTIR spectrum of TPy-Cs1 derivative.
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FTIR spectrum of MA-Cs (Figure 5) showed stretching vibration peaks at 947 and 892
cm-1 ascribed to the C-S group, indicating the occurrence of the condensation reaction
between Cs and ethyl 2-cyano-3,3-bis(methylthio)acrylate with the elimination of MeSH
(Scheme 2). This is evidenced by the disappearance of the doublet peak of the primary
amine groups of Cs at 3356 and 3294 cm !, which was completely replaced by a peak at
3370 cm~!. In addition to the appearance of the absorption peaks, 2207, 1656 and 1590 cm !
corresponded to the CN group, C=O group of the ester and C=C bonds, respectively.

FTIR spectra of TPy-Csl derivative (Figure 5) showed the disappearance of the peaks
of C-S groups at 947 and 892 cm ™!, indicating the condensation between the -SMe groups
of MA-Cs and the -NH; groups of the thiocabohydrazide (TCH) with the elimination of
MeSH (Scheme 2). The peak corresponding to CN groups at 2207 cm ™! also disappeared.
Further, the absorption peak of the C=S group at 1065 cm~! overlapped with that of the
C-0O group, obtaining a broad, strong peak. The absorption peaks related to N-C-S groups
appeared at 1417 and 597 cm ! [44].

FTIR spectra of TPy-Cs2/ZnONPs-3% and TPy-Cs2/ZnONPs-5%, as representative
examples for the ZnONP biocomposites, (Figure 6), showed absorption peaks comparable
to those of their parent TPy-Cs2. The peaks at around the wavenumber of 566 cm !, which
corresponded to the expected N-ZnO and O-ZnO bonds in these biocomposites, seemed to
overlap with those of their parent TPy-Cs2 [45].
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Figure 6. FTIR spectra of TPy-Cs2/ZnONP composites.

3.2.2. XRD Analysis

The virgin chitosan is distinguished by an inner structure involving amorphous and
crystalline regions which manifested in its XRD pattern as two peaks near 20 = 10° and
20°, respectively, as shown in Figure 7 [46]. This is ascribed to its capability to form a
considerable number of hydrogen bonds due to its possession of a lot of hydroxyl and
primary amine polar groups. Modification of chitosan with MPy and TPy leads to a
remarkable reduction in its number of hydrogen bonds due to the consumption of its
amino groups during the cross-linking process. This led to a separation of the chitosan
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chains away from each other, an increment in the amorphous region and a reduction in
the crystalline fraction. This is shown from the evanescence of the peak at 26 = 10° and a
broadening and a notable lowering of the intensity of the peak at 20 = 20° in XRD patterns
of MPy-Cs, TPy-Csl1, TPy-Cs2, and TPy-Cs3 (Figure 7).
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Figure 7. XRD patterns of MPy-Cs and TPy-Cs derivatives.

In order to confirm the incorporation of ZnONPs into the matrices of MPy-Cs and TPy-
Cs, XRD measurements were performed (Figure 8). All the patterns of MPy-Cs/ZnONPs
and TPy-Cs/ZnONP composites showed seven new peaks, beside the amorphous peak
of MPy-Cs and TPy-Cs, near 20 = 20°, at 20 = 31.72°, 34.42°, 36.24°, 47.5°, 56.6°, 62.78°
and 67.82°, which were indexed to crystal planes of (100), (002), (101), (102), (200), (201),
and (202), respectively. These peak and their corresponding crystal planes are in good
agreement with those for the pure ZnO according to the standard (JCPDS card no. 36-1451).
The intensity of these peaks increased with increasing the ZnONP content in the composites.
This evidences the successful preparation of the MPy-Cs/ZnONPs and TPy-Cs/ZnONP
composites [47].
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Figure 8. XRD patterns of MPy-Cs and TPy-Cs3-based ZnONP composites.

3.2.3. SEM Analysis

Figure 9 depicts SEM images of topographical features on the surfaces of Cs, MPy-Cs,
and TPy-Cs derivatives. The Cs surface was found to be smooth and free of any lumps.
Upon cross-linking reaction, a drastic change in the surface appearance of chitosan has
been observed. As compared with chitosan, the images confirm that the surfaces of its
derivatives are rough and have grooves with a porous structure and high degree of lumps
of varying sizes due to the differences in the size of the inserted modifier (MPy and TPy)
by the crosslinking process. Further, the intensity of these lumps increased with increasing
the crosslinking degree and can be arranged as follows: MPy-Cs = TPy-Cs1 > TPy-Cs2 >
TPy-Cs3. It is assumed that their pores are considered to be the water penetration regions
and the sites of interaction between the external stimuli and the hydrophilic functional
groups of these derivatives. The incorporation of the long chain cross-linker MPy and TPy
between the chitosan chains effectively reduces the hydrogen bonds between the chitosan
chains resulting in the formation of the microporosity developing to a more open structure.
These pores permit these derivatives to absorb a large quantity of water and polar solvents
that support the interaction between them and the incoming ingredients. The images show
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that although the three TPy-Cs derivatives have a comparable surface appearance, and
the distribution and the size of their pores are different from TPy-Csl1 to TPy-Cs3. Since
the pores became denser with increasing the amount of the crosslinker from TPy-Cs3 to
TPy-Csl. Thus, these derivatives are characterized by a microporous structure with a large
surface area which makes them able to be used as good drug delivery systems.

15.0kV SEI

15.0kV SEI IM

Figure 9. SEM images of MPy-Cs, and TPy-Cs derivatives.
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3.2.4. TEM Analysis

TEM images of the TPy-Cs2/ZnONPs-5% composite, at different magnifications, are
presented in Figure 10. The uniform dispersion of ZnONPs into the TPy-Cs2 matrix was
clearly observed. The ZnONPs appeared as spherical-like shapes, and their sizes ranged
from 14.21 to 29.20 nm.

Figure 10. TEM images of TPy-Cs2/ZnONPs-5% composite at different magnifications.

3.3. Anticancer and Cytotoxic Activity
3.3.1. Anticancer Activity

The activity of the newly synthesized samples, including MPy-Cs, TPy-Cs derivatives,
and their ZnONP composites against the three cancer (HCT114, A375, and HN9) cell lines
using sulphorhodamine-B (SRB) assay was examined. Their ability to cause 50% inhibition
of the cell growth (ICsp) relative to the DOX reference drug is shown in Figures 11-13
and Table 2. The cancer cells were treated with doses 25, 50, 100, and 200 pg/mL of the
investigated samples solubilized in DMSO. The Half-maximal Inhibitory Concentration
(ICs0) value of each sample was calibrated from the graph of the dose-response curve for
each concentration using Graph Pad Prizm software, (version 8.2). The complete data, from
which ICsy was calculated, were provided via non-published material. In comparison to
TPy-Cs derivatives, the MPy-Cs derivative exhibited no signs of activity against all the
examined cancer cell lines, suggesting the role of thiocarbonyl group in enhancing the
anticancer activity. This was supported by the activity of the TPy-Cs derivatives for inhibit-
ing the tested cancer cell lines that greatly improved with increasing their thiopyrazole
content, i.e., from TPy-Cs3 to TPy-Cs1. This was illustrated by their IC5) values against
all the inspected cancer cell lines. Against the HCTy1¢ cell line, the IC5( values of TPy-Cs3,
TPy-Cs2, and TPy-Cs1 were 98.07, 90.12, and 32.64 pg/mL, respectively (Figure 11 and
Table 2). Against the A375 cell line, the IC5y values of TPy-Cs3, TPy-Cs2, and TPy-Cs1
were 145.66, 42.53, and 20.10 pug/mL, respectively (Figure 12 and Table 2). Against the
HNDO cell line, the ICs values of TPy-Cs3, TPy-Cs2, and TPy-Cs1 were 147.19, 57.87, and
14.40 pg/mL, respectively (Figure 13 and Table 2).
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Figure 11. ICs for the investigated MPy-Cs, TPy-Cs derivatives, and their ZnONP composites,
beside DOX (as reference drug) against HCTj14 cancer cell line at 48 h incubation. The results are
expressed as the mean + SD of three separate experiments performed in three replicates.

250
- 200
£ 150 _ A375
= 100
2
© 50
olm B B - o BN = B B _
g?’ g'}' pé” q,,;\° q°\° q.,;\° :—;‘;\0 q,,;\° q(,g\‘* 6‘6'\0
SN M R S S
9 9 o &

g &\/\9 &\,\9 g,\,\? cg,\/\? *’C’\»\? 'C,\,\,(‘ Q
PO SR @QA

Figure 12. ICs for the investigated MPy-Cs, TPy-Cs derivatives, and their ZnONP composites,

beside DOX (as reference drug) against A375 cancer cell line at 48 h incubation. The results are

expressed as the mean + SD of three separate experiments performed in three replicates.
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Figure 13. ICs for the investigated MPy-Cs, TPy-Cs derivatives, and their ZnONP composites,
beside DOX (as reference drug) against HN9 cancer cell line at 48 h incubation. The results are
expressed as the mean & SD of three separate experiments performed in three replicates.
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Table 2. Anticancer activity for the tested MPy-Cs, TPy- Cs derivatives, and their ZnONP composites
against HCT116, A375, and HNO cell lines. The results are expressed as the mean + SD of three
separate experiments performed in three replicates.

Sample HCT116 A375 HN9
ICsp (ug/mL) SD (+) ICsp (ug/mL) SD (+) ICs (ug/mL) SD (&)
TPy-Csl 32.64 1.08 20.10 0.35 14.40 1.97
TPy-Cs2 90.12 13.21 4253 0.82 57.87 0.16
TPy-Cs3 98.07 3.66 145.66 0 147.19 22.34
TPy-Cs2/ZnONPs-3% 20.98 0.33 19.67 0.28 20.57 3.52
TPy-Cs2/ZnONPs-5% 21.68 0.28 20.63 1.21 21.60 0.61
TPy-Cs3/ZnONPs-3% 15.21 2.29 48.06 4.59 57.69 2.89
TPy-Cs3/ZnONPs-5% 14.82 0.69 16.14 491 16.95 3.74
MPy-Cs - - - - - -
MPy-Cs/ZnONPs-3% 199.35 0 174.38 1.35 192.86 9.49
MPy-Cs/ZnONPs-5% 173.89 4.69 163.79 33.28 175.33 8.63
DOX 5.68 0.37 7.89 0.59 12.60 0.60

In comparison to the activity of the reference Doxorubicin drug (ICsy = 12.60 ug/mL)
against the HN9 cell line, derivative TPy-Cs1 (ICsp = 14.40 pg/mL) showed very close
activity to that of this drug. On the other hand, it was found that the level of the anticancer
activity of the other two TPy-Cs derivatives (TPy-Cs2 and TPy-Cs3) is greatly lower
than that of the reference Doxorubicin drug; thus, they were selected for the creation
of some ZnONP bio-composites to enhance their anticancer activity. As would be predicted,
incorporating ZnONPs into the matrix of TPy-Cs2 appreciably enhanced its anticancer
activity as evidenced by dropping its ICsy value from 90.12 to 20.98 and 21.68 nug/mL for
TPy-Cs2/ZnONPs-3% and TPy-Cs2/ZnONPs-5%, respectively, against the HCT;14 cell line
(Figure 11 and Table 2). Also, against the A375 cell line, the ICs5j value of TPy-Cs2 improved
from 42.53 to 19.67 and 20.63 pg/mL for TPy-Cs2/ZnONPs-3% and TPy-Cs2/ZnONPs-5%,
respectively (Figure 12 and Table 2). Similarly, against the HNO cell line, the ICsy value
of TPy-Cs2 lowered from 57.87 to 20.57 and 21.6 pg/mL for TPy-Cs2/ZnONPs-3% and
TPy-Cs2/ZnONPs-5%, respectively (Figure 13 and Table 2).

An analogous behavior was observed when ZnONPs were impregnated into the
matrix of TPy-Cs3, since its IC5 value decreased from 98.07 to 15.21 and 14.82 pg/mL for
TPy-Cs3/ZnONPs-3% and TPy-Cs3/ZnONPs-5%, respectively, against the HCT;14 cell line
(Figure 11 and Table 2). Again, its IC5( value reduced from 145.66 to 48.06 and 16.14 ng/mL
for TPy-Cs3/ZnONPs-3% and TPy-Cs3/ZnONPs-5%, respectively, against A375 cell line
(Figure 12 and Table 2). Also, its ICs5( value decreased from 147.19 to 57.69 and 16.95 ng/mL
for TPy-Cs3/ZnONPs-3% and TPy-Cs3/ZnONPs-5%, respectively, against the HN9 cell
line (Figure 13 and Table 2). Thus, the TPy-Cs3/ZnONPs-5% was observed to be the most
potent anticancer candidate against all the tested cell lines (Figure 14), although it does not
exceed the anticancer activity of Doxorubicin.

Although the MPy-Cs derivative has no potency to inhibit the activity of the three
inspected cancer cell lines, its ZnNONP composites showed a moderate one. IC5y of MPy-
Cs/ZnONPs-3% and MPy-Cs/ZnONPs-5% were 199.35 and 173.89 ug/mL, respectively,
against the HCTy4 cell line (Figure 11 and Table 2), 174.38 and 163.79 pg/mL, respectively,
against the A375 cell line (Figure 12 and Table 2), 192.86 and 175.33 nug/mL, respectively,
against the HNO cell line (Figure 13 and Table 2).
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Figure 14. IC5, for TPy-Cs3/ZnONPs-5% against the three cancer cell lines at 48 h incubation. The
results are expressed as the mean + SD of three separate experiments performed in three replicates.

3.3.2. Cytotoxic Activity

The toxic action of the TPy-Cs2 derivative and its ZnONP composite (as a repre-
sentative example of the prepared samples) on normal human skin fibroblast cell line
(HSF) was inspected at a concentration range between 25 and 200 pg/mL (Figure 14 and
Table 3). The results revealed that at a concentration of 25 nug/mL of the TPy-Cs2 deriva-
tive, TPy-Cs2/ZnONPs-3% and TPy-Cs2/ZnONPs-5% composites had a slight impact on
the viability of the HSF cells (96.77, 93.55 and 77.67%, respectively), as can be observed
in Figure 15 and Table 3. A progressive lowering in the viability was obtained by in-
creasing the concentration of the investigated samples to 200 pg/mL. The viability of the
HSEF cells at 200 pg/mL concentration of TPy-Cs2 derivative, TPy-Cs2/ZnONPs-3% and
TPy-Cs2/ZnONPs-5% composites was 72.44, 63.49 and 57.59%, respectively. Thus, the
cytotoxicity for 50% of HSF cells (CCsp) was found to be over 200 ng/mL concentration of
the three inspected samples. As noted in Figures 10-12 and Table 2, the TPy-Cs2 deriva-
tive and TPy-Cs2/ZnONPs-3% and TPy-Cs2/ZnONPs-5% composites demonstrated a
better activity against all the inspected cancer cell lines at lower ICsy values (ranged from
20.63-90.12 pg/mL) than that which resulted during the assessment of the cytotoxicity
(CCsp > 200 pg/mL). This illustrates the safe features of these samples and suggests that
they can be used as one of the suitable anticancer drugs.
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Figure 15. Cytotoxicity of TPy-Cs2 derivative and its ZnONP composites on the normal human skin
fibroblast (HSF) cell line. The results are expressed as the mean + SD of three separate experiments
performed in three replicates.
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Table 3. Cytotoxic effect of TPy-Cs2 derivative and its ZnONP composites on the normal human skin
fibroblast (HSF) cell line. The results are expressed as the mean + SD of three separate experiments
performed in three replicates.

Sample Conc. TPy-Cs2 TPy-Cs2/ZnONPs- 3% TPy-Cs2/ZnONPs- 5%

(ug/mL) Surx(r)lvmg SD (4) Sur‘(r)lvmg SD (4) Sur‘(7)1v1ng SD (4)
(%) (%) (%)

0 100 0.00 100 0.00 100 0.00

25 96.77 0.04 93.55 0.04 77.67 0.04

50 92.57 0.04 91.55 0.07 75.98 0.01

100 82.84 0.02 74.49 0.05 67.59 0.03

200 72.44 0.04 63.49 0.03 57.59 0.01

3.3.3. Structure—Activity Relationship (SAR)

The promising anticancer properties of every component of the synthesized compos-
ites, including chitosan, pyrazole, and ZnONPs, prompted us to assess their inhibitory
activity to gain insight into the mechanism of the anticancer activity of these composites
with various concentrations.

The molecular insight into the anticancer activity of these targets involves a manifold
approach, with membrane transport playing a critical role. These composites influence the
increased permeability and retention (EPR) effect, which causes tumor tissues to accumulate
preferentially. In cellular biology, the term “membrane transport” refers to a collection of
mechanisms that control the passage of ions and other small molecules across biological
membranes, which are made up of protein-containing lipid bilayers. Passage through the
membrane is controlled by selective membrane permeability, a characteristic of biological
membranes that enables them to segregate components of different chemical natures.

Drugs are delivered into cells via the influence of the attached function groups. In
detail, the unique qualities of promising biopolymer chitosan facilitate cellular damage
through interactions between its positively charged amino groups and the negatively
charged cancer cell membranes and the hydroxyl-rich chitosan backbone facilitating elec-
trostatic interactions with the negatively charged cell membrane. Furthermore, chitosan
stimulates apoptosis pathways in cancer cells and suppresses angiogenesis, which is the
formation of blood vessels that feed tumors. Additionally, its distinctive biocompatibility
and biodegradability improve the targeted delivery of anticancer drugs to tumor cells
precisely [48].

The introduction of substituted pyrazole ligand with its nitrogen-containing heterocy-
cle (which is associated with amino and ester plus the important thione groups) contributes
to the composite’s ability to intercalate with DNA, disrupting its structure and inhibiting
replication via binding with the protein membrane (Figure 16). Additionally, the aforemen-
tioned ICs( values of the tested pyrazolo-chitosan derivatives affirmed the much greater
inhibitory potential of the TPy-Cs derivatives compared to the MPy-Cs derivative. This
may be due to the presence of thione (C=S) groups, which enhance their inhibition activity
via improvement of the binding between the investigating TPy-Cs derivatives and the
amino acid of cancer cell membrane lining protein, leading to the damage of the cancer
cell [49].

On the other hand, the pyrazole moiety can coordinate with ZnONPs, influencing their
release kinetics and stability. Numerous previous research studies have demonstrated that
ZnONPs have therapeutic anticancer potential due to their unique features. This is due to
a series of steps that occur in cancer cells, beginning with a loss of inner balance and redox
state instability, followed by Zn* created by oxidation of ZnONP internalization facilitated
by endocytosis, followed by lysosomal escape, allowing the nanoparticles to be agglom-
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erated in the cytoplasm and membranes of cells, which causes cellular damage and leads
to cell death. Also, oxidative stress causes DNA damage, resulting in cell demise [50-52].
Therefore, the loading of 3% and 5% concentrations of ZnONPs into the synthesized
pyrazole cross-linked chitosan derivatives played a vital role in the enhancement of the
inhibitory activity against the employed cancer cell lines.

pyrazole ring as hydrocarbon
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the efficiency via electron
delocalization

OH HO OH
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et binding via hydrogen bonding
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Figure 16. Structure-activity relationship for the TPy-Cs derivatives.

From the displayed results, it was concluded that the ideal concentration among all
samples is 5% ZnONPs loaded into TPy-Cs3 (TPy-Cs3/ZnONPs-5%), as it exhibited the
most potency against the three examined tumor cells.

The synergy between these functional groups—the cationic chitosan, the DNA-
intercalating functionalized pyrazole moiety, and the redox-active ZnONPs—creates a
versatile anticancer mechanism. This mechanism involves enhanced cellular uptake, mem-
brane disruption, DNA damage, mitochondrial dysfunction, and cell cycle arrest, finally
leading to apoptosis. The strategic combination of these functionalities provides a targeted
and potent therapeutic effect, minimizing off-target toxicity and maximizing efficacy.

4. Conclusions

Some new pyrazole derivatives based on biopolymer chitosan were successfully
produced. This was achieved through crosslinking of chitosan chains using either mal-
onopyrazole to obtain MPy-Cs derivative or three different concentrations of thiopyrazole
to obtain three TPy-Cs derivatives: TPy-Csl, TPy-Cs2, and TPy-Cs3 with crosslinking
degrees of 71, 48, and 29%, respectively. Moreover, impregnation of different amounts of
ZnONPs into most of the prepared TPy-Cs and MPy-Cs derivatives was carried out using
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3 and 5% ZnONPs based on the weight of these derivatives, attaining the corresponding
ZnONP bio-composites. Some analytical techniques (FTIR, XRD, SEM, and TEM) were
used to prove the chemical, inner, and morphological structure of these derivatives and
their corresponding ZnONP composites. Their anticancer performance was significantly
enhanced with an increase in their TPy and ZnONP content. Despite the fact that the
MPy-Cs derivative showed no inhibition activity against all the inspected cancer cell lines,
TPy-Cs derivatives possessed a considerable anticancer activity which was boosted as a
function of their thiopyrazole content, i.e., from TPy-Cs3 to TPy-Cs1. Further, the TPy-Cs1
exhibited ICs (14.4 pug/mL) against the HNO cell line that was comparable to the standard
drug Doxorubicin (12.6 ng/mL). Amongst all the obtained composites, TPy-Cs3/ZnONPs-
5% has the most anticancer potency against all the checked cell lines, although it did not
surpass the anticancer potency of Doxorubicin. The results indicated the safe features of
Tpy-Cs2 and its ZnONP composites on normal human skin fibroblast (HSF) cell lines. Thus,
the synthesized Tpy-Cs and their ZnONP composites can be used as one of the suitable
anticancer drugs. So, it can be concluded that a combination of TPy, ZnONPs, and chitosan
in the same formulation may be deemed as a good approach to improve the anticancer
performance of the produced composites.
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Abstract: In this paper, the dissipative particle dynamics (DPD) method is used to simulate
the self-assembly process, appearance, mesoscopic structure, and wrapping properties of
microcapsules formed with citral as the core material and chitosan and sodium alginate as
the single-wall materials, and with citral as the core material and chitosan-sodium alginate,
chitosan—-methylcellulose, sodium alginate—chitosan, and sodium alginate-methylcellulose
as the double-wall materials. The effects of chitosan content and wall material composition
on the structure, morphology, encapsulation performance, and stability of microcapsules
are compared and analyzed. In addition, the microcapsules are deeply analyzed by using
the mesoscopic structure, radial distribution function, and diffusion coefficient. This study
provides a new idea and method for the preparation of citral microcapsules, and is of great
significance for the design and development of new composite wall microcapsules.

Keywords: dissipative particle dynamics (DPD) simulation; microcapsules; chitosan

1. Introduction

Microencapsulation is an important technology for making functional materials, which
are used for packaging and storing trace substances. Microcapsule technology plays an
important role in drug encapsulation [1-7], pesticide encapsulation [8-11], food encapsu-
lation [12], and environmental pollution treatment [13,14]. In microcapsule technology,
wall materials that can be used as shell materials are generally natural, semisynthetic or
fully synthetic polymer materials. Coated materials are called core materials, which can be
compounds or mixtures in powder, liquid, gas, or solid states. During the preparation of
microcapsules, the types of wall and core materials, the volume fraction of each component
and the pH value of the system all affect the synthesis, storage, and release properties
of microcapsules. Especially with regard to drug loading and release, it is necessary to
consider the influence of wall materials and components on the synthesis, storage, and
release properties of microcapsules when the required drugs are packaged and transported
to the diseased site for treatment.

Chitosan (Cts) [15], sodium alginate (Alg) [16], and methyl cellulose (MC) [17,18] are
excellent wall materials in microcapsule technology due to their advantages of wide sources,
good film-forming properties, stable performance, safety, nontoxicity, green environmental
protection, and biodegradability.
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Essential oil has a wide range of uses. For example, it can help skin moisturize and
replenish water, promote blood circulation, relieve body discomfort, aid anti-inflammation
and sterilization, and help restore hair luster. Citral is an essential oil with strong phys-
iological activities, such as anticancer [19], antimutagenic [20], anti-inflammatory [21],
antioxidant [22], antiviral [23], and antibacterial activities [24]. Essential oils are highly
volatile and need to be sealed for storage. Microencapsulation is a common method for
addressing this issue. To optimize encapsulation performance, it is critical to understand
the self-assembly dynamics between core and wall materials at the mesoscopic scale. Dis-
sipative particle dynamic (DPD) simulation provides a powerful tool to visualize such
processes [25,26]. Therefore, essential oil is often used as the core material in microencapsu-
lation technology.

Dissipative particle dynamic (DPD) simulation [25,26] is a commonly used research
method in the field of chemistry that can not only solve the problem that some experimental
techniques cannot, but can also greatly reduce experimental time and cost. This simula-
tion technique can provide a convenient and intuitive way to observe the morphological
changes in microcapsules and study their properties. DPD simulation can be used to
analyze the aggregation process of the core material wrapped by the wall material and to
study the encapsulation performance of the microcapsules. In recent years, DPD simulation
has attracted great attention in microencapsulation applications, such as nanofluids [27],
drug delivery [28], water cluster structures [29], polymer self-assembly [30], surface chem-
istry [31-33], ionic liquid microemulsion [34], phase diagram [35,36], and environmental
protection [37].

In this paper, a DPD simulation strategy is used to study the formation process of
Cts—Citral microcapsules, with Cts as the main wall material, Alg and MC as the auxiliary
wall materials, and citral as the core material. First, the aggregation formation process
and influencing factors of single-walled material microcapsules formed by Cts-coated
citral are studied. Then, based on the single-wall material microcapsule, Alg and MC are
added to replace part of the Cts. The effects of Alg and MC on the formation process of
Cts—Citral microcapsules are studied by adding auxiliary wall materials and comparing the
encapsulation performance of Cts—Citral microcapsules with single-wall materials. This
study can provide a theoretical reference for the preparation of Cts—Citral microcapsules
and the optimization of encapsulation performance.

2. Method

In this study, the DPD method is employed to simulate the self-assembly process
of microcapsules. The DPD parameters and interaction forces are set according to the
established protocols, as described in previous studies [25,26].

2.1. Coarse-Grained Model

The simulated wall materials are Cts, Alg, and MC, and the core material is citral. The
simulated environment is a neutral environment rich in water molecules. The coarsening
treatment of molecules divides the molecules into different beads, and each bead represents
one or more atomic clusters [38]. Using the coarse-grained beads method, the molecular
structure formula of each substance and the corresponding coarse-grained model are shown
in Figure 1. According to the molecular structure and the size of the beads, the molecules
are divided as follows: one Alg molecule is composed of two N3 beads, one S bead, and
one O3 bead; the MC molecule is composed of two N2 beads, one O1 bead, and one O2
bead; the Cts molecule is composed of two N1 beads and one O4 bead; the citral molecule
is composed of one C1 bead and one C2 bead; and the three water molecules are composed
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of one W bead. In this simulation experiment, the molecular polymerization degree is set
as 20.

Chitosan Sodium alginate Methyl cellulose

[ C@ ] [(ROH,C |
N A ek

-
O
NH-
HO _
Cts Alg Ea?
0 00006 0 00 C
N1 N2 N3 O1 02 03 04 (C1 C2 S W
~
Y R e
Citral Water

Figure 1. Molecular structures and coarse-grained models.

2.2. Interaction Parameters Between Beads

After the coarse-grained model is determined, the interaction parameters between
each pair of beads can be calculated by introducing the bead repulsion parameter a;; or a;;
and Flory Huggins parameter x;; [39].

The mutual exclusion parameter is obtained using the following formula:

aj; = 75kBT/p (1)

where g;; is the repulsion parameter between the same types of particles. The compressibility
of pure fluid can be set as p = 3 (close to that of water), and the value of kgT = 1 can be
used in the simulations. The values of the repulsion parameters between different types
of particles (a;;) are linearly related to the Flory-Huggins parameters (x;;) according to the
equation [38]:

a;j = aj; + 3.27x;; (2)
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For the two different components i and j, the Flory Huggins parameter x;; is calculated
via the following formula:
AE™*V,

Xij = W ®3)

where R is the ideal gas constant, T is the absolute temperature, V is the total volume of the
mixed component system, V is the relative volume, and ¢; and ¢; are the volume fractions
of components i and j, respectively. AE™X is the mixing energy, which can be calculated
using the following formula:

AE™* = E;; — (E; + E)) (4)

where Ej; is the total potential energy of components i and j and E; and E; are the potential
energy of pure components i and j, respectively. The box size of the simulation system is
200 x 200 x 200 A3. The COMPASS force field is used in the calculation of the interaction
parameters, which is carried out in the Amorphous Cell and Forcite modules of Materials
Studio 7.0 software [40]. The interaction parameters between the beads are shown in
Table 1.

Table 1. Interaction parameters among beads.

a;j N1 N2 01 02 c1 Cc2 S w
N1 25
N2 25.92 25
01 27.47 30.81 25
02 4423 51.46 31.06 25
C1 29.05 26.08 36.27 61.69 25
c2 25.49 25.01 29.65 46.44 25.16 25
S 31.77 36.46 25.88 27 4343 34.17 25
W 9599  106.18  57.89 3574 12198  87.94 4473 25

Note: All parameters in Table 1 are expressed in DPD reduced units, where r. =1, kgT =1, and p = 3.

It should be noted that N2 and N3 are the same beads, and O2, O3, and O4 are the
same beads. In the structure of MC, there are two -OR groups in the branched chain, where
R can be hydrogen-H or methyl-CHj3. To make the simulation more straightforward, two
-OR groups are set as two -OH groups. Therefore, O2 beads are two -OH groups in MC, O3
beads are two -OH groups in Alg, and O4 beads are two -OH groups in Cts. Although the
three beads are the same, to distinguish them in different wall materials, different numbers
are set. The interaction parameters of the three beads with other beads are the same.

All simulations start from the random distribution of each component. The simulation
is carried out in a cube box with periodic boundary conditions, and its side length is
200 x 200 x 200 A3. After calculations, the average volume of the beads is 111.03 A3, the
mass is 54 amu, and the radius is 2.98 A. In the simulation system, the number density
pr3 of the beads is set to 3, and there are three beads in each grid. That is, the grid size
is 333.09 A3, the side length is 6.93 A, and the cut-off radius 7. between the beads is
calculated to be 6.93 A. The polymerization degree is set to 20. According to the pre-
simulation experimental results, there is almost no difference between the sections obtained
by 250,000 steps and those obtained by 200,000 steps, indicating that the system has reached
the microphase separation equilibrium when the simulation time is 200,000 steps. In order
to ensure the accuracy of the results, the simulation time of all systems is 250,000 steps. The
time integration step is 0.05 ns. All simulations are carried out in the Mesosite module of
Materials Studio 7.0 software [40]. To clearly observe the shape of the beads in the box, all
the results hide the water beads.
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2.3. Simulation System and Scheme

The simulated system consists of citral, Cts, Alg, MC, and H,O. First, Cts—Citral
single-wall microcapsules are prepared by adding different volume fractions of Cts. Then,
in the case of fixed Cts, different volume fractions of Alg or MC are added to replace part
of the Cts to prepare double-wall microcapsules. By observing the formation process of
the microcapsule and analyzing the simulation results, the influence of the content of each
component on the formation of Cts microcapsules is found, which provides guidance for
the preparation of Cts microcapsules with better performance.

It has been reported [41,42] that under the experimental conditions of 1.0 g/30 mL
H,O, 6.0 g/180 mL HO, and 1.6 g/50 mL HyO for Cts, Alg, and MC, the content of
citral is the largest, and the encapsulation performance and stability of microcapsules
are better. The following simulation scheme is designed. In each simulation system, the
volume of water is 260 mL, and the volume of citral is 1.5 mL. The amount of the remaining
components and the volume fraction of all components are shown in Tables 2-5.

Table 2. Amounts and volume fractions of each component of Cts single-wall microcapsules.

Number H,0 (mL) m (Cts) (g) ¢ (H0) @ (Cts) Citral (mL) ¢ (Citral)
Cts (1) 260.00 5.2 98.87 1.13
Cts (2) 260.00 6.93 98.50 1.50
Citral free Cts (3) 260.00 8.67 98.13 1.87
Cts (4) 260.00 10.4 97.77 2.23
Cts (5) 260.00 12.13 97.40 2.60
Cts—Citral (1) 260.00 5.2 98.31 1.12 1.5 0.57
C . Cts—Citral (2) 260.00 6.93 97.94 1.49 15 0.57
Ogt.amlmg Cts—Citral (3) 260.00 8.67 97.58 1.86 15 0.56
itra Cts—Citral (4) 260.00 10.4 97.22 2.22 1.5 0.56
Cts—Citral (5) 260.00 12.13 96.86 2.58 1.5 0.56
Table 3. Amounts and volume fractions of each component of Alg single-wall microcapsules.
Number H,0 (mL) Alg (g) ¢ (H,0) @ (Alg) Citral (mL) ¢ (Citral)
Alg (1) 260.00 7.22 98.28 1.72
Alg (2) 260.00 7.94 98.12 1.88
Citral free Alg (3) 260.00 8.67 97.95 2.05
Alg (4) 260.00 9.39 97.78 2.22
Alg (5) 260.00 10.11 97.61 2.39
Alg—Citral (1) 260.00 7.22 97.73 1.71 1.5 0.56
C . Alg—Citral (2) 260.00 7.94 97.56 1.87 1.5 0.56
Ogt.amlmg Alg—Citral (3) 260.00 8.67 97.40 2.04 15 0.56
itra Alg-Citral (4) 260.00 9.39 97.23 2.21 15 0.56
Alg-Citral (5) 260.00 10.11 97.07 2.37 1.5 0.56
Table 4. Amounts and volume fractions of each component of the Alg-Cts double-wall microcapsule
(the amount of Alg is fixed at 14.00 g).
Number H,0 (mL) Alg () @ (H,0) Cts (g) ¢ (Cts) @ (Alg) Citral (mL) ¢ (Citral)
Alg-Cts (1) 260.00 14.00 96.60 0.60 0.13 3.27
Alg—Cts (2) 260.00 14.00 96.56 0.80 0.17 3.27
Citral free Alg—Cts (3) 260.00 14.00 96.52 1.00 0.21 3.27
Alg—Cts (4) 260.00 14.00 96.48 1.20 0.25 3.27
Alg—Cts (5) 260.00 14.00 96.44 1.40 0.30 3.27
Alg—Cts—Citral (1) 260.00 14.00 96.07 0.60 0.13 3.25 1.50 0.55
C .. Alg—Cts—Citral (2) 260.00 14.00 96.03 0.80 0.17 3.25 1.50 0.55
Ogt,amlmg Alg—Cts—Citral (3) 260.00 14.00 95.98 1.00 0.21 3.25 1.50 0.55
ltra Alg—Cts—Citral (4) 260.00 14.00 95.94 1.20 0.25 3.25 1.50 0.55
Alg-Cts—Citral (5) 260.00 14.00 95.90 1.40 0.30 3.25 1.50 0.55
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Table 5. Simulation of Alg—-MC double-wall microcapsules (Alg unchanged).

Number H,0 (mL) Alg (g) MC (g) ¢ (H0) @ (MQ) @ (Alg) Citral (mL) ¢ (Citral)
Alg-MC (1) 260.00 7.00 0.40 98.22 0.12 1.66
Alg-MC (2) 260.00 7.00 0.60 98.16 0.17 1.66
Citral free Alg-MC (3) 260.00 7.00 0.80 98.11 0.23 1.66
Alg-MC (4) 260.00 7.00 1.00 98.05 0.29 1.66
Alg-MC (5) 260.00 7.00 1.20 97.99 0.35 1.66
Alg-MC—Citral (1) 260.00 7.00 0.40 97.67 0.12 1.65 1.50 0.56
» Alg-MC—Citral (2) 260.00 7.00 0.60 97.61 0.17 1.65 1.50 0.56
Containing Alg-MC-Citral (3) 260.00 7.00 0.80 97.55 0.23 1.65 1.50 0.56
Citral Alg-MC-Citral (4) 260.00 7.00 1.00 97.50 0.29 1.65 1.50 0.56
Alg-MC—Citral (5) 260.00 7.00 1.20 97.44 0.35 1.65 1.50 0.56

3. Results and Discussion
3.1. Self-Assembly Process of Microcapsules

To ensure the balance of the system, the DPD simulation steps are set to 250,000 steps.

Every 5000 steps is a frame, so the experiment has a total of 51 frames. The formation

process of microcapsules can be seen from the simulation results, as shown in Figures 2—4.

To facilitate observation, the water beads are hidden here. The stability of the microcapsules
is supported by their consistent spherical shape and uniform size distribution, as observed
in previous studies [38,43]. The radius of gyration and shape parameters were found to be
consistent with those reported in similar systems.

3.1.1. Cts—Alg Double-Wall Microcapsule

From the microcapsule formation process shown in Figure 2, it can be seen that at the
beginning, the molecules are randomly dispersed in the box. At 5000 steps, some of the
molecules combine with the same kind of molecule and curl up with each other. Most of
the molecules are close to each other, forming aggregates of different sizes, and some of
the aggregates contain citral molecules. At 20,000 steps, the former small agglomerations
further merge and become larger and gradually become spherical. By 150,000 steps, all the

components have gathered together to form a spherical aggregate, namely, a microcapsule.

However, the aggregation degree of each component cannot be clearly judged from the
appearance, so the aggregates at 150,000, 200,000, and 250,000 steps are cut open to observe
the cross-section, as shown in Figure 3.

10,000 steps 20,000 steps

» @

100,000 steps 150,000 steps 200,000 steps 250,000 steps

Figure 2. Formation of microcapsules.
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150,000 steps 200,000 steps 250,000 steps

Figure 3. Cross section views of 150,000, 200,000, and 250,000 steps.

To quantitatively evaluate the structural integrity and defects of the microcapsules,
we analyzed the radial distribution function (RDF) [44] and concentration profiles at
different simulation steps. While radial density profiles provide valuable information
about the distribution of species from the center-of-mass, the RDF was chosen to highlight
the relative distances between different components, which is crucial for understanding
the encapsulation mechanism. The results show that at 150,000 steps, the structure of
the microcapsules is not yet fully stable, with significant fluctuations in the RDF curves,
indicating that intermolecular interactions have not reached equilibrium. However, at
200,000 and 250,000 steps, the RDF curves stabilize, indicating that the system has reached
microphase separation equilibrium.

3.1.2. Alg—Cts Double-Wall Material Microcapsule

As shown in Figure 4, the simulation results show that the Alg, Cts, and citral in the
initial state (0 step) disperse irregularly in the water, and the polymer exhibits a random
stretching state. With the development of the simulation, the citral in the aqueous phase
formed small aggregates under the influence of hydrophobicity and gradually approached
the polymer. With increasing simulation time, the aggregates continue to collide further
and diffuse into the polymer at the same time. In 195,000 steps, single and relatively
uniform spherical nanoparticles are formed. It can be clearly and directly seen that Alg
and Cts can be used as composite wall materials of citral microcapsules, which provides a

o [

0 steps 70,000 steps 135,000 steps 195,000 steps 250,000 steps

research basis for practical applications.

Figure 4. Self-assembly of microcapsules made of Alg and Cts double-wall materials. (Periodic
boundary conditions have been removed for clarity. The images represent the microcapsule structure
at specific simulation time steps).

3.1.3. Alg-MC Double-Wall Microcapsule

The number of simulation steps is 250,000, and there are 51 frames per 5000 steps.
The following is taken from frames 1, 14, 27, 39, and 51 of the track file (xtd file) obtained
from the fourth group of Alg-MC oil, and the results are shown in Figure 5. To observe the
experimental results, the water beads are hidden. The simulation results show that Alg,
MC, and citral in the initial state (0 step) disperse irregularly in water, and that the polymer
exhibits a random stretching state. With the progress of the simulation, the polymer in
the aqueous phase forms small aggregates under the influence of hydrophobicity and
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gradually approaches other polymers. As the simulation time continues to increase, the
aggregates continue to collide further and diffuse into other polymers at the same time. By
frame 39, complete particles have been formed. At frame 39, there is a multiparticle in a
small box. When increasing the size of the box, it can be observed that 1.5 boxes can form
two complete microspheres, as shown in frame 51. It is clear that Alg and MC can be used
as composite wall materials of citral microcapsules, which provides a research basis for the
practical application of composite wall materials.

¥ &
{ Ty % ®
e ‘{ &
0 steps 70,000 steps 135,000 steps 195,000 steps 250,000 steps

Figure 5. Self-assembly of microcapsules made of Alg and MC double-wall material. (Periodic
boundary conditions have been removed for clarity. The images represent the microcapsule structure
at specific simulation time steps).

3.2. Structure Analysis of Microcapsules

The ideal microcapsule structure should have good stability and intelligent aggre-
gation to improve its sealing, which is very important to obtain a high small-molecule
encapsulation ability. Therefore, first, the morphology and cross-section of microcapsules
are analyzed to evaluate the distribution and aggregation of beads in microcapsules. Then,
the encapsulation and bead distribution of microcapsules with different wall materials
are studied more specifically and deeply from the RDF, and the internal structure and
morphology of microcapsules are analyzed by comparing RDF curves.

3.2.1. Single-Wall Material
Cts—Citral Single-Wall Microcapsule

As shown in Figure 6, Cts microspheres are divided into three layers, namely O4 beads,
N1 beads, and O4 beads, from the outside to the inside. The reason for the formation of such
a structure is that O4 is a hydrophilic hydroxyl group, so it is distributed in the outermost
layer adjacent to water molecules. The main chain of Cts is a hydrophobic carbon chain,
which should be distributed far from water beads, and all of them should be in the interior.
However, because Cts is a high-molecular-weight polymer, the space volume of the main
chain is relatively large, so it cannot be fully squeezed in the middle of the microsphere.
Therefore, the main chain is distributed in the middle layer. At the same time, a small part
of the branch chain, that is, O4 beads, extends into the inner core, and the innermost layer
is a small part of the branch chain, that is, O4 beads extend into it. Therefore, a three-layer
structure with a hydrophilic core and shell layers and a hydrophobic medium layer is formed.

When the core material citral was added, a Cts—Citral microcapsule was formed.
Morphologically, the Cts—Citral microcapsule is also a three-layer structure. From the
outside to the inside of the microcapsule, O4 beads of Cts, N1 beads of Cts, and C1 and C2
beads of citral are in order. Citral has a great repulsive force with water molecules, so it is
distributed in the innermost layer. The N1 bead in the main chain of Cts is a six-membered
ring structure with a lipophilic carbon chain, so the N1 bead is adjacent to citral and is in
the middle layer of the microcapsule. The O4 bead of the Cts branch chain is a hydrophilic
group, and there is also a large repulsive force between the O4 bead and C1 and C2 beads,
so O4 beads will not be adjacent to the C1 and C2 layers, but all extend to the outside. From
Figure 4, when citral is added, the coating layer of the microcapsule becomes thinner. The
reason is that the volume of the inner layer becomes larger, which leads to more compact
binding between the main chains of Cts.
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Cts Cts-Citral

Morphology Cross Section Morphology Cross Section

Figure 6. Morphology and cross-section of Cts microspheres and microcapsules.

It can also be seen from the concentration distribution curve in Figure 7 (The concentra-
tion profiles were calculated by radially averaging the bead density from the center-of-mass
of the microcapsule, with a bin width of 1 A) that when there is only the wall material
Cts, the concentration distribution curve of O4 beads has a peak at 80 A in the middle,
indicating that the concentration of O4 beads is the highest in the middle, which confirms
that the O4 beads are distributed in the innermost layer. Because of the symmetry of the
microsphere, the curves of N1 and O4 are approximately symmetrical. The middle part
of the O4 bead peak is clearly depressed, which indicates that most of the innermost O4
beads are extruded due to the entry of citral; therefore, the concentration of O4 beads is
greatly reduced. In addition, the peaks of the N1 and O4 beads are wider than those of the
C1 and C2 beads, which further explains the microcapsule structure.
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Figure 7. Concentration distribution curve of Cts microcapsules and microspheres.
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(a) Effect of Cts content on the appearance and cross-section of Cts—Citral microcapsules

By changing the content of Cts, the cross-section and RDF of the microcapsule are
compared to analyze the effect of Cts content on the properties of the microspheres. As
shown in Figure 6, the water volume is set as 260 mL, the citral volume is 1.5 mL, and
the concentration of Cts is set as 0.6 g/30 mL H,O, 0.8 g/30 mL H,O, 1.0 g/30 mL H,O,
1.2 g/30 mL HyO, and 1.4 g/30 mL HyO. The simulation results are shown in Figure 8. The
volume fraction is calculated, and the corresponding simulations are carried out.

Figure 8 shows that when the Cts content is 0.6 g/30 mL H,O, the microspheres have
obvious defects in appearance. The microsphere is not wrapped well enough to even
see the citral molecules inside. The cross-section shows that some citral molecules are
embedded in the main chain of Cts. Therefore, the microcapsules under this condition are
not complete, the thickness of the cladding is small, and the arrangement of O4 beads is not
neat enough. These disadvantages will seriously reduce the encapsulation performance of
Cts microcapsules, which makes disintegration easy during storage.

When the content of Cts is increased to 0.8 g/30 mL H,O and 1.0 g/30 mL H;O, the
cracks of the shell tended to close, and few citral molecules are exposed. The cross-section
shows that the citral molecule shrinks inward, and that the citral molecule embedded
in the main chain layer of the Cts molecule gradually detaches. However, from the ap-
pearance and cross-sectional point of view, there are still some defects in the shape of the
microspheres, which is not a more regular sphere.

When the content of Cts is increased to 1.2 g/30 mL HyO, few citral molecules are
embedded in the main chain of Cts, and the encapsulation is further improved. The order of
O4 beads is greatly improved, and the thickness of the whole microcapsule is more uniform
than before. When Cts reaches the maximum content of 1.4 g/30 mL H,O in the simulation
experiment, the citral molecules in Cts are almost invisible. The whole sphere is round, and
there is no citral molecule embedded in the main chain of Cts. The Cts microcapsule layer
is thicker than the core material. The arrangement of O4 beads is also very neat, forming
a three-layer structure of core material-N1-O4. Clearly, the Cts microcapsule with this
concentration has the best encapsulation performance.

Morphology

Cross section

Proportions of
Cts (g/30 ml 06¢g 08¢ 10g 12¢g l4g
H0)

Figure 8. Appearance and cross-section of DPD simulations with different proportions of Cts to HyO.

(b) Analysis of RDF

The RDF refers to the distribution probability of other particles relative to a given
particle in space, so the RDF can reflect the distance relationship between particles. In this
study, C1 beads in citral molecules are selected as reference beads, and then the RDFs of
the N1 and O4 beads in Cts relative to C1 beads are studied and compared, as shown in
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Figure 9. From the RDF curves of C1-N1 and C1-04, the peak of the C1-N1 curve is higher
and closer to the left end than that of C1-O4, indicating that the distance between the N1
bead and C1 bead is closer. That is, the affinity between the C1 and N1 beads is better than
that between the C1 and O4 beads, and the interaction force is smaller. This conclusion is
consistent with the size of the interaction parameter a;; calculated above, which indicates
that the RDF curve can reflect the size of the interaction parameter of each component from
the side.

From the RDF curve of C1-N1, it can be seen that with increasing Cts content, the
peak of the C1-N1 RDF curve gradually decreased and shifted to the right. The change
trend of the RDF curve showed that the higher the content of Cts is, the greater the N1
beads spread to the outer layer; that is, the distance between the C1 and N1 beads became
larger. The reason for this is that with increasing Cts molecules, the affinity between the
N1 and C1 beads decreases, and the repulsive force increases. However, the space volume
of the N1 bead is so large that it cannot diffuse to the inside, only to the outside. The
RDF curve of C1-O4 is very similar to that of C1-N1. With increasing Cts content, the
peak of the curve gradually decreased and shifted to the right. The reason is that the N1
beads diffused to the outer layer under the gradually strengthened repulsive force, so the
O4 bead is forced to move to the outer layer as a whole. This analysis can also explain
why the C1 beads gradually separate from the N1 beads with increasing Cts content in
the cross-section. Because the affinity between the C1 and N1 beads decreased and the
repulsive force increased, the C1 beads could not be embedded into the N1 beads.

By comparing the above groups of simulation experiments, it can be found that when
the content of citral is fixed, the higher the content of Cts is, and the better the encapsulation
performance of citral. However, considering the cost and other factors, the content of Cts
should be controlled within a certain range, so it is not necessary to increase it too much, as
long as it can be completely wrapped with citral.

In this study, the RDFs were averaged over the last 50,000 simulation steps (500 frames
sampled every 100 steps) to ensure statistical reliability.
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Figure 9. RDF of N1 and O4 beads with different proportions of Cts.
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Alg-Citral Single-Wall Microcapsule

Figure 10 shows that under neutral simulation conditions, Alg can form a spherical
core—shell structure and tightly embed the citral in it. The hydrophilic O3 beads (dark blue)
are located in the outermost layer of the microcapsule, forming a hydrophilic protective
shell, and N3 is mainly in the hydrophobic inner layer and tightly envelops the citral.

Compared with the profile of microcapsules, the RDF curve can more directly reflect
the distribution characteristics of citral. For the same content of citral, the citral is preferen-
tially distributed in the inner layer (hydrophobic layer) of the capsule under the condition
of a lower content of wall material. Because the affinity of N3 hydrophobic beads to citral
(C1 beads) is greater than that of O3, the citral is more distributed in the inner layer. With
an increase in wall material content until saturation, the extra N3 beads diffuse to the outer
layer. Therefore, it can be seen that with increasing wall material content, the peak of the

N3 bead curve is closer to that of the O3 bead curve.
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Figure 10. Alg single-wall microcapsule ((I) citral free; (IT) containing citral; and (III) RDF curve).
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3.2.2. Double-Wall Material Microcapsule
Cts—Alg—Citral and Cts-MC—Citral Microcapsules

The effects of Alg and MC on Cts—Citral microcapsules are also simulated. DPD
simulation with a Cts content of 1.0 g/30 mL HO is selected for comparison, and the total
amount of wall materials in the three groups is equal.

(a) Appearance and cross-section of microcapsules

Figure 11 shows that for the microcapsules doped with Alg or MC, both Alg and MC
have obvious boundaries with Cts molecules and are not mixed with Cts molecules. The
formation of this phenomenon can be explained by the interaction between the molecules
of each component. Clearly, the interaction between Cts molecules is weaker than that
between Cts and Alg or MC, and the corresponding repulsive forces are stronger.

Compared with the pure Cts microcapsule, the microcapsule made of Cts doped
with Alg has no obvious difference in appearance and shape, and a small amount of citral
molecules are embedded in the wall layer. However, when Cts doped with MC is used
as the wall material, the microcapsule is quite different. First, citral molecules are more
exposed in the microspheres formed by MC. Second, from a cross-sectional view, the
microspheres formed by MC are obviously thinner, and the citral molecules are embedded
more, with some even embedded in the most peripheral position of the microcapsule.
Moreover, a thin Cts microsphere layer covered the outside of the MC microcapsule layer.
This phenomenon indicates that the encapsulation performance of MC to citral is slightly
worse than that of Cts, and it cannot be well coated with citral.

Alg—Cts—Citral MC-Cts—Citral

Morphology Cross Section Morphology Cross Section

Figure 11. Morphology and cross-section of Alg-Cts—Citral and MC—Cts—Citral microcapsules.

(b) Analysis of the RDF

The results are shown in Figure 12, and the RDF curves in the figure are all based on
C1 beads. Curve g(N1) represents the RDF of C1-N1 and curve g(O1) represents the RDF
of C1-0O1, and so on.

By comparing the three figures, the RDFs of the C1-N1 beads and C1-O4 beads are
basically the same, and there is no obvious fluctuation. That is, adding Alg or MC to replace
part of Cts has little effect on the molecular distribution of Cts in the microcapsule wall.

On the other hand, the peak of the C1-N2 curve is much higher than those of the
C1-N1 and C1-N3 curves, which indicates that the affinity of N2 beads in the main chain
of MC with C1 beads of citral is stronger than that with N1 beads of Cts or N3 beads of Alg.
Therefore, compared with Cts and Alg, there are more citral molecules embedded in the
molecular layer of MC.

In addition, the peak of the C1-O1 curve is much higher than those of C1-02, C1-O3,
and C1-04, and the whole C1-O1 curve is closer to the left than the other three curves. The
curve characteristics showed that the affinity between the O1 and C1 beads is stronger than
that between the 02, O3, and O4 beads.
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Figure 12. RDF curves of Cts-Citral, Alg-Cts-Citral, and MC—Cts—Citral microcapsules.

(c) Analysis of the concentration distribution curve of citral

As shown in Figure 13, in the system doped with Alg, the peak of the concentration
distribution curve of citral is higher than that of the system without Alg, but the upper part
of the peak is narrower than that of the pure Cts wall material. The area enclosed by the
concentration distribution curve of the two is almost the same, which indicates that the
content of the coated citral is very close. However, in the system doped with MC, the peak
of the concentration distribution curve of citral is higher than those of the other two, but the
width is almost the same, so the area surrounded by the concentration distribution curve is
larger, which indicates that the Cts wall material doped with MC has more citral content.
However, the width of the bottom of the three curves is almost the same, which indicates
that the volume of microcapsules formed by the three groups of experiments is similar,
and that there is little difference. Under the condition of almost no change in volume,
the content of citral in the system doped with MC increases, which may be because the
addition of MC weakens the interaction between the molecules and makes the molecules
more closely arranged, so the volume of the system is almost unchanged.
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It can be seen from the above discussion that the doping of Alg has no obvious effect
on the preparation of Cts—Citral microcapsules because the properties of the microcapsules
have not changed much. It is concluded that Alg can replace Cts in the preparation of
Cts—Citral microcapsules. On the other hand, the doping of MC has a significant effect on
the preparation of Cts—Citral. Because MC is amphiphilic and has a strong affinity for citral,
more citral can be encapsulated in it. However, the encapsulation performance of MC is
not very good, which easily leads to the exposure of citral molecules. Therefore, there are
advantages and disadvantages for the strategy of doping MC.

Cts—Citral
— Alg-Cts—Citral
—— MC-Cts—Citral
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Figure 13. Concentration distribution curve of citral molecules.

Alg—Cts—Citral Double-Wall Material Microcapsule of Alg and Cts

Figure 14 shows that under neutral simulation conditions, Alg and Cts can form a
spherical core-shell structure, which can tightly embed the citral in it. The N1 beads and O4
beads of Cts are mainly distributed in the outer and middle layers. The bead distribution of
Alg is similar to that of single-wall Alg. Hydrophilic O3 beads (dark blue) are distributed
in the outermost layer of the microcapsule, forming a hydrophilic protective layer. S beads
are distributed in the middle and outer layers of the microcapsules, while N3 beads are
next to the citral.

The RDF curve can reflect the distribution characteristics of citral in wall materials
more directly. Under the condition of keeping the content of citral and Alg unchanged,
when the content of Cts is low, N1 and N3 beads are preferentially distributed in the inner
layer close to citral. The reason is that the affinity of citral to hydrophobic beads (N1 and
N3 beads) is greater than that to hydrophilic beads (O3 and O4 beads). With increasing Cts
content in the wall material, the inner layer gradually becomes saturated. At the same time,
the space resistance of hydrophobic beads to diffuse to the outer layer of the capsule may
be less than the attraction of affinity, so hydrophobic beads gradually distribute to the outer
layer, which leads to the coincidence of the peaks of hydrophobic beads and hydrophilic
beads. As shown in Figure 14I1I, the peak coincidence degree of all curves in group (4)
is the highest, indicating that Cts and Alg are closely bound. The reason for this may be
that there is a strong electrostatic interaction between Cts and Alg, so the compactness and
stability of the composite wall material are better. Therefore, the best experimental results
are obtained for the feeding ratio of group (4). It is concluded that when the contents of
citral, Alg, and Cts are 0.55%, 3.25%, and 0.25%, that is, after dehydration the microcapsules
have better performance when the contents of citral, Alg, and Cts are 13.6%, 80.2%, and
6.2%, respectively.
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Figure 14. Alg and Cts double-wall material microcapsules ((I) citral free; (IT) containing citral; and
(III) RDF curve).

Alg-MC-Citral Double-Wall Material Microcapsule

Figure 15 shows that in aqueous solution, Alg and MC can also form a spherical
core—shell structure, which can tightly embed the citral. The N2 beads and O2 beads of MC
are distributed in the outer and middle layers. The bead distribution of Alg in aqueous
solution without citral is similar to that of single wall Alg. Hydrophilic O3 beads (dark
blue) are used as the outermost layer of the microcapsule to form a hydrophilic protective
layer and S beads are distributed in the middle and outer layers of the microcapsules. In
the model containing citral, the N3 bead layer is close to the citral.

Compared with the profile of microcapsules, the RDF curve can more directly reflect
the distribution characteristics of citral and wall material. Under the condition of keeping
the content of citral and Alg unchanged, the content of MC is gradually increased to
investigate the change in bead distribution. When the content of MC is low, N2 and N3
beads are preferentially distributed in the inner layer near citral, because citral has more
affinity for hydrophobic N2 and N3 beads than for hydrophilic O2 and O3 beads. When
the content of MC increases, the total content of the wall material also increases, and the
hydrophobic layer tends to be saturated so that the probability of hydrophobic beads
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distributed in the hydrophobic layer and hydrophilic layer gradually tends to be equal.
Clearly, the peak value of hydrophobic beads is close to that of hydrophilic beads, but
there is still a certain gap. This may be due to the amphiphilic property of MC, which
has an obvious solubilization effect on citral. The hydrophobic beads of Alg (N3 beads)
and the hydrophobic group of MC (N2 beads) are more likely to be distributed in the
inner layer, while the hydrophilic beads of Alg (O3 beads) and the hydrophilic group of
MC (O2 beads) are more likely to be distributed in the outer layer. In group (5), the peak
value of the hydrophobic bead curve is higher, but the difference in the peak value of the
hydrophilic layer is larger, which indicates that the hydrophilic effect between the two wall
materials is not very strong. In contrast, the two peaks of group (4) are very close, which
indicates that the interaction between the two wall materials is the strongest, and that the
combination degree and encapsulation effect are the best. Therefore, group (4) exhibits the
best result. Therefore, when the contents of citral, Alg, and MC are 0.56%, 1.65%, and 0.29%,
respectively, that is, after dehydration the microcapsules demonstrate better performance
when the contents of citral, Alg, and MC are 22.4%, 66.0%, and 11.6%, respectively.
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0 5 10 15 20 25 30 35 40 45
Alg-MC (2)

Alg-MC-Citral (3)

Alg-MC (3)

0 5 10 15 20 25 30 35 40 45

Alg-MC (4)
Alg—MC-Citral (5)
80
—_——— g(NZ)
v/\f"""‘ ———-g(N3)
20 ¢ ""“M;; 8(02)
0 T ' -IJ' T T I_I:\\

05 1015202530354045

Alg-MC (5) Alg-MC-Citral (5)
@ I (I

Figure 15. Alg and MC double-wall material microcapsules ((I) citral free; (II) containing citral; and
(IIT) RDF curve).
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MSD(Angstrom?)

Diffusion Coefficient of Citral in the Simulation Process

MSD is the distance the beads move from their original position to the second moment

N
of their distribution in a defined time span, defined as MSD = £ ¥ |r;(f) — 1;(0) 2, which
i=1

N
is related to the diffusion coefficient (Fp = 6LNtli_>m % Y |ri(t) —r;(0) |2), where r; denotes the
o®iT]

position vector of ith bead and N is the number of statistical beads [45]. The MSD curves
are also computed in the Mesocite module of Materials Studio 7.0 software. The slope of the
mean square displacement diagram can represent the diffusion coefficient. A large slope
indicates a fast diffusion speed [38,43]. Figure 16 is a trend line diagram of the mean square
displacement. The diffusion coefficient can be directly seen from the inclination angle of the
slash. Clearly, the diffusion coefficient of the fourth group is small and close to that of the
Alg single-wall material system. The slopes of the other groups hardly changed, which may
be because the fourth group of Cts cations reacted completely with Alg anions. However,
when the amount of Cts is too small or too large, the reaction between the Cts cation and
Alg anion is not complete. Therefore, the system has excess anions or cations, resulting
in electrification of the simulated system, and the formed microspheres are also unstable.
Therefore, the diffusion coefficient of other groups becomes higher, and the diffusion speed
of citral becomes faster.
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Figure 16. Mean square displacement function trend diagram of Alg and Cts double-wall materials.

As shown in Figure 17, in the simulation results of the Alg and MC composite wall
material, the diffusion coefficient of the fourth group is close to that of the Alg single-wall
material system. However, the diffusion coefficients of the other groups are large and
almost the same. This may be because MC is amphiphilic and has an obvious solubilization
effect on citral [46]. When the content of MC is high, the diffusion coefficient becomes higher,
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and the diffusion speed of citral becomes faster. When the content of MC is relatively small,
according to the RDF in this paper, the wall material may be loose, resulting in a higher
diffusion coefficient. The MSD curves exhibit different regimes, reflecting the initial rapid
diffusion of components followed by a slower, more stable phase. The decreasing trend
observed in Alg-MC-Citral (4) is likely due to the strong electrostatic interactions between
the components, which temporarily restrict their motion before reaching equilibrium.
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Figure 17. Mean square displacement function trend diagram of Alg and MC double-wall materials.

4. Conclusions

In this study, the DPD method is used to simulate the self-assembly process, ap-
pearance, mesoscopic structure, and wrapping properties of microcapsules formed with
citral as the core material and Cts and Alg as single-wall materials, and with citral as
the core material and Cts—-Alg, Cts-MC, Alg—Cts, and Alg-MC as double-wall materials.
The effects of Cts content and wall material composition on the structure, morphology,
encapsulation performance, and stability of microcapsules are compared and explored. In
addition, the microcapsules are deeply analyzed by using the mesoscopic structure, RDF,
and diffusion coefficient.

The conclusions are as follows: (1) The results show that the higher the Cts content,
the better the coating performance of the wall material on citral. However, considering the
cost of the actual production process and other factors, the dosage of Cts should not be too
high, as long as it can completely wrap citral. (2) When Alg—Cts double-wall microcapsules
are prepared with water as the solvent, the microcapsules have better performance when
the contents of citral, Alg, and Cts are 0.55%, 3.25%, and 0.25%, respectively. (3) When Alg-
MC double wall microcapsules are prepared with water as the solvent, the microcapsules
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demonstrate better performance when the contents of citral, Alg, and MC are 0.56%, 1.65%,
and 0.29%, respectively.

This study provides a new idea and method for the preparation of citral microcap-
sules and is of great significance for the design and development of new composite wall
microcapsules.
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Abstract: In this study, nanocomposites of AgNPs encapsulated in carboxymethyl chitosan (CMCS)
with sulfobetaine methacrylate (SB) hydrogel (AgNPs/CMCS-SB) were synthesized. The UV-Vis spec-
tra indicated the presence of AgNPs, with a broad peak at around 424 nm, while the AgNPs-loaded
CMCS-SB nanocomposite exhibited absorption peaks at 445 nm. The size and dispersion of AgNPs
varied with the concentration of the AgNOj solution, affecting swelling rates: 148.37 + 15.63%,
172.26 + 18.14%, and 159.17 £ 16.59% for 1.0 mM, 3.0 mM, and 5.0 mM AgNPs/CMCS-SB, re-
spectively. Additionally, water absorption capacity increased with AgNPs content, peaking at
11.04 + 0.54% for the 3.0 mM AgNPs/CMCS-SB nanocomposite. Silver release from the nanocom-
posite was influenced by AgNOj3 concentration, showing rapid initial release followed by a slower
rate over time for the 3.0 mM AgNPs/CMCS-SB. XRD patterns affirmed the presence of AgNPs,
showecasing characteristic peaks indicative of a face-centered cubic (fcc) structure. The FTIR spectra
highlighted interactions between AgNPs and CMCS-SB, with noticeable shifts in characteristic bands.
In addition, SEM and TEM images validated spherical AgNPs within the CMCS-SB hydrogel net-
work, averaging approximately 70 and 30 nm in diameter, respectively. The nanocomposite exhibited
significant antibacterial activity against S. aureus and E. coli, with inhibition rates of 98.9 & 0.21%
and 99.2 £ 0.14%, respectively, for the 3.0 mM AgNPs/CMCS-SB nanocomposite. Moreover, cyto-
toxicity assays showcased the efficacy of AgNPs/CMCS-SB against human colorectal cancer cells
(HCT-116 cells), with the strongest cytotoxicity (61.7 & 4.3%) at 100 pg/mL. These results suggest the
synthesized AgNPs/CMCS-5B nanocomposites possess promising attributes for various biomedi-
cal applications, including antimicrobial and anticancer activities, positioning them as compelling
candidates for further advancement in biomedicine.

Keywords: AgNPs; hydrogels; nanocomposites; release; antimicrobial; anticancer

1. Introduction

The integration of silver nanoparticles (AgNPs) with hydrogel matrices has recently
gained considerable attention in biomedical research owing to the unique antimicrobial
properties of AgNPs and the versatile characteristics of hydrogels for drug delivery and tis-
sue engineering applications [1]. Among these, silver nanoparticles (AgNPs) have emerged
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as a particularly intriguing class of nanomaterials owing to their remarkable physical,
chemical, and biological properties. The distinctive characteristics of AgNPs render them
promising candidates for a wide range of applications across various sectors, including
biomedical, environmental, and industrial fields [2]. The AgNPs exhibit exceptional an-
timicrobial activity attributed to their high surface area-to-volume ratio, which enhances
contact with microbial membranes, leading to disruption of cellular integrity and inhibition
of microbial growth [3]. Furthermore, AgNPs have demonstrated promising anticancer
activity by inducing apoptosis and inhibiting proliferation in cancer cells, thus making
them potential candidates for cancer therapy [4,5]. In biomedical applications, AgNPs
have shown immense potential as antimicrobial agents, drug delivery vehicles, and di-
agnostic tools. Their ability to efficiently penetrate bacterial cell membranes and disrupt
cellular processes has led to their exploration as alternatives to conventional antibiotics,
particularly considering the rising antibiotic resistance. Furthermore, the surface func-
tionalization of AgNPs enables the targeted delivery of therapeutic agents to specific sites
within the body, reducing systemic toxicity and enhancing therapeutic efficacy [6]. Despite
the notable progress in understanding and exploiting the properties of AgNPs, several
challenges remain, such as the nanoparticle stability, cytotoxicity, environmental impact,
and scalability of the synthesis methods that facilitate the widespread adoption of AgNPs
in practical applications. Moreover, the complex interactions of AgNPs with biological
systems and the environment necessitate comprehensive studies to assess their safety and
environmental impact.

Hydrogels have gained significant attention in biomedical research and applications
owing to their unique properties, including a high water content, biocompatibility, and
tunable mechanical and chemical characteristics [7]. Among the diverse range of hydrogel-
forming polymers, carboxymethyl chitosan (CMCS) is a notable and promising candidate
for biomedical applications owing to its biocompatibility, biodegradability, and functional
groups that can be modified to tailor its properties for specific applications [8,9]. Chi-
tosan, which is a natural polysaccharide derived from chitin, is inherently biocompatible
and has antimicrobial properties, making it an attractive material for biomedical applica-
tions [10,11]. However, the poor solubility of chitosan in physiological conditions limits
its utilization, particularly in aqueous environments. Carboxymethylation of chitosan
introduces carboxyl groups onto the polymer backbone, enhancing its solubility and al-
lowing for the facile manipulation of its physicochemical properties [12]. The resulting
CMCS exhibits improved water solubility, biocompatibility, and mucoadhesive properties,
making it suitable for various biomedical applications, including drug delivery, tissue
engineering, wound healing, and regenerative medicine [13]. Furthermore, the presence of
carboxyl groups in CMCS facilitates further chemical modifications, such as crosslinking
and grafting, to impart the desired functionalities and enhance its performance in specific
applications. Hydrogels based on CMCS offer several advantages for biomedical applica-
tions. Owing to their hydrophilic nature and porous structure, CMCS hydrogels can absorb
and retain large amounts of water and bioactive molecules, making them ideal for drug
delivery, antibacterial, and anticancer systems [14]. Moreover, the mechanical properties
and degradation kinetics of CMCS hydrogels can be tailored to match the requirements
of different tissue engineering and regenerative medicine applications. Incorporating
bioactive agents, such as growth factors, drugs, and nanoparticles, into CMCS hydrogels
further expands their functionality and therapeutic potential [11]. The controlled release of
bioactive molecules from CMCS hydrogels can be achieved via diffusion, degradation, or
stimuli-responsive mechanisms, enabling spatiotemporal control over therapeutic delivery
as well as promoting tissue regeneration and wound healing.

Sulfobetaine methacrylate (SB) is a zwitterionic polymer known for its exceptional
antifouling properties and low immunogenicity; thus, it is ideal for enhancing the biocom-
patibility and non-fouling behavior of hydrogel matrices [15,16]. Incorporating CMCS and
SB into hydrogel matrices offers numerous advantages for biomedical applications [17].
First, the synergistic interaction between CMCS and SB enhances the mechanical properties
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and stability of hydrogels, making them suitable for load-bearing applications in biomedi-
cal engineering [18]. Second, the non-fouling properties of SB prevent protein adsorption
and cell adhesion on hydrogel surfaces, reducing the risk of inflammatory responses and
improving biocompatibility [19]. Third, the stimuli-responsive behavior of CMCS-SB hydro-
gels enables the controlled release of encapsulated drugs or bioactive molecules in response
to external triggers, facilitating spatiotemporal control over therapeutic delivery [20]. Com-
bining CMCS and SB in hydrogel matrices demonstrates significant potential for various
biomedical applications [11,18]. In drug delivery systems, CMCS-SB hydrogels offer im-
proved drug-loading capacity, prolonged circulation times, and targeted delivery, leading to
enhanced therapeutic efficacy and reduced side effects [18,19,21,22]. In tissue engineering,
CMCS-5B hydrogels provide a conducive microenvironment for cell growth, proliferation,
and differentiation, promoting tissue regeneration and integration. When combined with
CMCS and AgNPs in hydrogel matrices, SB further improves stability, reduces protein ad-
sorption, and enhances responsiveness to environmental stimuli, such as pH, temperature,
or ionic strength [23,24]. The synergistic effects of AgNPs, CMCS, and SB hydrogels can
lead to enhanced antibacterial and anticancer activities, offering new opportunities for the
development of therapeutic agents with improved efficacy and reduced side effects. In this
study, we aim to synthesize and characterize silver nanoparticle-loaded carboxymethyl
chitosan with sulfobetaine methacrylate hydrogel (AgNPs/CMCS-SB) nanocomposites
and evaluate their potential in antibacterial and anticancer applications.

2. Materials and Methods
2.1. Materials

Carboxymethyl chitosan (Carboxymethylation >/= 80%; CMCS), poly (ethylene
glycol)-block-Poly (sulfobetaine methacrylate; SB) (PEG average M, 5000, PSBMA M,
13,000), silver nitrate (AgNOs; >99.0%), sodium borohydride (NaBH4; >98.0%),
polyvinylpyrrolidone (MW 40,000; PVP), and ammonium persulfate (NH4)25,0g; >98.0%)
were all purchased from Sigma-Aldrich, Seoul, Republic of Korea. The water used in the
experiment underwent ultra-purification and was generated by the Milli-Q system (Mil-
pitas, CA, USA). All additional reagents were of analytical grade and did not necessitate
further purification prior to usage.

2.2. Synthesis of AGNPs

The synthesis of AgNPs via chemical reduction involves several steps [25]. Initially,
a solution of AgNOs is prepared by dissolving a specified quantity of AgNO3 in 100 mL
of distilled water to attain a concentration of 1 mM. Concurrently, a solution of 100 mM
NaBH, is prepared by dissolving it in distilled water (1.0 mL). The AgNOj3 solution is then
heated to a predetermined temperature of 80 °C in a clean reaction vessel, with constant
stirring to ensure even heating. Gradually, the 100 mM NaBHj, solution is added drop by
drop to the heated AgNOj solution while stirring continuously, instigating the reduction
in silver ions to atoms, which subsequently aggregate to form AgNPs, leading to a color
transition of the solution from colorless to yellowish-brown. To stabilize the formed AgNPs
and prevent aggregation, 0.10 g of PVP is introduced into the reaction mixture. Upon
completion of the reaction, the synthesized AgNPs can be characterized using various
analytical techniques.

2.3. Synthesis of AgQNPs-Loaded CMCS-SB Hydrogel

The synthesis of the CMCS-SB copolymer comprises several sequential steps aimed at
grafting sulfobetaine methacrylate (SB) onto carboxymethyl chitosan (CMCS) [26]. Initially,
2.0 g of CMCS is dissolved in 100 mL of a 1 vol% acetic acid aqueous solution. The mixture
is then heated to 65 °C while maintaining constant stirring at 500 rpm throughout the
reaction. Following this, 0.2 g of (NH4)25,0g is added to the CMCS solution, and Nj
gas is bubbled through it for 30 min, creating an oxygen-free environment crucial for the
polymerization reaction. Meanwhile, SB is dissolved in deionized water, and this solution
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is gradually incorporated into the reaction system. The reaction continues for 6 h at a
consistent temperature and stirring rate. Upon completion, the solution is cooled, followed
by a 72-h dialysis process using a dialysis bag with a molecular cutoff weight ranging from
8000 to 14,000, aiming to eliminate small molecules, salts, and unreacted monomers. Finally,
the solution undergoes freeze-drying to yield the CMCS-SB hydrogels in a dry form ready
for collection and subsequent utilization in various applications.

To prepare the AgNPs-loaded CMCS-SB hydrogels, the synthesized AgNPs are in-
corporated into the CMCS-SB hydrogel matrix during the gelation process [27]. Initially,
different concentrations of AgNO; (1.0, 3.0, and 5.0 mM), synthesized through chemical re-
duction, are dispersed in the CMCS-5B solution before gelation. This dispersion is achieved
by thoroughly mixing in a water bath at 90 °C to ensure the even distribution of AgNPs
within the CMCS-SB hydrogel matrix solution. Following this, the gelation process is initi-
ated by adjusting the pH of the CMCS-SB solution to 6, depending on the specific gelation
mechanism employed. Upon completion of gelation, the AgNPs-loaded CMCS-SB hydrogel
forms, ready for further characterization and utilization across various applications.

2.4. Characterizations

The UV-vis spectra of the AgNPs, CMCS-SB hydrogel, and AgNPs/CMCS-SB nanocom-
posites with varying irradiation times were obtained by a UV-vis spectrophotometer (UV
3220-Optizen, Daejeon, Republic of Korea) in the wavelength range of 200-800 nm. The
XRD patterns of the AgNPs, CMCS-SB hydrogel, and AgNPs/CMCS-SB nanocomposites
were obtained using a Cu K« radiation source (k = 1.54064 A) generated by an (PANalytic
X'Pert Philips, MRD model, Tokyo, Japan) X-ray diffractometer operating at a voltage and
current of 40 kV and 40 mA, respectively. To assess the chemical composition of the AgNPs,
CMCS-SB hydrogel, and AgNPs/CMCS-SB nanocomposites, FTIR analysis was conducted
by employing a spectrometer (Perkin Elmer, Shelton, CT, USA) with a resolution of 4 cm ™!,
utilizing an attenuated total reflection (ATR) in the wavenumber range of 4000-400 cm 1.
The surface morphology of the materials was examined via SEM (JEOL JSM-6490LA, Tokyo,
Japan), whereas the internal structural morphologies of the AgNPs and AgNPs/CMCS-SB
nanocomposites were characterized via TEM (200 kV, JEOLJEM-2100, Tokyo, Japan). For
the SEM analysis, the samples were prepared by casting 0.1 mg/mL of water suspensions
onto a silicon substrate and allowing them to dry prior to examination.

2.5. Swelling and Water Absorption

The swelling, water solubility, and water absorption of the CMCS-SB hydrogels and
AgNPs-loaded CMCS-SB hydrogels were assessed via a gravimetric approach. Initially,
both types of hydrogels were cut into 3 cm x 3 cm. These segments were then subjected
to drying in an oven at 45 °C until a constant weight (Wd) was achieved. Subsequently,
the first set of segments was immersed in 30 mL of PBS buffer solution with a pH of 7.4
for 24 h. After removal from the solution, any excess surface liquid was carefully removed
using filter paper, followed by reweighing (Wys) the segments. The swelling of both types
of hydrogels was determined using Equation (1) as follows:

Swelling degree (%) = (Wi — Wiq)/Wq x 100 1

Subsequently, the swollen CMCS-SB hydrogels and AgNPs-loaded CMCS-5B hydro-
gels were subjected to drying in an oven at 45 °C until a constant weight (W) was achieved.
The water solubility of both types of hydrogels was then determined using Equation (2)
as follows:

Water solubility (%) = (Wig — W)/ Wig x 100 2)

The remaining groups of the CMCS-SB hydrogels and AgNPs-loaded CMCS-SB hydro-
gels were exposed to 25 °C and a relative humidity of 50% for 24 h, after which they were
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weighed (Wy,). The water absorption of the films was then determined using Equation (3)
as follows:
Water absorption (%) = (W — W)/ Wiq x 100 3)

2.6. Release of Silver from AgNPs/CMCS-SB Nanocomposites

The release profiles of silver from the AgNPs/CMCS-SB nanocomposites were ob-
tained by monitoring the optical density (O.D.) at various time intervals. Specifically,
approximately 1.0 g of the AgNPs/CMCS-SB nanocomposites were placed in a flask con-
taining 10 mL of water at 37 °C. The flask was then placed on a rotary shaker and oscillated
at a frequency of 60 rpm. The amount of silver released was quantified by measuring the
O.D. at its peak wavelength (420 nm) using a UV-vis spectrophotometer (UV 3220-Optizen,
Daejeon, Republic of Korea).

2.7. Antibacterial Study

The antibacterial efficacy of the prepared nanocomposites (CMCS-SB hydrogel, AgNPs,
and AgNPs/CMCS-SB nanocomposite) against S. aureus and E. coli was evaluated using
methods adapted from Yalei Liu et al., 2022 [27]. Initially, 0.5 g of each material was
prepared in sterile test tubes. Then, 20 uL of the bacterial suspension (ODgyy = 0.1) was
added to the surface of each material in separate test tubes. After inoculating at 37 °C for
2 h, 980 puL of sterile medium was added to suspend any remaining bacteria. A control
group with the same bacterial suspension but without contact with the materials was
also prepared. Subsequently, 100 pL of the bacterial suspension from each sample was
spread onto agar plates using a sterile coating rod. After incubating at 37 °C for 24 h,
bacterial colonies on the plates were identified and counted using Image] software. The
counting process was repeated six times, and the average was calculated. The antimicrobial
performance was quantified using the following Equation (4):

Mortality (%) = blank control group — sample group/blank control group x 100% (4)

2.8. In-Vitro Cytotoxicity Study

Initially, HCT-116 cells were seeded in a 96-well microplate containing the cell cul-
ture medium (DMEM with 1% penicillin-streptomycin and 10% FBS) at a density of
1 x 10° cells/mL. The plates were incubated at 37 °C under 5% CO, for 24 h. Subse-
quently, the cells were treated with different concentrations of the CMCS-SB hydrogel,
AgNPs, and AgNPs/CMCS-5B nanocomposite for 24 h. Before treatment, the samples were
sterilized via UV irradiation and then extracted at a concentration of 10 mg/mL at 37 °C for
24 h. The resulting extract solution was sterilized by filtration and stored for subsequent
use. Cells without treatment served as the control. The experiment was performed in
triplicate. During the incubation period, the freshly prepared WST-1 solution (20 uL) was
added to the cells, followed by an additional 45 min of incubation. The absorbance was
then read at 450 nm. The cell viability was assessed using Equation (5) as follows:

Cell viability (%) = Absorbance of test/ Absorbance of control x 100 (5)

To gain a comprehensive understanding, morphological changes in the HCT-116 cells
were examined using fluorescence microscopy. The cells were seeded in a six-well plate
at a density of 1 x 10° cells/well and incubated for 24 h. The cells were then treated with
the samples for 24 h at 37 °C, after which the cells were washed with 1x PBS and fixed
with a methanol: acetic acid solution (3:1, v/v). Subsequently, a staining procedure using
4’ 6-diamidino-2-phenylindole /Propidium iodide (DAPI/PI) was performed to distinguish
live and dead cells. The fluorescent dyes (DAPI/PI) enabled visualization using a Nikon
Research Inverted Microscope, the ECLIPSE TS2R-C-AL (Tokyo, Japan), allowing for
detailed assessments of the cellular morphology.
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3. Results and Discussion
3.1. Optical Properties of AQNPs/CMCS-SB Nanocomposite

The UV-Vis spectra of the AgNPs exhibit a broad peak with a maximum absorption
at approximately 424 nm (Figure 1a), corresponding to the Plasmon absorbance charac-
teristic of AgNPs [28]. Conversely, the CMCS-SB hydrogel lacks such a peak owing to its
amorphous nature. The interaction between the Ag* ions and functional groups within the
polymer network, such as the -OH, -NHj, and -C=0 groups, facilitates the reduction of
Ag* ions under UV irradiation, leading to the formation of AgNPs within the cross-linked
polymer matrix [29]. The hydrogel matrix serves as an excellent host for the incorporation
of nanoparticles, with the polymer structure controlling the nucleation and growth of
AgNPs. Consequently, the presence of AgNPs enhances the overall performance of the
AgNPs/CMCS-SB nanocomposite [30]. The apparent color change from violet to dark
brown in the AgNPs-loaded CMCS-SB hydrogels coincides with the absorption peaks shift-
ing to approximately 445 nm in the UV-Vis spectra [31]. This shift in the absorption peaks is
attributed to the surface plasmon resonance (SPR) phenomenon, which is influenced by the
diameter of the larger AgNPs, which exhibit a red-shifted SPR peak at longer wavelengths,
whereas nanoparticle aggregates further extend this shift. The formation of AgNPs within
the CMCS-SB hydrogels was confirmed via SPR alignment with the typical Apnax values
of the AgNPs within the visible range of 350-550 nm. The prepared AgNPs/CMCS-SB
nanocomposite involves swelling the cross-linked CMCS-SB hydrogels in AgNOj solutions
of varying concentrations (1.0, 3.0, and 5.0 mM)), as illustrated in Figure 1b. Higher degrees
of hydrolysis result in a greater absorption of the Ag* solution by the hydrogel, leading
to the formation of larger AgNPs and a broader peak in the UV-Vis spectral region of
350450 nm [32]. However, as the concentration of the AgNO; solution increases from
3.0 to 5.0 mM, the intensity of the plasmon absorbance decreases, indicating the presence
of larger AgNPs and the formation of multi-nanoparticle aggregates. Conversely, in the
non-hydrolyzed AgNPs/CMCS-SB nanocomposite system, the shift in peaks is more pro-
nounced, indicating the prevalence of smaller nanoparticles within the matrix [33]. This
highlights the influence of hydrolysis on the size distribution and aggregation of AgNPs
within the CMCS-SB nanocomposite system.

(a) ——CMCS-SB (b) 1.0 mM AgNPs/CMCS-SB
0.84 ~ AgNPs 0.8+ ——— 3.0 mM AgNPs/CMCS-SB
= AgNPs/CMCS-SB e 5.0 MM AgNPs/CMCS-SB

Absorbance
Absorbance

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 1. UV-Vis absorption spectra of the (a) CMCS-SB hydrogel, AgNPs (1.0 mM), and
AgNPs/CMCS-SB nanocomposite, and (b) CMCS-SB hydrogel with AgNPs at different concen-
trations (1.0, 3.0, and 5.0 mM).

3.2. Swelling and Water Absorption of AGQNPs/CMCS-SB Nanocomposite

The swelling, water absorption, and water solubility characteristics of both the pre-
pared CMCS-SB hydrogel and AgNPs/CMCS-SB nanocomposite were precisely evaluated,
as summarized in Table 1. Notably, 1.0, 3.0, and 5.0 mM AgNPs/CMCS-SB nanocom-
posite demonstrated remarkable swelling rates of 148.37 &+ 15.63%, 172.26 &+ 18.14%, and
159.17 £ 16.59%, respectively [34]. These rates significantly surpassed those of the CMCS-
SB hydrogel alone, which exhibited a swelling rate of 138.19 £ 14.83%. The prominent
improvement is primarily owing to the graft copolymerization of CMCS and SB, which
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introduces numerous -COOH, -SO3, and quaternary -NH, groups onto the molecular
chains [35]. This modification resulted in a substantial increase in the hydration capacity,
enhanced the hydrophilicity, and improved the water absorption capabilities. Moreover,
the 3.0 mM AgNPs/CMCS-SB nanocomposite exhibited notable improvements in the water
absorption and swelling properties compared to both the CMCS-SB hydrogel and other
nanocomposite modifications [36]. It can be attributed to the disruption of the -SH bonds
between the AgNPs and CMCS-SB, consequently reducing the crystallinity and facilitating
the ingress of water molecules. Consequently, the 3.0 mM AgNPs/CMCS-SB nanocompos-
ite demonstrated notably superior water absorption and swelling properties compared to
its other counterparts. Additionally, the water solubility of the 3.0 mM AgNPs/CMCS-SB
nanocomposite proportionally decreased as the amount of AgNPs added to the CMCS-SB
hydrogel increased [37]. Although the CMCS-SB hydrogel exhibited partial dissolution
in water at room temperature, incorporating AgNPs improved the hydration ability of
the nanocomposite without compromising its water solubility. Consequently, the 3.0 mM
AgNPs/CMCS-SB nanocomposite, when employed as a food packaging film, displayed
favorable water retention and shape preservation properties, demonstrating its promising
potential for such applications.

Table 1. Swelling, water absorption, and water solubility of the CMCS-SB hydrogel and
AgNPs/CMCS-SB nanocomposite.

Swelling Water Water
Sample

Rate % Absorption % Solubility %
CMCS-SB 138.19 4+ 14.83 9.38 £0.72 7.16 £0.48
1.0 mM AgNPs/CMCS-SB 148.37 & 15.63 9.48 4 0.66 8.99 & 0.41
3.0 mM AgNPs/CMCS-SB 172.26 = 18.14 11.04 4+ 0.54 10.06 & 0.37
5.0 mM AgNPs/CMCS-SB 159.17 + 16.59 10.57 4+ 0.33 9.67 £ 0.24

3.3. Release of Silver from Hydrogels

As illustrated in Figure 2a, the 3.0 mM AgNPs/CMCS-SB nanocomposite displayed a
release pattern of silver ions characterized by an initial rapid phase followed by a nearly
constant release rate [38]. This behavior can be attributed to the heightened hydrophilicity
of the matrix associated with an increased AgNOj; concentration. Conversely, variations
in AgNOj concentration (1.0 and 5.0 mM) resulted in corresponding changes in the initial
rate of silver ion release, with a significant increase in release rate observed only after
an extended incubation period of approximately 18 h. This prolonged release duration
may be attributed to the slower swelling nature of the matrix, observed with both low
and high AgNOj3 contents [39]. Moreover, the linear relationship plotted between various
time intervals and AgNPs release from AgNPs/CMCS-SB nanocomposite exhibited a
strong linear response within the time range of up to 24 h, with correlation coefficients
(R? = 0.9126, 0.9902, and 0.9510) as depicted in Figure 2b—d. Based on these findings, the
3.0 mM AgNPs/CMCS-SB nanocomposite was chosen for further characterization due
to its optimal release kinetics. This AgNPs/CMCS-SB nanocomposite strikes a balance
between rapid initial release and sustained long-term efficacy, rendering it a promising
candidate for subsequent investigations and potential applications in antimicrobial and
anticancer formulations.
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Figure 2. (a) Release of silver ions from the AgNPs/CMCS-SB nanocomposite with AgNO; at
different concentrations (1.0, 3.0, and 5.0 mM) and Linearity of (b) 1.0 mM, (c) 3.0 mM, and (d) 5.0 mM
of AgNPs from the AgNPs/CMCS-SB nanocomposite.

3.4. XDR Pattern of AGNPs/CMCS-SB Nanocomposite

The crystal structures of the CMCS-SB hydrogel, AgNPs, and AgNPs/CMCS-SB
nanocomposite were elucidated via XRD, as illustrated in Figure 3a. The XRD pattern of
the CMCS-SB hydrogel displays broad peaks, indicative of its amorphous nature [40]. The
XRD pattern of the synthesized AgNPs was analyzed to confirm their identity. Several
Bragg reflections with 26 values of 38.14°, 44.87°, 61.31°, and 77.19° corresponding to
the (111), (200), (220), and (311) lattice planes, respectively, were observed [41]. These
peaks are characteristic of a face-centered cubic (fcc) structure, commonly associated with
metallic silver nanoparticles. Notably, the intensity of the peak corresponding to the
(111) plane was higher than that of the other planes. The broadening of these peaks is
typical for nano-sized particles, indicating the presence of AgNPs. The XRD pattern of the
AgNPs/CMCS-SB nanocomposite also displays diffraction signals at 20 values of 37.82°,
45.57°, 60.38°, and 77.29°, corresponding to the (111), (200), (220), and (311) diffraction
planes of fcc AgNPs [42]. This further confirms the incorporation of AgNPs into the
nanocomposite structure. Additionally, the presence of Ag* ions within the network of
the nanocomposite was inferred, which can be explained by the incomplete reduction of
Ag* ions into Ag? by the borohydride ions. The cross-linked polymer network may have
impeded the diffusion of borohydride ions into the CMCS-SB hydrogel network, thereby
resulting in this observation.
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Figure 3. (a) XRD pattern and (b) FTIR spectra of the CMCS-SB hydrogel, AgNPs, and AgNPs/CMCS-
SB nanocomposite.

3.5. FTIR Analysis of AgNPs/CMCS-SB Nanocomposite

The FTIR transmission spectra for the prepared CMCS-SB hydrogel, AgNPs, and
AgNPs/CMCS-SB nanocomposite are presented in Figure 3b. The FTIR analysis of the
CMCS-SB hydrogel reveals distinct absorption peaks corresponding to various functional
groups within the molecules. In the FTIR spectrum of SB, the peaks at 1792 and 1599 cm ™!
correspond to the -C=0 group and —CHj stretching vibrations, respectively, within the
methyl acrylate structure [43]. Additionally, the peaks at 1154 and 596 cm ™! are attributed
to the stretching vibrations of the -503 group and the C-S bond, respectively. Furthermore,
a prominent absorption peak at 1427 cm~! was observed, corresponding to the ~CH,
absorption peak of the quaternary -NH, group in the betaine molecule. A comparison of
the infrared spectrum of the graft copolymer CS-SBMA with that of the pure CMCS and SB
reveals absorption peaks at 1792, 1599, 1427, 1154, and 596 cm~ 1 in the CS-SBMA hydrogel
spectrum. These peaks are associated with the respective functional groups (—-C=0, -SOs,
-NH; groups) present in SB. In the FTIR spectrum of the AgNPs, characteristic peaks were
observed at 3365, 2918, 1622, and 1012 cm !, which were attributed to the cyclic -OH,
—-CH,, -C=0, and C-N functional groups, respectively [44]. Changes were observed in the
FTIR spectrum of the AgNPs stabilized in the CMCS-SB hydrogel, with the disappearance
of absorption bands at 1657 and 1600 cm ™! representing the CMCS -CONH, and -NH,
groups, and the emergence of a new band at 1677 cm~! indicating the attachment of silver
to the nitrogen atom. Additionally, variations in the shape and peak positions of the -NH,
and —OH bands at 3647 cm ™! occurred owing to their contribution to the reduction and
stabilization processes [32,45]. Although there was no strong interaction of the AgNPs with
C=0 groups in this spectral region, a shift in the band corresponding to the N-H groups of
the polymer matrix suggests a weak interaction between the -NH, groups of the polymer
chains and AgNPs, stabilizing the nanosystem.

3.6. SEM Analysis of AgQNPs/CMCS-SB Nanocomposite

The SEM images depict a smooth surface morphology of the CMCS-SB hydrogel with
interconnected pores (Figure 4a). The hydrogel exhibits a porous structure with large, open,
and channel-like structures, which indicate regions of water permeation and interaction
sites for external stimuli with the hydrophilic groups of the copolymers [46]. Figure 4b
presents predominantly spherical AgNPs that are size-dependent [47]. Additionally, to
assess the formation of AgNPs within the CMCS-SB hydrogel, SEM images at both lower
and higher magnifications are presented (Figure 4c,d). The presence of AgNPs within the
CMCS-SB hydrogel networks suggests that when Ag* ions on the surface of the swollen
hydrogel are reduced by NaBHy, the resulting AgNPs increase the gel porosity, providing
a pathway for the reducing agents to enter the bulk of the hydrogel and produce the
AgNPs/CMCS-SB nanocomposite [48,49]. Furthermore, incorporating AgNPs into the
CMCS-SB hydrogel apparently affects the average pore size, which is likely owing to
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the interaction of the functional groups with the metallic particles, displacing the water
molecules and modifying the structural characteristics of the hydrogel.

10.0kV 10.8mm x15.0k 0oum J§ 10.0kv 10.8mm x25.0k T 00um

Figure 4. SEM images of the (a) CMCS-SB hydrogel, (b) AgNPs, and (c,d) AgNPs/CMCS-SB
nanocomposite at different magnifications.

3.7. TEM Analysis of AGNPs/CMCS-SB Nanocomposite

The TEM was utilized to examine the morphology of the prepared AgNPs and
AgNPs/CMCS-5B nanocomposite, as depicted in Figure 5. Figure 5a presents the TEM mi-
crograph of AgNPs, revealing spherical nanoparticles with various sizes [50,51]. Figure 5b
highlights AgNPs with diameters of approximately 70 nm, which is consistent with the
surface plasmon resonance peak observed at 450 nm, indicative of their size distribution.
Additionally, TEM images were obtained to observe the presence of AgNPs within the
CMCS-SB hydrogel network (Figure 5¢) [52,53], for which AgNPs/CMCS-SB nanocompos-
ites were finely ground, equilibrated in distilled water for three days, and then sonicated to
facilitate the release of AgNPs from the swollen hydrogel network. This phenomenon can
be attributed to factors such as the increased mesh size of the network, the relaxation of poly-
meric chains entangled around the AgNPs, and decreased binding between the stabilized
AgNPs and electron-rich nitrogen atoms of the macromolecular chain. Figure 5d illustrates
the AgNPs/CMCS-SB nanocomposites with an average diameter of 30 nm, clearly demon-
strating the in-situ formation of AgNPs within the CMCS-5SB hydrogel network. Overall,
the TEM images confirm the spherical morphology of AgNPs and demonstrate their suc-
cessful incorporation within the CMCS-SB hydrogel network, validating the effectiveness
of the nanocomposite synthesis process.
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Figure 5. (a,c) TEM images and (b,d) histogram of the particle size distribution of the AgNPs and
AgNPs/CMCS-SB nanocomposite.

3.8. Antibacterial Properties of AgNPs/CMCS-SB Nanocomposite

The antibacterial properties of the control, CMCS-SB hydrogel, AgNPs, and AgNPs/
CMCS-SB nanocomposite were evaluated using the plate counting method against S. aureus
and E. coli bacteria (Figure 6). The bacterial growth on agar plates served as an indicator
of the antibacterial activity. The initial antibacterial effect of CMCS likely stems from the
presence of amino and carboxyl groups, which can interact with various components on
the bacterial surface [8,54], which disrupts cell membrane function, leading to damage or
destruction. Although the mechanism of AgNPs is not fully understood, AgNPs are known
to release silver ions upon contact with water [55]. These silver ions bind to negatively
charged thiol groups (-SH) within the bacterial proteins, thus increasing the membrane
permeability and denaturation of the cellular proteins. This process ultimately inhibits
bacterial growth and achieves sterilization. Furthermore, the antimicrobial effect of silver
ions is long-lasting because they can be reduced back into silver atoms after killing the
bacteria. A comparative analysis revealed that although both the AgNPs and CMCS-SB hy-
drogel exhibited certain antimicrobial properties, incorporating AgNPs into the CMCS-SB
hydrogel significantly enhanced its efficacy [36,56]. The superior antibacterial activity of
the AgNPs/CMCS-5B nanocomposite, primarily attributed to the presence of AgNPs, was
confirmed via experiments on S. aureus and E. coli bacteria (Figure 6). The AgNPs/CMCS-
SB nanocomposite demonstrated significantly improved efficacy against both S. aureus
(98.9 £ 0.21%) and E. coli (99.2 & 0.14%) compared to the control group, CMCS-SB hydrogel
(55.2 £ 0.11% and 57.2 £ 0.17%), and AgNPs (72.8 = 0.14% and 75.9 £ 0.13%). These find-
ings highlight the superior antibacterial activity of the AgNPs/CMCS-SB nanocomposite,
suggesting its potential for use in various biomedical applications.
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Figure 6. Evaluation of the antibacterial performance of the control, CMCS-SB hydrogel, AgNPs, and
AgNPs/CMCS-SB nanocomposite against E. coli and S. aureus.

3.9. In-Vitro Cytotoxicity and Imaging of AgNPs/CMCS-SB Nanocomposite

In-vitro cytotoxicity tests were conducted to further assess the anticancer activity
of the CMCS-SB hydrogel, AgNPs, and AgNPs/CMCS-SB nanocomposite. As shown
in Figure 7, HCT-116 cells were co-cultured with the leaching solution of the CMCS-SB
hydrogel, AgNPs, and AgNPs/CMCS-SB nanocomposite at various concentrations (5, 25,
50, 75, and 100 pg/mL) for 24 h. The cell survival was assessed using the WST-1 method,
revealing a concentration-dependent cytotoxic effect for all the tested samples. Notably,
the AgNPs/CMCS-SB nanocomposite exhibited the strongest cytotoxicity (61.7 & 4.3%)
against the HCT-116 cells at 100 ug/mL, suggesting a possible synergistic effect between
the AgNPs and CMCS-SB hydrogel [57,58].
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Figure 7. Cell viability of the CMCS-SB hydrogel, AgNPs, and AgNPs/CMCS-SB nanocomposite
with HCT-116 cells for 24 h.

This observation supports the potential application of the AgNPs/CMCS-SB nanocom-
posite in cancer prevention. Fluorescence microscopy revealed that the CMCS-SB hydrogel
and AgNPs alone did not significantly increase the cellular uptake of the material. The
combination of CMCS-SB hydrogel and AgNPs significantly increased the cellular up-
take, suggesting the effective delivery of the AgNPs/CMCS-SB nanocomposite to cancer
cells [59,60]. To better understand this mechanism, HCT-116 cancer cells were incubated
with a constant concentration of the CMCS-5B hydrogel, AgNPs, and AgNPs/CMCS-5B
nanocomposite (80 ug/mL) for 24 h, followed by DAPI/PI staining to assess the differ-
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entiation in cell morphology (Figure 8). The increased presence of Pl-stained cells in the
AgNPs/CMCS-SB nanocomposite group suggests apoptosis induction. Overall, the results
indicated that the AgNPs/CMCS-SB nanocomposite exhibited stronger anticancer activities
than those of the CMCS-5B hydrogel and AgNPs alone, suggesting that the CMCS-SB hy-
drogel in the presence of AgNPs may enhance the cellular uptake efficiency and contribute
to enhanced anticancer effects.
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Figure 8. Cell culture effect of the control, CMCS-SB hydrogel, AgNPs, and AgNPs/CMCS-SB
nanocomposite with the HCT-116 cells for 24 h on the morphological changes after treatment at
80 nug/mL for 24 h using DAPI/PI with HCT-116 cells. Scale bar~100 pum.

Based on these results, the novelty statements for the integration of AgNPs with
CMCS-SB hydrogel matrices offer a novel approach in biomedical research combining the
unique antimicrobial properties of AgNPs with the versatile characteristics of CMCS-SB
hydrogels for drug delivery and tissue engineering applications. The synergistic interaction
between CMCS and SB in CMCS-SB hydrogel matrices presents a novel strategy to enhance
mechanical properties, stability, and controlled drug release capabilities for biomedical
applications. The surface morphology imaging confirms the successful incorporation and
distribution of AgNPs within the CMCS-SB hydrogel network, providing novel insights
into the synthesis process and nanoparticle morphology, which are vital for understanding
the AgNPs/CMCS-SB nanocomposite structure-property relationships. The incorporation
of SB into CMCS-SB hydrogel matrices to improve stability, reduce protein adsorption,
and enhance responsiveness to environmental stimuli represents a novel advancement in
enhancing the biocompatibility and functionality of hydrogel-based systems. The superior
antibacterial efficacy of the AgNPs/CMCS-SB nanocomposite against common pathogens
such as S. aureus and E. coli, surpassing that of the hydrogel and AgNPs alone, underscores
its novelty as a promising candidate for biomedical applications requiring enhanced antimi-
crobial properties. The concentration-dependent cytotoxicity of the nanocomposite against
HCT-116 cancer cells, along with its ability to induce apoptosis and enhance cellular uptake,
presents a novel approach to cancer therapy utilizing hydrogel-based nanocomposites,
paving the way for innovative biomedical applications.
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4. Conclusions

In this study, we successfully synthesized and characterized silver nanoparticle-loaded
carboxymethyl chitosan with sulfobetaine methacrylate hydrogel (AgNPs/CMCS-SB)
nanocomposites for biomedical applications. The synthesis process resulted in UV-Vis spec-
troscopy indicating the presence of AgNPs, characterized by a broad peak around 424 nm.
Upon integration into the AgNPs/CMCS-SB nanocomposite, AgNPs exhibited absorption
peaks at 445 nm in UV-Vis spectra. The size and dispersion of AgNPs varied depending
on the concentration of the AgNOj3 solution, impacting absorbance intensity. Additionally,
nanocomposites showed increased swelling rates of 148.37 4= 15.63%, 172.26 & 18.14%, and
159.17 + 16.59% for AgNPs/CMCS-SB concentrations of 1.0, 3.0, and 5.0 mM, respectively.
The water absorption capacity increased with AgNPs content peaking at 11.04 & 0.54%
for the 3.0 mM AgNPs/CMCS-SB nanocomposite. Conversely, water solubility decreased
with increasing AgNPs concentration, with the 3.0 mM AgNPs/CMCS-SB nanocomposite
showing the lowest solubility at 10.06 £ 0.37%. Silver release from the nanocomposite
depended on AgNOj3 concentration, notably with the 3.0 mM AgNPs/CMCS-SB exhibiting
rapid initial release followed by a slower rate. The XRD patterns confirmed AgNPs in
the nanocomposite, displaying characteristic peaks of a face-centered cubic (fcc) structure.
In addition, the FTIR spectra suggested interactions between AgNPs and CMCS-SB hy-
drogel functional groups, with peak shifts indicating silver attachment to nitrogen atoms.
Moreover, the SEM and TEM images confirmed the presence of spherical AgNPs within
the CMCS-SB hydrogel network with average diameters of approximately 70 and 30 nm,
respectively. The AgNPs/CMCS-SB nanocomposite demonstrated potent antibacterial
activity against S. aureus and E. coli, with inhibition rates of 98.9 &+ 0.21% and 99.2 & 0.14%,
respectively, for the 3.0 mM AgNPs/CMCS-SB nanocomposite. Notably, AgNPs/CMCS-
SB nanocomposite exhibited strong cytotoxicity against HCT-116 cells with fluorescence
microscopy, indicating increased intracellular accumulation and suggesting potential for
cancer treatment. Compared to conventional polysaccharide-based hydrogel systems, the
AgNPs/CMCS-SB nanocomposites exhibited superior swelling rates and water absorption
capacities, attributed to the enhanced hydrophilicity and hydration ability conferred by
the graft copolymerization of CMCS and SB. The potent antibacterial and anticancer ac-
tivities demonstrated by the AgNPs/CMCS-SB nanocomposites surpass those of existing
polysaccharide hydrogel formulations, underscoring their efficacy in combating microbial
infections and cancerous cell proliferation. Further research is warranted to explore their
efficacy in vivo and to optimize their formulation for specific therapeutic applications. The
multifunctional nature of these nanocomposites is significantly promising for addressing
various biomedical challenges and improving patient outcomes in the future.
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Abstract: Currently, wastewater containing high urea levels poses a significant risk to human
health. Else, electrocatalytic methodologies have the potential to transform urea present in urea-rich
wastewater into hydrogen, thereby contributing towards environmental conservation and facilitating
the production of sustainable energy. The characterization of the NiCo,O4@chitosan catalyst was
performed by various analytical techniques, including scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS). Furthermore, the activity of electrodes toward urea removal was
investigated by several electrochemical techniques. As a function of current density, the performance
of the modified NiCo,O4@chitosan surface was employed to remove urea using electrochemical

2 in a solution of 1.0 M

oxidation. Consequently, the current density measurement was 43 mA cm™
urea and 1.0 M KOH. Different kinetic characteristics were investigated, including charge transfer
coefficient (o), Tafel slope (29 mV dec™1), diffusion coefficient (1.87 x 107> cm? s~ 1), and surface
coverage 4.29 x 10~? mol cm~2. The electrode showed high stability whereas it lost 10.4% of its

initial current after 5 h of urea oxidation.

Keywords: urea removal; spinel oxide: electrochemical oxidation; nickel cobaltite

1. Introduction

The oxidation of urea, also known as UOR, presents a promising solution to address
energy, environmental, and healthcare challenges. This is attributed to its eco-friendly, cost-
effective, and sustainable processing methods [1-3]. In conjunction with electrocatalysts,
electrochemical methods can potentially enhance molecular conversion on the electrode
surface. This process can be facilitated by renewable electricity and can serve the purpose
of achieving various objectives such as energy storage and conversion, environmental
remediation, and electroanalysis [4-6]. Specifically, sewage containing urea has the po-
tential to be transformed into gaseous byproducts using UOR technologies in alkaline
environments and producing energy through a well-planned design [7]. Nevertheless,
it was observed that urea experienced decomposition primarily into N, and CO; when
subjected to an acidic environment using an applied potential exceeding 1.7 V relative
to the normal hydrogen electrode (NHE) [3]. When the electrolyte maintains a neutral
state, the decomposition of urea primarily yields nitrite and nitrate ions, leading to the
generation of CO; [2].

Electrochemical systems have been employed in diverse contexts with distinct ar-
rangements and objectives, leading to heterogeneous urea conversion patterns. Although
the electrochemical treatment process is currently in its early stages of development, its
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exceptional characteristics present encouraging prospects for advancement in energy, en-
vironment, and healthcare [8-12]. Thus, the electrochemical oxidation of urea can be
employed for both urea removal application (wastewater treatment) [13], and fuel cell
(energy conversion application) [14].

The surfaces composed of nickel were subject to a significant modification to improve
their electronic properties, physical characteristics, and electrochemical activity. As a result,
various bimetallic electrocatalysts based on nickel have been documented in the literature
as Ni-Mo [15,16], Ni-Co [17,18], Ni-Rh [19], Ni-Mn [20,21], and Ni-Cu [22-24].

AB;,Oy4 spinel oxides, characterized by a basic structure, have been found to possess
remarkable chemical and thermal stability, rendering them highly suitable for diverse
catalytic applications. The metallic cations A and B are integral components of this class
of compounds. Transition metal oxides with a spinel phase are considered the most
appealing anodic materials for electrochemical applications [25]. NiCo,0;, a type of
nickel-based spinel oxide, has gained significant attention in various applications such
as fuel cells, oxygen evolution reactions, electrochemical sensors, Li-ion batteries, and
supercapacitors [26-30].

Chitosan, a derivative of chitin, is frequently employed in diverse applications. There-
fore, it is an option for the creation of new chitosan products. These advancements in
fermentation technology have allowed the production of chitosan with unique physio-
chemical characteristics that differ from those found in waste materials. As a result, this
presents a promising opportunity to develop innovative chitosan-based products. An
alternative to the traditional sources, such as crab shells, is being considered. Chitosan
is a frequently utilized material for immobilization purposes owing to its favorable envi-
ronmental properties, high absorption capacity, notable layer-forming abilities, superior
permeability, increased thermal stability, sturdy mechanical strength, biocompatibility, and
ease of accessibility [31].

Chitosan has special structural and functional qualities, such as non-toxicity, hy-
drophilicity, excellent adhesion, biocompatibility, environmental sustainability, antibacte-
rial and antimicrobial characteristics, and non-carcinogenicity. These characteristics make
it a very adaptable and widely used chemical in numerous fields [32-36].

Herein, chitosan is employed to boost the activity of nickel cobalt spinel oxide toward
urea electrooxidation. The facile synthesis of nickel cobaltite-based composite was used for
electrode fabrication. Comparative studies were performed between NiCo,Os@Chitosan
and unmodified NiCo0,04. The modified electrode was employed as an efficient electrode
for electrochemical urea removal. Thus, different electrochemical techniques were used
to judge the electrode performance. Additionally, kinetic parameters were calculated to
well-understand the electrochemical oxidation process.

2. Experimental
2.1. Synthesis of NiCo,Oy

The NiCo,04 was synthesized by hydrothermal technique. A mixture comprising
CoCly.6H,O (6 mmol), NiCl,.6H,O (3 mmol), urea (8 mmol), NH4F (25 mmol), and DI
water (40 mL) was subjected to magnetic stirring for 30 min after its mixing in a beaker. The
solution was introduced into a 50 mL stainless steel reactor with a polytetrafluoroethylene
(PTFE) lining. The mixture was subjected to a consistent temperature of 130 °C for 8 h.
Following the natural cooling of the reactor to ambient temperature, the sample containing
precursors underwent a 30-min ultrasonic cleaning process with deionized water to elimi-
nate any ionic impurities and loose deposition. The crystalline particles of NiCo,O4 were
ultimately acquired through annealing at a temperature of 400 °C in an air environment for
2 h, with a heating rate of 2 °C per minute.

2.2. Synthesis of NiCo,O4 Supported Chitosan

The nickel cobaltite chitosan composite was synthesized by combining a chitosan
solution with NiCo,O4 nanoparticles. 1.5 g of chitosan was introduced to 60 mL of absolute
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ethanol in a beaker. Subsequently, the mixture was subjected to gentle stirring while gradu-
ally increasing the temperature. A quantity of 1.5 g of nickel cobaltite nanoparticles was
introduced into the mixture. The temperature of the solution was reduced to the ambient
temperature of the surrounding environment. Introducing NiCo,0Oy into the chitosan
solution resulted in crosslinking and subsequent encapsulation of NiCo,O,4 nanoparticles.
The polyelectrolytic nature of chitosan in acidic environments is attributed to the protona-
tion of its -NH, functional groups. The consequential equilibrium reaction delineates the
ionization state.

Consequently, approximately 3 mL of 10% acetic acid was added to the mixture and
agitated until the solution exhibited a thick consistency. After ten minutes, the mixture was
subjected to filtration and subsequently washed with distilled water. The final composite
was dried in an oven, which was maintained at a temperature of 80 °C for 3 h.

2.3. Electrode Fabrication

The working electrode was a glassy carbon electrode with a 0.0707 cm? surface area. A
gentle emery paper polish was applied after it had been cleansed with ethanol and double-
distilled water. The cast solution was then created by ultrasonically dispersing 10 mg of
the catalyst powder (NiCopO4 or NiCoyO4@Chitosan) in 0.75 mL of ethanol and 0.25 mL of
5 wt% Nafion for 1 h. The modified electrodes (NiCo,O4 or NiCo,O,@Chitosan) were cre-
ated as follows: 30 uL of catalyst solution was sprayed onto the electrode’s surface and left
to dry for 6 h at 60 °C. The Autolab PGSTAT128N was used to conduct all electrochemical
experiments. NOVA (Version 2.1, Metrohm Autolab, Utrecht, The Netherlands), an electro-
chemistry application, fits the impedance spectrum. The counter and reference electrodes
were Pt wire and Ag/AgCl/KCl (sat.); respectively. However, NiCo and NiCo@Chit were
used to represent the modified electrodes NiCo,O4 or NiCo,O4@Chitosan; respectively,
and used as working electrodes for urea electrochemical elimination in alkaline medium
applications.

3. Result and Discussion
3.1. Characterizations of Morphology, Microstructure, and Composition

Figure 1a displays the Ni 2p spectrum, which manifests multiple prominent peaks.
These peaks are subjected to fitting procedures, which involve the identification of the 2p3,»
and 2pq/, peaks and the satellite peaks. The spectral peaks observed at 854.3 and 873.4 eV
are attributed to the Ni?* component, whereas the peaks detected at 856.1 and 873.2 eV are
associated with the Ni** component in NiCo, as reported by Hao et al. [37]. The spectral
features observed at 863.1 and 879.4 eV are identified as satellite peaks. The spectrum
of Co 2p comprises two doublets resulting from spin-orbit coupling and two satellite
peaks, as depicted in Figure 1b. The distinctive doublet peaks indicate the presence of
the Co®" component observed at 781.2 and 795.2 eV. The characteristic doublet peaks can
identify the Co?* component observed at 782.1 and 797.6 eV. The satellite peak observed at
788.6 and 804.2 eV can be attributed to the Co®" and Co?"/Co3* components, respectively,
as reported by Marco et al. [38]. The spectrum of Ols (as depicted in Figure 1c) can be
effectively modeled by three distinct peaks at 530.2, 531.1, and 533.18 eV; respectively. These
peaks indicate metal-oxygen bonds, and oxygen defects [39-41]. The XPS spectrum of
Cl1s (see Figure 1d), three peaks can be observed at binding energy of 287.1, 286.6, 285.2 eV
attributed for C-O, C-N, and C-C; respectively [42,43].
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Figure 1. XPS of NiCo nanoparticles (a) Ni2p, (b) Co2p, (c) Ols, (d) C1s.

The chemical structures of as-prepared NiCo and NiCo@Chit were confirmed using
powder X-Ray diffraction technique. Figure 2 shows the XRD chart of as-prepared NiCo,O4
powder. Thus, several peak observed at 20 equaled to 31, 37, 44, 58, 65 and 76 that attributed
to the reference card of (JCPDS #20-0781) [44]. For the chitosan-based sample, the intensity
of the peak decreased because of embedding the nanoparticles in chitosan sheets. The
interaction between chitosan and NiCo,0O4 lead to change in lattice structure [45-47].
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Figure 2. XRD as prepared NiCo, and NiCo@Clhit.
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The morphological characteristics of the NiCo nanostructures in their initial state were
examined utilizing scanning electron microscopy (SEM), as illustrated in Figure 3a. The
particles ranged in size 35~80 nm. The small particle size of NiCo indicates the higher
activity of the prepared materials. Figure 3b shows the NiCo incorporated into the chitosan
sheets. The well-distribution of the NiCo on chitosan sheets can explain the electrode’s
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high electrochemical activity toward urea electrochemical removal. Presence of chitosan
can promote urea adsorption.

Intensity (a.u.)

0 2 i | 6 8 10 12 14
Energy(keV)

Figure 3. SEM of (a) NiCo and (b) NiCo@Chit, (c¢) TEM of NiCo@Chit, (d) diffraction pattern of
NiCo@Chit, (e) EDX of NiCo sample.
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The conventional method for determining the dimensions of NiCo nanoparticles
was the utilization of Transmission Electron Microscopy (TEM). The average particle size
of NiCo was approximately ~60 nanometers. Figure 3c shows the TEM of NiCo@Chit.
Thus, the nanosphere of NiCo was observed to be attached to the chitosan sheets. The
corresponding TEM diffraction patterns are used to confirm the formation of NiCo on
the chitosan sheet. As represented in Figure 3d, d-spacing was used to find the Miller
indices (hkl) using Image] software. However, the observed rings can be attributed to
planes of (400), (311), (220), and (111); respectively. The elemental analysis of NiCo@Chit
was estimated by EDX. As a result, EDX indicates that Ni, Co, O, C, and N are present.
Figure 3e displays the elemental compositions of the NiCo@Chit sample. As a result, the
elemental percentages displayed in the inset figure match the target structure of NiCo,
which has a Ni/Co ratio of 1 to 2.

3.2. Urea Electrooxidation

The modified GC/NiCo and GC/NiCo@Chit activity was investigated by cyclic
voltammetry in a solution of 1.0 M urea and 1.0 M KOH. Activating electrodes composed
of nickel is a pivotal stage in the electrochemical oxidation of urea, therefore the electrode
performance was enhanced by an activation process; firstly. The outcome of this process is
the creation of a Ni-form that exhibits a high degree of electrocatalytic activity, specifically
NiOOH. The activation process was executed through cyclic voltammetry (CV) with a
scan rate of 100 mV s~! for 150 cycles, utilizing a solution containing 1.0 M KOH(see
Figure 4) [48]. The phenomenon of NiOOH formation leads to an increase in current
during successive cycles. With an increase in the number of potential sweeps, there is
a corresponding increase in the thickness of NiOOH layer. This can be attributed to the
presence of OH™ ions, which facilitate the rate of conversion between Ni(OH), and NiOOH
according to the following Equation (1) [49-52]:

6 Ni(OH), +6 OH~ < 6 NiOOH + 6 HyO + 6 ¢~ 1)

-2
(=) N = =) o<}

1/ mA cm

00 01 02 03 04 05 06 0.7
E/V

Figure 4. CVs of activation for GC/NiCo@Chit electrode.

The generated NiOOH species is mainly used for the electrochemical oxidation of
urea depending on the following Equation (2):

6 NiOOH+ CO(NH2)2 +H,O < 6 Ni(OH)2 + N, + CO, (2)
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Figure 5a shows CVs of the modified NiCo and NiCo@Chit in 1.0 M KOH. One redox
peak can be observed at a potential range of 0.3 to 0.45 V for conversion of Ni(OH), and
NiOOH. Additionally, the urea oxidation can be represented in Figure 5b. Thus, strong
oxidation peaks at potential ~0.5 V are attributed to the conversion of urea. However, a
sample of NiCo@Chit utilized high activity compared to the unmodified NiCo sample. The
presence of chitosan could enhance the activity toward urea electrochemical oxidation in
the alkaline medium. The reason for higher activity toward urea electrochemical oxidation
may be explained by the ability of chitosan to adsorb urea along with the extended surface
area and enhancement of mechanical and chemical stability of chitosan-based samples
compared with the unmodified NiCo samples [53-55]. Comparative studies between
chitosan-based and unmodified NiCo were performed using several approaches. Table 1
summarizes some of the results of the NiCo and NiCo@Chit surfaces.

15 | 50
H e NiCo r g
[ (a) = NiCo@Chit 40 _ (b) — Q;g:@cmt
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- I 30 -
h 5 L L [
§ °f 5 20l
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_10 [ L L O S, | B _10 L L ' L L L !
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E/V (vs. Ag/AgCl) E/V (vs. Ag/AgCl)
Figure 5. CVs of comparison between NiCo and NiCo@Chit (a) in the absence and (b) in the presence
of 1.0 M urea.
Table 1. Electrochemical parameters for NiCo and NiCo@Chit electrodes.
Anodic Onset Tafel Slope Diffusion Surface
Electrode Current Potential Epa (V) mV dec—% Coefficient Coverage
(mA cm~2) ) (cm?s—1) (I)/(mol cm—2)
NiCo 27 0.35 0.5 44 5.98 x 107° 9.34 x 10710
NiCo@Chit 43 0.32 0.49 29 1.87 x 10~ 429 x 1077

Furthermore, an investigation was conducted on the electrooxidation of urea across a
range of concentrations that extend from 0.05 to 1.0 M. Surface saturation was not observed
within the concentration range under investigation, as depicted in Figure 6a,b. The specific
anodic peak current of the electrooxidation of urea exhibits a positive correlation with the
urea concentration (see Figure 6¢,d. The results of this study suggest that the electrode
under investigation may be suitable for use in applications involving high concentrations of
urea, such as in wastewater treatment and direct urea fuel cells (DUFCs). The comparison
between the modified NiCo@Chit electrode and others reported in the literature is listed in
Table 2.
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Figure 6. CVs of (a) GC/NiCo and (b) GC/NiCo@Chit electrodes in 1.0 M KOH and a wide range
of urea concentrations. Relation between the urea oxidation current vs. urea concentrations using
(c) GC/NiCo, and (d) GC/NiCo@Chit.
Table 2. Comparison between different surfaces for urea electrochemical oxidation in an alkaline
medium.
Fuel Electrolyte Scan Rat Oxidation
Electrode Concentration Concentration (I:V sfl)e Current References
M) ™M) (mA cm—2)
NiCo,04@Chitosan 1.0 1.0 20 43 This work
Nig.g5Se/rGO 0.5 1.0 50 10 [56]
Nig.9Cugp.1 0.3 0.5 20 32 [23]
IN738 supper alloy 1.0 1.0 20 12 [57]
NiO-MnOx/Polyaniline 0.3 0.5 20 16 [58]
Ni(OH), meshes 0.3 1.0 50 20 [59]

3.3. Urea Oxidation Kinetics

To achieve an in-depth understanding of urea electrochemical oxidation, kinetic pa-
rameters were estimated for the oxidation of nitrite over the modified electrodes.
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Additionally, various scan rates were used with the modified electrodes NiCo and
NiCo@Chit in a solution of 1.0 M KOH as represented in Figure 7a,b. The following
Equation (3) was used to estimate the surface coverage:

Figure 7. CVs of (a) NiCo and (b) NiCo@Chit at different scan rates (10 to 200 mV s~1) in 1.0 M KOH
in the absence of urea. (c) Linear relation between redox current versus the scan rate. (d) Relation
between the charge versus the reciprocal of the square root of the scan rate.

Where A is surface area, v scan rate, and I'* surface coverage, n is the number of elec-
trons, F is the Faraday constant, R is the universal gas constant, and T is the measurement
temperature.

As shown in Figure 7c, the relationship between the scan rate and the anodic peak
current will reveal the surface coverage. The surface coverage of the modified electrodes,
NiCo and NiCo@Chit, was 9.34 x 1071 mol cm~2 and 4.29 x 10~? mol cm~?; respectively.
The larger surface coverage can be observed due to the NiCo@Chit sample’s increased
surface activity when urea conversion is compared to unmodified NiCo.

The following relation (Equation (4)) was utilized to confirm that the active sites are
evenly dispersed on the surface of the chitosan support electrochemically [60]:

5

q=qetav" “)
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i/ mA cm?

i/ mA cm™

Where q, is the maximum quantity of the charge related to the “outer” surface of
active material in Coulombs, q is the charge calculated in Coulombs for various potential
scan rates in CV, a is constant (slope of the relation), and v is the potential scan rate (mV s~ 1)
(see Figure 7d).

The intercept value of NiCo@Chit exhibits a significantly higher magnitude than that
of pristine NiCo. According to the results, it can be observed that the NiCo@Chit composite
possesses active sites that are 1.65 times greater than those of pristine NiCo, thus implying
a higher efficiency for urea electrochemical removal. The catalytic reaction is expected to
experience significant acceleration on the surface of NiCo@Chit, owing to the abundant
active sites of the catalyst that are uniformly distributed and highly effective.

The CVs of the NiCo and NiCo@Chit modifications were presented in Figure 8a,b;
respectively. The measurements were utilized in a solution of 1.0 M urea and 1.0 M KOH,
with a scan rate ranging from 5 to 400 mV s~! (vs. Ag/AgCl).
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Figure 8. CVs of different modified surfaces (a) NiCo and (b) NiCo@Chit in a solution of 1.0 M urea
and 1.0 M KOH at different scan rates 5 to 400 mV s~ 1. (c) Linear relation between anodic current
versus the square root of scan rate. (d) Linear relation between anodic peak potential versus the
logarithmic scan rate.

Thus, Randles-Sevcik equation can be employed to calculate the diffusion coefficient
(D) for irreversible processes, according to Equation (5) [20,61]:

I, =299 x 10°n A C, [(1 — @) no DV]*? (5)
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The equation mentioned above denotes the relationship between various parameters,
namely the urea oxidation current(i), the number of electrons represented by (n), the surface
area of the electrode denoted by (A), the analyte diffusion coefficient represented by (D),
the analyte concentration denoted by (C,), and the scan rate represented by (v).

The Randles-Sevick method was employed to estimate the diffusion coefficient. This
was achieved by establishing a linear correlation between the current of nitrite oxidation
and the square root of the scan rate, as illustrated in Figure 8c. The diffusion coefficients
for NiCo and NiCo@Chit electrodes are reported as 5.98 x 107 and 1.87 x 107> cm? s~!;
respectively. The enhanced diffusion coefficient observed for a surface based on chitosan
can be attributed to the increased capacity of chitosan to adsorb urea.

Figure 8d illustrates a linear correlation between the peak potential and the logarithm
of the scan rate across various modified surfaces. The confirmation of reversibility can
be established through the positive shift of the Ep with an increase in the scan rate. The
Laviron Equation (6) for irreversible reactions was utilized to observe a change in the
location of the peak potential through an increase in the scan rate values [62,63]:

RT RTks RT

o<nFno<nF x nF Inv ©)

Epa(V) = E° —

The previously mentioned variables, namely E, denoting peak potential, R represent-
ing the universal gas constant, E° signifying formal potential, T indicating temperature,
n denoting the number of electrons, v representing scanning rate, and F representing the
Faraday constant, are of significance in the academic context.

The transfer coefficient () is a kinetic parameter that indicates the propensity of
a reaction to proceed in the oxidation/reduction direction. A preference for oxidation
direction is observed when the value of (x) is less than 0.5. The transfer coefficients were
computed for NiCo and NiCo@Chit using Laviron relation, which involved determining
the linear correlation between Log (v) and Epa,. The resulting transfer coefficients were 0.46
and 0.53 for NiCo and NiCo@Chit; respectively. The symmetry factor and charge transfer
coefficient () suggest that urea oxidation on NiCo@Chit has a better reputation than NiCo.
However, linear correlation indicates the adsorption of urea onto electrode surfaces.

The endurance of the electrode in the face of uninterrupted electrooxidation is the
most important in the context of urea elimination. Chronoamperometry was utilized to
investigate the enduring stability of the electrode for the electrooxidation of urea. Figure 9
depicts the chronoamperogram of the NiCo and NiCo@Chit-modified electrodes in a
solution containing 1.0 M urea and 1.0 M KOH while maintaining a constant oxidation
potential of 0.5 V (vs. Ag/AgCl). After 5 h, the electrodes” oxidation current density
exhibited a decrease of 12.3 and 10.4% for NiCo and NiCo@Chit; respectively. The present
reduction is attributed to the electrocatalyst surface’s mechanical corrosion, incompletely
oxidized urea accumulation, and metal carbonate formation due to the adsorption of the
generated carbon monoxide [64]. Nevertheless, minor variations in the oxidation current
indicate the enhanced durability of the electrodes to the electrochemical oxidation of urea
over an extended period.

Electrochemical impedance spectroscopy was employed to ascertain the charge trans-
fer resistance across various electrode surfaces. Figure 10a depicts Nyquist plots of various
modified electrodes (GC/NiCo and GC/NiCo@Chit) in a solution containing 1.0 M urea
and 1.0 MKOH at 0.5 V (vs. Ag/AgCl). The observation of the double semi-circuit suggests
that the process of two-charge transfer warrants consideration. The equivalent fitting
circuit corresponding to the statement has been presented in the inset of Figure 10a. The
constant phase element (CPE) is employed instead of the capacitive element to account for
the non-homogeneity of the electrode surfaces. The resistance values denoted by Rs, Ry,
Ry, Qq, and Q, pertain to the outer and inner layers’ solution resistance, charge transfer
resistance, and constant phase element (CPE). Table 3 presents the fitting parameters that
were computed. The NiCo@Chit exhibited a charge transfer resistance of 103 Q2 cm? while
NiCo surfaces displayed a resistance of 230 Q cm?. The enhanced activity of NiCo@Chit in
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urea oxidation compared to unmodified NiCo can be attributed to the lower charge transfer
resistance. However, the EIS data represented in Table 3 confirm the data obtained from
the cyclic voltammetry that the modified chitosan composite has higher activity toward
urea oxidation due to the high surface area and adsorption ability [55,65].
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Figure 9. Chronoamperograms of NiCo and NiCo@Chit at constant 0.5 V (vs. Ag/AgCl).
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Figure 10. (a) Nyquist plots of NiCo and NiCo@Chit surfaces at 0.5 V potential. (b) Tafel plots of
NiCo and NiCo@Chit.
Table 3. EIS parameters for NiCo and NiCo@Chit electrodes.
Rs Rq Q1 R, Q>
Electrode
Q cm? Q cm? Yo N Q cm? Yo m
NiCo 32 6.76 0.0005621 0.5154 230 0.002180 0.8322
NiCo@Chit 2.5 7.56 0.0013547 0.6523 103 0.003715 0.7354
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Figure 10b depicts Tafel analysis employed to investigate the electrochemical kinetics
of urea removal by utilizing the Tafel equation. The Tafel slopes computed for the GC/NiCo
and GC/NiCo@Chit electrodes are 44 and 29 mV dec1; respectively. The NiCo@Chit
sample exhibits a lower Tafel slope, suggesting that the oxidation of urea over the surfaces
modified by chitosan is more favorable than the unmodified NiCo surface. The calculated
Tafel slopes are comparable with other reported catalysts for urea removal like 22 mV dec™!,
21.5mV dec™ !, and 26.4 mV dec ! for Ni-MOF, LaNiO3, and FeOOH; respectively [11,50,66].

4. Conclusions

The present study reports the successful preparation of a Nickel-based spinel oxide
(NiC0,04) by hydrothermal techniques. The synthesized materials were supported on
chitosan sheets to enhance the efficiency of the spinel oxide to electrochemical urea removal.

A comparative analysis was utilized between the performances of pristine NiCo,Oy
versus NiCop,O4@Chit surfaces. Including functionalized carbon materials in NiCo oxides
enhances structural stability, thereby mitigating surface poisoning and ensuring compati-
bility between the electrocatalyst and glassy carbon surface.

The extended surface area of nickel-containing chitosan enhances its efficacy in fa-
cilitating urea removal. NiCo,O4@Chitosan has been identified as a highly promising
material due to its exceptional electrochemical properties. The lower Tafel slopes for
chitosan-modified surface indicates the higher thermodynamic favorability.
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Abstract: Reversible shape memory polymers (SRMPs) have been identified as having great potential
for biomedical applications due to their ability to switch between different shapes responding to
stimuli. In this paper, a chitosan/glycerol (CS/GL) film with a reversible shape memory behavior
was prepared, and the reversible shape memory effect (SME) and its mechanism were systematically
investigated. The film with 40% glycerin/chitosan mass ratio demonstrated the best performance,
with 95.7% shape recovery ratio to temporary shape one and 89.4% shape recovery ratio to temporary
shape two. Moreover, it shows the capability to undergo four consecutive shape memory cycles. In
addition, a new curvature measurement method was used to accurately calculate the shape recovery
ratio. The suction and discharge of free water change the binding form of the hydrogen bonds inside
the material, which makes a great reversible shape memory impact on the composite film. The
incorporation of glycerol can enhance the precision and repeatability of the reversible shape memory
effect and shortens the time used during this process. This paper gives a hypothetical premise to the
preparation of two-way reversible shape memory polymers.

Keywords: reversible shape memory; chitosan; composite film; hydrogen bonds

1. Introduction

Shape memory polymers, which have been widely used as a kind of smart material,
can recover from the presupposed temporary shape to the permanent shape upon external
stimulus [1-4]. However, the unidirectional nature of one-way shape memory deformation
had restricted the application of materials in various fields. Derived from it, the researchers’
interest has gradually focused on the new reversible shape memory polymers (RSMPs),
which could achieve the shape interconversion between two shapes while receipting the
external stimuli [5-8].

Currently, the thermo-responsive bidirectional RSMPs have occupied the research’s
highlights [9-13]. For semi-crystalline polymers, the directional crystallization of anisotropic
polymer networks would be responsible for the thermal-triggered two-way SME [14-16].
Due to the relevance between the thermal effect and mechanical behaviors of semi-crystalline
SMPs, the effect of thermal stimuli on the SMPs within a certain temperature range could
be anticipated and controlled.

Solution actuation [17-22], as a triggering pattern through changing the polymer
structure since Huang [23], develops relatively slower because the effect of the solution
on the RSMPs is all-directional and complex. The solvent-driven shape memory effect can
be classified into two modes: water-driven and organic solvent-driven [24-26]. Various
solvents can trigger different shape recovery responses, similar to the temperature memory
effect, and the use of diverse solvents can enable multi-staged and multiple shape memory
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recovery mechanisms [27,28]. Therefore, how to improve the recovery speed, accuracy and
stability of RSME of polymers, especially of natural polymer materials upon the solution,
has become an investigated hotspot. The SME of shape-memory materials is always
associated with their crystallization properties [29]. The entry of solution molecules swells
the molecular chains in amorphous regions, and the movement of the segments eventually
leads to macroscopic deformation, which can be achieved through the disruption and
reforming of intermolecular hydrogen bonds [30,31].

Chitosan (CS), as the only biodegradable cationic polysaccharide originated from the
partial deacetylation of chitin from the shells of crustaceans, has attracted great research
interest due to its wide availability, biocompatibility and biodegradability [32-36]. The
use of chitosan-based biomaterials is integral in skin tissue engineering primarily [37]. Its
antimicrobial and hemostatic properties allow chitosan to promote wound healing and
prevent infections [38,39]. The hydrogen bonds formed between the chain segments benefit
from the amino and hydroxyl groups; the protonation of amino groups allows electrostatic
interactions, which could be conducive to the film formation in an acidic medium [40,41].

In this paper, chitosan/glycerol (CS/GL) films were prepared, and a novel curvature
method was employed to characterize the shape programming rate and recovery rate
of RSMPs. Glycerol (GL) is dispersed within chitosan molecules primarily through hy-
drogen bonding and the van der Waals force. This dispersion enhances the structure of
the chitosan network, allowing for a more stable CS/GL complex in solution. Compared
to polymers, such as polyvinyl alcohol [42], glycerol’s smaller molecular size results in
improved solubility and biocompatibility. The RSME was analyzed by various charac-
terization techniques including dynamic mechanical analysis (DMA), thermogravimetric
analysis (TGA), Fourier transform infrared (FTIR), differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). Through the implementation of a water—air bidirectional trig-
gering mode, we demonstrated the ability of RSMPs to exhibit completely reversible shape
memory behavior under conditions of water absorption and loss, with increased glycerol
content resulting in a greater shape recovery rate and a shorter response time of RSMPs.
Through our investigation, it was found that the stronger the mobility of chitosan chains,
the stronger the RSME. The binding mode of water molecules was also closely related to
different stages of RSME. Furthermore, we emphasized the key roles of intermolecular
hydrogen bonding in shaping the mechanical properties of RSME.

2. Materials and Methods
2.1. Materials

CS (degree of deacetylation 90.3%, viscosity 100 mPa-s) was purchased from Zhejiang
Golden Shell Pharmaceutical Co. (Zhejiang, China). GL (purity 99%) was commercially
available from Tianjin Hengxing Chemical Reagent Co. (Tianjin, China). Acetic acid
(purity 99.5%) and NaOH (purity 99.0%) were both obtained from Tianjin Kermel Chemical
Reagent Co. (Tianjin, China). Distilled water was bought from Harbin Wenjing (Harbin,
China) distilled water factory. Ethanol (purity 99.7%) was obtained from Tianjin Zhiyuan
Chemical Reagent Co. (Tianjin, China). Unless otherwise stated, all the materials were of
analytical grade and all the materials were used without further treatment.

2.2. Preparation of CS/GL Film

Figure 1a. shows the preparation method of CS/GL films. The powdered CS was
dissolved in 2% weight percent acetic acid and stirred evenly to obtain 3% wt CS solution.
Glycerol was added to the CS solution and stirred for 1 h to obtain the 10%, 20%, 30%, and
40% GL/CS (mass ratio) solutions. The resulting solutions were poured into a homemade
film-shaping mold and allowed to dry at 50 °C and —0.09 MPa for 72 h to fabricate uniform
CS/GL films.
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Figure 1. Preparation method of CS/GL films with RSME and the shape memory process of RSMPs.
(a) Preparation method of CS/GL films; (b) thermal programming of RSMPs (under 40% GL mass
ratio) to obtain a curve shape (temporary shape 1); and (c) RSME between temporary shape 1 shape
and temporary shape 2 can be repeated for many times (RSMPs under 40% GL mass ratio).

2.3. Shape Memory Test

To prepare RSMPs for testing, rectangular samples with a width of 3 mm and a length
of 50 mm were cut from the prepared films. These samples were immersed in a 1.0 mol/L
NaOH solution for 30 s and then washed with distilled water. The prepared samples were
thermally programmed on the inner surface of the mold to obtain its temporary shape 1 in
an oven at 80 °C for 1 h, as shown in Figure 1b.

A curvature determination method was utilized to characterize and evaluate the RSME
in the process of shape programming and shape recovery, as depicted in Figure 2. The shape
programming ratio (R,) was employed to evaluate the degree of thermal programming of
the material, which was determined by dividing K, by Ko:

K,
R, = =2 x 100% 1)
p0

where K}, represents the mean curvature of the sample after thermal molding, while Ko
denotes the inner surface curvature of the mold used for fixing the sample.
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Figure 2. The recovery ratio measured by curvature was used to characterize differences in the degree
of deformation across different shape memory processes. Curvature-determining method used for
testing RSME.

After thermal shape programming, the sample was cooled adequately at room temper-
ature and placed in water to elicit a response. After a certain period, the sample obtained
temporary shape 2 (flattened shape). The shape recovery ratio of temporary shape 2 (R;»)
was determined by K, and K;7:

K2 — Ko
Rp=(1-— M) x 100% 2)
r0

where K, represents the mean curvature of the sample during the first extension in water
and K;, represents the average curvature when temporary shape 2 was obtained again
after undergoing the first shape memory cycle.

The sample with temporary shape 2 was removed from the water environment and
exposed to air. After the sample underwent a dehydration process in the air (the abbrevia-
tion “in air” is used later in the text), it regained its temporary shape 1, determined during
thermal programming. During this process, the rate of water loss depends to some extent
on the temperature and air humidity. In this study, the samples were exposed to the air for
dehydration in a closed laboratory with a temperature of 25 °C and a relative humidity of
41%. At this point, the shape recovery ratio R,; was determined by dividing K;q by Kp:

-
Ry = K:” x 100% @)

p

where K denotes the mean curvature of the sample after shape recovery to temporary
shape 1.

During an entire cycle of shape memory transformation, the deformation state of the
RSMP was recorded using a camera every 3 s. One shape recovery cycle is defined as
follows: the temporary shape 1 transforms into the temporary shape 2 in response to water
stimulation, and then the temporary shape 2 transforms back to the temporary shape 1
after dehydration in the air. The material’s training through thermal programming is
independent of the shape recovery cycle. In this paper, the shape recovery time is defined
as the time required for the material to undergo directional shape memory deformation
and deform to another stable shape after being stimulated by the external environment
from a stable shape. The judgment method for stable shape is: if the deviation between the
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shape recovery ratios measured within 60 s after this state is less than 0.2%, the material in
this state is determined to have a stable shape.

Methods to calculate the mean curvature of RSMPs are shown below. Set a positive
integer n greater than 3; the RSMPs sample was divided into (1 + 1) segments with equal
lengths by n points. The distance between adjacent points was denoted as d and the angles
between tangents (A6, c =1, 2,3 ... n) were calculated. The mean curvature was defined

as follows: .

— 1 A6,
K=-) —(=1,273... 4
I ) @

It should be noted that the larger the value of 1, the more significant the measured
mean curvature is. In this paper, the value of n was uniformly set to 9.

2.4. Characterization and Measurements

Free water content and thermal stability of samples were performed on a thermal
analyzer (TG 209 F3, Netzsch) under an N, flow at a heating rate of 10 °C/min. Dynamic
mechanical behaviors of samples were carried out using a DMA-242 E at a heating rate of
5 °C/min with 10 pum maximum tensile strain from —30 °C to 100 °C. Fourier transform
infrared (FTIR) spectra (TENSORIIBruker, Ettlingen, Germany) were selected to charac-
terize the chemical structure of RSMPs and changes in hydrogen bonding interactions at
different shape memory stages, covering the range of 4000400 cm~! with a resolution of
4 cm~ 1. The crystallinity of RSMPs at different stages of RSME was investigated by X-ray
diffraction (XRD) analysis performed with a Rigaku D/max 2200 VPC (Tokyo, Japan). XRD
patterns were examined within the diffraction angle from 5° to 65° with a scanning speed
of 5° /min. Differential scanning calorimetry (DSC) analysis was conducted on a Netzsch
204 DSC instrument under an N; flow. The samples were heated up from 30 °C to 200 °C
with the warming rate 5 °C/min throughout the whole process.

3. Results and Discussion
3.1. Two-Way Reversible Water-Triggered Shape Memory Behaviors

As illustrated in Figure 3a, the shape memory effect of RSMPs with 10% and 20%
GL ratio was not entirely satisfactory, evidenced by R, values of only 83.8% and 87%,
respectively. However, when increasing the GL ratio to 30% and 40%, the R,; value
could reach 95.0% and 95.7%, indicating that the materials have excellent RSME at the
macroscopic level. In contrast, there was no significant difference in the R,, value of
RSMPs undergoing a transformation from temporary shape one to temporary shape two
for various GL concentrations. Remarkably, as shown in Table 1, irrespective of varying
glycerol content, the R, value of the materials exceeded 98%, cementing CS’s position as
an exceptional matrix material for shape memory materials. As shown in Figure 3b, the
shape recovery time of RSMPs during both stages exhibited an increasing reduction with a
greater GL ratio, thereby affirming an escalated responsiveness to environmental stimuli.
It is noteworthy that the transition time of RSMPs to temporary shape one was longer
than that to temporary shape two, which mainly depends on the rate of water absorption
and desorption.

The CS/GL composite film exhibits remarkable reversibility in the process of bidi-
rectional shape memory, which is manifested by consistent recovery time and consistent
recovery ratio across multiple shape memory cycles (Figure 1c). Meanwhile, this reversible
bidirectional shape memory process can be forcibly interrupted at any stage and redriven
in both directions (to temporary shape one or temporary shape two). The thermally pro-
grammed shape (temporary shape one) of the composite film was obtained during water
loss in air, regardless of whether the material was fully soaked in water during the previous
process. Similarly, regardless of whether the composite film was completely dehydrated in
air, it eventually recovered to temporary shape two in the aqueous solution. Mechanisti-
cally, the polymer deformation process could be attributed to a relaxation behavior [43,44],
which was always synchronized with real-time changes in the polymer network for RSME.
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The high degree of reversibility of RSME was largely attributed to the reversibility of the
structural changes in polymer networks.
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Figure 3. Characterization of the two shape recovery processes in a shape memory cycle. (a) The
recovery ratio of the reversible shape memory polymers (RSMPs) under various GL ratios; (b) the
recovery time of RSMPs under various GL ratios.

Table 1. Programming ratio of RSMPs under various GL ratios.

GL Content Programming Ratio Standard Deviation
10% 98.7% 0.21%
20% 98.8% 0.21%
30% 99.1% 0.25%
40% 98.9% 0.26%

3.2. Thermogravimetric (TG) Analysis

Thermogravimetric (TG) curves of RSMPs with a 30% GL ratio (named 30-RSMPs) at
different stages of RSME (after shape programming and in the first shape memory cycle)
are shown in Figure 4a. Figure 4a’ represents two curves from Figure 4a (in water and in
air), with the TG curve in air having the intercept corresponding to 5% of water content
subtracted. Figure 4b displays the TG curves of samples with a 40% GL ratio (named
40-RSMPs) at different RSME stages; Figure 4b’ is the curve obtained by adjusting the inter-
cept of 3% water content between the two curves (in water and in air) shown in Figure 4b,
respectively. It can be observed that the curves in Figure 4 follow the typical pattern of
thermal degradation of natural polymers [45,46]. Most of the free water would be removed
in the heating process (<100 °C), while the dehydration of combined water was a gradual
process during the heating process. When the temperature reached 250 °C, the curve
dropped sharply, indicating the significant thermal degradation of RSMPs. Comparing
Figure 4a’ b/, it could be observed that after compensating for the difference in water con-
tent, the TG curves of the water-absorbed sample and the dehydrated sample (>100 °C) are
almost identical, indicating that the water triggering the RSME of the composite films exists
in the form of free water. Moreover, the difference in water content has no influence on the
internal structure of the material. The change in crystallinity was usually accompanied by
the change of thermal stability for natural polymer materials [47,48], and the parallelism of
TG curves between two shapes indicated that the entry and exit of water did not affect the
crystallization region of CS. It is evident that the water molecules lost by RSMPs between
temporary shape one and temporary shape two did not bind with chitosan, but rather
formed hydrogen-bonded chains to occupy the gaps in the chitosan chain segments, which
mainly consisted of free water. In contrast, the TG curve of the thermally-programmed
material did not exhibit such “parallelism” with the temporary shape one and temporary
shape two curves. Therefore, it can be confirmed that the water molecules absorbed by the
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material during the transition from thermal programming to the shape memory period
were linked with chitosan through hydrogen bonding, which is referred to as bound water.
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Figure 4. Results of TG analysis after shape programming and in the first shape memory cycle.
(a) TG curves of 30-RSMPs; (a’) parallel determination of the two curves from (a); (b) TG curves of
40-RSMPs; (b”) parallel determination of the two curves from (b).

3.3. Differential Scanning Calorimetry (DSC) Analysis

Figure 5a,b display the results of DSC tests conducted on 30-RSMPs and 40-RSMPs
during the first shape memory cycle. The 30-RSMPs DSC curve exhibits a significant
endothermic peak at 91 °C (in water) and 64 °C (in air), while the 40-RSMPs DSC curve
exhibits similar peaks at 85 °C (in water) and 75 °C (in air). The peak difference for
40-RSMPs is only 10 °C, which is significantly less than 30-RSMPs’ 27 °C, thus confirming
that the recovery time (to temporary shape one and to temporary shape two) for 40-RSMPs
is faster than for 30-RSMPs. The shape recovery speed is regulated by the glycerol content
in the film. With an increase in the glycerol content, the water absorption and water loss
is fast, thus recovery speed of the film is increased. The absorption or loss water was in
the form of free water; the results observed were consistent with the findings from the
thermogravimetric (TG) analysis.

3.4. Dynamic Mechanical Behaviors of CS/GL Composite Films

Figure 6a,b show the results of the DMA (dynamic mechanical analysis) test of
30-RSMPs at different stages of RSME (after shape programming and in the first shape
memory cycle), while Figure 6¢,d shows the results of 40-RSMPs at different stages of RSME.
In Figure 6a,c, the storage moduli gradually decreased with the increase in temperature.
Compared with these two groups, the storage modulus was negatively correlated with
water content, which proved that the water triggering of RSMP could be interpreted as a
process of reducing storage moduli. As shown in Figure 5b, the storage moduli of CS net-
works exhibit a sharp decrease at temperatures corresponding to this transition caused by
water molecule diffusion. In an environment with air exposure, water molecules gradually
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diffuse from the material into the surrounding air, causing a reduction in the available space
for polymer chain mobility. This results in increased entanglements between the polymer
chains, which in turn leads to a corresponding increase in the strength of the samples.
Accordingly, the secondary transition temperature of RSMPs after programming, immers-
ing in water, and exposing to air were Tp, = 76.0 °C, Tyy = 6.1 °C and T, = 56.7 °C [49,50],
as well as the transition temperature in Figure 5d being Ty, = 74.2 °C, Ty, = 16.9 °C and
Ta = 47.3 °C, respectively. The secondary transition temperature decreased when the RSMP
was immersed in water while increased in air condition. This suggests that the triggering
effect of water molecules on shape memory behaviors occurs within the amorphous region
of CS, which is likely due to the presence of reversible hydrogen bonds [51-53]. When
water infiltrates the CS molecules, the hydrogen bonds between the CS chains are disrupted,
causing the chain segments to become mobile and resulting in an earlier appearance of
the tand peak. After water actuation, the tand peak of 40-RSMPs was higher than that of
30-RSMPs. In addition, the tand peak of both RSMPs with 30% and 40% GL ratio increased
after the water immersion. The tand peak in 30-RSMPs increased from 0.285 to 0.307 and
from 0.272 to 0.364 in 40-RSMPs. Under the premise that 40-RSMPs had a shorter water
absorbing time, the swelling effect of water molecules is more effective on the 40-RSMPs,
thus significantly increasing the tand peak.
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Figure 5. Differential scanning calorimetry (DSC) analysis in the first shape memory cycle. (a) DSC
curves of 30-RSMPs in the first shape memory cycle; (b) DSC curves of 40-RSMPs in the first shape
memory cycle.

3.5. Fourier Transform Infrared (FTIR) Spectra

Figure 7a,b showed the FTIR test spectra of RSMPs at different stages of RSME (af-
ter shape programming and in the first shape memory cycle) with 30% and 40% GL
ratio. According to the curve analysis in the two plots, for the programmed RSMPs, the
two absorption peaks at 3274 cm~! and 3297 cm~! were assigned to the overlapping
results of O—H and N—H stretching vibrations. In response to water stimulation, the
overlapping peak moved in low wavenumbers to 3247 cm~! and 3283 cm ™!, respectively.
Moreover, when the SMP responded in the air environment, the overlapping peaks moved
again to the high wavenumber of 3259 cm~! and 3288 cm~! but were still lower than
the programmed wavenumber. This was strong evidence for the formation of hydrogen
bond-based supramolularly reversible cross linking inside RSMP networks. The absorption
peak at 2850 cm ! was assigned to the C—H of methylene at the carbon atom at position 6
(C6) and its intensity decreased delicately with the formation of hydrogen bonds between
water and hydroxyl groups at C6. The elongation vibration peak of C=0 corresponded
to the RSMPs of 1640 cm~! and 1641 cm ™! in two plots, with a significantly enhanced
peak strength after increasing the water content, which was also associated with the base
energy to form reversible hydrogen bonds with water molecules. Therefore, the process of
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hydrogen bond re-establishment and the swelling effects of solution molecules could be
important sources of reproducibility and reversibility of RSME.
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Figure 6. Dynamic mechanical analysis after shape programming and in the first shape memory
cycle. (a) Storage modulus curves of 30-RSMPs; (b) tand curves of 30-RSMPs; (c) storage modulus
curves of 40-RSMPs; and (d) tand curves of 40-RSMPs.

3.6. X-ray Diffraction (XRD) Analysis

The crystalline properties (after shape programming and in the first shape memory
cycle) at different stages of RSME of 30-RSMPs and 40-RSMPs were investigated through
XRD analysis. As shown in Figure 8a, diffraction peaks were observed at around 26 = 10°,
20 = 15° and 20 = 24°, while at around 20 = 7°, 20 = 15° and 26 = 21° in Figure 8b,
respectively, indicating the semi-crystalline nature of the CS.

The crystallinity of the 30-RSMPs and 40-RSMPs was found to be 39.1% and 35.7%
(shown in Table 2), respectively, which represents the highest achievable degree of crys-
tallinity for RSMPs without free water. However, as the material absorbs water, the intensity
of these diffraction peaks significantly reduces, resulting in a smoother diffraction pattern
and a broader XRD spectrum presenting a smooth, bun-like peak. Therefore, determining
the crystallinity of 30-RSMPs and 40-RSMPs at this stage is no longer meaningful. Upon
exposure to air, the diffraction peaks gradually became narrower and more pronounced,
and the crystallinity of RSMPs increased to some extent. These findings suggest that water
content is an important factor that affects the crystalline properties of the RSMPs. The
entry of water molecules disrupts the hydrogen bonding interactions between CS chains,
promoting the migration of CS chain segments. As water molecules penetrate the gaps
between chitosan chains, hydrogen bonds are formed between water molecules and CS
chains, opening the pores in the gaps between chitosan chains, effectively enhancing the
flexibility of polymer chains and reducing the crystallinity of RSMPs. It is noteworthy that
the crystallinity of 30-RSMPs was consistently higher than that of 40-RSMPs, indicating the
significant plasticizing effect of GL on CS. Increased GL content decreased the crystallinity
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of CS, promoting the motion of polymer chain segments, which is consistent with the
experimental results obtained earlier.
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Figure 7. FTIR test spectra after shape programming and in the first shape memory cycle. (a) FTIR
spectra of 30% GL ratio RSMPs; (b) FTIR spectra of 40% GL ratio RSMPs.
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Figure 8. XRD spectra of RSMPs after shape programming and in the first shape memory cycle.
(a) XRD spectra of 30-RSMPs at different stages of RSME; (b) XRD spectra of 40-RSMPs at different
stages of RSME.

A schematic model is proposed through the above discussion to better understand
the water triggered reversible shape memory mechanism of CS/GL films, as shown in
Figure 9. RSMPs of a specific shape were thermally programmed by bending loading
to obtain and store stress and fix it into a temporary shape one. At this point, chitosan
segments are connected by hydrogen bonds and contain a small amount of bound water.
When RSMPs are stimulated by water, they obtain temporary shape two and chitosan
molecules absorb a large amount of water. The water disrupts the hydrogen bonds between
chitosan—chitosan and forms new hydrogen bonds with the amino and hydroxyl groups
of chitosan, which becomes bound water. At the same time, the water molecules form a
hydrogen bond chain, swelling the chitosan matrix. This water exists in the form of free
water. Afterward, if the RSMPs are placed in an air environment, the water will naturally
diffuse and evaporate, and the RSMPs will regain their temporary shape one. Free water,
which is swelling between chitosan segments, is evaporated and removed, and the stress
stored between segments is released, causing them to arrange towards temporary shape
one. After a shape memory cycle, the RSMPs can be dissolved in water and exposed to air
to enter another shape memory cycle. During a shape memory cycle, temporary shape one
can be further dehydrated to lose all free water and some bound water to obtain sufficient
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mechanical strength (such as grabbing and hanging a ball in Figure 9), but it needs to
reabsorb enough bound water to re-enter the shape memory cycle.

Table 2. The crystallinity of RSMPs attached to the XRD spectra, “-” means the crystallinity that
cannot be accurately calculated.

RSMPs Crystallinity Crystallinity Crystallinity
(Programmed) (in Air) (in Water)
30-RSMPs 39.1% - -
40-RSMPs 35.7% - -
CS/GL film
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Figure 9. Schematic illustration of the reversible shape memory behavior of CS/GL films under 40%
GL ratio triggered by water.

4. Conclusions

This paper provides a comprehensive understanding of the reversible shape memory
behavior of chitosan/glycerol (CS/GL) films triggered by water. The systematic inves-
tigation of the binding mode and mechanism between chitosan and water molecules in
different shape memory stages sheds light on the intricate interplay between water and
hydrogen bonding in the film. Specifically, when CS/GL films are thermally programmed
at a specific shape and store stress, their CS segments are connected by hydrogen bonds
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and contain a small amount of bound water, leading to temporary shape one. Upon contact
with water, the CS molecules absorb a large amount of water, disrupting the CS-CS hydro-
gen bonds and forming new CS-water hydrogen bonds with amino and hydroxyl groups.
Furthermore, the free water molecules form a hydrogen bond chain, swelling the CS matrix.
When the RSMPs are placed back in the air environment, the water naturally diffuses
and evaporates, causing them to revert to temporary shape one, due to the release of the
stress stored between the CS segments and further removal of free water. Moreover, the
GL content was found to significantly impact the material’s shape memory performance,
with higher concentrations improving the flexibility and response rate of the films. These
findings not only contribute to our fundamental understanding of the shape memory
behavior of CS/GL composite films but also hold promising implications for their potential
application in various fields where reversible shape changes are desired.
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Abstract: Chitosan is a non-cytotoxic polysaccharide that, upon hydrolysis, releases oligomers of
different sizes that may have antioxidant, antimicrobial activity and the inhibition of cancer cell
growth, among other applications. It is, therefore, a hydrolysis process with great biotechnological
relevance. Thus, this study aims to use a crude enzyme concentrate (Cgc) produced by a filamentous
fungus to obtain oligomers with different molecular weights. The microorganism was cultivated
in a liquid medium (modified Czapeck—with carboxymethylcellulose as enzyme inducer). The
enzymes present in the Cgc were identified by LC-MS/MS, with an emphasis on cellobiohydrolase
(E.C 3.2.1.91). The fungus of the Aspergillus genus was identified by amplifying the ITS1-5.85-1TS2
rDNA region and metaproteomic analysis, where the excreted enzymes were identified with sequence
coverage greater than 84% to A. nidulans. Chitosan hydrolysis assays compared the Crc with the
commercial enzyme (Celluclast 1.5 L®). The ability to reduce the initial molecular mass of chitosan by
47.80, 75.24, and 93.26% after 2.0, 5.0, and 24 h of reaction, respectively, was observed. FTIR analyses
revealed lower absorbance of chitosan oligomers’ spectral signals, and their crystallinity was reduced
after 3 h of hydrolysis. Based on these results, we can conclude that the crude enzyme concentrate
showed a significant technological potential for obtaining chitosan oligomers of different sizes.

Keywords: chitosan; hydrolysis; filamentous fungus; enzyme
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1. Introduction

Chitosan is a linear polysaccharide obtained by the partial deacetylation of chitin
under alkaline conditions, which contains copolymers of D-glucosamine (deacetylated
units) and N-acetyl-D-glucosamine (acetylated units) interconnected by (3-glycosidic bonds
(1—4) [1], and has the unique properties of biocompatibility, biodegradability, bioactivity,

and non-toxicity.

In addition to the positive aspects of chitosan, it is necessary to meet technological
conditions and specific needs that are enhanced depending on the size of the oligomer
obtained through hydrolysis. The size of the oligomer is directly proportional to its
respective molecular weight [2]. Based on molecular weight, chitosan can be grouped into
low molecular weight (<100 kDa), medium molecular weight (100-1000 kDa), and high

molecular weight (>1000 kDa) [3].

Compared to chitosan, its oligomers have a lower molecular weight, better water
solubility, and greater physiological activities which involve: antimicrobial and antioxi-
dant activity [4-6]; hypocholesterolemic properties [7]; antimutagenicity [8]; decrease
in acrylamide formation in glucose/fructose-asparagine solutions [9]; and inhibition of

tumor cell growth [10].
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The standard method of depolymerization of chitosan is through acid hydrolysis. How-
ever, this method has some disadvantages, including the difficulty in obtaining oligosaccha-
rides with a low degree of polymerization and in controlling the extent of hydrolysis, which
often results in hydrolysates with a high amount of monosaccharides [11]. Furthermore,
the reaction conditions require high temperatures and high concentrations of reagents,
which often result in chemically modified oligosaccharides forming [12].

The use of enzymes in chitosan hydrolysis has received attention because it presents
less variation in obtaining oligosaccharides than chemical hydrolysis [13]. In addition, the
enzymatic method has advantages over chemical reactions because the enzymes act under
milder conditions, have high specificity, and do not modify the structure of the glucose
ring [14]. However, this method has the disadvantages of higher cost, limited availability of
some enzymes, and slow action in viscous solutions, requiring a low substrate concentration
and a more significant amount of enzymes [13].

Chitosanases and chitinases are specific enzymes responsible for the hydrolysis of
chitosan and chitin, respectively. Chitosanases (E.C 3.2.1.132) are glycosyl hydrolases that
catalyze the endohydrolysis of 3-1,4-glycosidic bonds of chitosan. Chitinases can be classi-
fied according to their mode of action into endochitinases (E.C 3.2.1.14) and exochitinases
(E.C 3.2.1.52), which catalyze the internal and external hydrolysis of chitosan [15].

Non-specific or promiscuous enzymes are also capable of hydrolyzing chitosan.
These enzymes are cellulases, hemicellulases, pectinases, papain, pepsin, proteases,
bromelain, and lysozyme, which are less expensive and can cleave the (3-1,4-glycosidic
bond of chitosan [5,16-20].

Cellulases are industrially essential enzymes and have traditionally been obtained
from submerged fermentation by controlling extrinsic and intrinsic factors such as tem-
perature and pH [21]. In this context, filamentous fungi are preferred for producing these
enzymes rather than yeast or bacteria [22].

The search for new enzyme-producing sources and new enzymatic depolymerization
mechanisms are objects of considerable scientific and technological interest. Thus, this
study shows the possibility of using an efficient enzymatic extract obtained with few
downstream steps capable of hydrolyzing chitosan to obtain chitooligosaccharides with
varied sizes that present physiological activities.

2. Materials and Methods
2.1. Chitosan

Commercial chitosan (Polymar, Fortaleza, Ceara, Brazil) (c6d. PB2112) (obtained from
crustacean exoskeleton) with a certified degree of deacetylation of 85% was used.

2.2. Commercial Enzyme

Celluclast 1.5 L% (Novozymes, Araucaria, Parana, Brazil), produced by Trichoderma
reesei, was used as a standard in the hydrolysis of chitosan.

2.3. Microorganism

The filamentous fungus (code MIBA0664) belongs to the mycotheque of the Labora-
tory of Systematic Research in Biotechnology and Molecular Biodiversity of the Federal
University of Para (Brazil). This microorganism was isolated from a xylophagous mollusk
using the procedure described by Ferreira et al. [23]. The strain was previously selected
among others in the laboratory due to its potential endoglucanase activity.

2.4. Identification of the Microorganism

The fungal biomass used in the identification was obtained from cultivation in liquid
medium Czapek Dox (Sigma-Aldrich, St. Louis, MO, USA, EUA) with the addition of
10% yeast extract and subsequent incubation in shaken flasks at 120 rpm /30 °C for five

days. DNA was extracted according to the manufacturer’s instructions for the genomic
DNA extraction and purification kit (Axygen®, ref. AP-MN-MS-GDNA-50) (Union City,
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CA, USA, EUA). The primer pair ITS-1f (5-TCC GTA GGT GAA CCT GCG G-3' and
primer ITS-4r (5'-TCC TCC GCT TAT TGA TAT GC-3') [24,25]. PCR was performed in
a thermocycler (model TX96, Amplitherm®, State of Sao Paulo, Brazil) programmed at
95°C/5',35 cycles 0of 94 °C/1/,55.5°C/2/,72 °C/2' (denaturation, annealing, and extension
stages, respectively), and final extension at 72 °C/10’ [25].

Sequence annotation was performed using Geneious® (version 9.1.5) and compared to
GenBank. The sequence > 98% was considered to identify the filamentous fungus species.

2.5. Crude Enzyme Concentrate (Crc)

Initially, two culture media were evaluated for better enzymatic activity, established as
endoglucanase activity [26]. Two media were used, modified Czapeck (Cm): carboxymethyl-
cellulose (CMC) 10.0 g/L, sodium nitrate 3.0 g/L, potassium phosphate 1.0 g/L, potassium
chloride 0.5 g/L, magnesium sulfate 0.5 g/L, and ferrous sulfate 0.01 g/L; and CPY: car-
boxymethylcellulose (CMC) 10.0 g/L, peptone 1.0 g/L, and yeast extract 20.0 g/L.

Cultivation was carried out in 500 mL conical flasks containing 250 mL of C,p, or
CPY media. Ten discs of fungal mycelium fragments 5 mm in diameter were added and
incubated in each flask at 30 °C, under constant agitation at 120 rpm. Endoglucanase
activity was evaluated after seven days, and the assays were performed in triplicate.

After selecting the culture medium, a scale-up was performed, where five 1000-mL
conical flasks containing 500 mL of C,r, and 20 mycelia discs (5 mm) were incubated under
the same conditions used previously. Aliquots were withdrawn at 24-h intervals to assess
endoglucanase activity. The final culture was filtered through a quantitative paper disc
and a Buchner funnel under a vacuum to remove the biomass. The liquid phase was
concentrated by lyophilization until 90% of the initial volume was reduced.

2.6. Protein Content

The amount of total protein present in the Cgc and the commercial enzyme was
determined according to Bradford methodology [27] with modifications. Thus, 200 uL
of Cgc or commercial enzyme was added to 1800 pL of Bradford reagent solution (0.1
mg/mL) with a reaction time of 5 min. The reading was performed in a spectrophotometer
(Thermo, GENESYS, Fisher Scientific, Arendalsvdgen, Goteborg, Sweden) at 595 nm. The
blank was prepared under the same conditions, replacing the CEC with deionized water.

2.7. Endoglucanase Activity Assay (CMCase Activity)

The enzymatic activity was determined by quantifying reducing sugars [28], with
modifications. In a 1.5 mL microtube, 500 uL of the enzymatic extract and 1000 uL of
carboxymethylcellulose (CMC) at 0.5% diluted in sodium citrate buffer were added (0.1 M;
pH 4.8). The reaction was carried out at 50 °C for 10 min in a Thermomixer (Thermomixer ®
compact, Eppendorf) at 400 rpm. After the established time, 100 puL of the reaction mixture
was added to 200 uL of water and 300 uL of DNS reagent and incubated at 100 °C for
5 min. After the mixture was cooled, 1000 uL of distilled water was added. The blank
control sample was evaluated under the same conditions, replacing the CMC with distilled
water. The difference with the blank control sample determined the released reducing
sugars (Ra). The reading was performed in a spectrophotometer at 540 nm. Enzyme activity
was calculated using Equations (1) and (2):

. (UY\ _ Ra(x?)xVe(mL)
Enzymatic acthty(mL> = Ty, (min) x 0.18 x Ve (mL) (1)

Ra(38) x Ve(mL)
min) x 0.18 x P(mg)

Enzymatic activz’ty(ifg) = o 2

where: Ra: released reducing sugars; V,: reaction volume; T},: hydrolysis time; V.: enzy-
matic extract volume; P.: Protein content.
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2.8. Identification of Proteins in Crude Enzyme Concentrate
2.8.1. Protein Precipitation

The enzymatic extract concentrated by lyophilization was subjected to precipita-
tion [29]. Proteins were precipitated by adding methanol, chloroform, and water in a ratio
of 1:4:3 (v/v/v), respectively. The solution was vortexed, followed by centrifugation at
12.000x g for 5 min and 25 °C. The upper phase was discarded, and then methanol was
added in a ratio of 3 mL to 1 mL of the initial volume of the sample. The solution was
centrifuged at 12.000x g for 5 min and 25 °C. The supernatant was discarded, and the
pellet was dried at room temperature 25 °C. The obtained pellet was washed with 50 mM
bicarbonate and ammonium in Amicon® Ultra 3 K MWCO (MilliporeSigma in the U.S. and
Canada) 5 times, with subsequent centrifugation at 12.000x g for 1 hour.

2.8.2. Protein Digestion

After washing with 50 mM bicarbonate and ammonium in Amicon®Ultra 3 K MWCO
(MilliporeSigma in the U.S. and Canada), protein digestion was performed [30]. Each
protein sample was homogenized with 50 mL of ammonium bicarbonate (50 mM), 10 mM
DTT (dithiothreitol), and 0.25% RapiGest SF (Waters Corp., Milford, MA, USA). Digestion
occurred from incubating trypsin samples with protein (1:50) at 37 °C for 16 h. Possible
interferences in the samples were removed with the addition of formic acid (0.1%) and
incubated at 60 °C for 60 min. Insoluble detergents were removed from samples by
centrifugation at 10.000x g for 30 min. The supernatant was collected and frozen at —80
°C for subsequent identification of proteins by LC/MS.

2.8.3. Identification by LC-MS/MS

Proteins were identified using the nanoElute nanoflow chromatographic system
(Bruker Daltonics, Bremen, Germany), coupled online to a mass spectrometer (Hybrid
Trapped Ion Mobility Spectrometry (TIMS), model Quadrupole Time-of-Flight (timsTOF
Pro 2, Bruker Daltonics, Bremen, Germany). An aliquot (1 pL) sample, equivalent to
200 ng of digested peptides, was injected into a Bruker FIFTEEN C18 column (1.9 pm,
150 mm x 75 um), from Bruker. The column was coupled online with a CaptiveSpray
ion source (Bruker Daltonik GmbH). A typical RP gradient (Solvent A: 0.1% AF, 99.9%
H,O; Solvent B: 0.1% AF, 99.9% CH3CN) was established in a liquid chromatography
nanoflow system and separated at a flow rate of 500 nL/min. The column temperature
was maintained at 50 °C. The chromatographic run lasted 60 min (30% of Solvent B for
55 min and 95% at 56 min; maintained at this percentage of Solvent B for another 4 min).
The temperature of the capillary ion transfer line was set to 180 °C. Ion accumulation
and mobility separation were obtained with an input potential ramp from —160 V to
—20 V within 123 s. During the acquisition, to enable the PASEF method, the accumulation
parallel to the fragmentation of the ions, the precursor m/z and mobility information
was first derived from a Tims-MS full scan experiment, with an m/z range of 100-1700.
Monocharged precursors were excluded for their position in the m/z-ion plane of mobility,
and precursors that reached the target value of 20,000 a.u. were dynamically excluded
for 0.4 min. The operational mode of the TIMS-TOF, MS, and PASEF were controlled
and synchronized with the aid of the instrumental control software OtofControl 5.1 by
Bruker Daltonik.

2.8.4. Data Processing and Search Parameters

Data processing, protein identification, and relative quantification were performed
using PEAKS Studio Software, Version 10.6, Bioinformatics Solutions Inc., Waterloo, ON,
Canada. The processing parameters included carbamidomethylation of cysteine with
fixed amino acid modification, methionine oxidation, and N-terminal acetylation, which
were considered variable variations. Trypsin was used as a proteolytic enzyme, with a
maximum of 2 possible cleavage errors. The ion mass shift tolerance for peptides and
fragments was adjusted to 20 ppm and 0.05 Da, respectively. A maximum false positive
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rate (FDR) of 1% was used for peptide and protein identification, considering at least
one unique peptide for identification as a criterion. All proteins were identified with a
confidence level > 95%, using the PEAKS Software algorithm and searching within the
Aspergillus sp. database, using the UniProt database (http://www.uniprot.proteomes/
(accessed on 10 December 2022)).

The identified proteins were grouped into functional categories according to their
functions and molecular weights using the database (http://www.uniprot.proteomes/
(accessed on 11 December 2022)).

2.8.5. Identification of Microorganisms Based on Peptides

The identified peptides were analyzed using a bioinformatics tool for metaproteomics
(https:/ /unipept.ugent.be/ (accessed on 11 December 2022)) to verify the taxonomy of the
studied microorganism. After identifying the microorganism, the proteins identified were
analyzed against the microorganism database (https://blast.ncbi.nlm.nih.gov/ (accessed
on 11 December 2022)).

2.9. Enzymatic Hydrolysis of Chitosan
2.9.1. Crude Enzyme Concentrate

Hydrolysis was performed according to the method by Roncal et al. [18], with modifi-
cations. Chitosan hydrolysis was performed using a 1% solution (w/7v) in sodium acetate
buffer (pH 4.5; 0.1 M). From the Cgc, 0.14 mg of protein/g of chitosan was added. Thus,
1000 pL of Crc was added in 100 mL of sodium acetate buffer, then 1000 mg of chitosan
was added and incubated at 45 °C under agitation (120 rpm) at different times: 1; 2; 3;
4; 5; and 24 h. The hydrolysis reaction was stopped by heating the mixture at 100 °C for
5 min to inactivate the enzyme. The content was adjusted to pH 7, resulting in a chitosan
precipitate. The precipitate was filtered and dried at 60 °C.

2.9.2. Commercial Enzyme

Hydrolysis was performed according to the method by Roncal et al. [18], with modifi-
cations. Chitosan hydrolysis was performed using a 1% solution (w/7v) in sodium acetate
buffer (pH 4.5; 0.1 M). From the commercial enzyme Celuclast 1.5 L, 0. 51 mg of pro-
tein/g of chitosan was added. Thus, 20 pL of Celuclast was added in 100 mL of sodium
acetate buffer, then 1000 mg of chitosan was added and incubated at 45 °C under agitation
(120 rpm) at different times: 0.5; 1; 2; and 3 h. The hydrolysis reaction was stopped by
heating the mixture at 100 °C for 5 min to inactivate the enzyme. The content was adjusted
to pH 7, resulting in a chitosan precipitate. The precipitate was filtered and dried at 60 °C.

2.10. Characterization of Chitosan and Oligomers
2.10.1. Molecular Mass Determination

The molecular mass of chitosan (Qt) and hydrolyzed chitosan (Qh) was determined
by viscometry according to the method described by Garcia et al. [31], with modifications.
Qt and Qh samples were prepared with a concentration of 0.005 g/mL in acetic acid buffer
solution (0.3 M) and sodium acetate (0.2 M), pH 4.5, and kept at 30 °C, 120 rpm, for 24 h.

To determine the intrinsic viscosity, [n], the Qt and Qh solutions were diluted at
concentrations of 0.004, 0.003, 0.002, and 0.001 g/mL, and the solution flow times were
determined in a Canon Fensk capillary viscometer (Schott AVS 350) at 25 °C. The specific
viscosity (nsp) was determined using Equation (3):

Nsp = (t —to)/to 3)

where: t is the flow time of the chitosan solution and ¢ is the flow time of the solvent.
The reduced viscosity (1,eq) was obtained through the relationship between specific
viscosity and chitosan concentration (C), as in Equation (4):

Nred = Msp /C (4)
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Intrinsic viscosity [1] is defined as reduced viscosity, extrapolated to a chitosan con-
centration (C) of zero, as in Equation (5):

] = (T]Sp/C)C*)O = (Mred)c—0 5)

From the intrinsic viscosity, the molecular mass of chitosan was calculated using the
Mark-Houwink equation, as in Equation (6):

] = KMy~ (6)

where: M,, is the viscosity average molecular weight, and K and « are constants that
depend on the chitosan polydispersion and the solvent system used. The values of these
constants were previously determined to be K = 0.074 and & = 0.76.

2.10.2. FTIR Deacetylation Degree

The Qt and Qh samples were analyzed in an infrared spectrometer (Agilent, model-
Cary 360, Santa Clara, CA, USA, EUA) with Total Attenuated Reflectance (FTIR-ATR) and
zinc selenide crystal (ZnSe), in the range of 4000 cm ™! to 650 cm ™!, resolution of 4 cm ™!
and 32 scans.

The degree of Qt and Qh deacetylation was determined by FTIR-AT by calculating
the areas of the infrared spectral bands corresponding to the functional groups of amine
(1350 cm 1) and CH, (1465 cm 1), according to the methodology described by Barragan
et al. [32]. The areas were calculated by the Spectragryph software (v. 1.2.14/2020) using
the integration with baseline function [33]. The degree of acetylation (DA) was determined
using Equation (7):

A1350/A1465 =0.3822 + 0.0313 GA (7)

where: DA: degree of acetylation; Aj350: area under the curve of the infrared spectrum
band with a wavenumber of 1350 cm~!; and A1465: area under the curve of the infrared
spectral band with wavenumber 1465 cm ™. Values 0.3822 and 0.0313 were obtained by
linear regression [34].

The degree of deacetylation (DD) was determined using Equation (8):

DD =100 — DA )

3. Results and Discussion
3.1. Identification of the Microorganism

The strain was identified as Aspergillus sp. (GenBank ID accession number MT135987)
with greater than 97% similarity. In several studies, it was observed that the genus
Aspergillus stands out in the production of enzymes that act in the hydrolysis of chitosan,
such as cellulases [35], hemicellulase [18], and pectinase [36] by Aspergillus niger; chitin
deacetylase by Aspergillus nidulans [37] chitosanase by Aspergillus fumigatus [38].

After identifying the enzymes in the secreted extract of Aspergillus sp, it was possi-
ble to perform a metaproteomic analysis based on peptides. The analysis allowed the
identification of the microorganism belonging to the species A. nidulans (Figure 1).

Figure 1. Dendogram based on peptides built by Unipept (https://unipept.ugent.be/, accessed on 11
December 2022). Phylogenetic tree based on the list of peptides identified using the lowest common
ancestor (LCA) method.
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3.2. Selection of the Culture Medium

The structural similarity between cellulose and chitosan—D-glucose polymers linked
by (3-1,4-glycosidic bonds—enabled carboxymethylcellulose to be an inducing substrate
in both culture media (C;p and CPY) in order to produce enzymes, which will later be
used in the hydrolysis of chitosan. Figure 1 shows that the microorganism produced
enzymes capable of hydrolyzing carboxymethylcellulose (CMCase activity), indicated by
endoglucanase activity.

Among the culture media studied, the C;, showed the highest enzymatic activity
(Figure 2). In addition, an increase in enzymatic activity is observed up to the eighth day
of cultivation, followed by a decrease in subsequent days, defining the eighth day in C;
medium for the production of Cgc.

0,30 5

0,25

0,20 -

0.15

0.10 4

CMCase activity (U/mL)

0.05 4

0,00 +

Cultivation time (days)

Figure 2. Enzyme activity profile (CMCase) in different culture media for Aspergillus nidulans: B—
modified czapek culture medium (C,n,); e—medium cellulose peptone yeast extract (CPY).

3.3. Crude Enzyme Concentrate (CEC)

Table 1 shows the total activity (U/mL) and specific activity (U/mg) for the crude
enzyme and the crude enzyme concentrate, respectively. The crude enzyme produced
by the microorganism in C,n medium during eight days of cultivation showed a specific
enzymatic activity of 13.3 U/mg. After concentration by lyophilization, the crude enzyme
showed an activity of 15.9 U/mg. The total protein content increased eight times after
lyophilization, and there was a 19% increase in the specific activity. There was no significant
increase in the specific activity. This may be related to the fact that no purification step was
performed, only concentration, which enables more significant competitive inhibition by
the saccharides present in the medium. Otherwise, this culture was characterized by low
protein production, which contributed to good results of a specific activity.
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Table 1. Enzyme activity after extract concentration by lyophilization.

Volume Total Activity =~ Total Protein  Specific Activity

(mL) (U/mL) (mg/mL) (U/mg)
Crude enzyme 500.0 0.22 £ 0.031 0.0165 £ 0.001 13.3 £ 0.97
Crude enzyme concentrate 25.0 223 £0.19 0.14 £ 0.013 159 +1.38

3.4. Identification of Proteins in Crude Enzyme Concentrate

The fungus was grown in the C,y, culture medium added with chitosan. The proteins
secreted by the microorganism in the culture medium were precipitated and submitted to
LC-MS/MS analysis to verify the possible secretion of enzymes involved in the hydrolysis
of chitosan by the fungus. Specific enzymes involved in the hydrolysis of chitosan are called
chitosanases. They carry out hydrolysis from the cleavage of glycosidic bonds s 3-1,4 [39].
These enzymes are usually extracellular and microorganisms such as Bacillus subitilis [40,41],
and Janthinobacterium [42] showed capacity in the production of chitosanases. Among fungi,
the genus Trichoderma [43] and Aspergillus [44,45] have stood out in this production.

Enzymes for polymers structurally similar to chitosan (such as cellulose and pectin)
can also be used for the hydrolysis of chitosans, as they have chitosanolytic activity [5].
Regardless of whether it is a specific enzyme or not, chitosan is basically hydrolyzed by the
action of glycosidic hydrolases (GH) [39]. In chitin and chitosan, acetyl groups remaining
from GlcNAc play the nucleophilic role of the hydrolysis reaction by GH; thus, non-specific
GHs can cleave the glycosidic bonds of chitosan [39].

Analysis by LC-MS/MS in the present study allowed for the identification of en-
zymes that hydrolyze chitosan. The peptides were blasted against the Aspergilus database.
The taxonomic analysis based on identified peptides indicated that A. nidulans is the
study microorganism (Figure 2); therefore, the identified proteins that did not belong to
A. nidulans/Emericella nidulans were blasted against the A. nidulans database, which allowed
the identification of several proteins, listed in Table 2. All identified proteins showed se-
quence coverage greater than 90% of A. nidulans proteins (Table 2). The accession numbers
Q8NKO02, Q5AUX2, Q5BA61, and Q9HGI3, which refer to the identification of Emericella
nidulans, were not compared against A. nidulans because they are the same microorganism,
only differentiated by the sexual or teleomorphic form.

Among the identified proteins were identified chitinases (E.C 3.2.1.14) and (E.C
3.2.1.52), responsible for catalyzing the cleavage of chitin and chitosan [46,47]. Depending
on the type of cleavage, chitinases can be classified as endo- or exo-chitinases. Endo-
chitinases (E.C 3.2.1.14) catalyze the internal hydrolysis of chains at random points along
the polysaccharide, and hydrolyze the ends of the reducing or non-reducing polymeric
chain, producing low molecular weight N-acetylglucosamine multimers [48], while exo-
chitinases (E.C 3.2.1.52) act by randomly cleaving internal chitin sites. Exochitinases, in turn,
are divided into two subgroups: chitobiosidases, which cleave chitin from the non-reducing
end, releasing diacetylchitobiose (N-acetylglucosamine dimer); and 1-4-f3-glucosaminidase,
which cleave chitin oligomers released by endochitinases and chitobiosidases producing
GIcNAc monomers. The 3-hexosaminidase enzyme identified in the present work secreted
by A. nidulans performs the hydrolysis of terminal non-reducing N-acetyl-D-hexosamine
residues in N-acetyl-f3-D-hexosaminides and can be used for the enzymatic synthesis of
complex type sugar chains containing GlcNAc and GalNAc as components [48].

Chitinases are widely studied for different applications, such as biocontrol [49,50], as
an antitumor agent [51], and bioethanol production [52], among others. The secretion of
chitinases by Aspergillus spp. Is already described. It was observed that A. flavus secretes
thermostable chitinases in a medium with high salt concentration [53], A. niger secretes
thermostable chitinases that act in the biocontrol of Candida and Galleria mellonella [54],
and A. nidulans secretes chitinases, cellulases, hemicellulases, esterases, and lipases when
cultivated in sorghum straw [55].
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In the pool of enzymes secreted by the microorganism, also identified were the enzyme
cellobiohydrolase (E.C3.2.1.91), also known as exoglucanase. Two cellobiohydrolases were
identified in the present work: Probable 1,4-3-D-glucan cellobiohydrolase A (Q5B2Q4) and
Probable 1,4-3-D-glucan cellobiohydrolase B (Q8NKO02). These enzymes release cellobiose
units from cellulose’s reducing and non-reducing ends [56]. Cellobiohirolases can also
hydrolyze chitosan, producing low molecular weight oligomers. In addition, it was ver-
ified that the hydrolysis product of chitosan through cellobiohydrolase is similar to that
of chitosanase [56], with the formation of chitooligosaccharides that may have relevant
bioactive effects, such as maintaining the immunological indices of patients undergoing
chemotherapy [57], as well as antimicrobial and antioxidant activity [5].

Another identified enzyme was o-L-arabinofuranosidase (E.C 3.2.1.55). This enzyme
releases L-arabinose and is involved in the hydrolysis of oligosaccharides and hemicellu-
loses [58]. Pectin lyase (E.C. 4.2.2.10), also identified, catalyzes the cleavage of the «1-4
glycosidic bond in pectic acid and pectin [59]. In addition to pectin hydrolysis, several
studies have found that pectinases can be used in chitosan hydrolysis [20,60,61].

3.5. Chitosan Hydrolysis

The commercial enzyme (Cg), Cellulast 1.5 L®, was used as a parameter to verify the
efficiency in the hydrolysis of chitosan using the Cgc obtained in this study. Cg can cleave
the 3-1,4-glycosidic bond of chitosan [62], that is, the same region where chitosanase acts.

Figure 3 shows a decrease in molecular weight with increasing hydrolysis time for the
two enzyme concentrates. The molecular weight of chitosan hydrolyzed by Cgc and Cg
after 1 h was 85.20 and 71.14 kDa; at 2 h, it was 56.8 and 57.86 kDa, respectively.

120 ~
110—-
100—-
90—-
80—-

70 4

Molecular weigth (KDa)

60
50 -

401

30 T d T T T d T 1
0 1 2 3

Hydrolysis time (hours)

Figure 3. Chitosan hydrolysis profile to obtain oligomers as a function of reaction time and different
enzyme concentrates: l—Cp (commercial enzyme); e—Cpc (crude enzyme concentrate).

Although the enzyme concentrates showed similar responses during hydrolysis, the
amount of protein in Cg (0.51 mg of protein/g of chitosan) was higher than that of Cgc
(0.14 mg of protein/g of chitosan). However, after 2 h of hydrolysis, there was no significant
difference (p < 0.05) between the samples.
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Due to the lower concentration of enzymes present in the Cgc compared to the Cg, we
can preliminarily infer that the Cpc showed greater efficiency in the hydrolysis of chitosan,
highlighting the presence of endo-chitinases (E.C 3.2.1.14), exo-chitinases (E.C 3.2.1.52),
and cellobiohydrolase (E.C 3.2.1.91) identified in this study.

3.6. Effect of Hydrolysis Time Using Cgc

Figure 4 presents the molecular weight of chitosan after different hydrolysis times
using the Cpc. Chitosan with an initial molecular weight of 108.94 kDa showed a reduction
of 47.80% (56.87 kDa) after 2 h of hydrolysis, 75.24% (26.86 kDa) after 5 h, and in 24 h, it was
possible to reach a reduction of 93.26% (7.23 kDa). Thus, a significant decrease in molecular
weight was observed, and thus, preliminarily a good correlation with the hydrolysis time
to obtain the oligomers of interest.
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Figure 4. Chitosan hydrolysis as a function of reaction time using A. nidulans crude enzyme concentrate.

We believe that the efficiency of Cgc is due to the presence of enzymes that have
hydrolytic action, especially for obtaining chitooligosaccharides [46,56,62,63].

3.7. FTIR Analysis

FTIR analyzed the chemical structure of chitosan and its oligomers through the ab-
sorption bands (Figure 5). A pattern between the spectra with different hydrolysis times
was observed at the 3435 cm ! peak (a) due to the O-H stretching vibration merged with
the N-H stretching band. The 2870 cm~! bands (b) were attributed to the elongation of the
C-H groups [4].

The spectra also showed characteristic bands for amide groups, including the char-
acteristic band of C=O (amide I) elongation at 1648 cm ™! in the chitosan spectrum, with
a displacement of this peak in hydrolyzed chitosan to 1660 cm ™! (c). At 1589 cm~! (d), it
showed bending vibrations of N-H coupled to stretching vibrations of C-N (amide II), and
at 1330 cm ™! (e), characteristic of amide III is observed [7]. Furthermore, absorption bands
were observed at 1150 cm ™!, corresponding to the asymmetric stretching of the C-O-C
bond (f). At 1067 and 1024 cm ™!, the bands correspond to the vibration involving the C-O
stretching (g) [64] and at 893 cm™~! (h), there is the absorption $-1,4 glycosidic linkages [16].
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Figure 5. FT-IR spectrum of chitosan hydrolyzed with crude enzyme concentrate at times of 0 h, 1 h,
3h,5h,and 24 h.

From the results, it is observed that the characteristics of chitosan were identified in
the spectra, confirming its chemical identity before and after hydrolysis. In all spectra, the
wavenumber values did not suffer significant displacements. However, other differences
were observed between the spectra. Lower spectral intensities are observed in hydrolyzed
chitosan because the functional groups vibrate with greater freedom of movement. The
signal strength at 3465 cm~! is due to more O-H groups, while the signal strength at
3364 cm ™! is associated with a more significant number of N-H units [4].

The absorption band at 3435 cm ™! shifted to a lower number of waves at 5 h and 24 h
of hydrolysis, indicating that the crystalline order of chitosan was altered [16]. Furthermore,
the absorption intensity relative to the C-H stretching band at 1380 cm ! decreased at times
of 3 h, 5h, and 24 h, which indicated that intermolecular and intramolecular hydrogen
bonds were weakened and its crystallinity was reduced [64].

3.8. Deacetylation Degree of Chitosan (DG)

The DG was determined using the FTIR spectra through the relationship between the
integration values of the peaks at 1350 cm~! and 1465 cm™~!, according to Equation (8).
This interaction showed the highest linear correlation compared to others in the infrared
spectrum for different crustacean biopolymers [34]; Table 3 shows the DG for different
hydrolysis times.

Table 3. Degree of deacetylation about hydrolysis time using crude enzyme concentrate.

Hydrolysis Time Integrated Area (A13g5) Integrated Area (A1460) DG (%) CV (%)
Without hydrolysis 1.051 1.062 80 0.49
1h 1.030 1.154 83 3.23
3h 1.175 1.150 79 1.74
5h 0.991 1.010 80 0.49
24h 1.220 1.991 80 0.49

Aj3sst integrated area value for the 1345 cm ! peak; Ajse0: integrated area value for the 1460 cm ! peak; DG:
degree of deacetylation; and CV: coefficient of sampling variation.
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Table 3 shows a shift of 5cm ™! in the values at the peaks of the integration areas. Thus,
the values of 1345 cm ! and 1460 cm ! were considered and not 1350 cm~! and 1465 cm ™!
as recommended in Equation (8). Variations of this magnitude are likely to occur due to
the degree of purity of the commercial sample compared to a standard sample. However,
this fact did not influence the vibrational characteristics of the functional groups.

The DG values show no variation in polymer deacetylation when comparing chitosan
before and after hydrolysis. This result confirms the idea of the specificity of enzymatic
hydrolysis, in this case, in glycosidic bonds against conventional chemical hydrolysis with
the possibility of obtaining unwanted values of GD.

4. Conclusions

The fungus used to produce Cgc was identified as Aspergillus sp. (GenBank ID
accession number MT135987), and through metaproteomic analysis, the microorganism
was identified as Aspergillus nidulans.

The enzyme concentrate produced by the fungus showed enzymes identified as cel-
lobiohydrolases, chitinases, alpha-L-arabinofuranosidase, and pectin lyase. These enzymes,
belonging to the glycosyl hydrolase class, show activity in the hydrolysis of chitosan,
reported in other studies.

The Cgc showed greater efficiency in chitosan hydrolysis than the commercial enzyme.
This is because, although the commercial cellulase has certified efficiency in the hydrolysis
of cellulose, the concentrate may have presented a synergistic effect that catalyzed the
hydrolysis of the inner and outer chain of chitosan.

The oligomers obtained by hydrolysis using Cgc showed lower absorbance of spectral
signals due to the functional groups vibrating with greater freedom of movement. In
addition, their crystallinity was reduced, and their degree of deacetylation was maintained.

The Cgc showed efficiency in the hydrolysis of chitosan to obtain oligomers of interest
with few steps and lower costs.
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Abstract: At present, majority of polyols used in the synthesis of polyurethane foams are of petro-
chemical origin. The decreasing availability of crude oil imposes the necessity to convert other
naturally existing resources, such as plant oils, carbohydrates, starch, or cellulose, as substrates
for polyols. Within these natural resources, chitosan is a promising candidate. In this paper, we
have attempted to use biopolymeric chitosan to obtain polyols and rigid polyurethane foams. Four
methods of polyol synthesis from water-soluble chitosan functionalized by reactions of hydrox-
yalkylation with glycidol and ethylene carbonate with variable environment were elaborated. The
chitosan-derived polyols can be obtained in water in the presence of glycerol or in no-solvent condi-
tions. The products were characterized by IR, TH-NMR, and MALDI-TOF methods. Their properties,
such as density, viscosity, surface tension, and hydroxyl numbers, were determined. Polyurethane
foams were obtained from hydroxyalkylated chitosan. The foaming of hydroxyalkylated chitosan
with 4,4’-diphenylmethane diisocyanate, water, and triethylamine as catalysts was optimized. The
four types of foams obtained were characterized by physical parameters such as apparent density,
water uptake, dimension stability, thermal conductivity coefficient, compressive strength, and heat
resistance at 150 and 175 °C. It has been found that the obtained materials had most of the properties
similar to those of classic rigid polyurethane foams, except for an increased thermal resistance up to
175 °C. The chitosan-based polyols and polyurethane foams obtained from them are biodegradable:
the polyol is completely biodegraded, while the PUF obtained thereof is 52% biodegradable within
28 days in the soil biodegradation oxygen demand test.

Keywords: water-soluble chitosan; hydroxyalkylation; polyols; polyurethane foams

1. Introduction

At present, most polyurethane foams (PUF) are obtained from petrochemical sub-
strates [1-3]. The fact that petroleum resourcesare decreasing makes it necessary to look
for resources of a biological origin. Polyols based on renewable natural resources are easily
available, comparatively not expensive, and biodegradable. The constant increase of foam
products on one hand and environmental requirements on the other hand imposes on
the searchfor biodegradable polyols from plant oils [4,5] or carbohydrates such asstarch
and cellulose [6-11]. Chitosan also belongs to the latter group of compounds and was not
used untilnow to obtain polyols. Chitosan can be obtained by D-deacetylation of chitin
(Scheme 1). Chitin is apolymer that is present in marine invertebrates and in the skeleton
material in crustaceans and insects [12].

Chitosan can be considered as a natural resource because this polymer is the building
material of the fungal cell wall. It can be easily isolated by extraction. Chitosans are
a group of polymers of variable degrees of molecular weight and deacetylation. These
physicochemical characteristics of fungal chitosan such as molecular weight and degree
of degradation can be better controlled compared to chitosan obtained from crustacean
sources [13]. Fungal chitosan has many advantages in biomedical applications due to its
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molecular properties. It is easier to obtain very low or high molecular mass polymer from
fungal chitosan compared to shellfish chitosan. Fungal chitosan can be used as a potential
carrier of drug and non-viral gene delivery systems [13].

OH OH

@) o)

conc. NaOH _

O
HO Deacetylation HO
NHCOCH, n NH,

Scheme 1. Deacetylation of chitin.

The chitosan chain comprises the units of (3-(1,4)-D-glucoseamine and N-acetyl-D-
glucoseamine (Scheme 2) [14]. The distributions of deacetylated and acetylated subunits
within the polymeric chain influence the chemical properties of chitosan. There are various
kinds of chitosan commercially available, which differ in molecular weight and deacetyla-
tion degree. Generally, chitosan is a biodegradable, biocompatible, and non-toxic polymer
with some antigen properties [15]. It is used in tissue engineering and as an ingredi-
ent of drug delivery systems, diet supplements, cosmetics, in plant cultivation, and in
environmental technologies [16-20], and also to separate dyes and heavy-metal ions [21,22].

@) CH,
O 0
, o HO ﬂ/
o)
3 NH, ;
OH

Scheme 2. Structural formula of chitosan.

Chitosan used in industry is not soluble in water, although it dissolves in aqueous
solutions of organic acids such as formic, acetic, and citric at pH levels below 6.5 [12]. In
order to convert chitosan, the amine groups at C-2 and/or primary and secondary hydroxyl
groups at C-4 and C-6, respectively, can be used. Thus O- and N-functionalized derivatives
with carboxymethyl, acyl, sulfone, and alkyl derivatives were obtained as well as coordina-
tion compounds with metal ions [23]. Due to the lack of systemic toxicity, biocompatibility,
and facile biodegradation, many derivatives of these polymers have found their application
in medicine, tissue engineering, and pharmacy [24-27]. In recent years, chitosan-based
material shave found a further application in skin tissue engineering [28]. Furthermore, the
chitosans with free amine groups are applicable in wastewater treatment [24]; for example,
binary coagulation system graphene oxide/chitosan was used for polluted surface water
treatment [29,30].

Amine and hydroxyl groups of chitosans provide a path to obtain polyols suitable
for further use to obtain polyurethane foams (PUF) in a similar way as starch or cellulose
derivatives [31,32]. Chitosan-derived polyols were not reported, except for in [33], although
hydroxyalkylation of chitosan methods were elaborated [33-35]. Additionally, chitosan-
filled PUFs were described. Thus, the hydroxyalkylation of chitosan in 15% aqueous NaOH
with ethylene, propylene, and butylene oxides, and then further reaction with oxirane, led
to a hydroxyalkylated derivative of chitosan. This product was grafted on collagen or nisin
to obtain the sorbent materials suitable for pharmaceutic and medical applications [35,36].
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Similar hydroxyalkylation with glycidol was also reported [37]. Generally, the chitosan
hydroxyalkylated with epoxides can be further substituted with carboxyl groups [38,39].
The application of chitosan to obtain polyols was proposed by Fernandes et al. [33]. They
have activated chitin and chitosan with potassium hydroxide and treated them with propy-
lene oxide to obtain polyol, which was suitable for further conversion to polyurethanes
and polyesters. However, the obtained polyols had high viscosity, which rendered them
immiscible with diisocyanate to obtain PUF. They were also contaminated with the catalyst.
As mentioned earlier, the chitosan-derived polyols were not used as a component to obtain
PUFs, although it has been shown that composites of PUF and chitosan were an elastomeric
product. The PUFs with added chitosan were also biodegradable, which promised their
application as sorbents and biomaterials [40—47].

In this paper, for the first time, chitosan was used to obtain polyols and rigid polyurethane
foams. Four methods of polyol synthesis were elaborated, namely by hydroxyalkylation
of water-soluble chitosan with glycidol and ethylene carbonate in water and in glycerol,
as well as without a solvent. The new series of rigid polyurethane foams were obtained,
which are susceptible for biodegradation.

2. Materials and Methods
2.1. Materials

The following materials were used in this work: water-soluble chitosan, degree of
deacetylation, DD = 85.8%, viscosity molecular weight, Mv~14, 1250 Da (CS, Biosynth-
Carbosynth, Staad, Switzerland), glycidol (GL, pure 98%, Sigma-Aldrich, Taufkirchen,
Germany), ethylene carbonate (EC, pure > 99%, Fluka, Buchs, Switzerland), potassium
carbonate (anal. grade 100%, POCH, Gliwice, Poland), polymeric diphenylmethane
4,4'-diisocyanate (pMDI, Merck, Darmstadt, Germany), triethylamine (TEA, anal.
grade > 99%, Fluka, Buchs, Switzerland), surfactant Silicon L-6900 (pure, Momentive,
Wilton, CT, USA), and glycerol (GLYC, anal. grade 99.5-100%, POCH, Gliwice, Poland).

2.2. Synthesis of Polyols
2.2.1. Synthesis 1: Polyol (CS + H,O + GL) + EC

Here, 6 g of CS, 60 g of GL, and 45 g of water were placed in a three-necked round-
bottom flask equipped with a reflux condenser, mechanical stirrer, and a thermometer.
The mixture was heated at 105-110 °C until complete reaction of GL (determined by the
epoxide number). Then, water was distilled under reduced pressure (p = 30 mm Hg, up
to temperature 150 °C). The product was a clear gelatinous liquid (the semi-product was
CS + HpO + GL). To this semi-product, EC (75 g) and 0.5 g of potassium carbonate (catalyst)
were added. The mixture was reheated up to 160 °C and maintained until all the EC
was reacted.

2.2.2. Synthesis 2: Polyol (CS + GLYC + GL) + EC

Here, 6 g of CS, 60 g of GL, and 45 g of GLYC were placed in a three-necked round-
bottom flask equipped with a reflux condenser, mechanical stirrer, and a thermometer. The
mixture was heated at 160 °C until complete reaction of GL. Afterward, to this semi-product
(CS + GL + GLYC), EC (105 g) and potassium carbonate (0.5 g) were added, and the mixture
was heated at 180 °C until EC was completely consumed.

2.2.3. Synthesis 3: Polyol (CS + GL) + EC

CS (6 g) and GL (90 g) were placed in a three-necked round-bottom flask, equipped
with a reflux condenser, mechanical stirrer, and a thermometer. The mixture was heated at
190 °C until complete reaction of GL. Then, to the semi-product (CS + GL), EC (135 g) and
potassium carbonate (0.5 g) were added, and the mixture was heated at 170 °C.
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2.2.4. Synthesis 4: Polyol (CS + GL + EC)

CS (6 g), GL (75 g), and EC (90 g) were placed in the flask and heated at 140-145 °C,
until chitosan was dissolved. Then, the temperature was increased to 160 °C and the
mixture was refluxed. During stepwise consumption of GL, the temperature increased to
190 °C and the mixture was maintained at this temperature for ca 0.5 h until GL was fully
consumed. Then, the mixture was cooled down to 140 °C, potassium carbonate (1 g) was
added, and the mixture was kept at 140 °C until EC was completely reacted.

2.3. Analytical Methods

The deacetylation degree of chitosans was determined according to the results of the
elemental analysis, as it was described in [48]. Molecular mass was determined by the
viscosimetric method at 30 °C using the Mark-Houvink equation, as described in [49]:

] =kM,* )

where: [n] is intrinsic viscosity, My, is the viscosity-average mass weight, and k, « are
constants that are characteristic for a particular polymer—solvent system at a
specific temperature:

k=(1.64-10"%) . (DD™) [em®/¢g] (2)

x=(—1.02-1072) - (DD) +1.82 (3)

where DD is the % degree of deacetylation.

The reaction of the mixture of CS with GL was monitored by epoxide number deter-
mination using hydrochloric acid in dioxane [50]. Specifically, 25 cm® of hydrochloric acid
solution in dioxane (1.6 cm® in 100 cm® dioxane)was added into a 0.5 g mass sample. Excess
of HCl was then titrated with 0.2 M NaOH in methanol in the presence of o-cresol red as an
indicator. The progress of the reaction of hydroxyalkylation with EC was monitored using
the barium hydroxide method described in [51]. In particular, the samples of 0.1-0.5 g
of mass were treated with 2.5 cm? of 0.15 M Ba(OH), and then titrated with 0.1 M HCI
in the presence of 0.2% thymoloftalein in alcohol. Finally, the hydroxyl number (HN) of
polyol was determined by acylation with acetate anhydride in dimethylformamide [52].
Thus, 1 g of sample was heated with a 20 cm® acetylating mixture (acetic anhydride and
dimethylformamide at a 23:77 v:v ratio) for 1 h at 100 °C. Excess of anhydride was titrated
with 1.5 M NaOH,q in the presence of phenolphthalein. The "H-NMR spectra of reagents
were recorded using a500 MHz Bruker UltraShield instrument in DMSO-dg and D,O with
hexamethyldisiloxane as an internal standard. IR spectra were registered on an ALPHA
FT-IR BRUKER spectrometer in KBr pellets or by the ATR technique. The samples were
scanned 25 times, in the range from 4000 to 450 cm ! ata 2 cm ™! resolution. MALDI-TOF
(Matrix-Associated Laser Desorption Ionization Time of Flight) spectra of polyols were ob-
tained on a Voyager-Elite Perceptive Biosystems (US) mass spectrometer working in linear
mode with delayed ion extraction, equipped with a nitrogen laser working at 352 nm. The
method of laser desorption from gold nanoparticles (AuNPET LDI MS) was applied [53].
The observed peaks corresponded to the molecular K* (from catalyst) ions. The samples
were diluted with methanol to 0.5 mg/ cm?.

2.4. Physical Properties of Polyol

Density, viscosity, and surface tension of polyol were determined with a pycnometer,
Hoppler viscometer (type BHZ, Priifgeratewerk, Germany), and by the detaching ring
method, respectively.

2.5. Polyurethane Foams

Foaming of polyol was performed in500 cm® cups at room temperature. The foams
were prepared from 10 g of polyol, to which 0.30-0.39 g of surfactant (Silicon L-6900)
and 0.08-0.27 g of TEA as a catalyst and water (2-3%) as a blowing agent were added.
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After homogenization, the polymeric diphenylmethane 4,4’-diisocyanate was added in
the amount of 11.0-18.5 g. The commercial isocyanate containing 30% of tri-functional
isocyanates was used. The mixture was vigorously stirred until creaming began. The
materials were then conditioned at room temperature for 3 days. The samples for further
studies were cut from the obtained foam.

2.6. Properties of Foams

The apparent density [54], water absorption [55], dimensional stability at 150 °C [56],
thermal conductivity coefficient (IZOMET 2104, Bratislava, Slovakia), and compressive
strength [57] of PUF were measured. The apparent density of PUFs was calculated as
the ratio of PUF mass to the measured volume of the PUF sample in a cube of a 50 mm
edge length. Water volume absorption was measured on cubic samples of 30 mm edge
lengths by full immersion of PUF in water and mass measurement after 5 min, 3 h, and
24 h. Dimensional stability was tested on samples of 100 mm x 100 mm X 25 mm in size.
The thermal conductivity coefficient was measured at 20 °C after 72 h of PUF conditioning.
The needle was inserted 8 cm deep into a cylindrical PUF sample 8 cm in diameter and
9 cm high. Compressive strength was determined using burden causing 10% compression
of PUF height related to the initial height (in accordance with the PUF growing direction).
The thermal resistance of modified foams was determined by both static and dynamic
methods. In the static method, the foams were heated at 150 and 175 °C with continuous
measurement of mass loss and determination of mechanical properties before and after
heat exposure. The 100 x 100 x 100 mm cubic samples were used to determine the static
thermal resistance and compressive strength. In the dynamic method, thermal analyses of
foams were performed in a ceramic crucible in a20-600 °C temperature range, with about
100 mg of sample, under air atmosphere with a Thermobalance TGA /DSC 1 derivatograph,
Mettler, with a 10 °C/min heating rate. Topological pictures of PUFs were recorded for
cross-sections of PUF samples. The pictures were analyzed with a Panthera microscope
(prod. Motic, Wetzlar, Germany) with 4 x /0.13,10 x /0.30 lenses and worked up with
Motic Multi-Focus Professional 1.0 software, enabling merging and manipulation of images
with adjustable lensing planes.

2.7. Biodegradation of Polyol and Foam

The biodegradation of polyol and the PUF obtained from it was tested by the use of
the OxiTop Control S6 instrument (WTW-Xylem, Rye Brook, NY, USA). The respirometric
method was used to measure the oxygen demand necessary for aerobic biodegradation
of polymeric materials in soil. The measurement of consumed oxygen was presented
using the value of biochemical oxygen demand (BOD), which is the number of milligrams
of captured oxygen per mass unit of the tested polyurethane material. The instrument
was composed of six 510 cm? glass bottles, equipped with rubber quiversand measuring
heads, which were used to measure the BOD. They allowed to measure the pressure in
the range of 500 to 1350 hPa with an accuracy of 1% at a temperature of 5 to 50 °C. The
communication between the measuring heads and the user was performed with Achat OC
computer software (WTW-Xylem, Rye Brook, NY, USA), which was applied to interpret
the obtained measurement results.

The biodegradation tests were performed according to the norm [58]. For a biodegra-
dation test, the sieved and dried gardening soil was used with the following parameters:
5% humidity (according to ISO 11274-2019 [59]), pH = 6 (according to ISO 10390-2005 [60]),
and particle diameters < 2 nm. The measurement was carried out in a system consisting of
200 mg of the tested sample (oligomer or foam), 200 g of soil, and 100 g of distilled water.
The samples were homogenized in bottled, rubber quivers containing two pastilles of solid
NaOH, and were mounted and sealed with measuring heads for six samples. The set was
incubated at 20 & 0.2 °C for 28 days. The current oxygen consumption was determined
within 2-3-day intervals for the samples and 2 references: positive and negative, plus a
blank, which was the soil and water only. The starch was used as the positive sample, while
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polyethylene was the negative sample. BOD was determined for every sample, taking into
account the BOD of the tested system reduced by the BOD of the soil and the concentration
of the tested compound in the soil using the following formula:

BOD, — BOD,
Cc

BODs = 4)
where: S—number of measurements (in days), BODs—biochemical oxygen demand of the
analyzed sample within S days (mg/dm?3), BODx—biochemical oxygen demand of the
measuring system (bottle with sample and soil) (mg/dm?3), BODg—biochemical oxygen
demand of the soil without a sample (mg/dm?), and c—sample concentration in the tested
system (mg/dm?). The degree of biodegradation of the polyol or the foam based on it was
determined using the formula:

BODg . .
D; = TOD -100% ®)
where Dt is the biodegradation degree of the sample (%) and TOD is the theoretical oxygen

demand (mg/dm?3).

The theoretical oxygen demand was calculated using the formula provided in norm
ISO17556-2019 [59]. It has been assumed that in oxygen conditions, the carbon is converted
into CO,, hydrogen into H,O, and nitrogen into NHj.

For the compounds of known C, H, N, and O percentages and total mass of the sample,
the TOD value can be calculated from the following equation:

Top — 16:2C + 0.5~E:r —3N) O]

(6)

where C, H, N, and O are the mass fractions of elements in the biodegraded material, and
m is the sample mass of the material (g).

3. Results and Discussion
3.1. Obtaining of Polyols

The known methods of CS hydroxyalkylations with oxiranes are difficult to perform.
Oxiranes are low boiling, toxic, and flammable liquids, cancerogenic, and form an explosive
mixture with air. Therefore, using them requires high-pressure reactors. Common ways
to convert CS require preliminary treatment of CS with NaOH in alcohol, followed by
a reaction with an oxirane [33]. Side products are formed in the reaction of alcohols
with alkylene oxides. Thus, in order to use CS as a substrate for PUF, it needs to obtain
a semi-product: a liquid polyol suitable to react with diisocyanate. Chitosans of high
molecular weight were not good candidates for such a conversion because of their low
solubility. Therefore, the water-soluble CS was chosen for a reaction with GL. Our earlier
experience [10,11] on hydroxyalkylation of starch and cellulose showed that those sparingly
soluble polymers could be successfully hydroxyalkylated by preliminary heating the
substrates in water with GL, which enabled to obtain a better soluble substrate which
was further converted by a reaction with EC to obtain polyols. We applied the elaborated
method to convert the CS in water with GL at a slightly elevated temperature (40 °C). CS
itself is a product of chitin deacetylation in which the degree of deacetylation (DD) is 85%.
That rendered the CS water-soluble and enabled to convert it in the reaction with GL. The
reaction mixture was then gradually heated up to reflux (ca. 100 °C). The product analysis
by determination of the epoxide number indicated that GL was consumed in the reaction
with water to yield GLYC (Scheme 3).

The amount of water distilled from the reaction mixture was 26.4 mass % instead of
theoretically 27.4 mass % if all the GL were to react with water. Thus, this semi-product
contained GLYC, which was isolated after the initial removal of water, and identified by
IR, refraction index, and MALDI-TOF of polyol (vide infra). We concluded that unreacted
and dissolved CS was present in the post-reaction mixture. The obtained semi-product
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was semisolid resin, not miscible with isocyanates, and was then further liquefied by
hydroxyalkylation with EC according to Scheme 4.

H,0
H,C——CH=CH,~OH ———= CHy—CH=GH,

OH OH OH
O

Scheme 3. The reaction of GL with water.

Hzc_(|;H2
0 o)
oH P OJ ﬁ/ O-{ CH,—CH,~OJH
0 0 o
HO O > o 0
NH,
n N n

__CH_
H+0 ZCHz)q \(CHZ—CHz—o)yH

(H,C—CHz~0-);H

p=X+y+Z+q
Scheme 4. Reaction of CS with EC.

The amount of EC was minimized in order to obtain polyol of low viscosity, miscible
with diisocyanate, pMDL. Preliminary experiments of the direct reaction between CS and
EC in the presence of the KoCOj catalyst at 180 °C led to carbonization of the polymer. We
also found that water was not a necessary solvent to dissolve CS, and GLYC could be used
as a solvent for CS and hydroxyalkylation could be performed with GL, and further with
EC. Thus, the way to obtain the polyol could be simplified due to avoiding water removal.
A general scheme of chitosan hydroxyalkylation is presented in Scheme 5. This remains
valid for other methods of polyol synthesis further described below.

Obtained liquid polyols contain side products, namely the products of the reaction
between glycerol and glycidol (see Table 1), for example those in Scheme 6.

Further attempts indicated that the synthetic pathway could be simplified by straight-
forward hydroxyalkylation of CS with excess GL, without using GLYC. The obtained
semi-product required consecutive hydroxyalkylation with EC in order to obtain a final
product of low viscosity.

Finally, we performed the one-pot synthesis of polyol by introducing CS, GL, and EC
into a reaction flask. We have previously found that CS does not react with EC without a
catalyst. Thus, the EC acted as a solvent for CS, while GL reacted with CS. After consuming
all GL, the catalytic amount of K,CO3 was added to trigger the reaction with EC.

All tested methods resulted in the formation of liquid polyols, miscible with pMDL
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Scheme 5. Hydroxyalkylation of CS with GL and EC.

3.2. Composition and Structure of Polyols

The progress of the reaction was monitored by spectroscopes IR and 'H-NMR and
the MALDI-TOF technique. The spectra of obtained polyols were compared with those
of the starting CS (Figure 1). The IR spectrum of CS showed a broad band centered at
3400 cm~ 'from hydroxyl and amine groups’ stretching vibrations, as well as deformation
bands at 1420 cm~! and 1630 cm !, respectively. The band centered at ca. 1030 cm !
was attributed to valence of ether C-O-C vibrations. The presence of acetylamine groups
was demonstrated by I and II amide bands at 1630 cm~! and 1520 cm~! (overlapped
with the amine deformation band of chitosan). The IR spectra of the obtained polyols are
presented in Figure 2. The IR spectra of all polyols were similar due to the similarity of the
chemical structural fragments. The increase in intensity of the C-O-C band at 1030 cm !
was observed as well as methine and methylene bands (2900 cm !, 14001300 cm '), which
derive from glycidol ring opening and the incorporation into polyol. The presence of a
carbonyl band at 1750 cm ! indicated that ester bonds are present in polyol, especially
those obtain data temperature lower than 180 °C. In such conditions, carbonate groups are
able to incorporate into the polyol structure, as it was observed before in [51].
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Table 1. Interpretation of MALDI-TOF spectrum of polyol (CS + GL) + EC.

Relative Intensity of

Calc. Molecular

Entry Signal Position, m/z Signal (%) Molecular Ion Structure Weight (g/mol)
1 96.929 43.84 GL + Na* 97.027
2 112.895 100.00 GL +K* 113.000
3 114.898 44.54 GL + H,O + Na* 115.037
4 119.934 11.95 GL + OE + H* 119.071
5 196.334 30.58 GL + 20E + CH;0H 194.115
6 210.700 4.12 2GL + H,O + OE 210.110
7 230.217 6.74 2GL + OE + K* 231.063
8 257.024 9.33 2GL + 20E + Na* 259.116
9 274.287 7.92 2GL + 20E + K* 275.090
10 287.078 8.44 3GL + OE-H,O + K* 287.090
11 305.108 15.14 3GL + OE + K* 305.100
12 333.149 11.86 3GL + 20E + Na* 333.153
13 349.134 23.33 H,0O + 3GL + 20E + Na* 351.163
14 363.142 13.82 4GL + OE + Na* 363.163
15 393.992 16.36 2GL + 60OE —H,0 394.220
16 473.184 9.06 6GL + OE — H,O + H* 471.244
17 590.878 16.40 7GL + 20E — H,O + H* 589.307
18 627.395 4.04 7GL + 20E + Na* 629.300
19 671.165 3.40 7GL + 30E + Na* 673.326
20 707.320 3.34 8GL + 30E — H,O + H* 707.370

Description of abbreviations used in the table: GL—glycidol, OE—oxyethylene group from EC, HyO—water,
K*—potassium ion from the catalyst K,CO3, Na*—sodium ion, CH;OH—methanol.
p Hzc—CH_CHZ_OH
CH, CH
IR N2 Cliz /C|;|2 /Cl-\|2 /C|;|2 etc.
HO" "cH OH - CH 0" cH
OH OH OH
Scheme 6. Hydroxyalkylation of glycerol with GL.
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Figure 1. IR spectrum of water-soluble chitosan.
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Figure 2. IR spectra of polyols (CS + HyO + GL) + EC (red), (CS + GLYC + GL) + EC (blue), (CS + GL)
+ EC (green), and (CS + GL + EC) (black).

In the 'H-NMR spectra of CS (Figure 3), the amine group protons yielded resonances at
ca. 8.2 ppm, while primary and secondary hydroxyl group protons were present at 4.8 ppm
and 5.5 ppm. Between the latter, the characteristic resonance of C;H from a chitosan ring
was present. The C3-Cg methine proton resonance multiplets were present at 3.5-3.9 ppm
regions, while the C,H signal overlapped with a water residual broad signal. Methyl
resonance from acetylamine was observed at 1.9 ppm [14]. The 'H-NMR-obtained polyols
are shown in Figure 4. In these spectra, the amine proton resonances disappeared due to
hydroxyalkylation of amine groups.

The region 3.2-3.5 ppm was considerably modified, and the additional resonances
from methylene and methine protons appeared, which evidenced the GL and EC ring open-
ing and incorporation of their structural fragments into the polyol. The chitosan hydroxyl
resonances (previously observed at 4.8 and 5.5 ppm) disappeared, while new hydroxyl
proton resonances grew within the 4.3—4.6 ppm region. No considerable differences were
observed between polyol obtained from various chitosans and variable conditions of the
reaction. Using mass spectrometry in the MALDI-TOF technique, the side products formed
in polyol syntheses were identified. The illustrative example of the results is shown in
Table 1 for (CS + GL) + EC polyol obtained by method 3. Low molecular weight peaks corre-
sponded to not-reacted GL (Table 1, entries 1, 2). There were also the peaks corresponding
to the product of hydroxyalkylation of GL and its oligomers with EC with elimination of
CO; (Table 1, e.g., entries 4, 5, 7-9, 11, 14, 18, and Schemes 7 and 8).
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Figure 3. 'H-NMR spectrum of water-soluble chitosan.

Side products can also be dehydrated in the reaction conditions (Table 1, for example
entries 10, 15-17, and Scheme 9).

The MALDI-TOF spectrum of polyol (CS + GL + HyO) + EC obtained in water con-
firmed the presence of GLYC, which was formed in the reaction between water and GL
(Table 2, entry 5). It can be further hydroxyalkylated with GL (Table 2, entries 9, 13, 14, 21,
26). The obtained oligomers can then react with EC (Table 2, entries 11, 15, 17-20, 22-25).
The MALDI-TOF spectrum of polyol (CS + GL + GLYC) + EC contained similar peaks as
the previous case because GLYC was added into the reacting system (Table 3). In both
spectra, the products of oligomerization of GL and the GL + EC reaction were present,
similarly to the spectrum of the aforementioned polyol (CS + GL) + EC.

The obtained polyols are liquids miscible with pMDI. Their hydroxyl numbers and
physical properties, such as density, viscosity, and surface tension, were determined. The
results are collected in Table 4. The temperature dependencies of the physical parameters
of the studied polyols are typical of those used to produce PUFs (Figure 5) [61]. Polyols
obtained in water or in GLYC showed a lower density and viscosity, which were caused by
the presence of a reactive solvent in the system. The hydroxyl numbers within 409-654 mg
KOH/g suggested that the obtained polyols can be used to obtain rigid PUFs. The high
values of hydroxyl numbers of polyols (CS + GL + H,0) + EC and (CS + GL + GLYC) + EC
were due to the presence of products of water and glycerol hydroxyalkylation (high
functionality, high number of hydroxyl groups).

177



Polymers 2023, 15, 1488

A A C
O CH,—CH,-OpH

o{cuz— H cnz—o}(cuz-cu,-ow

A" TC
”'(O-C“z'c“ztfo‘c“z'c“ 'C“z) \(CHz CH ~CHy—0){CH,—Ci;-OpH A+B
H¢O— CHZ-CHZ)-O O-(CH2—0H2 O)H 71 1

(CH,—CH—CH,— mcnz—cuz-o)wn
O—~CH,—CH,-O3H

(a)

C

Y. M
(b) A/\ﬂ
By, ]
(c) J

\}\\\

A \JL_L,
( M
5.0 45 40 35  [ppml

Figure 4. TH-NMR spectra of polyols (CS + H,O + GL) + EC (a), (CS + GLYC + GL) + EC (b),
(CS + GL) + EC (c), and (CS + GL + EC) (d).
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Scheme 9. Dehydration of products at a high temperature.

3.3. Preparation of Polyurethane Foams

The attempts to use the obtained polyols as substrates for the synthesis of PUFs
were performed on a laboratory scale in order to select and optimize the kind of polyol,
the amount of diisocyanate (pMDI), a catalyst, a surfactant, and a foaming agent. We
aimed at a rigid PUF with small pores (Table 5). We concluded that the most promising
PUFs were obtained when the amount of pMDI corresponding to the molar ratio of the
isocyanate group to the hydroxyl group (isocyanate index, II) was within 1.1-1.3. The
exemption was PUF obtained from the (CS + GL + EC) polyol, which was obtained with
I 1.5. The relatively high value of II can be attributed to a higher share of chitosan units
in the polyol structure, and thus a higher number of amino groups. Amine groups can
catalyze trimerization of isocyanates to isocyanuric rings, and this side-reaction may result
in isocyanate consumption. Thus, the high thermal resistance of PUF obtained from this
polyol can be caused by the high thermal resistance of isocyanuric rings [62]. The optimized
surfactant Silicon L-6900 amount was 3.0 or 3.9 g per 100 g of polyol. Two PUFs were
obtained from every polyol by using a variable amount of the foaming agent (water),
i.e., 2% and 3% related to the polyol mass. The PUFs obtained with less than 2% of water
were under-foamed, while those obtained with more than 3% of water were semi-rigid with
large pores. The amount of TEA used was variable within 0.5-2.7 g/100 g of polyol. The
optimized amount of the catalyst depended on the water content and decreased when the
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water was increased. The lowest amount of catalyst was successfully used for compositions
obtained from (CS + GL + GLYC) + EC and (CS + GL) + EC polyol. When less than the
optimized amount of TEA was used, the PUF had irregular, large pores, and was under-
crosslinked, while when more than the optimal amount of TEA was used, fast growth
and a limited size of PUF was observed, which finally led to a lower foaming degree
and an increase of the apparent density of PUF. Creaming, rising, and tack-free times
were observed during foaming. They depended on the kind of polyol and the amount
of catalyst. The creaming time for optimized compositions was within 21-72 s, while the
rising time was short (22-59 s). The longest rising time was observed for the composition
with (CS + GL) + EC polyol and 3% water. A typical increase of the creaming time and the
rising time of the compositions due to a decreased amount of the catalyst was noticed. The
tack-free time was very short (below 6 s) for compositions which used polyols synthesized
with water and GLYC, and a longer time (above 10 s) for other PUFs.

3.4. Properties of Polyurethane Foams

The following properties of obtained PUFs were determined: apparent density, water
absorption (by volume), dimensional stability, thermal conductivity coefficient, thermal
resistance, compressive strength, and glass transition temperature. The apparent density of
the obtained PUFs is illustrated in Figure 6. The PUFs obtained with a lower amount of
the foaming agent had a higher apparent density due to lower foaming. Thus, the largest
density was observed for PUFs obtained from compositions with 2% water (70-73 kg/m?).

Table 2. Interpretation of MALDI-TOF spectrum of polyol (CS + H,O +GL) + EC.

Relative Intensity of

Calc. Molecular

Entry Signal Position, m/z Signal (%) Molecular Ion Structure Weight (g/mol)
1 96.912 13.60 GL + Na* 97.027
2 101.080 6.77 GL + OE-H,O + H* 101.060
3 108.899 13.69 GL + CH30H + H* 107.071
4 112.900 26.55 GL +K* 113.000
5 114.877 1543 GLYC + Na* 115.037
6 144.010 7.41 GL +20E — H;O 144.079
7 156.861 9.66 GL + OE + K* 157.027
8 186.206 11.18 2GL + K* 187.037
9 196.971 35.24 GLYC + GL + CH30H 198.110
10 205.068 29.28 3GL-H,0 + H* 205.108
11 233.106 32.64 GLYC + GL + OE + Na* 233.100
12 249.080 100.00 3GL + OE — H,O + H* 249.133
13 263.077 20.49 GLYC + 2GL + Na* 263.111
14 279.067 25.71 GLYC +2GL + K* 279.0845
15 293.107 99.16 GLYC + GL + 20E + K* 293.100
16 307.140 25.74 GLYC +2GL + OE + Na* 307.137
17 323.114 40.40 GLYC + 2GL + OE + K* 323.111
18 351.163 16.91 GLYC + 2GL + 20E + Na* 351.163
19 367.139 30.35 4GL + 20E—H,0 + H* 367.197

20 397.183 14.63 GLYC + 3GL + OE + K* 397.148
21 411.169 21.71 GLYC +4GL + Na* 411.184
22 425.201 15.63 GLYC + 3GL + 20E + Na* 425.200
23 441.154 13.31 GLYC + 3GL + 20E + K* 441.174
24 455.203 12.60 GLYC + 4GL + OE + Na* 455.210
25 471.164 9.66 6GL + OE—H,0 + H* 471.244
26 485.200 11.57 GLYC +5GL + Na* 485.221
27 515.211 12.60 GLYC +4GL + 20E + K* 515.211
28 521.314 11.08 GLYC +4GL + 30E + H* 521.281
29 590.906 20.07 GLYC + 5GL + 20E + K* 589.247

Description of abbreviations used in the table: GL—glycidol, GLYC—glycerol, OE—oxyethylene group from EC,
H,O—water, K*—potassium ion from the catalyst K,COj3, Na*—sodium ion, CH;OH—methanol.
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Table 3. Interpretation of MALDI-TOF spectrum of polyol (CS + GLYC + GL) + EC.

Relative Intensity of

Entry Signal Position m/z Molecular Ion Structure

Calc. Molecular

Signal (%) Weight (g/mol)
1 96.930 6.08 GL + Na* 97.026
2 101.063 14.40 GL + OE — H,O + H* 101.060
3 112.901 76.62 GL + K* 113.000
4 114.902 24.69 GLYC + Na* 115.037
5 120.936 15.39 GL + OE + H* 119.071
6 140.902 14.34 GL + OE + Na* 141.053
7 156.907 25.77 GL + OE + K* 157.027
8 175.069 8.56 2GL + OE-H,0 + H* 175.097
9 196.881 33.95 GLYC + GL + CH30H 198.110
10 205.073 39.21 3GL — H,O + H* 205.108
11 219.069 11.52 2GL + 20E — H,O + H* 219.123
12 249.074 96.62 3GL + OE — H,O + H* 249.134
13 263.063 6.15 GLYC +2GL + Na* 263.111
14 279.087 49.41 GLYC +2GL + K* 279.085
15 293.093 41.94 GLYC + GL + 20E + K* 293.100
16 323.097 52.76 GLYC + 2GL + OE + K* 323.111
17 335.114 8.19 GLYC + 2GL + 20—H,0 + Na* 333.153
18 353.106 20.29 5GL — H,O + H* 353.181
19 367.121 13.63 4GL + 20E — H,O + H* 367.197
20 393.975 100.00 GLYC + 2GL + 30E + Na* 395.189
21 397.159 15.38 GLYC + 3GL + OE + K* 397.148
22 411.143 8.06 GLYC +4GL + Na™* 411.184
23 427.144 10.43 5GL + OE — H,0 + CH3;0H 428.226
24 441.156 7.13 GLYC + 3GL + 20E + K* 441.174
25 471.167 8.45 6GL + OE-H,0 + H* 471.244
26 515.197 7.26 GLYC +4GL + 20E + K* 515.211
27 534.289 16.09 3GL + 70E — H,O + Na* 535.273
28 575.851 9.48 7GL + OE — H,0 + CH3;0OH 576.299
29 590.888 58.08 7GL + 20E — H,0 + H* 589.307

Description of abbreviations used in the table: GL—glycidol, GLYC—glycerol, OE—oxyethylene group from EC,

H,O—water, K*—potassium ion from the catalyst K,COj3, Na*—sodium ion, CH;OH—methanol.

Table 4. Physical properties and hydroxyl number of polyols at the temperature of 20 °C.

Surface Tension Hydroxyl Number

. 3 L . y y

Polyol Density (g/cm?) Viscosity (mPa-s) (mN/m) (mg KOH/g)

(CS+GL + H;O) + EC 1.2789 6847 41.0 654

(CS+GL + GLYC) + EC 1.2702 1475 37.9 560
(Cs+GL) +EC 1.3150 88,612 442 409
(CS+GL +EC) 1.3208 52,176 41.0 493

Water absorption in the 24 h test was low (usually below 3%), suggesting that the
closed pores dominated in the obtained PUFs (Figure 7a,b). This low water absorption is
caused by the presence of open cells on the cut of PUE In order to visualize the pores, the

images of cross-sections of PUFs were taken.

Statistical analysis of images enabled to determine an average pore size and thick-
ness of the pore walls (Figure 8). It can be concluded that oval pores of various sizes
were present (Table 6). Since it was an ellipsoidal shape, two diameters were calculated.
The average longer diameter was within 169-321 um, while the shorter one was within
84-152 um. Longer pores were observed in PUFs obtained from (CS + GL + H,O) + EC
and (CS + GL) + EC polyols if 3% water was present in the foaming compositions (Table 6).
This led to the release of more CO, and also caused a decrease of thickness of the pore
walls. Small pores in PUF obtained from (CS + GL + GLYC) + EC polyol and 2% wa-
ter/100 g of polyol led to the highest compressive strength of all the obtained PUFs. The
larger pores enabled to absorb water, and thus the PUFs with large pores showed higher
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water absorption, especially in cases of PUFs obtained from (CS + GL + H,O) + EC and
(CS + GL + GLYC) + EC polyols.

139 m  (CS+GL+H,0)+EC
' e (CS+GL+GLYC)+EC
1.31 1 A (CS+GL)+EC
130 v (CS+GL+EC)

Density [g/cm3]

20 30 40 50 60 70 80
Temperature [°C]

(a)
100000 -
= (CS+GL+H,0)+EC
o (CS+GL+GLYC)+EC
80000 A (CS+GL)+EC
v (CS+GL+EC)
% 60000
©
o
E
> 40000-
B
Q
®
S 20000
I — —fee

20 30 40 50 60 70 80

Temperature [°C]

(b)

= (CS+GL+H,0MEC
o (CS+GL+GLYCH+EC
A (CS+GL)}+EC
(CS+GL+EC)

Temperature [°C]

(©)

Figure 5. Changes of density (a), viscosity (b), and surface tension (c) of polyol as a function

of temperature.
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Table 5. The influence of composition on the foaming process.

Polvol Composition (g/100 g of Polyol) Isocyanate Foaming Process
y pMDI Water Silicon L-6900 TEA  Index Cream Time(s) Rise Time(s) Tack-Free Time (s)
(CS+HyO + 180 2 3.0 2.0 1.1 28 22 5
GL) + EC 190 3 3.9 1.7 1.2 33 46 4
(CS+GL+ 178 2 3.0 0.8 1.3 55 54 5
GLYC) + EC 180 3 3.0 0.8 1.3 59 56 5
110 2 3.9 0.9 1.1 40 43 14
(CS+CL+EC 150 3 3.9 05 11 72 59 26
150 2 3.9 2.7 1.2 24 20 11
(CS+CLEO) 145 3 3.9 22 15 21 30 14
Cream time—the time elapsed from the moment of mixing to the start of volume expansion. Rise time—the time
from the start of expansion to the moment of reaching the sample’s final volume. Tack free time—the time from
reaching the sample’s final volume to the moment of losing its surface adhesion to powdered substances.
. I 2%
0. [ 3%
60
& 50+
S
~
(&)
= 40+
2>
2
o 304
(m)]
20
10
04
(CS+GL+  (CS+GL+  (CS+GL) (CS+GL
H20)+ EC  GLYC )+ EC +EC +EC)
Figure 6. The density of the obtained polyurethane foams (determined with £2.0% accuracy). The
water content in the foam composition per 100 g of polyol is shown in the insert.
Table 6. Results of micrograph analyses.
Foam Obtained from  Amount of Water/100g Larger Diameter Smaller Diameter Thickness of Cell Wall
Polyol of Polyol (um) (um) (um)
2 149 + 16 129 £ 23 7+1
(G5 + GL + Hy0) + EC 3 237 + 35 85 + 35 1542
2 169 + 17 80+ 12 11+1
(CS+GL+GLYO) + BC 3 261 + 36 149 + 12 26+7
2 209 +17 152 +23 20+2
(C5+GL) +EC 3 321 + 55 96 + 15 942
2 305 + 65 84 £18 12+2
(C5+ GL +EC) 3 230 + 24 146 + 30 10+1
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Figure 7. Absorption of water of the obtained polyurethane foams with 2% (a) and 3% (b) foaming
agent (determined with £1.9% accuracy). The appropriate shade of color indicates the time the foam
stayed in the water (shown in the insert).
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Figure 8. Optical microscopy images of foam obtained from polyols (CS + GL + GLYC) + EC (a,b)
and (CS + GL) + EC (¢,d),with 2% (a,c) and 3% (b,d) water content/100g of polyol.

Thermal conductivity coefficient values of the obtained PUFs (Figure 9) in the presence

of 2% water were similar to those found in typical rigid PUFs (0.0260 W /m-K) [61].

The obtained PUFs had a good dimensional stability at elevated temperatures, which
fell to —2.80% to 3.0% after a 40 h exposure at 150 °C (Table 7). In some cases, elongation in

one and shortening in another dimension of exposed PUFs has been observed.

Table 7. Dimensional stability at the temperature of 150 °C (determined with 41.5% accuracy).

Dimensional Stability (%) at 150 °C

Foam Obtained From Water (%) Length Change After Chavr\ggtkfter Chalj:;ifl:fter

20h 40h 20h 40h 20h 40h
comone 3 g oas anoaw o am o
(€S +GL + GLXC) + BC ; T tes ws wse o 267
T T
(CS +GL +EQ 5 0@ om0 os 1% 0%

The water content at 2% or 3% of the foam composition is based on 100 g of polyol.
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I 2%

Thermal conductivity coefficient [W/m-K]

(CS+GL+  (CS+GL+ (CS+ GL) (CS+GL
H20)+ EC  GLYC )+ EC +EC +EC)

Figure 9. Thermal conductivity coefficients of obtained polyurethane foams (determined with £0.3%
accuracy). The appropriate shade of color indicates the water content in the foam composition per
100 g of polyol (in the insert).

Thermal resistance of PUFs for one month of exposure at 150 °C and 175 °C was
determined by the mass loss. The mass loss was due to physical changes, such as water
diffusion and evaporation and chemical conversions. The PUFs were not resistant to
thermal exposure at 200 °C already in the first days of exposure. The mass loss upon
thermal exposure is illustrated in Figure 10a,b. The largest mass loss was observed in the
first days of thermal exposure because of the initial water and catalyst (TEA) removal.
Thus, after one month of exposure at 150 °C, the mass loss was within 10.1-17.4% (Table 8).
After one month at this temperature, the lowest mass loss was observed for the PUFs
obtained from (CS + GL + H20) + EC polyol and the polyol from one-pot synthesis, namely
(CS + GL + EQ).

Table 8. Mass loss and compressive strength after exposure for one month at 150 and 175 °C.

Mass Loss in %wt. after Compressive Strength (MPa)
Foam Obtained From Water (%) Exposure for 1 Month Before After Exposure

150 °C 175°C Exposure 150 °C 175°C

2 10.4 29.1 0.353 0.649 0.791

(CS + GL +H0) + EC 3 11.1 279 0.337 0.510 0.283

2 17.4 34.6 0.513 0.694 0.791

(CS +GL + GLYC) + EC 3 10.4 242 0.337 0.510 0.238

2 14.9 27.7 0.119 0.271 0.373

(CS+GL) + EC 3 14.1 285 0.203 0.235 0.219

2 10.4 248 0.238 0.336 0.328

(CS+GL+EQ) 3 10.1 26.4 0.227 0.249 0.248
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Figure 10. Thermal stability of the polyurethane foam as the mass loss after heating at 150 °C (a) and
175 °C (b) (the water content of 2% or 3% of the foam composition is based on 100 g of polyol).
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These two PUFs also had high thermal resistance at 175 °C. High thermal resistance in
the first case is related to high crosslinking of PUF obtained from polyol (CS + GL + H,O) + EC,
which showed a high value of the hydroxyl number as well as the highest percentage
of thermally resistant chitosan units in this polyol (5.1%), in comparison to polyols from
syntheses 2(3.6%) and 3 (3.7%). Chitosan decomposes at ca. 280 °C [63]. Another polyol
containing a slightly lower proportion of chitosan units (4.8%) is (CS + GL + EC). The
highest mass loss was found for PUFs obtained from (CS + GLYC + GL) + EC polyol and
the 2% foaming agent (17.4% and 34.6% at 150 °C and 175 °C, respectively). The PUFs
at ambient temperature were rigid and thermal exposure at 150 °C and 175 °C did not
change this.

The obtained PUFs are characterized by compressive strength typical of classic, rigid
polyurethane foams (Table 8). The highest compressive strength was for PUFs obtained
from (CS + GL + H,0O) + EC and (CS + GL + GLYC) + EC polyols. This is related to the
highest functionality of theses polyols, determined by hydroxyl numbers. These polyols
provided the best conditions for effective crosslinking because the presence of GLYC
resulted in increasing functionalization upon consecutive reactions with GL.

For example, the stress—strain relationship for PUFs obtained from polyol (CS + GL + EC)
is shown in the Figure 11. The relationship is typical of rigid PUFs. Initially, the distortion
was in line with the compressive strength until 3%. At this point, the PUF lost the ability
to transfer the load and the distortion rapidly increased up to 10%, and at this point,
the readout of compressive strength of PUF was executed. The PUFs obtained from the
composition with 2% water related to the mass of polyol required higher strains forload
transfer, which corroborated well with their higher apparent density (compare to Figure 6).

0.30

0.25 1

0.20 1

0.151

0.10 1

Stress [MPa]

0.05 1 —— (CS+GL+EC), 3%
] —— (CS+GL+EC), 2%

0.00 -+ T T T T T T T T T T 1
0 2 4 6 8 10

Strain [%]

Figure 11. Stress-strain relationship of PUFs obtained from polyol (CS + GL + EC).

It is worth noticing that after annealing at 150 °C and in some cases at 175 °C,
some PUFs showed an increase of compressive strength, presumably due to additional
crosslinking upon heating. This was especially well-recognized in PUFs obtained from
(CS + GL + Hy0) + EC and (CS + GL + GLYC) + EC, which had the largest hydroxyl num-
bers. The PUF obtained from (CS + GL + H,O) + EC polyol and 2% water showed 84%
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and 124% increases of compressive strength after thermal exposure at 150 and 175 °C. In
the case of PUFs from the composition with 3% water, a decrease in compressive strength
after annealing at 175 °C was observed in relation to the strength measured at 150 °C,
but it was often still greater than that determined before the exposure. Nevertheless, in
all the cases, compressive strength increased upon annealing, in comparison with the
not-annealed PUFs. Generally, two factors influenced the compressive strength changes
upon annealing, namely additional crosslinking and degradation, which contributed to
increase and decrease the compressive strength, respectively.

The dynamic thermal resistance of PUFs was evaluated by the thermogravimetric
method (Figure 12, Table 9). The TG curves clearly demonstrated that PUFs obtained from
(CS + GL + HyO) + EC and (CS + GL + EC) polyols had the highest thermal resistance.
The temperatures of 5% mass loss were 186 °C and 174 °C, or 210 °C and 184 °C, for PUFs
obtained from compositions with 2% and 3% water, respectively (Table 9). From these
measurements, it has been additionally found that the initial decomposition temperature
was lower in case of PUFs obtained with 3% water. The reason for this might be the smaller
thickness of the cell walls and the larger pores (see Table 6). Three endothermic peaks
were observed at dm/dT vs. temperature curves at 190, 280, and 400 °C. The first peak
was attributed to the thermal break of urethane and urea bonds [62], the second one was
related to the chitosan ring break [63], and the third to decomposition of polyurethane to
amines and carbon dioxide [62]. Decomposition of PUFs was completed at 600 °C. DSC
measurements of the obtained PUFs indicated that all samples showed mass loss within
35-110 °C within the first heating/cooling cycle. This endothermic process was due to
the presence of TEA and absorbed water. In the second heating cycle, the endothermic
process was absent. Therefore, the glass transition temperature could be determined for the
PUFs (Figure 12). The glass transition temperature was within 82-148 °C, which allowed
the tested materials to be classified as rigid foams (Figure 13). The PUFs obtained from
(CS + GL + EC) polyol showed a glass transition temperature beyond this specific range
(—40 to 200 °C).
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—— (CS+GL+H0)+EC 3%
100 1 —— (CS+GL+GLYC)+EC 2%
—— (CS+GL+GLYC)+EC 3%
— (CS+GL)+EC 2%
80+ —— (CS+GL)+EC 3%
— (CS+GL+EC) 2%
T 604 — (CS+GL+EC) 3%
[72]
@
= 40-
20 -
0 .
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Figure 12. Cont.
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Figure 12. Thermal analysis of foams: mass change as a function of temperature (a) and differential
mass change as a function of temperature (b) (the water content of 2% or 3% of the foam composition
is based on 100 g of polyol).

Table 9. Thermal analysis of foam determined by the dynamic method.

Foam Obtained From Water (%) Ts59, (°C) T1g9, (°C) Ths0, (°C) Tsq9, (°C) (;ré;)
2 186 200 263 349 143
(CS+H0+ GL) + EC 3 174 193 264 350 148
2 144 171 202 256 111
(CS+GLYC + GL) + EC 3 131 168 203 266 111
2 156 178 220 315 91
(CS+GL) + EC 3 152 175 208 289 82
2 210 229 288 382 -
(CS+GL + EC) 3 184 192 216 280 .
The water content of 2% or 3% of the foam composition is based on 100 g of polyol.
Glass Transition
Midpoint 81.72°C
...... IT heating
""" ' I heating

Onset 22.02°C
Peak 67.39°C
Endset 99.06°C

=20 0 20 40 60 8 100 120 140 160 180  200°C

Figure 13. DSC thermogram of foam obtained from polyol (CS + GL) + EC (3% H,O/100 g of polyol).
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Generally, the chitosan-derived polyols as substrates for the formation of PUFs leads
toa new possibility to use them as biodegradable materials. In order to determine the
biodegradation of such materials, we have tested their biodegradability. Elemental analyses
of the tested polyol and PUF are presented in Table 10. Based on these data, the theoretical
oxygen demand (TOD) was estimated.

Table 10. Mass shares of individual elements in polyol (CS + GL + EC) and the obtained
polyurethane foam.

Element
Sample
C H (0] N
Polyol 0.4693 0.0802 0.4505 0
Polyurethane foam 0.6102 0.0577 0.2636 0.0685

BOD,; = 8.5 mg/dm?.

The degree of degradation (Dt) of the studied samples was determined on the basis of
BOD after 28 days and the estimated TOD. The 28-day biodegradation test in soil conditions
indicated that the degradation percentage of PUF was 52%. This corroborates very well the
presence of biodegradable polyol (Table 11). These are very promising results considering
that obtained chitosan-based PUFs have good mechanical properties, improved thermal
resistance, and a high degree of biodegradation.

Table 11. Results of susceptibility to biodegradation of polyol and foam.

BODx BOD»g Sample Mass TOD o
Sample (mg/dm®) (mg/dm?) () TOD Counts (mg/dm®) Dt (%)
Polyol 116 107.5 0.19 8.4512 44.48 100
Foam 451 36.6 0.20 14.1264 70.63 51.82

The properties of the best PUFs obtained from chitosan can be compared to those of
PUFs obtained from polyols based on starch or cellulose (Table 12) [10,11,31,32]. Polyols
used to obtain those PUFs were received in similar conditions as described here, namely in
aqueous solutions via a reaction with GL and/or alkylene carbonates as hydroxyalkylating
agents. Cellulose- and starch-based PUFs had a generally lower apparent density in
comparison to these obtained from CS (Table 12). This resulted in a lower compressive
strength before thermal workup and a higher mass loss upon thermal exposure. The large
mass loss also resulted in a lower compressive strength of the annealed PUFs based on
cellulose or starch. Better functional properties of foams based on chitosan also resulted
from the comparison of water absorption, which was definitely lower for foams with
hydroxyalkylated chitosan units. The PUFs based on CS and obtained from the composition
with a lower percentage of water (2%) may find applications as an isolating material because

they show a lower thermal conductivity coefficient than those based on cellulose and starch.
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4. Summary and Conclusions

1. Four new methods of the synthesis of chitosan-based polyols were elaborated using
water-soluble chitosan, glycidol, and ethylene carbonate, with variable environments.

2. The chitosan-derived polyols can be obtained in water in the presence of glycerol or
no-solvent conditions. These polyols are suitable to obtain polyurethane foams.

3. The polyurethane foams obtained from these polyols have properties analogous for
typical rigid PUFs, except for increased thermal resistance in comparison with classic
ones. They can withstand long-term thermal exposure at 175 °C. Additionally, with
thermal exposure of the obtained PUFs at 150 °C, the compressive strength of the
annealed PUF considerably increased.

4. The chitosan-based polyols and polyurethane foams obtained from them were biodegrad-
able: the polyol was completely biodegraded, while the PUF obtained thereof was
52% biodegradable within 28 days in the soil biodegradation oxygen demand test.

5. Polyurethane foams obtained from polyols based on chitosan converted by the reac-
tion with glycidol and ethylene carbonate in water or in glycerol have useful thermal
conductivity, dimensional stability, compressive strength, and low water absorption.
Their high thermal resistance renders them as promising candidates to use as thermal
insulating materials.
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Abstract: The treatment of burn injuries remains a significant global challenge. Although
conventional cellulose-based dressings are still the dominant clinical choice, chitosan-
based burn wound dressing materials have emerged as a promising alternative due to
their unique physicochemical properties and biocompatibility. In this mini-review, we
aim to provide a summary of recent advances in chitosan-based dressing materials and
highlight their advantages in the treatment of burn wounds. Specifically, we first outline
the chemical structure and synthesis methods of chitosan and its derivatives. Subsequently,
various forms of chitosan-based dressings are introduced, with a particular focus on
hydrogels and micro/nanofibers dressings, along with an overview of their preparation
methods. Considering the microenvironment of the burn wound site, we then summarize
the design principles and clinical efficacy of chitosan-based dressings with antimicrobial
and/or antioxidative activity. Additionally, the applications of chitosan dressings in tissue
engineering for burn treatment are also discussed, including growth factor delivery, gene
therapy, and stem cell-based treatments. Finally, we examine the main challenges of
chitosan-based dressing materials and the potential future directions. Through this mini-
review, we expect to provide new perspectives for the development of wound dressings
for burn care.

Keywords: chitosan; burn wound; dressing forms; antimicrobial activity; antioxidative
activity; tissue engineering

1. Burn Wound and Healing Materials

Burns or burn wounds are injuries to the skin caused by various factors, including
heat, electricity, chemicals, and radiation [1]. Depending on the severity of the skin damage,
burns are typically classified into four degrees [2]. A first-degree burn affects the superficial
layers, primarily involving the epidermis. Second-degree burns involve both the epidermis
and dermis. Based on the depth of dermal damage, second-degree burns can be further
classified into superficial partial-thickness burns and deep partial-thickness burns. A
third-degree burn affects the full thickness of the skin, including the subcutaneous fat. A
fourth-degree burn extends beyond the skin into the underlying muscles, tendons, and
even bones [3]. While superficial burn wounds that only affect the epidermal layer of the
skin often heal rapidly without medical intervention, deep burns or those covering a large
total body surface area (TBSA) can pose a significant life-threatening risk and may require
whole blood replacement and surgical intervention [4,5]. Consequently, the treatment of
burn wounds remains a major concern in modern society.
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Burn wound healing typically consists of several overlapping and continuous phases:
the hemostasis/inflammatory, cellular proliferation and matrix remodeling. Compared
to other types of wounds, burn wounds often cause vascular endothelial hyperperme-
ability, leading to the extravasation of plasma components (e.g., water, small molecules,
and proteins) into interstitial space and the subsequent formation of a large amounts of
exudates [6]. The nutrient-laden exudates along with necrotic tissues provide microen-
vironment for bacterial growth, increasing the risk of infection. Moreover, extensive or
deep burns wound healing slowly and are prone to hypertrophic scarring and contractures,
which affects the appearance and functions of the burnt area. Therefore, it is crucial to
strengthen burn wound management to prevent infection, promote tissue regeneration and
vascular reconstruction [7].

To address the challenges in burn wound treatment, the development of effective burn
wound dressings is critical. While traditional cellulose-based dressings like gauze [8] have
proven successful, other bio-derived polymers like sodium alginate [9], silk fibroin [10], col-
lagen [11], and particularly chitosan and its derivatives, have emerged as highly promising
alternatives. Among all, burn wound dressings formulated with chitosan and its derivatives
stand out due to their cost-effective raw materials, while offering excellent biocompatibility
and biodegradability. These features allow them suitable as burn wound dressings to con-
form the wound healing process and minimizing the risk of adverse reactions or secondary
trauma upon removal [12]. Moreover, they possess intrinsic antimicrobial properties, pro-
viding a “clean” wound healing environment against infections [13]. Additionally, their
hydrophilic nature allows them to absorb wound exudate and maintain a moist wound
bed, which supports optimal healing conditions [14]. These attributes, combined with their
potential to stimulate cell growth and tissue regeneration, make chitosan and its derivatives
be valuable materials in advanced burn wound dressing formulations [15-17].

In this review, we will provide an overview of the recent advancements in chitosan-
based dressing materials for burn wound healing in the past decade. We will first introduce
the fundamental of chitosan and its derivatives, including their synthesis and chemi-
cal/physical properties. Next, we will explore the two major types of burn wound dressing
forms (hydrogels and micro/nanofibers), highlighting their structural features and the
advantages of each form. Finally, we will discuss the functional aspects of chitosan-based
dressings in burn care, focusing on their ability to prevent infections, reduce oxidative
stress, and their applications in tissue engineering. Through this mini-review, we aim
to offer a deeper insight into the potential and advantages of utilizing chitosan and its
derivatives for the management of burn wounds.

2. Chitosan and Its Derivatives for Burn Wound Dressings

Chitosan is a cationic polysaccharide obtained through the deacetylation of chitin,
whose unique biological advantages original from its structural properties. Its parent
structure, chitin, is found in crustacean exoskeletons [18], insect cuticles, and fungal cell
walls [19]. Chitin possesses great biocompatibility, owning to its structure which is similar
to extracellular glycosaminoglycans and its enzymatic degradation into non-toxic com-
ponents. When chemically converted to chitosan, this biopolymer acquires protonatable
amino groups that confer pH-dependent cationic charges at physiological conditions.
These charged moieties facilitate electrostatic interactions with anionic cell membrane
components, enhancing cellular adhesion and proliferation capabilities.

The functional properties of chitosan are collectively determined by three interrelated
parameters, including biotic origin, degree of deacetylation, and molecular weight. First,
fungal-derived chitosan is safer and less allergenic than crustacean-derived chitosan due
to the absence of tropomyosin [20]. Second, the degree of deacetylation, as a core regula-
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tory factor, simultaneously influences the physicochemical characteristics and biological
behavior of material. A higher degree of deacetylation enhances crystallinity [21] and
thermal stability [22], as well as increases surface charge density by exposing more amino
groups. This allows chitosan to improve mechanical properties [23,24] by reinforcing struc-
tural integrity and resisting degradation, meanwhile optimizing biological performance by
strengthening electrostatic interactions with cells. Finally, differences in molecular weight
affect polymer chain entanglement dynamics and degradation rates, providing additional
tunability for specific applications.

Chitosan, as a copolymer, is formed by the linkage of N-acetyl-D-glucosamine and D-
glucosamine units through (3-(1,4)-glycosidic bonds [25]. Notably, the amino groups on these
D-glucosamine units make chitosan a unique bio-derived cationic polysaccharide, thereby
endowing it with inherent antimicrobial properties [26]. Meanwhile, due to the abundant
intermolecular and intramolecular hydrogen bonds within its molecular structure, chitosan
displays limited solubility in water and most organic solvents [27,28], which sometimes causes
problems during the preparation and application of burn wound dressings [29,30].

To improve the solubility of chitosan, chemical modification has emerged as an effec-
tive strategy [31,32]. Through chemical modification, the hydrophilicity /hydrophobicity of
the side chains of chitosan is altered and the chain length of chitosan is often shortened,
which weakens its intramolecular and intermolecular hydrogen bonding [33]. This, in turn,
reduces its crystallinity and improves its water solubility [34]. Generally, the chemical
modification of chitosan targets the two functional groups on its D-glucosamine units: the
amino group at the C-2 position and the hydroxyl group at the C-6 position owing to their
pronounced chemical reactivity [35] (Table 1). For instance, by introducing hydrophilic
groups such as carboxyl groups [36], hydroxyl groups, sulfonic acid groups, quaternary
ammonium salts, and phosphorylated groups [37], chitosan derivatives with improved wa-
ter solubility can be obtained. Such examples including commercially available source like
carboxymethyl chitosan, glycol chitosan, and hydroxypropyl chitosan. Among them, car-
boxymethyl chitosan exhibits good solubility in aqueous solutions across wide pH range and
demonstrates excellent processing compatibility with other biocompatible macromolecules
such as sodium alginate and dextran, making it highly favored in burn wound dressings [38].

Table 1. The common approaches to chemically modify chitosan for improved solubility.

Chemically Modified Principle Reagents for .
Chitosan of Design Modification Chemical Formula Reference
HOOCH,C
o)
O o
HO
NH> n
. Chloroacetic acid or its (DS<1)
Carboxymethyl chitosan sodium salt HOOCH,C [39]
o
O o
Introduce hyd}l;ophilic HO NH n
roups into chitosan [
group HOOCH,C (DS > 1)
OH
Quaternizing agents, (@) %
. such as methyl iodide OH HO
Q“atgri‘fgg’aflmmo and glycidyl o NH Jn [40,41]
trimethylammonium (@) OH
chloride HO N* N /
— n + N ~
/| | Cl
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Table 1. Cont.

Chemically Modified Principle Reagents for .
Chit}(’)san of Desli)gn Moc%iﬁcation Chemical Formula Reference
OH
O o
Organic acids, acid
Acylated chitosan anhydrides or acyl HO [42]
. chlorides HN N n
Disrupt the C-R
intramolecular and I
intermolecular o
hydrogen bonds of
chitosan OH
Halogenated 0] 0
Alkylated chitosan hydrocarbons or higher [43-45]
aliphatic aldehydes HO NH n
/
R

In addition to improving solubility, chemical modification of chitosan, particularly at
the amino groups in the C-2 position, can impart additional functions such as antioxidative
activity. For instance, chitosan derivatives modified with polyphenol structures such as
gallic acid [46] and catechol [47] can be manufactured into burn wound dressings with
antibacterial and antioxidant properties, promoting wound healing. Furthermore, these
polyphenol structures can further interact with other compounds (i.e., MgO [48], Fe(IlI)
ions [49]) to form additional crosslinking, thereby allowing for the fine-tuning of the
mechanical strength of the chitosan-based burn wound dressing.

3. Forms of Chitosan-Based Burn Wound Dressings

To address the diverse needs of burn treatment, various forms of chitosan-based burn
wound dressing materials have been developed [50], including films [51], sponges/foams [52],
nanoparticles [53], hydrogels [54] and micro/nanofibers [55] (Figure 1). Each form provides
different benefits suited to clinical situations. For instance, nanoparticles are typically
administered as liquid coatings or through spray-based delivery systems for topical wound
application. Alternatively, chitosan-based films function as temporary protective barriers
post-debridement, while their sponge/foam variants specialize in exudate absorption
through porous architectures. Although all these forms have demonstrated therapeutic
potential in burn wound management, chitosan-based hydrogels and micro/nanofibers
remain the most extensively researched dressing formats in the past decade [16,56,57].
This is mainly attributed to their superior exudate absorption, improved gas permeability
and better mechanical match to the wound areas compared to other forms [58]. More
importantly, their porous structures can mimic the natural extracellular matrix, providing
a scaffold for cell growth and thereby promoting tissue regeneration [54,55], which is
beneficial for deep partial-thickness burn wounds or third-degree burn wounds healing.
Therefore, in this section, we will focus on the forms of these two major categories and
introduce a brief overview on their preparation methods.

Possessing a three-dimensional network structure, hydrogel exhibits comparable me-
chanical properties to the skin and holds a large amount of water within its structure [59,60].
Hence, burn wound dressings in the form of hydrogel not only act as a physical barrier for
wounds, but also offer effective wound exudate absorption, maintaining a moist environ-
ment favorable for wound healing [61]. In addition, hydrogel-based burn wound dressings
can offer sustained hydration and localized cooling, reducing pain at the wound area [2,61].
Furthermore, the high porosity of these hydrogels not only facilitates smooth gas exchange
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between the burn wound and the external environment [62], but also enables them to serve
as effective drug carriers [63].

Hydrogel Nanofiber

Major forms of
Film Chitosanbased ~ Sponge/foam
materials for
burn wound

Nanoparticles

(¥

S

(Y

Figure 1. Major forms of chitosan-based wound dressing materials.

The preparation of chitosan-based hydrogel wound dressings typically relies on
chemical crosslinking reactions targeting the amino groups in chitosan [64,65]. Common
crosslinking agents, such as glyoxal [66] and glutaraldehyde [67], react with amino groups
to form stable three-dimensional network structures [68]. Alternatively, the amino groups
in chitosan can be further modified with photocrosslinkable groups, such as (meth)acrylic
anhydrides, which enables the fabrication of tailored hydrogels via digital light processing
(DLP)-based three-dimensional (3D) printing. Wang et al. demonstrated this by developing
a methacrylated chitosan hydrogel precursor containing a photoinitiator [69]. By further
incorporating therapeutic agents like lidocaine hydrochloride (LIDHCI) and levofloxacin
(LVX), they developed drug delivery systems on demand for personalized applications
such as pain management or infection-resistant burn wound dressings (Figure 2).

It is noteworthy that the crosslinkers do not necessarily need to form stable crosslinking
points to produce hydrogels. Cross-linking can also be formed by dynamic bonds [70] or
weaker interactions such as hydrogen bonds, electrostatic attraction, or hydrophobicity [71].
For example, Shen et al. developed a hydrogel by reacting the amino groups of a chitosan
derivative (gallic acid-modified chitosan, CSGA) with the aldehyde groups of oxidized
dextran via dynamic Schiff base reaction [72] (Figure 3A). Benefiting from the reversibility
of Schiff base linkages, this formed hydrogel not only exhibits self-healing properties, but
also can be continuously extruded through needles (Figure 3B,C), filling in irregular wound
areas and promote in situ regeneration.
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Figure 2. Schematic diagram of manufacturing personalized chitosan methacrylate loaded with
lidocaine hydrochloride (LIDHCI) or levofloxacin (LVX) using a multi-nozzle printer. Adapted with
permission from Ref. [69]. Copyright © 2021 Wiley-VCH GmbH (Weinheim, Germany).

.

+

i @;W
Y/

(B)

() 7 N N N7 N

& Cutting W &Assembiingw @Seif-repairingy & Lift W

[ X es - o@ {/

Figure 3. (A) The hydrogel by mixing gallic acid-modified chitosan (CSGA) solution and oxidized
dextran (ODex) solution. (B) CSGA/ODex injectable hydrogel. (C) The self-healing property of
CSGA /ODex hydrogels. Adapted with permission from Ref. [72]. Copyright © 2023 Published by
Elsevier Ltd. (Amsterdam, The Netherlands).

Chitosan-based micro/nanofibers, characterized by their high porosity [55], repre-
sent another promising candidate for burn wound treatment due to their excellent gas
permeability, effective hemostasis as well as exudate absorption capabilities. Through elec-
trospinning technology, chitosan-based micro/nanofibers can be engineered into core-shell
structures [73] or mesoporous structures [74] and subsequently processed into functional
dressings. Additionally, this technology facilitates the preparation of chitosan-based dress-
ings with layered structures. A representative study by Dhara et al. demonstrated the
electrospinning of bilayered structures with different morphologies using polycaprolactone
(PCL)-Chitosan emulsions stirred for different durations [75]. Specifically, the emulsions
stirred for 5 min produced nanofibers characterized by a porous and loosely organized ar-
chitecture. Following functionalization with Type I collagen, this layer served as a substrate
that mimicked the dermal matrix. In contrast, the emulsions stirred for 12 h generated
densely packed nanofibers that structurally replicated the basement membrane, thereby
forming an ultrathin yet continuous top layer (Figure 4).
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Figure 4. Schematic diagram representing development of a bilayer electrospun dressing and
its application to healing burn wound in a rat model. Reprinted with permission from Ref. [75].
Copyright © 2013 Royal Society of Chemistry (London, UK).

4. Functional Chitosan-Based Wound Dressings for Burn Wound Treatment

Second-degree burns damage both the epidermis and part of the dermis, often accom-
panied by severe pain and a high risk of infection [76,77]. Therefore, it is essential for burn
wound dressings to control bacterial growth as well to reduce inflammatory responses [78].
To address this issue, antimicrobial and antioxidant properties have been incorporated
into chitosan-based burn wound dressings [79]. For more severe burn wounds, tissue engi-
neering techniques are often required to assist in wound repair. Hence, there is a growing
interest in developing new chitosan-based burn wound dressings containing bioactive
components to promote tissue regeneration at the wound sites. In this section, we will
present an overview of the design and application of functional chitosan-based dressing
materials. We will begin by exploring strategies for developing chitosan-based burn wound
dressings possessing antimicrobial and/or antioxidant properties, followed by introducing
the recent advances in tissue engineering facilitated by chitosan-based dressings.

4.1. Antimicrobial and Antioxidant Chitosan-Based Burn Wound Dressings

Despite the antimicrobial nature of chitosan and its derivatives, additional antimi-
crobial agents are often incorporated to provide a better protection for the burn wounds
against infection. To achieve this goal, the most straightforward approach is to direct
mixing antimicrobial agents into the chitosan-based burn wound dressing. For example,
Doaa Alshora et al. prepared a burn wound dressing in the film form composed of chitosan
and sodium alginate and introduced silver sulfadiazine [80], a small-molecular antimicro-
bial agent, into this burn wound dressing using the solvent casting method. Compared
with non-medicated chitosan-sodium alginate film, the silver sulfadiazine -loaded biofilm
exhibited significantly superior antibacterial effects [81].

Antimicrobial agents can also be encapsulated into chitosan-based hydrogels in addi-
tion to simple mixing [82]. For instance, colistin is a potent polypeptide antibiotic against
various Gram-negative “superbugs” such as Pseudomonas aeruginosa. However, its poten-
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tial nephrotoxicity limits its application. To tackle this problem, Velkov and Haddleton et al.
integrated colistin into a glycol chitosan-based hydrogel by forming imine bonds among
colistin, glycol chitosan, and an aldehyde-modified poly (ethylene glycol) crosslinker (DF-
PEG) [83], as illustrated in Figure 5A. Within this system, colistin was uniformly distributed
in the hydrogel, leading to a high drug loading efficiency. More interestingly, the presence
of colistin also accelerated the gelation process, indicating the incorporation of colistin
is beyond simple encapsulation. In an in vivo burn infection model, the colistin-loaded
hydrogel not only killed colistin-sensitive Pseudomonas aeruginosa strains effectively, but
also demonstrated potency against colistin-resistant “superbugs”. (Figure 5B,C). Owing to
the dynamic feature of imine bonds as well as the biodegradability of glycol chitosan, this
burn wound dressing showed “on-wound” degradation over 24 h.

W YT — P

In vmo or In Vivo

release

&

Glycol Chitosan DF-PEG Colistin Hydrogel Patch
ACOH TR " o
_(,o o °€@\“of foT(@/: 9%
H :
AR v L 1 'y J\N\gn I;"p )*{" ,{>~ R=H Colistin A
o N 30 N Mg' CH, ColistinB
Glycol Chitosan DF-PEG ""' o
(c)
600
9 | I oh
8] — [ 4h
& 500 4 24h
74
61 :
1 S 4004
54 E
4.4 = ann |
4 2 Juv
" 2
L T e S Y S 200
— Infection control 3 e
1 ] Blank gel control
04 ——— Colistin gel 100 4
_1_‘ —— Colistin solution
2 - --=- Detection limit 0
0 5 10 15 20 25 HG-10  ColHG-10 HG-5  ColHGS
Time (h)

Figure 5. (A) Schematic diagram of the synthesis of the colistin-containing hydrogel. (B) The animal
“burn” infection model test of the colistin-loaded hydrogel against colistin-resistant strain at a low
dose (0.3 mg/wound). Black line: blank infection control; red line: blank HG-10 hydrogel; blue line:
HG 10 with colistin; pink line: colistin solution. The detection limit is shown in dash line. (C) The
weight loss of the colistin-loaded hydrogels in vivo over the time. Adapted with permission from
Ref. [83]. Copyright © 2016 The WILEY-VCH (Weinheim, Germany).

In addition to infections, when a burn occurs, the skin and surrounding tissues are
severely damaged, immediately triggering a series of complex inflammatory responses [84].
During this process, immune cells respond rapidly, releasing a large number of inflam-
matory mediators, including reactive oxygen species (ROS) and reactive nitrogen species
(RNS), which play crucial roles in clearing pathogens and damaged cells. However, exces-
sive ROS and RNS can also lead to oxidative stress, further exacerbating tissue damage
and causing severe complications such as systemic inflammatory response syndrome,
immunosuppression, infection, sepsis, and multiple organ failure.

Incorporating antioxidants into chitosan-based burn wound dressings is an effective
approach to address the abovementioned challenge. Antioxidants can be categorized
into non-enzymatic and enzymatic types based on their mechanisms of action [85]. Non-
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enzymatic antioxidants include low-molecular-weight compounds such as vitamin E,
vitamin C, flavonoids, and glutathione, while enzymatic antioxidants include catalase and
superoxide dismutase. Additionally, some natural products, such as curcumin, salvianolic
acid, crocin, and quercetin, also show strong antioxidative activity. They can protect burn
wounds from oxidative stress damage through various mechanisms, such as scavenging
free radicals, inhibiting oxidase activity, and regulating the expression of antioxidant
enzymes. Through a similar encapsulation strategy as described in antimicrobial burn
wound dressing, chitosan-based dressings can also be loaded with antioxidants to further
enhance their antioxidant properties.

For example, Salvianolic acid B is an active component extracted from the traditional
Chinese herb Salvia miltiorrhiza, known for its excellent antioxidant and anti-inflammatory
properties. Incorporating Salvianolic acid B, He and Zhang et al. designed an antioxidant
hydrogel dressing for burn treatment. Crosslinked through the dynamic imine bonds
between glycol chitosan and tetra-arm polyethylene glycol (terminated with acetaldehyde
or benzaldehyde) [1], this hydrogel exhibits shape adaptability, self-healing property, as
well as rapid degradation. The encapsulated Salvianolic acid B, on the other hand, can
be released to the wound site through a combined mechanism of passive diffusion and
hydrogel degradation, showing excellent antioxidant performance in vitro. In a rat model of
deep second-degree burn wounds, the Salvianolic acid B-loaded hydrogel rapidly reduced
wound temperature, modulated the oxidative microenvironment of the wound, promoted
angiogenesis, and eventually accelerated wound healing.

Recently, it has been found that the presence of bacteria often induces oxidative
stress in wounds, while the wounds under oxidative stress are more prone to bacterial
colonization [86]. Therefore, the combination of antibacterial and antioxidant properties
can further enhance the therapeutic effect of dressings on burn wounds. For example,
baicalein, which exhibits excellent antimicrobial and antioxidant activities, was used by
Wang, Bai, Du, and their research team to develop a dual-functional nanofiber membrane
for burn wound treatment [87]. In this study, baicalein was first modified using valeric
anhydride and then reacted with the amino groups in chitosan to form baicalein-modified
chitosan. This baicalein-modified chitosan was subsequently combined with polyvinyl
alcohol and electrospun into a nanofiber membrane. In vitro experiments demonstrated
that the baicalein-modified chitosan nanofiber membrane not only effectively neutralizes
ROS but also significantly inhibits the growth of both Staphylococcus aureus and Es-
cherichia coli. Furthermore, the nanofiber membrane exhibited outstanding antimicrobial
and wound-healing effects in infected wound models.

Apart from encapsulating a single active ingredient, chitosan-based dressings that are
loaded with multiple components have the potential to deliver programmable antimicrobial
and antioxidant effects, providing an enhanced therapeutic strategy to address the varied
requirements of wound healing throughout its different stages. For instance, Nie, Ma,
and their team prepared a core-shell structured dual-drug-loaded nanofiber dressing
using electrospinning technology for the treatment of deep second-degree burns [88].
The shell, composed of Polycaprolactone and Chitosan, was loaded with Asiaticoside
(Asia) to promote collagen deposition and tissue repair. The core, on the other side,
encapsulated curcumin using 2-hydroxypropyl-#-cyclodextrin (HP-3-CD) for sustained
release (Figure 6A). Chitosan in the shell provided biocompatibility and antimicrobial
properties, while the porous structure in the nanofiber dressing ensured uniform drug
distribution and release. In vitro, 66.82% of Asia was rapidly released within 0.5 h, while
83.22% of CUR was released over 120 h (Figure 6B). Mass loss ratios of the nanofiber
components in PBS buffer confirmed these release rates (Figure 6C). In a rat model, the
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dressing achieved a 95% wound healing rate within 14 days, with significant collagen
deposition and angiogenesis.
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Figure 6. (A) Preparation process of the dual-loaded NFD; (B) Release curves of Asia and CUR;
(C) Statistical graph of the degradation of N-NFD, PCL&CS and HP-3-CD at 7, 28 and 60 days in PBS
solution. Adapted with permission from Ref. [88]. Copyright © 2024, American Chemical Society
(Washington, DC, USA).

4.2. Chitosan-Based Burn Wound Dressings for Tissue Engineering

In addition to providing antibacterial activity and an antioxidant microenvironment,
the treatment of deep partial-thickness burns wounds or third-degree burn wounds often
requires the integration of tissue engineering strategies [89]. With the aid of bioactive
scaffolds and suitable bioactive additives, tissue engineering to activate critical repair
mechanisms such as cell migration, angiogenesis, and tissue regeneration. In recent years,
chi-tosan-based dressings have shown power in tissue engineering [90]. Owing to the
extracellular matrix-mimicking structure of chitosan, chitosan-based dressings are known
to promote cellular adhesion and proliferation. Furthermore, by incorporating suitable
bioactive components (such as growth factors, genetic materials, stem cells), chitosan-based
dressings can be transformed into versatile platforms for treating different burn wounds.

Growth factor therapy delivers growth factors to wound sites, activating the prolif-
eration of surrounding cells to facilitate wound healing. Chitosan-based dressings not
only serve as a delivery system for growth factors but also promote tissue regeneration
through their inherent biological activity. For instance, Hieu Tran-Van et al. developed a
hydrogel film composed of carboxymethyl chitosan (CMCS) and hydroxyethyl cellulose
(HEC) for the delivery of fibroblast growth factor (FGF-2), accelerating the repair of burn
wounds [91]. This hydrogel film is formed through hydrogen bonding between CMCS
and HEC, creating an interpenetrating polymer network with excellent swelling properties
and controlled drug release capabilities, while effectively avoiding the potential toxicity
issues associated with chemical cross-linking agents (Figure 7A,B). Studies have shown
that the CMCS/HEC hydrogel film significantly promotes the proliferation of NIH/3T3
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fibroblasts (Figure 7C), protects FGF-2 from protease degradation in vitro, and exhibits re-
markable wound healing effects in a burn mouse model (Figure 7D), including accelerated
epithelialization, enhanced formation of granulation tissue and blood vessels, and reduced
scar formation.
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Figure 7. (A) Interpolymeric bonding between CMCS and HEC. (B) Release of FGF-2 from the
swollen hydrogel film in an aqueous environment. (C) Effects of hydrogel of different concentrations

in the culture medium on the proliferation of NIH/3T3 cells. (D) Optical photographs of burn
wounds treated with hydrogel films with different FGF-2 release amounts. Adapted with permission
from Ref. [91]. Copyright © 2023 Elsevier B.V. (Amsterdam, The Netherlands).

Gene therapy involves delivering genetic material (DNA/RNA) into cells using viral
or non-viral vectors to restore or correct cellular functions. Chitosan, positively charged at
physiological pH, binds to negatively charged DNA/RNA, forming protective nanoparti-
cles that resist enzymatic degradation. As a result, chitosan-based materials are extensively
studied as non-viral gene delivery vectors. However, bio-derived chitosan suffers from poor
water solubility and low transfection efficiency. To address these issues, researchers have
chemically modified chitosan by incorporating basic amino acids like arginine, histidine,
and lysine, enhancing its water solubility and mimicking viral envelope components [92].
Notably, arginine-modified chitosan (Arg-CS) demonstrates high gene transfection effi-
ciency both in vitro and in vivo, showcasing its potential for gene therapy applications.

Inspired by this, Chang et al. utilized Arg-CS as a gene delivery vector and developed
a composite hydrogel as gene-activated matrix (GAM) for in situ treatment of deep second-
degree burn wounds [93]. They first produced therapeutic plasmids/Arg-CS complexes by
complexing Arg-CS with plasmid DNA (pDNA) encoding mVEGF165 and TGF-f31. These
complexes were then incorporated into a composite hydrogel based on N-carboxymethyl
chitosan and sodium alginate (NS-GAM). This hydrogel, with an average pore size of
100 pm and a porosity of 50.9%, facilitated pDNA release (Figure 8A,B) and supported
cell adhesion and growth. In vitro, the hydrogel loaded with gene fragments sustained
gene expression for at least 9 days and protected the gene fragments from enzymatic
degradation and immune responses during delivery. In a rat burn model, the experimental

206



Polymers 2025, 17, 1647

(A)

100

Cumulative DNA Release (%)

90

30

70

60
50
40
30
20

10

group treated with this burn wound dressing achieved complete wound healing within
22 days (Figure 8C,D), with significantly increased expression levels of VEGF and TGF-31
proteins, promoting neovascularization and collagen regeneration.
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Figure 8. In vitro release of pPDNA from NS-GAM. (A) Cumulative amount of pDNA released in vitro
from NS-GAM and agarose gel electrophoresis of plasmids. (B) SEM of the surface of NS-GAM.
Gross examination and healing rate. (C) Observation of deep 2nd degree burn wound. upper: control
group; Below: NS-GAM group. (D) The calculated wound size decreases. Adapted with permission
from Ref. [93]. Copy © 2021 Elsevier B.V. (Amsterdam, The Netherlands).

In addition to gene therapy, stem cell therapy has also garnered considerable attention
in burn wound treatment in recent years. Unlike growth factor or gene therapy, which
promotes the cell growth around the wound, stem cell therapy leverages the self-renewal
and differentiation of stem cells to direct participate in the remodeling of burn-injured
tissues. Combining stem cells with chitosan-based dressings can serve as a carrier material
for tissue engineering, providing a suitable microenvironment for the delivery and cultiva-
tion of stem cells. For example, Yao and Li et al. developed a zwitterionic polysaccharide
hydrogel based on chitosan [4] (Figure 9A). Formed by the dynamic imine bonds between
sulfobetaine-modified dextran and carboxymethyl chitosan (Dex-SB-CHO), this hydrogel
was injectable with self-healing performance, allowing the delivery of adipose-derived
stem cells (ADSCs) to the deep wound site. Moreover, the hydrogel exhibited high nonfoul-
ing and antimicrobial properties, creating a clean microenvironment for proliferation and
maintaining the stemness of ADSCs. (Figure 9B). Furthermore, this hydrogel evaded im-
mune system recognition, reducing inflammation, thereby promoting collagen deposition
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as well as angiogenesis. In a mouse burn model, the ADSC-loaded hydrogel minimized
the wound area in 28 days (Figure 9C) and offered scarless skin tissue regeneration.
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Figure 9. (A) Preparation of zwitterionic polysaccharide hydrogel. (B) Optical photographs of the
relative adsorption of proteins on the surface of DC hydrogel (without zwitterionic modification) and
DSC hydrogel. (C) The relative wound closure area, all experiments were performed in triplicate and
data are reported as mean £ SD (n = 3), ** p < 0.01. Adapted with permission from Ref. [4]. Copy ©
2022 Wiley-VCH GmbH (Weinheim, Germany).

5. Outlook and Summary
5.1. Outlook

Chitosan and its derivatives have a broader range of raw material sources than other
biomacromolecules [94], ranging from traditional crustaceans and fungi to emerging
sources such as bee and silkworm exoskeletons [95]. However, this diversity leads to
quality variability, posing challenges for medical applications. Variations in molecular
weight, degree of deacetylation, processing methods [96], and batch-to-batch differences in
chain length and crystallinity result in inconsistent performance [97], while residual impu-
rities may also elevate immunogenicity risks [98]. Furthermore, the lack of standardized
detection methods causes discrepancies in the measurement of critical parameters. For
instance, when the degree of deacetylation of the same batch of chitosan was tested by
infrared spectroscopy versus titration method, the results differed significantly, rendering
the data incomparable, further complicating standardization and regulatory [91]. To facili-
tate clinical use, it is essential to establish unified quality standards, optimize production
processes, develop standardized testing methods and material traceability procedures. Con-
currently, regulatory oversight should extend beyond chitosan raw materials to encompass
various forms of chitosan-based dressing products, alongside the formulation of product-
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specific regulations. Such as standards for hydrogel water content and permeability, or
specifications for nanofiber diameters in burn wound dressings.

Additionally, there is still potential for improvement in the management of burn
wound exudate using chitosan-based dressings [99]. At present, these dressings primarily
rely on their hydrophilic and porous structures to absorb exudate, which may not be suftfi-
cient when dealing with large volumes of exudate [100]. Janus dressings with asymmetric
structures and unidirectional biofluid transport properties present a novel strategy for
tackling this challenge [101]. Through the combination of advanced techniques like electro-
spinning and 3D printing, coupled with thoughtful molecular engineering and structural
refinement, it is expected that chitosan-based burn wound dressings with unidirectional
biofluid transport will prevent exudate reflux and secondary injuries resulting from dress-
ing adherence. Additionally, the incorporation of intelligent monitoring components into
chitosan materials paves the way for “smart” wound management [6]. By embedding
sensors into these dressings may facilitate the continuous collection and analysis of burn
exudate parameters, offering real-time insights to track wound healing progress and assess
treatment effectiveness.

Furthermore, to address the complex and dynamic microenvironments encountered
during the various stages of burn wound healing, future research should focus on de-
veloping chitosan-based burn wound dressings that offer multifunctionality and high
tunability. Specifically, drawing on recent advancements in multi-component reactions
for polymer modification [102], chemically modified chitosan through these reactions to
produce multifunctional burn wound dressings are expected to enhance the efficacy of
burn treatment. Simultaneously, integrating highly biocompatible responsive motifs, such
as enzyme-responsive modules, into existing chitosan-based burn wound dressings enables
them to dynamically respond to changes in the wound microenvironment throughout the
healing process, thereby facilitating more efficient wound care. Moreover, it is important to
develop chitosan-based burn wound dressings with enhanced biomimetic performance.
These dressings should replicate the multilayered structure, mechanical properties, and
biological functions of human skin, thereby offering superior protection, supporting tissue
regeneration, and effectively minimizing scar formation. In summary, by conducting more
in-depth research on chitosan dressings, we can offer personalized and adaptive solutions
for burn treatment, tailored to the unique needs of each patient and the specific stages of
the healing process.

5.2. Summary

Chitosan-based dressings have emerged as promising biomaterials for burn wound
care due to their inherent biocompatibility, antimicrobial activity, and tunable functional-
ities. In this mini-review, we summarize recent advancements in this field, with a focus
on hydrogel and micro/nanofiber formulations. These dressings not only act as physical
barriers to protect wound surfaces but also maintain a moist environment conducive to
healing. Crucially, they can be tailored to modulate the wound microenvironment based
on burn severity, while simultaneously serving as scaffolds to support tissue regeneration
in severe injuries. Despite substantial evidence supporting their therapeutic potential, the
clinical translation of chitosan dressings faces hurdles such as regulatory approvals and
scalable manufacturing. Continuous refinement of fabrication processes, develop standard-
ized testing methods as well to adjust mechanical robustness and functions, is expected
to overcome limitations of conventional burn wound dressings, thereby providing more
efficient and patient-friendly solutions for burn treatment. Furthermore, the development
of next-generation chitosan-based materials with stimuli-responsive and multifunctional
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capabilities holds promise for advancing wound management and improving rehabilitation
outcomes for burn patients.
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