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ABSTRACT

Biopolymer-based hydrogels offer a versatile platform for drug delivery thanks to their biocompatibility, use of
natural polymers, and tunable properties. In this study, we developed semi-interpenetrating polymer network
(semi-IPN) hydrogels composed of alginate (ALG) and chitosan (CS), chemically modified with caffeic acid (CA)
and gallic acid (GA), to enhance both antimicrobial and antioxidant activity. The resulting hydrogels showed
tunable physical states, high porosity, and good thermal stability, transitioning from liquid dispersions to solid
forms under different conditions. Lomefloxacin was loaded to test local delivery performance. Drug release
profiles revealed that the modification influenced release: the ALG-CS_CA hydrogel released about 61 % of
Lomefloxacin, while the ALG-CS_GA hydrogel released approximately 43 %, in line with their swelling behavior.
Incorporation of phenolic acids significantly boosted antioxidant capacity, with the GA-modified hydrogel
reaching over 80 % scavenging activity. Tests against Staphylococcus aureus confirmed improved antimicrobial
activity compared to unmodified ALG-CS matrices. Overall, these fully bio-based, metal-free semi-IPNs combine
biocompatibility, antimicrobial and antioxidant functions, and tunable release properties. This sustainable sys-
tem, based only on natural polymers and mild chemical functionalization, shows strong potential for safe,
scalable biomedical applications in localized therapies for infection-prone or inflamed tissues. This green design
offers practical advantages for future scale-up and sustainable production.

1. Introduction

ability in the presence of divalent cations (e.g., Ca®*) [6]. This prop-
erty, coupled with its high biocompatibility, mucoadhesive nature, and

Natural polymers have gained significant attention in the develop-
ment of drug delivery systems due to their remarkable advantages,
including excellent biocompatibility, biodegradability, and low cyto-
toxicity. Among these, hydrogels have emerged as an up-and-coming
class of materials, owing to their ability to retain large amounts of
water while maintaining a flexible structure [1,2]. This unique charac-
teristic enables them to provide controlled and sustained release of
therapeutic agents, making them ideal candidates for various biomed-
ical applications, such as wound healing, tissue engineering, and drug
delivery [3,4]. Hydrogels, due to their water-swelling properties, can
also offer advantages in drug encapsulation and local delivery, ensuring
prolonged and efficient therapeutic effects [5].

Among the natural polymers, alginate, an anionic polysaccharide
extracted from brown algae, is known for its excellent gel-forming
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its ability to form stable gels under physiological conditions, makes
alginate particularly suitable for encapsulating and delivering a variety
of therapeutic agents, including proteins, peptides, and small molecules
[7]. Moreover, alginate’s ability to undergo controlled degradation
further enhances its potential in drug delivery applications, allowing for
the design of systems that release drugs over an extended period. For
example, floating mucoadhesive alginate beads loaded with clari-
thromycin have been developed to target Helicobacter pylori infections
in the gastric mucosa [8].

On the other hand, chitosan (CS), a natural polysaccharide derived
from chitin, has gained significant interest due to its broad-spectrum
antibacterial properties, biodegradability, and excellent biocompati-
bility [9]. These properties make it an ideal candidate for drug-delivery
applications, particularly in mucoadhesive formulations, which can
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provide enhanced residence time at the site of administration [10].
Furthermore, CS can be readily functionalized to improve its physico-
chemical properties, such as hydrophilicity, mechanical strength, and
bioactivity, thereby making it even more versatile for biomedical ap-
plications [11].

The combination of alginate and chitosan into semi-interpenetrating
polymer networks (semi-IPNs) leverages the mechanical robustness of
ionically crosslinked alginate with the tunability and bioactivity of
chitosan, yielding hydrogels with enhanced stability, swelling behavior,
and rapid release, while retaining a fraction of the drug within the
hydrogel network [7,12,13]. The electrostatic interaction between the
anionic carboxyl groups of alginate and the cationic amino groups of
chitosan significantly improves gel stability, swelling, and drug release
under physiological conditions, allowing efficient delivery of thera-
peutic agents while enhancing their stability, bioavailability, and
bioactivity [14,15].

For instance, IPN hydrogels of sodium alginate and chitosan were
developed for the delivery of deferoxamine, a highly water-soluble iron-
chelating agent [16]. These systems, processed as spray-dried hydrogel
microspheres, effectively encapsulated deferoxamine and allowed for
modulation of its release, highlighting the potential of alginate—chitosan
matrices for managing hydrophilic drugs. These systems, based on
alginate—chitosan matrices, have also been used for enzyme delivery. In
this context, Wu et al. developed innovative hydrogels composed of
chitosan and sodium alginate (CS-ALG) for the encapsulation and pro-
tection of lysozyme. The resulting system exhibited high enzyme loading
efficiency, significant swelling capacity, and enhanced antibacterial
activity [17]. Due to their high biocompatibility, these systems have also
been utilized as scaffolds in tissue engineering applications, exhibiting
excellent cell adhesion properties and facilitating effective tissue
regeneration [18].

Recent studies have explored phenolic acid-functionalized chitosan
integrated into alginate-based semi-IPNs, including cryogels and
microgels, imparting antioxidant and antimicrobial properties, modu-
lating network morphology, and enabling tailored drug delivery. Caffeic
acid (CA) primarily enhances antimicrobial activity, whereas gallic acid
(GA) contributes to antioxidant performance [19]. These natural poly-
phenols introduce additional hydroxyl and aromatic groups that facili-
tate interactions with both organic and inorganic substrates via
hydrogen bonding or hydrophobic interactions, thereby conferring
enhanced antioxidant and antimicrobial activities, as well as improved
solubility and physicochemical stability [3,20].

Several studies report that chitosan-CA conjugates achieve signifi-
cantly enhanced antioxidant and antimicrobial performance compared
to the native polymer, up to 5-fold higher radical scavenging and sub-
stantial activity against methicillin-resistant S. aureus [21], whereas
chitosan-GA conjugates show potent ABTS and DPPH quenching even at
low concentrations [22]. In our system, the alginate—chitosan network
provides the structural scaffold, while phenolic acid grafting is the key
factor responsible for the improved functional properties. The contri-
bution of CA or GA grafting should therefore be regarded as the domi-
nant mechanism driving bioactivity, with the polymer matrix ensuring
stability and integrity of the semi-IPN. GA predominantly enhances
antioxidant performance, whereas CA mainly contributes to antimicro-
bial functionality. Thus, the modification does not merely add bioactive
functions but produces a material in which the structural scaffold and
phenolic grafting together determine its overall functional performance.
The incorporation of chemically modified chitosan within the IPN’s
network boosts bioactivity, imparting antioxidant and antimicrobial
functionalities essential for localized therapeutic applications [7].
Despite these advances, studies integrating phenolic-modified chitosan
within alginate—chitosan semi-IPNs remain scarce, and the distinct
contribution of each phenolic modification to overall performance re-
mains underexplored.

Our study builds on these advancements by investigating caffeic and
gallic acid modifications on the physicochemical properties, swelling,
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and drug release kinetics of alginate-chitosan semi-IPNs, providing new
insights into structure-function relationships for biomedical
applications.

In this study, we designed phenolic acid-modified semi-IPN hydro-
gels by combining alginate with chitosan chemically grafted with caffeic
and gallic acids. This approach aims to address the main drawbacks of
pure alginate hydrogels by leveraging the stabilizing and bioactive
contributions of modified chitosan, while enhancing its intrinsic anti-
bacterial and antioxidant properties. As a proof-of-concept, the fluo-
roquinolone antibiotic lomefloxacin (Lome) was incorporated into these
hydrogel systems to target resistant Staphylococcus aureus infections, a
common cause of opportunistic infections [23]. Localized therapy is
particularly critical for S. aureus infections because this pathogen has a
strong biofilm-forming capacity, rendering systemic antibiotic therapy
ineffective. Within biofilms, S. aureus cells are embedded in a protective
extracellular matrix that reduces antibiotic penetration and shields them
from host immune defenses, leading to chronic, relapsing infections
[24]. Moreover, S. aureus, including MRSA strains, shows high rates of
antibiotic resistance, and local delivery offers the dual advantage of (i)
achieving high concentrations of antimicrobials at the infection site
while (ii) minimizing systemic side effects and the risk of resistance
development [25]. The physical tunability of these hydrogels enables
them to transition from injectable liquids to temperature-responsive gels
and, upon freeze-drying, to porous solids, allowing multiple routes of
administration, such as spray delivery, and thereby enhancing their
versatility for biomedical applications. These features are particularly
advantageous for localized drug delivery, as they support rapid release
and subsequent retention of a fraction of the drug within the hydrogel
network, thereby improving drug bioavailability and residence time at
the infection site. For localized infections, this rapid initial release is
particularly desirable, as it allows therapeutic drug concentrations to be
reached quickly at the site of infection [26].

2. Experimental
2.1. Materials

Sodium alginate (product code A2033), derived from brown algae
and purchased from Sigma-Aldrich, has medium viscosity, a molecular
weight of 80,000-120,000 Da, and a mannuronic (M) to guluronic (G)
residue ratio M/G = 1.56. Chitosan (product code C2395), obtained
from TCI, has an average molecular weight of approximately 200 kDa
and a viscosity of 5-20 mPa-s, measured at 0.5 % (w/v) in 0.5 % acetic
acid at 20 °C. The degree of deacetylation is approximately 80 %, as
determined by 4 NMR. Caffeic acid (CA), gallic acid (GA), N-(3-
dimetilaminopropil)-N-etilcarbodiimide (EDC), N-Hydroxysuccinimide
(NHS), acetic acid, calcium chloride (CaCl,), acetone, and ethanol were
purchased from Merck. A Milli-Q water purification system was used to
produce deionized water. 'H NMR spectrum was recorded at 300 K on
Varian UNITY Inova 400 MHz using deuterium oxide (D20) and ace-
ticacid-d4 (CD3COOD).

The bacterial strain Staphylococcus aureus (ATCC 25213) was sourced
from the American Type Culture Collection (ATCC, Manassas, VA, USA).

2.2. Chemistry

2.2.1. Synthesis of chitosan-gallic acid (CS_GA)

The preparation of CS_GA involved a carbodiimide-mediated
coupling strategy with slight modifications [27]. Briefly, 0.5 g of chi-
tosan (CS) was solubilized in 10 mL of 2 % (v/v) acetic acid. In parallel,
561.4 mg (3.3 mmol) of gallic acid (GA) was dissolved in ethanol under
magnetic stirring. 1.89 g (9.9 mmol) of 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) and 1.14 g (9.9 mmol) of N-hydrox-
ysuccinimide (NHS) were dissolved in 10 mL of water at controlled
acidity (pH 5.5) and added to the GA solution. The resulting mixture was
kept at 0 °C for 1 h to initiate the activation process. The CS solution was
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slowly introduced to the activated GA solution, and the reaction was
maintained at the same temperature for an additional 30 min. The sys-
tem was then stirred at room temperature for 12 h to allow complete
conjugation. Then, cold acetone was added, and the precipitate was
collected and washed several times with ethanol to remove excess re-
actants. The modified chitosan was then dried at room temperature,
diluted in water, and freeze-dried to yield a whitish solid. 'H NMR (400
MHz, D,0) 6 7.09 (s, 2H, GA) 3.83-3.68 (m, H3, H4, H5, H6 CS), 3.10 (s,
H2 CS), 1.99 (s, 3H, CH3, N-acetyl CS).

2.2.2. Synthesis of chitosan-caffeic acid (CS_CA)

The synthesis of CS_CA was performed using the same procedure as
for caffeic acid, including purification. Specifically, 0.5 g of CS, 594.5
mg of caffeic acid (CA), 1.89 g (9.9 mmol) of 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC), and 1.14 g (9.9 mmol) of N-hydrox-
ysuccinimide (NHS) were used. 1 NMR (400 MHz, D,0) 8§ 7.50 (d, J =
15.9 Hz, 1H, CA) 7.12 (d, 1H, CA), 7.05 (dd, J = 8.3, 21 Hz, 1H, CA),
6.87 (d,J=8.2Hz, 1H, CA), 6.28 (d, J = 15.9 Hz, 1H, CA), 3.83-3.69(m,
H3, H4, H5, H6 CS), 3.09 (s, H2 CS), 1.98 (s, 3H, CH3 N-acetyl CS).

2.2.3. General procedure for the synthesis of semi-IPN hydrogel

Preparation of the Alginate Solution: 1 % w/v sodium alginate solution
was prepared by dissolving 20 mg of sodium alginate in 2 mL of
deionized water. The mixture was magnetically stirred at 40 °C until
complete dissolution and allowed to rest for 30 min to eliminate air
bubbles.

Preparation of the Chitosan Solution: a 1.5 % w/v chitosan solution
was prepared by dissolving 30 mg of CS in 2 mL of 2 % (v/v) acidic water
and magnetically stirring at 40 °C until complete dissolution.

Preparation of the Crosslinking Solution: a 0.5 % w/v calcium chloride
(CaCly) solution was prepared by dissolving 10 mg of CaCly in 2 mL of
deionized water.

Formation of the Semi-IPN Gels: The alginate solution was gradually
added dropwise to the CS solution under constant stirring (300 rpm) at
room temperature to ensure homogeneous mixing of the polymers.
Subsequently, 2 mL of the 0.5 % w/v CaCly solution was slowly added to
the polymeric mixture under continuous stirring at 4 °C to achieve
controlled, uniform crosslinking of sodium alginate [28]. The system
was stirred for 30 min to complete the crosslinking process.

The polymer gel obtained exhibited a high degree of physical
tunability under different post-processing conditions. At room temper-
ature, the formulation appeared as a viscous gel suitable for handling
and further processing. Upon freeze-drying, the gel was converted into
solid, porous scaffolds that conformed to the container’s geometry. To
obtain solid disk samples with homogeneous weight and structure,
approximately 1 mL of the polymeric mixture was cast into cylindrical
molds corresponding to the wells of a 24-well plate, yielding samples
with an average dry weight of ~ 50 mg per sample. All dried samples
exhibited a uniform shape and size, ensuring reproducibility across
different batches and suitability for subsequent physicochemical char-
acterization, drug release studies, and antimicrobial assays. Conversely,
freezing followed by gel thawing produced compact hydrogels that
retained the mold-defined geometry.

Different samples were prepared using either pristine or functional-
ized chitosan (CS). The obtained samples were named ALG-CS, ALG-
CS_CA, and ALG-CS_GA.

Formation of the Semi-IPN/Lome Gels: The semi-IPN gels containing
Lome were prepared following the same procedure. Lome (20 mg) was
added during the polymer dissolution process. The resulting samples
were named ALG-CS_CA/Lome and ALG-CS_GA/Lome.

2.3. Characterization
2.3.1. Infrared spectroscopy (FT-IR)

FTIR-ATR analysis was carried out using an Agilent Cary 630 FTIR
spectrometer with an ATR sampling module. The spectra were collected
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over 64 scans in the 4000-500 cm ™! range, with a resolution of 4 em ™},
at room temperature.

2.3.2. Thermogravimetric analysis (TGA)

TGA was performed with a TA Instruments Q500 system under a
nitrogen atmosphere (flow rate of 60 mL/min). The analysis was con-
ducted at a heating rate of 10 °C/min over a temperature range of
40-800 °C. The instrument provides a sensitivity of 0.1 ug, a weighing
precision of + 0.01 %, and an isothermal temperature accuracy of +
1°C.

2.3.3. Scanning electron microscopy (SEM)

Morphological characterization of semi-IPNs was performed using a
Thermo Phenom ProX desktop SEM (Thermo Fisher Scientific, Waltham,
MA, USA). Samples were mounted on an aluminum stub with double-
sided adhesive tape and analyzed without a conductive coating, using
an appropriate sample holder. To further quantify pore features, the
SEM micrographs were processed using Phenom Porometric software
v.1.1.2.0 (Phenom-World BV, Eindhoven, The Netherlands).

2.4. Swelling test

The semi-IPN swelling properties were evaluated by measuring its
solvent absorption capacity. Initially, the IPN samples were dried in an
oven at 50 °C until they reached a constant weight. The dry weight (Wg)
was recorded using an analytical balance with a precision of 0.01 mg.
Afterward, the dried samples were soaked in both distilled water and
phosphate-buffered saline (PBS) at room temperature for 1 h. Once the
swelling process was complete, the samples were taken out, carefully
blotted with filter paper to remove excess water, and weighed (W;) [29].

The swelling ratio (SR) was calculated using Equation (1):

(Ws - WO)

R =
S Wo

®

All experiments were performed in triplicate, and the results are pre-
sented as mean values with standard deviation.

2.5. Invitro drug release

The in vitro release studies of Lome were conducted to evaluate the
concentration of the released compound over time in PBS (pH 7.4) and
acetate buffer (pH = 5.0). All release experiments were performed under
constant agitation using an orbital shaker at moderate velocity at room
temperature. An appropriate amount of polymer (10 mg) was dispersed
in an equal amount of release media (10 mL). At predetermined time
intervals (0, 5, 10, 20, 30, 45, 60, 100, 120, 180 min, and 24 h), aliquots
(200 pL) of the sample solution were withdrawn and immediately
replaced with an equal volume of fresh solution to maintain a constant
volume. The absorbance of the solution was measured using a UV-Vis
spectrophotometer at the appropriate wavelength (281 nm in PBS
buffer). The concentration of the released compound was determined
using a calibration curve of Lome in PBS. All drug release experiments
were performed in triplicate. Data are expressed as mean values +
standard deviation.

2.6. Kinetics of release

The release profile of Lome from ALG-CS-based semi-IPN hydrogels
was evaluated by fitting the experimental data to various mathematical
models commonly applied in drug delivery studies, including zero-
order, first-order, Higuchi, Korsmeyer-Peppas, and Weibull models
[30]. Data analysis was performed using GraphPad Prism 9, and the
quality of fit for each model was assessed using the coefficient of
determination (R%). The model showing the highest R? was considered
the most representative of the release mechanism.
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2.7. Antioxidant assay

The antioxidant activity of the composite semi-IPN hydrogels was
evaluated using a modified version of the previously described method
[27]. To assess the DPPH free radical scavenging activity, 2.5 mg of CS,
ALG-CS_CA, and ALG-CS_GA were immersed in 2 mL of a 0.02 mM DPPH
anhydrous ethanol solution. The mixture was vortexed and incubated in
the dark for 30 min. The absorbance of the resulting solution was then
measured at 517 nm. The DPPH scavenging activity percentage (SA) of
the semi-IPN hydrogels was calculated using the formula in Equation

(2):

(AO _Al)

SA =
Ao

x 100 (2)

where Ag is the absorbance of the control (DPPH solution without
sample) and A; is the absorbance of the sample with DPPH.

2.8. Antimicrobial activity

The antibacterial activity of the semi-IPNs against Staphylococcus
aureus ATCC 25213 was evaluated using the agar disk diffusion method.
Bacterial strain was sourced from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Before testing, the hydrogel disks were
sterilized by UV irradiation for 30 min. Solid semi-IPN disks were placed
on Muller-Hinton (MH) agar (Thermo Scientific™ Oxoid™) plates pre-
inoculated with the pathogen. A disk of Lome 10 pg (Thermo Scienti-
fic™ Oxoid™ CT1661B) was used as an internal control. Plates were
incubated aerobically at 37 °C overnight, and the inhibition zones were
measured in mm utilizing a caliper [31].

The antibacterial activity of semi-IPNs was also quantitatively
assessed under dynamic contact conditions in accordance with ASTM
E2149. In brief, sterile semi-IPNs were individually placed into 250 mL
sterile flasks containing 50 + 0.5 mL of a working bacterial suspension
of Staphylococcus aureus ATCC 25213. The bacterial inoculum was pre-
pared from an overnight culture grown in Tryptic Soy Broth (TSB) at 35

+ 2 °C and diluted in sterile phosphate-buffered saline (PBS) to a final
concentration of 1.5-3.0 x 10° CFU/mL. Then, flasks were incubated at
37 °C for 18 h under constant agitation using a wrist-action shaker to
ensure uniform contact between the hydrogels and bacterial cells. After
incubation, serial ten-fold dilutions were prepared in PBS, and 100 pL
aliquots of appropriate dilutions were plated in triplicate on Plate Count
Agar (PCA). Following overnight incubation at 37 °C, colonies were
enumerated, and results were expressed as % of reduction using Equa-
tion 3:

% Reduction =

x100 3

where A is the treated samples and B is the inoculum-only control.
All assays were performed in triplicate, and values were reported as
mean + standard deviation.

3. Results and discussion
3.1. Synthesis of functionalized polymeric materials

Chitosan-based formulations have been extensively studied for their
antibacterial, antiviral, and antioxidant properties, to enhance their
solubility and bioactivity. In this work, chitosan was chemically modi-
fied via targeted grafting reactions at its amino groups using carboxyl-
containing compounds. The functionalization was carried out
following widely established catechol grafting methods [27]. Caffeic
acid and gallic acid were conjugated to chitosan via EDC/NHS-mediated
carboxyl coupling, enhancing their mucoadhesive properties [32-34].

The success of the grafting reactions was confirmed by *H NMR
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spectroscopy, which revealed characteristic peaks corresponding to the
newly introduced functional groups. In particular, the functionalization
of chitosan with caffeic acid was evidenced by the appearance of signals
in the aromatic region (6.2-7.5 ppm), attributed to the protons of the
catechol ring, along with peaks corresponding to the olefinic protons of
the conjugated double bond (Fig. 1b). Similarly, gallic acid grafting was
confirmed by the presence of the aromatic protons signals at 7.09 ppm
[22]. These spectral features, along with thermogravimetric analysis
data (Fig. S1), provided clear evidence of successful grafting and the
structural modifications of chitosan.

To develop mucoadhesive hydrogels for localized drug delivery, a
semi-interpenetrating polymer network (semi-IPN) was designed using
sodium alginate and either pristine or functionalized chitosan. The
choice of these polymers was driven by their well-established biocom-
patibility, biodegradability, and film-forming properties, which are
essential for mucosal applications.

Hydrogels were formulated by mixing sodium alginate with either
pristine or functionalized chitosan, followed by the addition of CaCl,
crosslinking agent to induce gelation (Fig. 2). This process stabilized the
structure through ionic interactions, leading to the formation of a
cohesive network. To systematically assess the impact of functionaliza-
tion, three distinct formulations were prepared: the reference system
(ALG-CS) using unmodified chitosan, and two modified systems (ALG-
CS_CA and ALG-CS_GA) incorporating chitosan grafted with caffeic or
gallic acid, respectively. This comparative approach enabled evaluation
of how phenolic grafting influences the hydrogel’s structural integrity
and bioactive potential. For drug incorporation, lomefloxacin was added
directly during polymer dissolution, ensuring homogeneous distribution
within the gel matrix. The resulting drug-loaded hydrogels (ALG-CS_CA/
Lome and ALG-CS_GA/Lome) were designed to maximize drug retention
and enhance localized antimicrobial efficacy.

Interestingly, the resulting materials showed a high degree of phys-
ical tunability under different post-processing conditions. In their native
state, all formulations exhibited a liquid-like behavior, enabling facile
administration, including via sprayable routes such as nasal delivery
(Figs. 2a and b). Upon storage at sub-zero temperatures (—20 °C), the
materials underwent physical gelation, forming stable, soft hydrogels.
The mechanism of cryogel formation involves freezing most of the sol-
vent into ice crystals, while a fraction remains unfrozen. The solutes are
expelled from the ice and concentrated in the unfrozen microdomains,
where polymerization and/or interpolymer interactions proceed. The
ice crystals act as porogens, resulting in an interconnected macroporous
structure upon thawing [35]. This reversible phase change highlights
their potential for temperature-triggered applications. Furthermore,
upon freeze-drying, the hydrogels were converted into solid, porous
scaffolds with preserved structural integrity. This dry, porous architec-
ture is particularly advantageous for applications involving storage
stability and controlled drug delivery. The high porosity also provides
greater surface area, enhancing drug loading efficiency and facilitating
faster rehydration at the target site. In addition, Fig. 2d illustrates the
specific chemical interactions established between the semi-IPN matrix
and Lome, including hydrogen bonding and other non-covalent forces.
These interactions are crucial for stabilizing the drug within the poly-
meric network, thereby influencing both loading efficiency and release
behavior. The versatility in physical states (liquid, gel, and solid) opens
up avenues for customizable administration strategies, positioning these
semi-IPN materials as promising candidates for advanced, adaptable
biomedical applications.

3.2. Characterization of semi-IPN

Interpreting the FTIR spectra is challenging due to overlapping ab-
sorption bands arising from the various components within the system.
Fig. 3a shows the spectra of chitosan (CS), alginate (ALG), and their
complex (ALG-CS). The broad O-H/N-H band at 3300-3400 cm ! is
present in all samples, while shifts in this region in the ALG-CS spectrum
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Fig. 1. (a) Synthetic procedure for the synthesis of CS_GA and CS_CA; (b) H NMR spectra of CS, CS_GA, and CS_CA.

indicate hydrogen bonding or electrostatic interactions. Moreover,
changes in the COO™ stretching region (1600-1400 cm ') and in the
carbohydrate backbone signals (1200-1000 cm™!) confirm the forma-
tion of a polyelectrolyte complex between ALG and CS, rather than a
simple physical mixture. The FTIR spectra of the chitosan, caffeic acid,
and ALG-CS_CA are also reported in Fig. 3b. In the spectrum of CS, a
broad absorption band centered at 3420 cm ™! is ascribed to O-H and
N-H stretching vibrations. Additional bands located at 1638, 1423, and
1322 cm™! are attributed to the C=0 stretching of the N-acetyl group
(amide I), N-H bending of primary amines (amide II), and C-N
stretching within the N-acetyl group (amide III), respectively. The FTIR
spectrum of the ALG-CS_CA composite exhibits characteristic amide
bands at 1640 cm ™! (amide D), 1550 cm ! (amide 1I), and 1300 cm !
(amide III), in agreement with previous findings on chitosan-based
systems [36]. A comparative analysis of the spectra reveals increased
intensity of the amide bands in ALG-CS_CA relative to pure chitosan,
which may reflect the amide bond formation between chitosan and
caffeic acid. Furthermore, the observed shift of the amide I and II bands
toward lower wavenumbers suggests the successful incorporation of
caffeic acid moieties into the chitosan backbone and supports the for-
mation of covalent amide linkages.

Fig. 3c displays the FTIR spectra of gallic acid (GA) and the ALG-
CS_GA hybrid. In the GA spectrum, the absorption bands at 3495 and
3284 cm™! correspond to O-H stretching vibrations associated with the
aromatic ring, while the peak at 1541 cm ™! is assigned to the C=C
stretching vibration within the aromatic system. Following conjugation
with chitosan, the spectrum of ALG-CS_GA retains the broad absorption
at 3420 cm ™}, consistent with the presence of O-H and N-H stretching
modes. The persistence of the 1541 cm ™! band confirms the successful
introduction of GA into the polymeric network. This spectral evolution
suggests that the primary amine groups of chitosan have undergone
nucleophilic substitution with the carboxyl groups of GA, forming sec-
ondary amide bonds.

The SEM analysis of the freeze-dried hydrogels highlights how chi-
tosan modification influences the internal architecture of the semi-IPN
matrices. In Fig. 3d, the unmodified ALG-CS hydrogel shows a
compact, disordered structure with poorly defined pores and limited
interconnectivity. Figs. 3e-f, related to gallic acid- and caffeic acid-
functionalized chitosan, respectively, reveal highly porous, fibrous
networks with interconnected, wrinkled walls. This morphology in-
dicates strong interpolymer interactions, likely due to hydrogen bonding
and electrostatic attraction, which supports the formation of a well-
integrated semi-IPN.

Automated analysis confirmed significant porosity in the phenolic-
functionalized semi-IPNs and revealed notable differences between the
two modified hydrogels (Fig. S2). The ALG-CS_GA hydrogel (Fig. 3e)

showed slightly smaller pores, ranging from 10 to 110 um. These pore
size distributions are also summarized in Fig. S2. In comparison, the
ALG-CS_CA hydrogel (Fig. 3f) exhibited a highly porous structure with
larger pore sizes, ranging from 15 to 120 pym.

The data on degradation temperatures (T deg) shown in Table 1
reveal interesting differences among the samples we analyzed. ALG-CS
shows a relatively high degradation temperature of 267 °C [37]. In
comparison, the functionalized hydrogels, ALG-CS_CA and ALG-CS_GA,
exhibit degradation temperatures of 266 °C and 281 °C, respectively.
ALG-CS exhibited a residual mass of 14 %, which is typical for hydrogels
with moderate crosslinking. In contrast, the functionalized hydrogels,
ALG-CS_CA and ALG-CS_GA, exhibited higher residual masses (28 % and
30 %, respectively), confirming increased carbonaceous char formation
due to the aromatic polyphenol content and functionalization of the
network.

Two key factors explain the enhanced thermal stability observed for
the gallic acid-modified hydrogel (ALG-CS_GA) [38]. First, gallic acid
exhibits higher antioxidant activity than caffeic acid, thereby improving
the thermal stability of the hydrogel by protecting the polymer chains
from oxidative degradation during heating, especially under an inert
(nitrogen) atmosphere. Second, gallic acid has a 3,4,5-trihydroxyben-
zoic structure, providing three aromatic hydroxyl (-OH) groups, while
caffeic acid has only two such hydroxyls. The greater number of
phenolic groups in GA favors stronger hydrogen bonding and more
extensive intermolecular interactions within the polymer network,
mechanistically enhancing network cohesion, increasing crosslinking
density, and allowing higher char residue formation upon heating. This
effect is clearly reflected in the higher degradation temperature (281 °C)
and the higher residue (30 %) observed for ALG-CS_GA compared to the
caffeic acid counterpart (266 °C, 28 %). Thus, the stability gain with GA
derives from both superior antioxidant properties and more effective
stabilization of the semi-IPN structure via denser hydrogen bonding and
n-n interactions.

3.3. Swelling test

The swelling behavior of the synthesized semi-IPNs highlights the
crucial impact of chitosan functionalization on water uptake, primarily
through modifications of the material’s ionic properties and network
structure. The swelling response is significantly influenced not only by
the intrinsic characteristics of the base polymers but also by the chem-
ical modifications introduced [17]. The semi-IPN composed of pristine
alginate and chitosan (ALG-CS) exhibited the highest swelling ratio in
water (49), rapidly forming a stable hydrogel-like structure (Fig. 4). This
pronounced swelling can be attributed to the abundance of free amino
groups in CS and carboxyl groups in ALG, which promote extensive ionic
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Fig. 2. (a) Schematic representation of semi-IPN preparations; (b) physical forms of CA-ALG semi-IPN; (c) freeze-fried functionalized CS_ALG; d) chemical in-

teractions between semi-IPN and Lome.

interactions with water molecules, resulting in high water retention.
Conversely, the semi-IPN containing modified CS exhibited markedly
lower water swelling ratios (9), likely due to a combination of reduced
ionic character and increased steric hindrance resulting from chemical
functionalization. The introduction of bulky substituents onto the CS
backbone not only limits the availability of ionic sites capable of inter-
acting with water but also physically restricts the expansion of the
polymer network, thereby impairing its swelling capability. Interest-
ingly, in PBS, the swelling behavior followed a different trend. The semi-

IPN composed of pristine CS showed a lower swelling ratio (18),
whereas the semi-IPN containing chitosan modified with caffeic acid
(ALG-CS_CA) exhibited a significantly higher swelling capacity (36.8).
This enhancement can be explained by multiple cooperating factors that
combine ion-exchange and ionic interaction. Firstly, the significant
contribution arises from ion-exchange processes between Na't ions in
PBS and Ca?' ions at the alginate crosslinking sites. Specifically,
substituting the crosslinking Ca?* with a monovalent Na* ion weakens
the ionic junctions that stabilize the alginate network, thereby reducing
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Table 1

Degradation temperature and mass loss percentages of the synthesized
hydrogels.

Sample T deg (°C) Residue %
ALG-CS 267 14
ALG-CS_CA 266 28
ALG-CS_GA 281 30
ALG-CS_GA
ALG-CS_CA

ALG-CS

Swelling Ratio (SR)

Fig. 4. Swelling ratio of semi-IPNs.

crosslink density and enhancing water uptake [39]. Secondly, the caffeic
acid grafting further amplifies this effect: bulky aromatic substituents
disrupt polymer packing, increasing free volume and improving ion
accessibility and mobility within the matrix. Additionally, phosphate
anions in PBS can interact with protonated amino groups on chitosan,

contributing to osmotic imbalance and secondary swelling. In general,
high ionic strength environments tend to suppress hydrogel swelling via
Donnan osmotic effects, in which mobile counterions reduce the internal
osmotic pressure, leading to shrinkage. However, in our case, the pre-
vailing ion-exchange (Na* < Ca®") and ionic interaction mechanisms
overcome this tendency, leading to a reversal of the swelling trend
compared to pure water [40]. In contrast, the semi-IPN based on chi-
tosan functionalized with gallic acid (ALG-CS_GA) displayed only a
modest swelling in PBS (12.8), indicating that the nature of the chemical
modification critically influences the hydrogel’s swelling response
under different ionic environments.

3.4. Drug release

The drug release behavior of the semi-IPNs was investigated to
evaluate their potential as hydrogels for rapid, localized drug delivery.
Functionalized chitosan derivatives (ALG-CS_CA and ALG-CS_GA) were
synthesized and crosslinked with sodium alginate in the presence of
CaCly to form hydrogel networks entrapping Lomefloxacin (Lome)
during the gelation process [41].

The release study was conducted in phosphate-buffered saline (PBS,
pH 7.4) at 37 °C to simulate physiological ionic strength and tempera-
ture, mimicking in vivo conditions for localized mucosal applications.
Absorbance measurements were used to determine Lome concentrations
based on a pre-established calibration curve [42]. The semi-IPN struc-
ture controls drug release via: (i) ionic interactions between ALG and
Ca?*, which influenced the porosity and swelling behavior of the
network, and (ii) the chemical modification of chitosan with phenolic
acids, which modulated drug-polymer interactions [43,44]. The pres-
ence of CA and GA moieties significantly affected both the hydrophi-
licity and electrostatic interactions within the hydrogel, leading to
distinct drug release profiles [22].

Drug release showed marked differences among the samples,
reflecting variations in matrix swelling and drug-polymer interactions.
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The modification of chitosan with catechol altered the release kinetics
[45]: in PBS, ALG-CS_CA released approximately 61 % of the drug, while
ALG-CS_GA reached only ~ 43 % and displayed a plateau after 60 min
(Fig. 5a). These results are consistent with the swelling behavior of the
hydrogels, which showed that ALG-CS_CA had a higher swelling ratio in
PBS (36.8) compared to ALG-CS_GA (12.8), despite both having iden-
tical swelling in water. This suggests that the gallic acid-functionalized
matrix expands less in ionic environments, likely due to increased
crosslinking or to oxidative changes in GA during gelation that reduce its
hydrophilicity and water interactions [46]. In particular, the reduced
release of ALG-CS_GA can be rationalized by the specific chemical fea-
tures of gallic acid. Its aromatic ring provides hydrophobic domains
within the otherwise hydrophilic hydrogel, enabling n-n stacking with
the quinolone ring of Lome, while its three hydroxyl groups form mul-
tiple hydrogen bonds with the drug’s carboxyl and amino groups [47].
These interactions stabilize drug—polymer complexes and limit drug
mobility. Moreover, GA incorporation contributes to a denser network
structure, as evidenced by higher TGA residue (~30 %), supporting
enhanced crosslinking and char formation. Together, these effects
(stronger matrix binding and increased crosslinking) contribute to
reduced swelling and to the observed early plateau in release [48].

The overall drug release profile of ALG-CS_GA suggests stronger
drug-matrix interaction or reduced matrix relaxation, which impairs
diffusion, despite the presence of hydrophilic groups. In contrast, ALG-
CS_CA exhibits more efficient water uptake and drug diffusion in PBS,
resulting in faster release. Lome release was also monitored up to 24 h to
better characterize the release profile over an extended period. While a
significant fraction of the drug (~60 % for ALG-CS_CA, ~43 % for ALG-
CS_GA) was released rapidly within the first 30-60 min, the subsequent
plateau indicates that the remaining drug is retained mainly within the
hydrogel matrix, with minimal further diffusion under the conditions
tested, rather than following classical long-term sustained release. This
rapid release followed by retention is suitable for localized infection
therapy, where achieving high local concentrations quickly is critical.
Complete drug release from these semi-IPN hydrogels would likely
require hydrogel network degradation, which is not achieved under the
current experimental conditions.

The acidic pH release study was performed to simulate wound or
infection environments, where local acidification is often present. The
cumulative release of Lome observed for all formulations was markedly
higher at acidic pH than in PBS. Specifically, the maximum release after
240 min increased to ~ 69 % for ALG_CS, ~87 % for ALG_CS_CA, and ~
59 % for ALG_CS_GA in acetate buffer (Fig. S3). This enhanced release at
lower pH is attributed to the increased protonation of chitosan amino
groups, which promotes electrostatic repulsion between the hydrogel
matrix and the drug, as well as higher solubility of the encapsulated
molecule, both factors known to facilitate drug diffusion and release
from the network. These results are consistent with previously reported
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pH-responsive chitosan-based hydrogels, where acidic conditions
accelerate and amplify drug release via matrix swelling and reduced
drug-matrix affinity [47].

To better understand the release mechanisms, the experimental data
were fitted to various kinetic models, including zero-order, first-order,
Higuchi, Korsmeyer-Peppas, and Weibull models. Fig. 5b illustrates, as a
representative example, the fitting of the ALG-CS data, while the fittings
for ALG-CS_CA and ALG-CS_GA are provided in Fig. S4, along with a
table containing the corresponding data and equations (Table S1).

For ALG-CS_CA, the Weibull model provided the best fit [R? =
0.9802), with a shape parameter b = 0.1213, indicating a release profile
characterized by a decreasing release rate over time. This behavior is
consistent with a diffusion-controlled mechanism (Fickian or quasi-
Fickian), where an initial burst is followed by sustained slower
release, in agreement with the swelling and polymer-drug interaction
data.

For ALG-CS_GA, the Korsmeyer-Peppas model provided a better fit
(R2 = 0.8917) with a release exponent n = 0.2081, indicating a Fickian
diffusion-controlled release mechanism. This low n value suggests that
drug release is primarily governed by diffusion through the hydrogel
matrix, consistent with the observed premature plateau in the release
profile and stronger drug-matrix interactions limiting matrix relaxation.

These results highlight the significance of selecting appropriate ki-
netic models to elucidate the underlying release mechanisms and guide
the design of tailored drug delivery systems. Overall, the semi-IPNs
demonstrate rapid release followed by retention within the hydrogel
network influenced by chemical functionalization, ionic crosslinking,
and network swelling, offering a versatile platform for localized anti-
biotic delivery under physiological conditions.

3.5. Antioxidant activity

The antioxidant capacity of the semi-IPN hydrogels was evaluated by
measuring their DPPH radical scavenging activity [49]. The unmodified
chitosan hydrogel exhibited the lowest scavenging activity, with a value
of 20.30 + 1.06 %, likely due to the limited availability of free amino
groups to interact with DPPH radicals (Fig. 6). In contrast, hydrogels
containing phenolic acid-functionalized chitosan showed significantly
enhanced antioxidant activity. Specifically, the ALG-CS-GA hydrogel
demonstrated a marked increase in radical scavenging activity,
exceeding 80 %, attributable to the incorporation of gallic acid, a
polyphenolic compound known for its strong hydrogen-donating ca-
pacity. Similarly, the ALG-CS_CA hydrogel exhibited antioxidant activity
reaching approximately 60 %, highlighting the beneficial effect of caf-
feic acid grafting. As a positive control, ascorbic acid was employed,
exhibiting a scavenging activity above 90 % under the experimental
conditions. The comparison clearly demonstrates that both phenolic-
modified hydrogels exhibit superior antioxidant performance relative
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Fig. 5. (a) Lome release percentage from synthesized semi-IPNs in PBS; (b) Fitting curve of Lome release from the ALG_CS system.



E.G. Tomarchio et al.

a) 100
80 -

X

>

S 604

3

[\

o

=

‘S 40

=

[

=

[\

O

9?20
04

Cs ALG-CS_CA  ALG-CS_GA

European Polymer Journal 241 (2025) 114389

b)

ALG-CS ALG-CS_CA  ALG-CS_GA

Fig. 6. (a) Scavenging activity (%) and (b) representative of DPPH assay of semi-IPN systems.

to unmodified chitosan. The antioxidant activity is primarily due to the
phenolic —~OH groups of the grafted polyphenols, which donate electrons
or hydrogen atoms to neutralize free radicals such as DPPH and Reactive
oxygen species (ROS) [50]. This enhanced antioxidant activity is
important not only for improving the stability and shelf-life of the
hydrogels but also for their antimicrobial performance. ROS contribute
to bacterial defense mechanisms, and the presence of antioxidants can
disrupt these systems, rendering bacteria more vulnerable to antimi-
crobial agents [51]. Therefore, the combined antioxidant and antimi-
crobial properties of these hydrogels may synergistically enhance their
therapeutic efficacy.

3.6. Microbiological tests

Semi-IPNs, including those loaded with caffeic acid, gallic acid, and
their respective combinations, were tested against S. aureus to evaluate
their antibacterial activity. As shown in Table 2, significant antibacterial
activity was primarily exhibited by hydrogels loaded with Lome (Fig. 7),
with inhibition zones of 38.80 4+ 0.2 mm in ALG-CS_CA/Lome, 38.10 &
0.3 mm in ALG-CS_GA/Lome, and 39.50 + 0.3 mm in ALG-CS/Lome.
These values were significantly higher than those for free Lome alone
(22.60 + 0.1 mm), suggesting a potentiation effect provided by the
hydrogel matrix.

Among the antibiotic-free hydrogels, ALG-CS_CA was the only
formulation to display notable antibacterial activity, with an inhibition
zone of 25.15 + 0.2 mm, supporting the intrinsic antimicrobial potential
of caffeic acid when incorporated into the polymeric network.
Conversely, both ALG-CS and ALG-CS_GA showed no detectable anti-
bacterial effect (inhibition zone < 6 mm), consistent with the absence of
active antimicrobial agents or possible inactivation of gallic acid during
processing. In particular, the lack of activity for ALG-CS_GA can be
ascribed to the covalent immobilization of gallic acid within the chito-
san network, which severely restricts its accessibility and thus bioac-
tivity. This interpretation is strongly supported by recent literature,

Table 2

Summary of the results from both the agar diffusion assay (results are indicated
as the mean of the measurement + 0.1 mm) and the broth assay (results are
shown as the percentage of inhibition).

Sample Inhibition zone (mm) Inhibition %
ALG-CS <6 NR
ALG-CS/Lome 39.50 + 0.3 100
ALG-CS_CA 25.15+ 0.2 58
ALG-CS_CA/Lome 38.80 +£ 0.2 100
ALG-CS_GA <6 NR
ALG-CS_GA/Lome 38.10 +£ 0.3 100

Lome 22.60 £ 0.1 100

*<6 no inhibition zone; NR no reduction.

which shows that gallic acid exhibits markedly reduced antimicrobial
activity when immobilized or loaded into polymeric matrices compared
to its free form [26]. Supporting data indicate that freely dissolved gallic
acid consistently generates larger inhibition zones and lower bacterial
counts than its polymer-bound counterparts.

Results obtained from the dynamic flask assay were consistent with
those from the disk diffusion method. Results showed that ALG-CS
hydrogels loaded with Lome achieved a 100 % reduction in viable
S. aureus cells after 18 h of incubation. This complete inhibition of
bacterial growth is likely attributable to the high concentration of
Lomefloxacin released during the contact period.

Among the antibiotic-free hydrogels, the ALG-CS_CA formulation
exhibited a 58 % reduction in bacterial counts, confirming the inhibitory
effect previously observed in the disk diffusion assay. The consistency
between the two assay types supports the dual functionality of the
designed system, suggesting that incorporating bioactive polyphenols
can significantly enhance both antioxidant and antimicrobial properties.

In contrast, the ALG-CS_GA hydrogel did not exhibit measurable
antibacterial activity under dynamic conditions, consistent with the lack
of inhibition observed in the agar diffusion assay. This discrepancy,
despite the well-documented antimicrobial potential of gallic acid, may
be explained by its rapid oxidative degradation during gelation or
storage, leading to a loss of bioactivity.

4. Conclusions

In this work, we successfully developed and thoroughly character-
ized a novel class of semi-interpenetrating polymer network hydrogels
based on alginate and chitosan, chemically functionalized with phenolic
compounds (caffeic acid and gallic acid) to enhance the system’s
bioactivity. These multifunctional hydrogels were explicitly designed to
address localized infections and oxidative stress, combining antimicro-
bial and antioxidant properties within a single platform.

The integration of natural polyphenols not only improved the anti-
oxidant potential of the hydrogels, as evidenced by the DPPH radical
scavenging assay, but also contributed to their intrinsic antimicrobial
efficacy, especially in the caffeic acid-modified formulation. Loading
with the antibiotic lomefloxacin enabled sustained, controlled drug
release, thereby supporting prolonged therapeutic action. Notably, the
hydrogels exhibited tunable physical states, transitioning reversibly
from liquid dispersions to solid porous scaffolds, a feature that enhances
their versatility for different administration routes and localized
delivery.

The ALG-CS semi-IPN hydrogels also displayed favourable physico-
chemical characteristics, including pronounced porosity, thermal sta-
bility, and responsiveness to environmental stimuli, which together
contribute to their versatility as drug delivery systems. Notably, the use
of only naturally derived polymers and mild, metal-free
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Fig. 7. Representative images of a single replicate showing the antibacterial activity against S. aureus of different hydrogel formulations incorporating Lome. (a)

ALG-CS_CA/Lome, (b) ALG-CS/Lome, (c¢) ALG-CS_GA/Lome.

functionalization steps ensures high biocompatibility and environ-
mental sustainability. This green and easily scalable strategy makes
these systems promising candidates for industrial production and real-
world biomedical applications. To our knowledge, this is the first
demonstration of phenolic-modified alginate—chitosan semi-IPNs
combining tunable physical states, dual antimicrobial and antioxidant
activity, and sustained drug release in a single, green platform. Future
work will further investigate their in vivo performance and potential for
clinical translation.
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