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The combination of PDMAEMA and HTCC in a semi-
interpenetrating network (semi-IPN) format can synergistically
unite the smart-responsive behavior of PDMAEMA with the
antibacterial and biofunctional properties of HTCC.13 In a
semi-IPN, where one polymer is cross-linked while the other
remains physically entangled to enhance mechanical and
functional properties,15,16 the combination of responsive
synthetic polymers with polysaccharide derivatives has proven
to be a viable strategy, as supported by the promising results
reported by Guo et al. (2007)17 for controlled release
applications. The HTCC component not only provides
bioactivity but also may enhance the network structure
through physical interactions with PDMAEMA, such as ionic
associations between the quaternary ammonium groups of
HTCC and the protonated amines of PDMAEMA under
physiological pH.

This unique network structure creates an ideal platform for
the encapsulation of bioactive molecules such as papain.
Papain, a proteolytic enzyme derived from Carica papaya,18 is
known for its wound-healing properties, including debriding
action, anti-inflammatory effects, and potential to stimulate
tissue regeneration.19−21 However, its clinical application is
often limited by instability and uncontrolled enzymatic activity
in aqueous environments.22 Therefore, the central hypothesis
of this work is that encapsulation of papain within the semi-
IPN hydrogel can enhance its stability and allow for precise
control over its release. This approach may not only prolong
the enzyme’s therapeutic activity but also improve its efficacy,
ensuring sustained delivery for optimal therapeutic outcomes.

In this study, we present a novel dual-responsive semi-
interpenetrating polymer network (semi-IPN) hydrogel system
based on PDMAEMA and varying concentrations of HTCC
(5, 10, and 25% w/w) synthesized via radical polymerization.
To our knowledge, this is the first report to combine
PDMAEMA’s pH and temperature-responsive behavior with
the antimicrobial functionality of HTCC in a single platform
designed for controlled papain delivery. The physical and
chemical properties of the resulting hydrogels were evaluated
through swelling studies, gel fraction analysis, conversion
efficiency, and thermal and morphological characterization.
Papain release was investigated and mathematically modeled to
elucidate the underlying mechanism of release. Antibacterial
activity against Staphylococcus aureus and Escherichia coli was
assessed to confirm the functional role of HTCC in the
hydrogels. Additionally, cell viability assays were performed to
establish a safe concentration threshold for HTCC for future
biomedical applications. Overall, this work demonstrates that
PDMAEMA/HTCC semi-IPNs are promising candidates for
future in vivo studies as bioactive wound dressings, offering
both controlled release of a wound-healing enzyme and
effective antimicrobial protection.

2. EXPERIMENTAL SECTION

2.1. Chemicals
Papain (catalog number PA20221122101) was kindly supplied by
Purifarma (Saõ Paulo, Brazil). The following reagents were purchased
from Sigma-Aldrich (São Paulo, Brazil): 2-(dimethylamino)ethyl
methacrylate (DMAEMA, stabilized with monomethyl ether hydro-
quinone, purity 98%), chitosan (CH, with a viscosimetric molecular

Scheme 1. General Procedure for Synthesizing Hydrogels through the Quaternization of CH (a), Free-Radical Polymerization
of DMAEMA and Crosslinking with BIS in the Presence of HTCC (b), and Incorporation of Papain (c)�

aThis process results in the formation of semi-interpenetrating (semi-IPN) networks, where HTCC physically entangles with the PDMAEMA
matrix. Created with BioRender (2025).
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weight of approximately 50−190 kDa and a degree of deacetylation of
83%), and glycidyl trimethylammonium chloride (GTMAC). Glacial
acetic acid (ACS grade), acetone (P.A.), and ammonium persulfate
(APS, P.A.) were obtained from Sinergia Cientif́ica (Saõ Paulo,
Brazil). N,N′-Methylenebis(acrylamide) (BIS, 99%) was also acquired
from Sigma-Aldrich. Prior to use, the inhibitor present in DMAEMA
was removed by passage through an alumina column, while all other
reagents were utilized as received without further purification.
2.2. Synthesis of �-(2-Hydroxypropyl)
Trimethylammonium Chloride Chitosan (HTCC)
HTCC synthesis was carried out in a neutral aqueous environment by
dispersing 3 g of low-molecular-weight chitosan (CH) in 50 mL of
deionized water, maintaining the temperature at 55 °C, as illustrated
in Scheme 1a. Next, a 5 mL portion of GTMAC was added, and the
mixture was heated and stirred for 18 h in a reflux condenser at 55 °C.
After the incubation, the resulting viscous yellow solution was
centrifuged at 4000 rpm for 20 min to remove any unreacted CH. The
white reaction product was isolated from the supernatant by
precipitation in acetone, stirred for 24 h, and then subjected to
vacuum filtration. The degree of substitution (DS) was determined
through conductometric titration23 using a 0.1% HTCC solution, with
0.017 M AgNO3 as the titrant (Nova Instruments, model NI CVM).
The DS was calculated using eq 1, where VAg and CAg represent the
volume and concentration of AgNO3 at the equivalence point; mHTCC
is the mass of HTCC in the solution; MGTMAC, MG, and MA are the
molar masses of GTMAC, D-glucosamine (GlcN), and N-acetyl-D-
glucosamine (GlcNAc), respectively; and GD denotes the average
degree of deacetylation of CH.
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2.3. Synthesis of Poly[2-(dimethylamino)ethyl
methacrylate]/�-(2-Hydroxypropyl) Trimethylammonium
Chloride Chitosan (PDMAEMA/HTCC) Semi-IPN Hydrogels
The semi-interpenetrating network (semi-IPN) hydrogels were
synthesized via radical polymerization of DMAEMA in the presence
of HTCC utilizing ammonium persulfate (APS) as the initiator and
N,N′-methylenebis(acrylamide) (BIS) as the cross-linker, as shown in
Scheme 1b. In brief, a 2% (w/v) HTCC aqueous solution was
prepared and stirred magnetically until completely dissolved.
Subsequently, APS was added followed by DMAEMA and BIS into
20 mL vials sealed with silicone septa. The molar ratios were 50:1
(DMAEMA/APS) and 10:1 (DMAEMA/BIS), defined after prelimi-
nary tests. The reaction mixture was purged with nitrogen for 10 min,
heated to 70 °C, and stirred vigorously until the gelation process was
complete. Hydrogels with 5, 10, and 25% (w/w) HTCC content were
produced, along with a control sample of pure methacrylate
homopolymer. The hydrogel samples were designated as PDMAEMA,
PDMAEMA/HTCC5%, PDMAEMA/HTCC10%, and PDMAEMA/
HTCC25%. To eliminate any unreacted CH, the synthesized
hydrogels were dialyzed in deionized water for 7 days, with water
replaced every 24 h. Finally, each hydrogel sample was freeze-dried
using a Liobras freeze-dryer (model L101).
2.4. Monomer Conversion and Semi-IPN Hydrogels’
Physical Properties
The degree of conversion, which reflects the proportion of the
DMAEMA monomer incorporated into the polymer network, was
calculated using eq 2. In this equation, mP denotes the final dry mass
of the hydrogel, while the initial mass of the monomer (mMd0

), along
with the masses of the biopolymer (mB), initiator (mI), and cross-
linker (mR) in the formulation, was also considered.
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The gel fraction [GF(%)] measurement offers a quantitative
evaluation of the efficiency of the synthesized hydrogel network. To
perform this assessment, freeze-dried hydrogel samples were
immersed in deionized water until they reached equilibrium swelling.
Following this, the samples were freeze-dried once more, and the gel
fraction was calculated by using eq 3. In this equation, mf represents
the final dry mass of the hydrogel, while m0 corresponds to its initial
dry mass.

= ×
m

m
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The swelling behavior [GI(%)] of the synthesized hydrogels was
assessed through a gravimetric technique. Dried hydrogel samples
were placed in deionized water at 25 °C, and their masses were
measured at specified time intervals. Before weighing, any excess
surface water was carefully blotted off with filter paper. The degree of
swelling was determined using eq 4, where mt represents the mass of
the swollen hydrogel at time t and m0 is the initial dry mass. The test
was conducted in triplicate.

= ×
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Several models can be used to predict the swelling fraction (GI)
profile of the hydrogels. One such model is the Peleg model,24,25

expressed by eq 5, which is a nonexponential, two-parameter
empirical model ideal for characterizing water absorption. In this
equation, k1 represents the Peleg rate constant (h%−1), and k2 is the
Peleg capacity constant (%−1). Using the GI profiles obtained through
eq 5, the Peleg model was fitted, and the parameters were calculated
using the Statistica software.
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To evaluate the hydrogel’s pH sensitivity, dried samples were
immersed in buffers at pH values of 1, 4, 7, 10, and 12 at 37 °C for 24
h, allowing them to reach equilibrium swelling. At each time point, the
samples were removed; any remaining buffer was gently blotted off
with filter paper, and the hydrogels were weighed. For thermosensi-
tivity testing, the dried hydrogel samples were exposed to deionized
water at temperatures of 10, 20, 30, 40, 50, and 60 °C for 24 h, also
until they reached equilibrium swelling. After the excess surface water
was removed with a filter paper, the hydrogels were weighed. The
swelling degree for both conditions was then calculated using eq 4.
2.5. Morphology of the Semi-IPN Hydrogels
The surface morphology of the samples was analyzed using a scanning
electron microscope (SEM, model Leo 440i, LEO Electron
Microscopy/Oxford). Before imaging, the samples were sputter-
coated with a thin gold layer, approximately 200 Å thick, using an
EMITECH Sputter Coater (model K450).
2.6. Porosity of the Semi-IPN Hydrogels
The specific surface area and porosity were determined using the
Brunauer−Emmett−Teller (BET) method via nitrogen adsorption
utilizing a Micromeritics Gemini VII 2390 analyzer. Prior to analysis,
the samples were degassed at 60 °C for 8 h using a Micromeritics
VacPrep 061 to remove any adsorbed environmental substances. The
BET analysis was subsequently conducted at a relative vapor pressure
range of 0.01−0.3 at 77 K. The average pore diameter (d) was
calculated using eq 6, where V represents the total pore volume and A
refers to the BET surface area.

=d
V
A

4
(6)

2.7. Fourier Transform Infrared Spectroscopy
FTIR spectroscopy was used to analyze both the synthesized HTCC
and semi-IPN hydrogels. The analysis was conducted with an Agilent
Technologies Cary 630 FTIR spectrometer equipped with an
attenuated total reflectance (ATR) accessory containing a zinc
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selenide (ZnSe) crystal. The spectral range extended from 4000 to
650 cm−1, with a resolution of 4 cm−1 and 32 scans taken per
measurement.

2.8. Thermogravimetric Analysis
The thermal stability of the synthesized HTCC and semi-IPN
hydrogels was assessed through thermogravimetric analysis (TGA)
under an inert nitrogen atmosphere (flow rate of 50 mL min−1). The
samples were heated from 25 to 600 °C at a rate of 10 °C min−1. The
analysis was performed using a Shimadzu TGA-50 M thermal analyzer
coupled with a Mettler-Toledo MX5 microanalytical balance.

2.9. Antibacterial Activity
The antibacterial effectiveness of the hydrogels was assessed using the
colony-forming unit (CFU) counting method following a procedure
analogous to our previous study.26 Briefly, the semi-IPN hydrogels
were tested against standard strains of Escherichia coli (ATCC 25922)
and Staphylococcus aureus (ATCC 25923), both obtained from the
American Type Culture Collection (ATCC) and maintained at the
Microbiology Laboratory of Faculdade Saõ Leopoldo Mandic. The
bacterial strains were thawed and cultured in a brain heart infusion
(BHI) medium (Himedia, India) at 37 °C under microaerophilic
conditions (TECNAL, model TE399) for 24 h. An aliquot was
transferred to a Petri dish with BHI agar to promote colony growth.
Broth cultures were prepared to a final density of 3.0 × 108 cells mL−1

(McFarland standard no. 1), confirmed using a spectrophotometer
(520 nm, Epoch, Bio-Tek). The hydrogels were sterilized under UV
light for 15 min, hydrated in sterile BHI solution, and inoculated with
either E. coli or S. aureus for 24 h. After vortexing for 30 s, the samples
were serially diluted and plated onto BHI agar plates in triplicate. The
plates were incubated at 37 °C for 24 h, and colony counting was

done manually. Results were expressed as the reduction in CFU
count.

2.10. �� ����� Cytotoxicity
The in vitro cytotoxicity of the semi-IPN hydrogels was evaluated
following the method used in our previous study.26 Briefly, murine
fibroblast cells from the NIH/3T3 line (CRL-1658), sourced from
ATCC, were thawed and placed in centrifuge tubes with 5 mL of
Dulbecco’s modified Eagle’s medium (DMEM; Sigma). After
centrifugation at 336g for 3 min, the supernatant was discarded.
The cells were cultured in 25 cm2 flasks (Sarstedt) containing DMEM
supplemented with 10% fetal bovine serum (Nutricell), 100 IU mL−1

penicillin (Sigma), and 50 �g mL−1 streptomycin (Sigma). The
medium was refreshed every 2 days, and cell growth was monitored
using an inverted phase microscope (Nikon Eclipse TS100). Cells
were maintained at 37 °C under a humidified 5% CO2 atmosphere.
For the experiment, 3T3 cells were seeded in 96-well plates at a
density of 110 cells mm−2. After 24 h, the cells were exposed to the
hydrogels in accordance with ISO 10993 guidelines. Cell viability was
assessed using the MTT assay (Mosmann, 1983). MTT solutions (5
mg mL−1 in phosphate-buffered saline, PBS) were prepared, and the
cultures were incubated with a 10% MTT solution for 4 h at 37 °C in
a 5% CO2 atmosphere. Following incubation, the cultures were
washed with 200 �L of warm PBS. Then, 150 �L of dimethyl
sulfoxide (DMSO) was added to each well and agitated for 5 min to
dissolve the precipitate. Aliquots of 100 �L were transferred to a new
plate for absorbance measurement using a spectrophotometer (570
nm; Epoch). Cell viability was determined from the optical density
with results expressed as absorbance.

Figure 1. (a) FTIR spectra of CH and HTCC, (b) conductometric titration curve of HTCC, and (c, d) TGA/DTG curves of CH and HTCC.
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2.11. Incorporation and �� ����� Release of Papain
The papain was incorporated using an adsorption method, where the
dried hydrogels were immersed in a 200 mg mL−1 aqueous papain
solution until equilibrium was reached, as depicted in Scheme 1c. The
hydrogels were then freeze-dried again. The mass of incorporated
papain (mPP) was calculated using eq 7, in which V0 and C0 represent
the volume and concentration of the initial papain solution and V1
and C1 correspond to the volume and concentration of the solution
after the equilibrium of adsorption at 25 °C.

=m VC VCPP 0 0 1 1 (7)

The dried papain-loaded hydrogels were subsequently immersed in
PBS (pH 7.4) at 37 °C under stirring to begin the in vitro release
determination. At specific time intervals, an aliquot of the release
medium was analyzed by using a Thermo Genesys 6 UV−vis
spectrometer, and an equal volume of fresh, preheated PBS (37 °C)
was added to replace it. The papain concentration in the release
medium was measured at 278 nm based on a previously established
calibration curve. For subsequent aliquots, values were adjusted by
using the dilution correction factor. The cumulative percentage of
papain released was then calculated using eq 8, where VL represents
the total volume of the release medium, Cn is the concentration after
the nth sample, VA is the volume of the withdrawn aliquot, Mt is the
mass of papain at time “t”, and M∞ is the mass of papain at the
equilibrium.
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The cumulative release data acquired from the experiments as a
function of time (h) were subjected to mathematical model fitting
using Statistica 10, obtaining insights into the release mechanism.
Two classical mathematical models were used in this procedure. The
first one was the Korsmeyer−Peppas model, represented by eq 9. This
model offers an empirical description from controlled-release dosage
forms such as slabs, spheres, cylinders, or discs27 but is usually more
appropriate to nonswellable matrices.

= ·
M

M
k tt n

(9)

in which k is the Korsmeyer−Peppas kinetic constant (h−n) related to
the characteristics of the macromolecular network system and the
substance to be released, and n is the diffusional exponent for
substance release, which is characteristic of the mechanism. It is
important to note that eq 9 was used to analyze the first 60% of the
release curve.

The Peppas−Sahlin model (eq 10) was also applied to the
experimental data due to its ability to account for both diffusional and
relaxational contributions within release mechanisms.28

= · + ·
M

M
k t k tt m m

1 2
2

(10)

in which k1 and k2 are the kinetic constants (h−m and h−2m). The term
k1·tm denotes the Fickian contribution, while the second term on the
right side delineates the Case-II relaxational contribution. The
coefficient m is the purely Fickian diffusion exponent for a device
of any geometrical shape.
2.12. Statistical Analysis
Experimental results were obtained in triplicate and are presented as
mean ± standard deviation. Data were analyzed using analysis of

variance (ANOVA) followed by the least significant difference (LSD)
test. When significant differences were detected, the Tukey HSD
multiple comparison test was applied. A significance level of 5% (p <
0.05) was considered for all statistical analyses.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of
�-(2-Hydroxypropyl) Trimethylammonium Chloride
Chitosan (HTCC)
Figure 1a presents the FTIR spectra of chitosan (CH) before
and after modification via the reaction with GTMAC
(HTCC). The CH spectrum exhibits a broad band around
3000 cm−1, attributed to the overlapping stretching vibrations
of hydroxyl (−OH) and amine (−NH2) groups, indicative of
hydrogen bonding.29,30 The asymmetric and symmetric
stretching vibrations of the aliphatic −CH and −CH2 groups
appear at 2922 and ∼2870 cm−1, respectively. A distinct signal
at 1652 cm−1 corresponds to the carbonyl (C�O) stretching
of residual N-acetyl groups, while the amide band, observed at
1595 cm−1, arises from N−H bending and C−N stretching,
characteristic of primary amine groups (−NH2).26 The
spectrum also reveals C−H bending vibrations of methyl
(−CH3) and methylene (−CH2) groups at 1420 and 1378
cm−1. Additionally, the C−N stretching band associated with
amide and amine functionalities appeared at 1324 cm−1.
Vibrations from glycosidic linkages (C−O−C) are identified at
1155 and 1069 cm−1, corresponding to the polysaccharide
backbone, while the C−O stretching of primary alcohols
(−OH) at C3 and C6 positions is detected around 1030
cm−1.31,32

HTCC exhibited similar peaks, with some signal mod-
ifications characteristic of the functional group incorporated
into the CH backbone. The band at 3300 cm−1 showed
increased intensity upon functionalization, which may be
associated with higher water absorption resulting from
HTCC’s greater hydrophilicity compared to CH. Additionally,
the peak at 1652 cm−1 intensified, indicating the modification
of primary amines of CH due to their reaction with GTMAC.
Reports from the literature indicated that this reaction occurs
via nucleophilic substitution of NH2 from epoxy groups,
resulting in secondary amines.23,33−35 More importantly,
reaction confirmation is supported by the appearance of a
new peak at 1479 cm−1, attributed to ammonium methyl
groups [−N+(CH3)3].36 The band around 1030 cm−1

remained unchanged, suggesting no hydroxyl substitution at
C3 and C6 in the amine structure.37 Finally, the degree of NH2
substitution in the reaction was estimated at 68% using eq 1.
The quantification of Ag+ in the solution was determined via
conductometric titration based on the calibration curve shown
in Figure 1b.

The thermogravimetric analysis (Figure 1c,d) compares the
thermal stability of CH and HTCC and is an additional
indicator of successful chemical reaction. Both materials exhibit
an initial mass loss below 100 °C primarily due to the
evaporation of adsorbed water, which is more pronounced in

Table 1. Thermal Decomposition Parameters of CH and HTCC, including � onset, � max, Mass Loss, � 50%, and Residual Mass

sample degradation stage Tonset (°C) Tmax (°C) mass loss (%) T50%(°C) residue (%)

CH I 41.43 86.67 12.54 312.04 27.75
II 264.19 297.68 40.61

HTCC I 39.15 74.08 25.01 278.86 20.63
II 242.66 268.98 40.72
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HTCC due to its higher hydrophilicity, as previously
associated with specific intense bands in the FTIR spectrum.
The major degradation event occurred between 200 and 400
°C, associated with the depolymerization and decomposition
of the polysaccharide backbone.38 Notably, HTCC exhibited
an earlier onset of thermal degradation compared with CH

(Table 1), suggesting that functionalization with quaternary
ammonium groups reduced its thermal stability. This effect can
be attributed to the disruption of CH’s intermolecular
hydrogen bonds, leading to increased polymer chain mobility
and lower thermal resistance.38,39 Furthermore, HTCC
showed a higher mass loss in the later stages of degradation,

Table 2. Monomer Conversion of DMAEMA into the Hydrogel, Gel Fraction, Equilibrium Swelling Degree, Peleg Model
Parameters Describing Swelling Kinetics, and Determination Coefficients (� 2) Evaluating the Model’s Fit Accuracy

sample
monomer conversion

(%) gel fraction (%)
equilibrium swelling degree

(%)
k1 (Peleg

parameter)
k2 (Peleg

parameter) � 2

PDMAEMA 96.961 ± 0.384a 93.853 ± 0.311a 219.784 ± 0.124a 1.6941 ± 0.0237 0.4214 ± 0.0194 0.9884
PDMAEMA/HTCC5% 95.463 ± 0.598b 82.497 ± 0.224b 458.331 ± 0.749c 1.5953 ± 0.0406 0.2008 ± 0.0337 0.9907
PDMAEMA/HTCC10% 93.928 ± 0.673b 91.018 ± 0.395c 385.664 ± 0.492b 2.4443 ± 0.0945 0.2243 ± 0.0418 0.9845
PDMAEMA/HTCC25% 91.257 ± 0.482a 81.357 ± 0.264a 168.234 ± 0.586b 4.3394 ± 0.0754 0.5475 ± 0.0362 0.9903

Different letters indicates statistical difference (p < 0.05).

Figure 2. (a) Swelling kinetics of the hydrogels with Peleg model fitting, (b) images of hydrogels before and after 24 h immersion in deionized
water, (c) equilibrium swelling of semi-IPN hydrogels at different pH values (1−12), and (d) influence of the temperature on equilibrium swelling
degree.
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indicating a greater extent of decomposition. The lower
residual mass at 600 °C for HTCC compared with CH further
supports this trend, suggesting that the introduction of
quaternary ammonium groups enhanced thermal degradation.
3.2. Synthesis and Physical Properties of PDMAEMA/HTCC
Semi-IPN Hydrogels

The monomer (PDMAEMA) conversion and gel fraction
results are presented in Table 2, where the lowest values for
both parameters were observed in the presence of 25% HTCC.
This reduction can be attributed to the long polymeric chains
of HTCC, which likely hinder the mobility of free radicals
during the initiation step, limiting their ability to effectively
reach other monomers and propagate the polymerization
process. As a result, the decreased propagation efficiency leads
to a lower monomer conversion and gel fraction, as HTCC
may also contribute to the formation of a more loosely bonded
polymeric matrix. The Peleg model is widely applied to
describe the swelling behavior of hydrogels, particularly for

characterizing the kinetics of water uptake and swelling. Figure
1a shows the fitted Peleg model for the different hydrogel
formulations, demonstrating a strong correlation between the
predicted values and experimental data. The corresponding
Peleg model parameters are listed in Table 2.

The swelling profiles of the synthesized hydrogels after
immersion in deionized water at 25 °C are presented in Figure
2a. It can be observed that all samples absorbed water
immediately upon contact, with the highest retention occurring
within the first few minutes (<5 min), reaching equilibrium
within 60 min. All samples exhibited a swelling degree greater
than 100%, and the pictures in Figure 2b illustrate the
difference among the samples before and after equilibrium
swelling. It is noted that the swelling degree increased with the
incorporation of HTCC at low concentrations. However, as
the HTCC fraction increases, the material’s swelling capacity
decreases, with the PDMAEMA/HTCC25% composition
exhibiting lower hydration compared to the pure PDMAEMA

Figure 3. (a) SEM images of freeze-dried semi-IPN hydrogel samples, (b) specific surface area, (c) pore size distribution, and (d) maximum pore
volume, all determined by the BET technique.
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hydrogel. The presence of quaternary ammonium and hydroxyl
groups in HTCC likely contributes to an increased swelling at
lower concentrations. Being more hydrophilic than PDMAE-
MA, HTCC facilitates the penetration of water molecules into
the polymer network, enhancing the water uptake and swelling
capacity. On the other hand, at higher concentrations, the
formation of a more entangled and compact network can
restrict water diffusion, reducing the hydrogel’s swelling ability.
This denser structure limits the availability of free spaces
within the polymer matrix, thereby decreasing the overall water
absorption capacity.40

The results obtained for hydrogels containing 5 and 10%
HTCC are consistent with the findings reported by Wei et al.
(2017)16 for salecan-PDMAEMA semi-IPN hydrogels. In their
study, increased polysaccharide incorporation led to higher
swelling ratios compared to pure PDMAEMA, which were
attributed to the hydrophilic nature of the polysaccharide. This
balance between polymer composition and cross-linking plays
a critical role in modulating the hydrogel’s swelling behavior.

PDMAEMA is well-known for its dual responsiveness (pH
and temperature), and this behavior remained unchanged in
the presence of HTCC. The pH responsiveness of the
hydrogels was evaluated in various buffer solutions, and the
results are shown in Figure 2c. A pronounced swelling was
observed under acidic conditions, with the degree of swelling
significantly decreasing as the pH increased. This pH-
dependent behavior can be attributed to the presence of
tertiary amine side groups in the PDMAEMA polymer chains,
which become protonated in acidic environments, imparting a

cationic charge.41 PDMAEMA’s ability to undergo protonation
and deprotonation in response to pH changes is a key feature
of its behavior. In acidic conditions, the protonation of the
tertiary amine groups induces electrostatic repulsion between
the polymer chains carrying quaternary ammonium groups,
leading to an expansion of the gel network and an increase in
swelling. As the pH exceeds 8, deprotonation of the amine
groups occurs, eliminating the electrostatic repulsion.3,4 This
unique pH-responsive nature of PDMAEMA is critical in
various applications such as drug delivery systems, where
controlled release and responsiveness to environmental
changes are essential.

Moreover, Figure 2d illustrates the temperature responsive-
ness of the synthesized PDMAEMA/HTCC-based hydrogels,
clearly showing that the incorporation of HTCC does not
interfere with the thermoresponsive behavior of pure
PDMAEMA, potentially broadening the range of applications
of the synthesized semi-IPN hydrogels. Overall, the swelling
capacity of the hydrogels decreases as the temperature
increases due to the conformational collapse of PDMAEMA
above its LCST (lower critical solution temperature). This
transition occurs because monomer−monomer interactions
become more dominant than monomer−solvent interactions,
leading to reduced water retention and causing the hydrogel to
shrink.4

3.3. Morphology and Porosity of the PDMAEMA/HTCC
Semi-IPN Hydrogels
Figure 3 presents SEM images of the morphological structure
of PDMAEMA-based hydrogels after freeze-drying, revealing a

Figure 4. FTIR spectra of PDMAEMA and semi-IPN hydrogels containing HTCC at 5, 10, and 25% concentrations.
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well-defined, evenly spaced porous network. These open pores
facilitate fluid penetration into the gel, directly influencing the
swelling behavior of the hydrogels. The 3D porous architecture
plays a crucial role in exudate absorption, oxygen exchange,
and maintaining a moist wound environment, all of which are
essential for effective healing. This porosity not only supports a
hydrated environment conducive to cellular survival, adhesion,
and migration but also provides an extracellular matrix-like
framework that enhances tissue regeneration and accelerates
the wound-healing process.42

The increasing incorporation of HTCC leads to a more
compact hydrogel network, as evidenced by SEM micrographs
and pore size distribution analysis, with the most pronounced
densification observed at 25% HTCC. This structural
compaction directly correlates with the reduced water uptake
capacity of this formulation, as shown in Figure 2a. While other
formulations also exhibited a decrease in pore size, their higher
surface area suggests a more interconnected porous network,
which may compensate for the reduction in individual pore
dimensions by facilitating fluid transport. In contrast, the
HTCC25% hydrogel displays a significant decline in
equilibrium swelling, likely due to strong interactions between
CH hydroxyl groups and PDMAEMA tertiary amines.43,44

These interactions reduce the availability of active sites for
water binding, limiting the formation of ice crystals during the
freezing process and resulting in smaller pores. This structural

modification not only impacts the swelling behavior but may
also influence the mechanical properties and overall function-
ality of the hydrogel, highlighting the delicate balance among
porosity, fluid absorption, and network stability.
3.4. Fourier Transform Infrared Spectroscopy (FTIR) of
PDMAEMA/HTCC Semi-IPN Hydrogels
The FTIR spectrum of the PDMAEMA hydrogel exhibited
characteristic bands corresponding to its functional groups
(Figure 4). Signals at 2946, 2821, and 2771 cm−1 are attributed
to the C−H stretching vibrations of aliphatic −CH2 and −CH3
groups, including those in the dimethylamino (−N(CH3)2)
moiety.4 The strong band at 1724 cm−1 corresponds to the
C�O stretching vibration of the ester carbonyl group in the
methacrylate backbone.4,45 The peaks at 1455 and 1386 cm−1

are associated with the bending vibrations of the −CH2 and
−CH3 groups, with the latter linked to the symmetric bending
of the dimethylamino group. The absorption at 1233 cm−1

arises from the C−O−C stretching vibrations of the ester
functionality, while the band at 1145 cm−1 corresponds to
asymmetric C−O stretching.4,46

Finally, the peak at 1042 cm−1 is attributed to the C−N
stretching of the tertiary amine, confirming the presence of
pH-responsive functional groups in the pristine PDMAEMA
hydrogel.4 The incorporation of different amounts of HTCC
into PDMAEMA-based hydrogels altered the FTIR spectrum
by shifting existing peaks due to electrostatic interactions and

Figure 5. (a) TGA curve and (b) DTG illustrating the thermal degradation stages for the semi-IPN hydrogels, including the onset temperature and
peak decomposition rate.

Table 3. Main Thermal Decomposition Parameters of the Samples, including � onset, � max, Mass Loss (%), � 50%, and Residual
Mass

sample degradation stage Tonset (°C) Tmax (°C) mass loss (%) T50%(°C) residue (%)

PDMAEMA I 37.47 55.91 4.54 343.43 8.14
II 226.72 300.56 40.61
III 364.52 435.01 39.26

PDMAEMA/HTCC5% I 34.96 55.99 16.03 332.52 7.09
II 248.85 285.54 45.60
III 396.05 429.00 31.18

PDMAEMA/HTCC10% I 50.61 83.48 16.77 341.26 7.99
II 239.15 266.00 45.76
III 385.63 419.61 29.22

PDMAEMA/HTCC25% I 49.99 81.42 18.29 351.61 6.74
II 239.88 260.69 47.61
III 388.01 421.70 26.10
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hydrogen bonding. The absorption bands observed at 1640
and 1480 cm−1 can be attributed to the C�O stretching
vibration of the secondary amide and the C−H bending of the
trimethylammonium groups, respectively.23,47 The C−N
stretching at 1042 cm−1 shifted due to interactions between
PDMAEMA’s tertiary amines and HTCC’s quaternary
ammonium groups. Additionally, the 3200−3500 cm−1 region
exhibited a broader O−H/N−H stretching band, which
intensified with increasing HTCC content. As the HTCC
concentration increased, these spectral changes became more
pronounced, which may also be associated with the higher
moisture retention in formulations containing HTCC.
3.5. Thermogravimetric Analysis of the PDMAEMA/HTCC
Semi-IPN Hydrogels

The TGA and DTG curves, representing the thermal
decomposition behavior of the hydrogels, are shown in Figure
5. As observed, the decomposition process occurred in three
major stages, influenced by the presence and ratio of both
HTCC and the PDMAEMA structures. The key thermogravi-
metric parameters extracted from the thermograms are
summarized in Table 3. According to the thermograms in
Figure 5, all semi-IPN hydrogels exhibited an initial minor
weight loss around 100 °C, which was attributed to the
evaporation of bound water and surface moisture. This event
also includes the release of physically and chemically bound
water molecules, more evident in HTCC-rich samples due to
the hydrophilicity of quaternary ammonium and hydroxyl
groups.

In the first stage of macromolecular thermal degradation, the
onset temperature (Tonset) for semi-IPN hydrogels is
approximately 300 °C across all compositions, with a weight
loss ranging from 39.33 to 42.32%. This stage is primarily
associated with the cleavage of ester linkages in PDMAEMA
macromolecular chains and the degradation of HTCC. During
this step, the breakdown of chitosan (CH) and HTCC
backbones generates volatile fragments, such as CO2, CO,
ammonia, and low-molecular-weight aliphatic compounds
derived from glycosidic and amide bond scission. The final
degradation stage, resulting in weight losses between 43.15 and
44.85%, corresponds to the decomposition of the polymer
backbones. This process leads to the release of saturated or

unsaturated aliphatic fragments of higher molecular weight,
along with CO, CO2, carboxylic acids, and ketones, which may
contribute to the formation of aromatic structures.48 At
approximately 500 °C, the remaining residue consists mainly
of thermally stable carbonaceous char and minor inorganic
salts originating from the chitosan backbone, confirming the
complete degradation of the organic components.

A slight decrease in the thermal stability of the PDMAEMA/
HTCC semi-IPN hydrogels was observed, as evidenced by the
reduction in Tmax during the second thermal event, which
corresponds to the stage of maximum mass loss. This behavior
suggests that the formation of a second network, from the
HTCC, has influenced the degradation mechanism of the
material. The presence of HTCC likely introduced additional
interactions such as hydrogen bonding and electrostatic
interactions, which could disrupt the regular polymeric
structure of PDMAEMA. As a result, the thermal decom-
position pathway may have been altered, leading to the earlier
onset of thermal degradation and lower Tmax. Similar effects
have been reported in other semi-IPN systems, where the
introduction of a secondary network was shown to promote
chain scission at lower temperatures. Specifically, in
PDMAEMA/carboxymethyl starch hydrogels, Nita et al.
(2020) observed a decrease in thermal stability attributed to
the rearrangement of intra- and intermolecular bonds, which
facilitated the breakdown of the polymer backbone.49

In the case of PDMAEMA/HTCC hydrogels of this present
study, the electrostatic interactions between the quaternary
ammonium groups of HTCC and the tertiary amine groups of
PDMAEMA, along with potential hydrogen bonds between the
hydroxyl groups of HTCC and the ester carbonyl groups of
PDMAEMA, likely contributed to a less stable polymer
network. This disruption of the polymer structure may
enhance the material’s susceptibility to thermal degradation,
leading to an earlier onset of chain scission and mass loss at
lower temperatures compared to pure PDMAEMA hydrogels.
The DTG curve of the PDMAEMA/HTCC25% sample
(Figure 5b) shows a distinct profile with broader and
overlapping thermal events compared to the other formula-
tions. This behavior is related to the higher densification of the
polymeric network at 25% HTCC, as confirmed by the
morphological analysis (Section 3.3), which revealed a more

Figure 6. (a) Antimicrobial activity against reference strains of Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923) and (b)
cytotoxicity assessment using NIH/3T3 murine fibroblast cells.
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compact structure. Increased compactness, driven by stronger
ionic and hydrogen bonding interactions, modifies the
decomposition pathway, resulting in merged and broadened
degradation peaks. The decomposition parameters listed in
Table 3, such as onset and peak temperatures, were calculated
from these overlapping transitions and remain consistent with
the overall trend that the presence of HTCC influences the
material’s degradation mechanism.
3.6. �� ����� Antibacterial and Cytotoxicity of the
PDMAEMA/HTCC Semi-IPN Hydrogels
The antibacterial activity of CH and its quaternary derivatives,
such as HTCC, has shown some variability across different
studies. For example, N,N,N-diethylmethyl-CH exhibits
enhanced antibacterial activity against E. coli compared to
native CH, with the activity increasing under acidic
conditions.50 HTCC, prepared by reacting CH with
GTMAC, has demonstrated superior antibacterial efficiency
against both E. coli and S. aureus compared to CH.34,51 In
contrast, Chi et al.52 found no significant antibacterial activity
of HTCC against E. coli, while Qin et al.53 reported that
HTCC’s antibacterial activity was stronger under alkaline
conditions than under weak acidic conditions. These
discrepancies suggest that the antibacterial effectiveness of
HTCC may be influenced by various factors, including the
preparation method, concentration, pH conditions, and
bacterial strain.

The activity against S. aureus and E. coli of PDMAEMA/
HTCC-based hydrogels is demonstrated in Figure 6a. The
positive control exhibited complete bacterial inhibition, as
expected. For the semi-IPN hydrogel samples, the CFU
reduction for S. aureus increased with the HTCC content,
indicating a dose-dependent effect. The PDMAEMA/
HTCC25% sample achieved the highest activity against the
S. aureus strain, nearly matching the positive control.
Conversely, the 5% HTCC sample shows a moderate

reduction, suggesting an insufficient HTCC concentration for
complete bacterial inhibition. The trend confirms that higher
HTCC incorporation enhances antibacterial properties, likely
due to increased electrostatic interactions between the cationic
polymer and bacterial membranes.54 The absence of detectable
antibacterial activity against E. coli in Figure 6a could be
attributed to differences in the bacterial cell wall structure.
Unlike S. aureus, which is Gram-positive and has a thick
peptidoglycan layer with a high density of anionic teichoic
acids,55 E. coli is a Gram-negative bacterium with an outer
membrane composed of lipopolysaccharides. This outer
membrane acts as a protective barrier, reducing the penetration
of cationic antimicrobial agents such as HTCC. Additionally,
E. coli possesses more efficient efflux pumps and enzymatic
defense mechanisms that may further reduce the effectiveness
of the antimicrobial hydrogel.56

Figure 6b illustrates the cytotoxicity of the semi-IPN
hydrogels against murine fibroblasts, assessed via an MTT
assay. Compared to the control, all HTCC-containing samples
exhibited a significant reduction in cell viability. PDMAEMA/
HTCC5% showed the greatest decrease in cell viability (38.03
± 5.47), indicating the highest cytotoxicity, while PDMAE-
MA/HTCC10% and PDMAEMA/HTCC25% displayed in-
termediate values (79.98 ± 12.09 and 65.99 ± 15.87,
respectively). The higher cytotoxicity of the PDMAEMA/
HTCC5% sample suggests that it may be more aggressive
toward mammalian cells. Since CH-based materials are well-
known for improving the biocompatibility of hydrogels,57−59

the higher cytotoxicity of this sample may be attributed to
differences in HTCC distribution or interaction at lower
concentrations. In contrast, PDMAEMA/HTCC10% and
PDMAEMA/HTCC25% maintained antibacterial efficacy
while exhibiting lower cytotoxicity than PDMAEMA/
HTCC5%. Notably, PDMAEMA/HTCC10% demonstrated
79.98% cell viability in the MTT assay, surpassing the 70%

Figure 7. Papain release profiles from hydrogels composed of PDMAEMA and varying HTCC contents: (a) PDMAEMA, (b) PDMAEMA/
HTCC5%, (c) PDMAEMA/HTCC10%, and (d) PDMAEMA/HTCC25%.
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threshold for noncytotoxicity according to ISO 10993.60,61

These findings highlight the trade-off between antibacterial
performance and cytotoxicity, emphasizing the need to
optimize HTCC content to balance antimicrobial activity
and biocompatibility.
3.7. �� ����� Papain Release

The cumulative release profiles of papain from PDMAEMA-
based hydrogels incorporated with different concentrations of
HTCC demonstrate the significant influence of the HTCC
content on the release kinetics. In the absence of HTCC
(Figure 7a), the hydrogel released approximately 60% of
papain over 48 h, with the majority of the release occurring
within the first 10 h. This behavior is characteristic of a highly
hydrated hydrogel, where diffusion dominates the transport
mechanism. Upon the incorporation of 5% HTCC (Figure
7b), the release reached nearly 90%, suggesting that a small
amount of HTCC can enhance the release capacity. This may
be attributed to increased hydrophilicity and possibly the
higher swelling capacity of this sample, as demonstrated in
Figure 2a, which may have facilitated the diffusion of papain
molecules.

However, further increases in the HTCC content resulted in
a gradual decrease in papain release. With 10% HTCC (Figure
7c), cumulative release reached about 75%, while at 25%
HTCC (Figure 7d), the release dropped to approximately 40%
over the same period. This inverse correlation between HTCC
content and release efficiency is likely due to the formation of a
denser network through electrostatic interactions between the
cationic HTCC and the polymer matrix as well as stronger
interactions with papain itself. Previously, SEM micrographs
and pore size distribution analyses (Figure 2) indicated that
increasing the HTCC content leads to a denser and less porous
network. This compaction is particularly evident at 25%
HTCC, where the hydrogel exhibits markedly smaller and less
interconnected pores. Such structural densification correlates
strongly with the reduced equilibrium swelling observed in
Figure 2a. At higher HTCC levels, interactions between the
hydroxyl groups of chitosan and the tertiary amines of
PDMAEMA become more dominant,43,44 resulting in smaller
pore formation and decreased water uptake, consequently
reducing papain release. This inverse correlation between the
increase in HTCC content and the reduction in the hydrogel’s
swelling capacity, which in turn modulates drug release, is
consistent with observations from other semi-IPN systems.
Analogously, Guo et al. (2007)17 also reported that an increase
in carboxymethyl chitosan content in PDMAEMA-based
hydrogels led to a decrease in the swelling degree and,
consequently, a lower drug release rate.

Figure 7 also indicates the fit of experimental data with the
Peppas−Sahlin model. This classical model allows for the
separation of Fickian diffusion and polymer relaxation
contributions.28 Table 4 indicates that all four formulations

exhibited strong fits to the model, with R2 values above 0.99,
indicating that this model is more appropriate for describing
these systems than the Korsmeyer−Peppas model. In all cases,
the contribution of Fickian diffusion (k1) was substantially
greater than that of relaxation-controlled transport (k2), which
was consistently negative and small in magnitude. This
suggests that the release process is predominantly diffusion-
controlled and that matrix relaxation plays a minor or possibly
retarding role in papain transport.62 Interestingly, considering
the Peppas−Sahlin model (Table 4), the k1 values decreased
systematically with increasing HTCC content, from 31.885
(PDMAEMA) to 6.135 (HTCC25%), reflecting the pro-
gressive reduction in diffusion rate. Simultaneously, the k2
values became less negative, indicating a diminishing influence
of the polymer relaxation. The ratio of |k2/k1| decreased across
the series, reinforcing the interpretation that diffusion became
increasingly dominant as the HTCC concentration increased.
However, this impressive drop in k1 also suggests a more
hindered regime, in which diffusion itself became limited due
to the compact network and reduced water uptake at high
HTCC concentrations, corroborating with the previous
physicochemical and morphological discussions.

While this study focused on evaluating papain release under
physiological conditions (pH 7.4, 37 °C) to simulate a relevant
wound-healing environment, the dual-responsive nature of the
PDMAEMA/HTCC hydrogel system suggests that its release
behavior may also vary under different pH and temperature
conditions. Given the distinct swelling patterns observed across
a broad pH and thermal range, future investigations should
examine how these stimuli influence the release kinetics of
papain and other therapeutic agents, particularly in biomedical
contexts, where variations in pH are physiologically mean-
ingful. Such studies would offer deeper insights into the
hydrogel’s potential for site-specific or condition-triggered
delivery in dynamic physiological or pathological environ-
ments, thereby broadening its range of applications.

4. CONCLUSIONS
The systematic incorporation of HTCC into PDMAEMA-
based semi-IPN hydrogels unveiled a clear structure−function
relationship with network density and bioactivity tightly
regulated by HTCC content. While lower HTCC levels
(5%) favored swelling and rapid papain release, higher
concentrations introduced a tighter network architecture that
slowed diffusion and enhanced the antibacterial performance.
Notably, the formulation containing 25% HTCC emerged as
the most suitable candidate for wound-healing applications:
although it showed reduced swelling (168.23%) and lower
diffusion constant (k1 = 6.14 h−m), it provided a highly
desirable combination of sustained papain release, nearly
complete bacterial inhibition, and acceptable cytocompatibil-
ity. Despite its attenuated pH and thermoresponsiveness
compared to lower HTCC formulations, these features may be

Table 4. Estimated Kinetic Parameters of Papain Release from PDMAEMA/HTCC Hydrogels according to Korsmeyer−
Peppas and Peppas−Sahlin Models

Korsmeyer−Peppas Peppas−Sahlin

k n R2 k1 k2 m � 2

PDMAEMA 30.635 0.212 0.955 31.885 −3.951 0.425 0.990
PDMAEMA/HTCC5% 25.849 0.345 0.971 22.087 −1.363 0.595 0.997
PDMAEMA/HTCC10% 23.657 0.317 0.968 20.912 −1.487 0.561 0.997
PDMAEMA/HTCC25% 8.382 0.432 0.970 6.135 −0.232 0.726 0.997
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of secondary importance in chronic wound environments,
where prolonged antimicrobial action and biocompatibility are
prioritized. These results point to a critical trade-off between
hydration capacity and functional bioactivity, highlighting
PDMAEMA/HTCC25% as a rationally balanced and tunable
platform for controlled papain release in environments
demanding both responsiveness and antibacterial action.
Therefore, this work underscores the potential of semi-IPN
design as a versatile approach for engineering smart hydrogels
where delivery rate, structure, and antimicrobial defense can be
co-optimized.
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Vieira, R. P. Synthesis of thermally and pH-responsive poly(2-
(dimethylamino)ethyl methacrylate)-based hydrogel reinforced with
cellulose nanocrystals for sustained drug release. Int. J. Biol. Macromol.
2024, 277, No. 134168.
(5) Golshan, M.; Akbari-Meinagh, M.; Alizadeh, A. A.; Salami-

Kalajahi, M. Synthesis and self-assembly of perylene-cored poly-
(amidoamine) dendrimers with poly[2-(dimethylamino)ethyl meth-
acrylate]-modified arms as fluorescent bio-imaging probes and
doxorubicin carriers. Mater. Chem. Phys. 2025, 329, No. 130075.
(6) Doescher, C.; et al. Intelligent Hydrogels in Myocardial

Regeneration and Engineering. Gels 2022, 8, 576.
(7) Liu, L.; et al. Preparation and application of environmentally-

responsive hydrogels in tissue engineering. Mater. Today Commun.
2024, 40, No. 109493.
(8) Hong, F.; et al. Chitosan-based hydrogels: From preparation to

applications, a review. Food Chem. X 2024, 21, No. 101095.
(9) Scarcelli, E.; et al. Chitin, Chitosan and Its Derivatives:

Antimicrobials and/or Mitigators of Water. Macromol. 2025, 5, 15.
(10) Marinho, C. O.; et al. Effect of water kefir grain biomass on

chitosan film properties. Mater. Today Commun. 2022, 32,
No. 103902.
(11) Nwabike Amitaye, A.; et al. Chitosan: A sustainable biobased

material for diverse applications. J. Environ. Chem. Eng. 2024, 12,
No. 113208.
(12) Nasaj, M.; et al. Factors influencing the antimicrobial

mechanism of chitosan action and its derivatives: A review. Int. J.
Biol. Macromol. 2024, 277, No. 134321.
(13) Pathak, K.; et al. Biomedical Applications of Quaternized

Chitosan. Polymers 2021, 13, 2514.
(14) Grigoras, A. G.Polymeric Antimicrobials with Quaternary

Ammonium Moieties. in 123−170 (Springer: Cham, 2021). doi: .
(15) Wang, M.; Jiang, J.; Liang, S.; Sui, C.; Wu, S. Functional Semi-

Interpenetrating Polymer Networks. Macromol. Rapid Commun. 2024,
45, 2400539.
(16) Wei, W.; et al. Synthesis and characterization of a multi-

sensitive polysaccharide hydrogel for drug delivery. Carbohydr. Polym.
2017, 177, 275−283.
(17) Guo, B.; Yuan, J.; Yao, L.; Gao, Q. Preparation and release

profiles of pH/temperature-responsive carboxymethyl chitosan/P(2-
(dimethylamino) ethyl methacrylate) semi-IPN amphoteric hydrogel.
Colloid Polym. Sci. 2007, 285, 665−671.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.5c00148
ACS Polym. Au XXXX, XXX, XXX−XXX

M



(18) Choudhary, R.; Kaushik, R.; Chawla, P.; Manna, S. Exploring
the extraction, functional properties, and industrial applications of
papain from Carica papaya. J. Sci. Food Agric. 2025, 105, 1533−1545.
(19) Ayodipupo Babalola, B.; et al. Therapeutic benefits of Carica

papaya: A review on its pharmacological activities and characterization
of papain. Arab. J. Chem. 2024, 17, No. 105369.
(20) kumarasinghe, H. S.; Kim, J. H.; Kim, S. L.; Kim, K. C.; Perera,

R. M. T. D.; Kim, S. C.; Lee, D. S.; et al. Bioactive constituents from
Carica papaya fruit: implications for drug discovery and pharmaco-
logical applications. Appl. Biol. Chem. 2024, 67, 1−23.
(21) Haber, R. A.; et al. Papaya (Carica papaya L.) for cancer

prevention: Progress and promise. Crit. Rev. Food Sci. Nutr. 2023, 63,
10499−10519.
(22) Shi, M.; McHugh, K. J. Strategies for overcoming protein and

peptide instability in biodegradable drug delivery systems. Adv. Drug
Delivery Rev. 2023, 199, No. 114904.
(23) Lim, S. H.; Hudson, S. M. Synthesis and antimicrobial activity

of a water-soluble chitosan derivative with a fiber-reactive group.
Carbohydr. Res. 2004, 339, 313−319.
(24) Peleg, M. An Empirical Model for the Description of Moisture

Sorption Curves. J. Food Sci. 1988, 53, 1216−1217.
(25) Peleg, M. An Empirical Model for the Prediction. J. Food Sci.

1988, 53, 1216−1217.
(26) Ferreira, C. C.; Schutz, G. F.; Teixeira, L. N.; Martinez, E. F.;

Vieira, R. P.; Mei, L. H. I.; et al. Synthesis and Characterization of
Antibacterial Poly{2-[(methacryloyloxy)ethyl]trimethylammonium
Chloride}/Chitosan Semi-Interpenetrating Networks for Papain
Release. Macromol. Biosci. 2025, 25, 2400537.
(27) Ritger, P. L.; Peppas, N. A. A simple equation for description of

solute release I. Fickian and non-fickian release from non-swellable
devices in the form of slabs, spheres, cylinders or discs. J. Controlled
Release 1987, 5, 23−36.
(28) Peppas, N. A.; Sahlin, J. J. A simple equation for the description

of solute release. III. Coupling of diffusion and relaxation. Int. J.
Pharm. 1989, 57, 169−172.
(29) Rodrigues, P. R.; de Castro, K. C.; Vicente, C. P.; Mei, L. H. I.;

Vieira, R. P. Incorporation of oligo(�-pinene) in poly(vinyl alcohol)-
chitosan scaffolds: a strategy to improving biocompatibility. Polym.
Bull. 2024, 81, 4935−4952.
(30) Marinho, C. O.; Marangoni Juńior, L.; Cecci, R. R. R.; Vieira,
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(38) Oyervides-Muñoz, E.; Avérous, L.; Sosa-Santillán, G. d. J.;
Pollet, E.; Pérez-Aguilar, N. V.; Rojas-Caldera, C. M.; Fuentes-Avilés,
J. G.; García-Astrain, C.; et al. EDC-Mediated Grafting of Quaternary
Ammonium Salts onto Chitosan for Antibacterial and Thermal
Properties Improvement. Macromol. Chem. Phys. 2019, 220, 1800530.
(39) Ding, L.; et al. Structural characteristics and rheological

properties of hydroxypropyl trimethyl ammonium chloride chitosan.
Int. J. Biol. Macromol. 2022, 216, 312−321.
(40) Cao, J.; et al. Preparation and properties of O-chitosan

quaternary ammonium salt/polyvinyl alcohol/graphene oxide dual
self-healing hydrogel. Carbohydr. Polym. 2022, 287, No. 119318.
(41) He, M.; Chu, C. C. Dual stimuli responsive glycidyl

methacrylate chitosan-quaternary ammonium hybrid hydrogel and
its bovine serum albumin release. J. Appl. Polym. Sci. 2013, 130,
3736−3745.
(42) Xue, H.; et al. Quaternized chitosan-Matrigel-polyacrylamide

hydrogels as wound dressing for wound repair and regeneration.
Carbohydr. Polym. 2019, 226, No. 115302.
(43) Wei, W.; et al. Synthesis and characterization of a novel pH-

thermo dual responsive hydrogel based on salecan and poly(N, N-
diethylacrylamide-co-methacrylic acid). Colloids Surfaces B Biointerfa-
ces 2015, 136, 1182−1192.
(44) Wei, W.; et al. A novel thermo-responsive hydrogel based on

salecan and poly(N-isopropylacrylamide): Synthesis and character-
ization. Colloids Surfaces B Biointerfaces 2015, 125, 1−11.
(45) Kanth, S.; Malgar Puttaiahgowda, Y.; Nagaraja, A.; Bukva, M.

Recent advances in development of poly (dimethylaminoethyl
methacrylate) antimicrobial polymers. Eur. Polym. J. 2022, 163,
No. 110930.
(46) Foley, K.; Walters, K. B. Solution and Film Self-Assembly

Behavior of a Block Copolymer Composed of a Poly(ionic Liquid)
and a Stimuli-Responsive Weak Polyelectrolyte. ACS Omega 2023, 8,
33684−33700.
(47) Aliabadi, M.; Dastjerdi, R.; Kabiri, K. HTCC-Modified

Nanoclay for Tissue Engineering Applications: A Synergistic Cell
Growth and Antibacterial Efficiency. Biomed Res. Int. 2013, 2013, 1.
(48) Rusu, A. G.; et al. Interpenetrated polymer network with

modified chitosan in composition and self-healing properties. Int. J.
Biol. Macromol. 2019, 132, 374−384.
(49) Nita, L. E.; Chiriac, A. P.; Rusu, A. G.; Ghilan, A.; Dumitriu, R.

P.; Bercea, M.; Tudorachi, N.; et al. Stimuli Responsive Scaffolds
Based on Carboxymethyl Starch and Poly(2-Dimethylaminoethyl
Methacrylate) for Anti-Inflammatory Drug Delivery. Macromol. Biosci.
2020, 20, 1900412.
(50) Tan, H.; Ma, R.; Lin, C.; Liu, Z.; Tang, T. Quaternized chitosan

as an antimicrobial agent: Antimicrobial activity, mechanism of action
and biomedical applications in orthopedics. Int. J. Mol. Sci. 2013, 14,
1854−1869.
(51) Milewska, A.; et al. HTCC as a Polymeric Inhibitor of SARS-

CoV-2 and MERS-CoV. J. Virol. 2020, 95, 1−15.
(52) Chi, W.; Qin, C.; Zeng, L.; Li, W.; Wang, W. Microbiocidal

activity of chitosan-N-2-hydroxypropyl trimethyl ammonium chloride.
J. Appl. Polym. Sci. 2007, 103, 3851−3856.
(53) Qin, C.; et al. Calorimetric studies of the action of chitosan-N-

2-hydroxypropyl trimethyl ammonium chloride on the growth of
microorganisms. Int. J. Biol. Macromol. 2004, 34, 121−126.
(54) Yang, Y.; Cai, Z.; Huang, Z.; Tang, X.; Zhang, X. Antimicrobial

cationic polymers: from structural design to functional control. Polym.
J. 2018 501 2018, 50, 33−44.
(55) Alfei, S.; Schito, A. M. Positively Charged Polymers as

Promising Devices against Multidrug Resistant Gram-Negative
Bacteria: A Review. Polymer 2020, 12, 1195. 12, 1195 (2020)
(56) Goldberg, S.; Doyle, R. J.; Rosenberg, M. Mechanism of

enhancement of microbial cell hydrophobicity by cationic polymers. J.
Bacteriol. 1990, 172, 5650−5654.
(57) Yang, J.; et al. Advanced applications of chitosan-based

hydrogels: From biosensors to intelligent food packaging system.
Trends Food Sci. Technol. 2021, 110, 822−832.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.5c00148
ACS Polym. Au XXXX, XXX, XXX−XXX

N



(58) Olaru, A. M.; et al. Biocompatible chitosan based hydrogels for
potential application in local tumour therapy. Carbohydr. Polym. 2018,
179, 59−70.
(59) Lv, S.; et al. Progress in preparation and properties of chitosan-

based hydrogels. Int. J. Biol. Macromol. 2023, 242, No. 124915.
(60) Vieira, R. P.; Schutz, G. F.; Parmentier, L.; Van Vlierberghe, S.

Effect of polylimonene on the release behavior and physico-chemical
properties of photo-cross-linkable alginate-based hydrogels. Sustain.
Mater. Technol. 2025, 43, No. e01311.
(61) Thangaraju, P.; Varthya, S. B.ISO 10993: Biological Evaluation

of Medical Devices. in Medical Device Guidelines and Regulations
Handbook163−187 (Springer International Publishing, 2022). doi: .
(62) Yavari, N.; Azizian, S. Mixed diffusion and relaxation kinetics

model for hydrogels swelling. J. Mol. Liq. 2022, 363, No. 119861.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.5c00148
ACS Polym. Au XXXX, XXX, XXX−XXX

O


