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Abstract

Chronic wound infections, particularly those caused by antibiotic-resistant Staphylococcus aureus,
represent a major global health burden, necessitating advanced naturally derived wound dressings with
intrinsic antibacterial activity. This study aimed to fabricate a novel composite hydrogel scaffold based
on sodium alginate, keratin, and Althaea officinalis extract, and identify the optimal formulation for
wound dressing applications. Three alginate-to-keratin weight ratios (70:30, 50:50, and 30:70) were
fabricated via ionic crosslinking with CaCl. followed by freeze-drying, and each formulation was loaded
with Althaea officinalis extract at 0%, 2.5%, 5%, 8%, and 10% (w/v). Scaffolds were characterized for
morphology (SEM), chemical interactions (FTIR), swelling ratio, in vitro biodegradation (27 days), water
vapor transmission rate (WVTR), water solubility, and antibacterial activity against S. aureus,
Escherichia coli, and Pseudomonas aeruginosa. SEM revealed interconnected porous networks with pore
diameters of 200—400 pum, with the A70:K30 formulation exhibiting the most uniform distribution (280
+ 35 pum). FTIR confirmed successful integration of all three components, with hydrogen bonding
between alginate and keratin and physical entrapment of phenolic compounds (1510, 1450 cm™). The
A70:K30 formulation with 10% extract demonstrated superior performance: swelling ratio of 2350 +
120% (vs. 1850 = 95% without extract, p < 0.01), biodegradation of 82 + 5% at day 27, WVTR of 425 =
22 g/m*-h, and solubility of 21 + 2.8%. Antibacterial activity was selective against Gram-positive S.
aureus. The A70:K30 with 10% extract produced the largest inhibition zone (18.0 + 1.2 mm), comparable
to gentamicin (19.5 = 1.0 mm), and the MIC of the hydrogel-eluted extract against S. aureus was 10
mg/mL. In conclusion, the A70:K30 hydrogel scaffold loaded with 10% Althaea officinalis extract
exhibits optimal physicochemical properties and potent anti-staphylococcal activity comparable to
standard antibiotics, positioning it as a promising naturally derived, cost-effective, and biocompatible
wound dressing for managing infected chronic wounds.
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Introduction

Chronic wounds, including diabetic ulcers,
pressure sores, and venous leg ulcers, represent
a growing and substantial burden on global
healthcare systems, affecting approximately 2%
of the population in developed countries and
costing billions annually (1)(1, 2). The primary
challenge in treating these wounds is the
persistent disruption of the normal healing
cascade, often characterized by prolonged
inflammation, excessive proteolytic activity,
and high susceptibility to bacterial infection (3).
Traditional wound dressings, such as dry gauze,
often fail to provide an optimal healing
environment, leading to tissue dehydration,
dressing adherence to the wound bed, and
subsequent  pain  upon removal (4).
Consequently, there is an urgent, unmet clinical
demand for advanced wound dressings that not
only protect the injury but actively participate in
the tissue regeneration process. In response to
this need, tissue engineering has pivoted
towards the development of multifunctional
hydrogel-based scaffolds. Hydrogels, with their
three-dimensional hydrophilic polymer
networks, are uniquely suited for wound
management due to their ability to absorb large
quantities of exudate, maintain a moist
microenvironment, facilitate oxygen
permeation, and act as a barrier against
microbial invasion (5, 6). Among the various
biopolymers available, sodium alginate has
garnered significant attention. Derived from
brown seaweed, this anionic polysaccharide is
prized for its excellent biocompatibility, non-
toxicity, and gentle gelation properties in the
presence of divalent calcium (7, 8).
Furthermore, alginate has demonstrated intrinsic
homeostatic properties and can be readily
processed into porous scaffolds that mimic the
native extracellular matrix (ECM) (9).
However, the relatively inert nature of pure
alginate limits its bioactivity and cellular
interaction. To address this, recent strategies
have focused on blending alginate with other
natural polymers, such as keratin. Keratin, the
primary structural protein of hair and nails, is
rich in cysteine and contains specific cell-
binding motifs (such as Leu-Asp-Val) that
promote fibroblast adhesion and proliferation
(10, 11). Studies have shown that keratin-based

biomaterials can actively participate in wound
healing by regulating dermal fibroblast activity
and supporting re-epithelialization (12). The
combined combination of alginate’s structural
integrity and keratin’s bioactivity presents a
compelling rationale for developing a composite
scaffold superior to either component alone
(13). A pivotal frontier in modern wound care is
the integration of natural phytochemicals to
confer intrinsic antibacterial and anti-
inflammatory properties, thereby reducing
reliance on systemic antibiotics (14). Althaea
officinalis (marshmallow root), a medicinal
plant with a long history of use in traditional
medicine, is particularly promising. Its bioactive
constituents, including flavonoids, phenolic
acids, and polysaccharide-rich mucilage, exhibit
potent antioxidant, anti-inflammatory, and
antimicrobial activities (15, 16). Recent
phytochemical analyses have identified that
Althaea officinalis extract can significantly
suppress the growth of common wound
pathogens, including S. aureus, by disrupting
bacterial cell wall integrity and interfering with
quorum sensing (17, 18). Despite its known
therapeutic potential, the incorporation of
Althaea officinalis extract into an alginate-
keratin hydrogel matrix for controlled wound
dressing application remains largely
unexplored. Therefore, the objective of this
study was to design, fabricate, and
comprehensively  characterize a  novel
composite hydrogel scaffold based on sodium
alginate and keratin, loaded with Althaea
officinalis extract (Schematic 1). We hypothesis
that the combined combination of these three
components will yield a scaffold with optimized
physicochemical properties (swelling,
biodegradation, and water vapor transmission)
and superior antibacterial activity, positioning it
as a promising candidate for advanced wound
healing applications.

freeze-dried at —60°C and 0.1 mbar for 48 h
using a laboratory lyophilizer (FreeZone 2.5 L,
Labconco, USA) to obtain porous hydrogel
scaffolds, which were stored in desiccators at
room temperature until further characterization.
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Materials & Methods

Materials

Sodium alginate (viscosity of 2% solution at 20
°C: 250 cP; mannuronic-to-guluronic acid ratio
[M/G]: 1.56; purity > 99%) was procured from
Sigma-Aldrich (St. Louis, MO, USA). Keratin
powder (molecular weight: 45—60 kDa; purity >
95%) was obtained from the Health Science and
Technology Park, Ferdowsi University of
Mashhad, Iran. Althaea officinalis L.
(marshmallow) dried root extract (10:1
extraction ratio, containing 5% flavonoids as
determined by  high-performance liquid
chromatography [HPLC]) was supplied by Gol-
e-Exir Pars Co. (Mashhad, Iran). Calcium
chloride dihydrate (CaClz-2H20, > 99% purity),
phosphate-buffered saline (PBS, pH 7.4,
tablets), sodium hydroxide (NaOH),
hydrochloric acid (HCI, 37%), and absolute
ethanol were purchased from Merck
(Darmstadt, Germany). Mueller-Hinton agar
(MHA), Mueller-Hinton broth (MHB), and
blood agar base were obtained from Merck
(Germany). All chemicals were of analytical
grade and used without further purification.
Deionized distilled water (DDW, 18.2 MQ-cm
resistivity) was produced using a Milli-Q water

purification  system  (Merck  Millipore,
Burlington, MA, USA) and used throughout all
experiments.

Bacterial reference strains were obtained from
Bahar Afshan Co. (Tehran, Iran): S. aureus
(ATCC 25923), P.aeruginosa (ATCC 27853),
and E. coli (ATCC 25922). All strains were
received in lyophilized form and stored at 4 °C
until use. Antibiotic disks (gentamicin 10 pg and
ampicillin 10 ug) were procured from Bahar
Afshan Co. (Tehran, Iran). The following
equipment was utilized for hydrogel fabrication
and characterization: a scanning electron
microscope (SEM; JSM-810A, JEOL, Tokyo,
Japan) equipped with a fine coater (JFC-1100E,
JEOL, Japan) for gold sputtering; a Fourier
transform infrared spectrometer (FTIR; Avatar
370 FT-IR, Thermo Nicolet, Madison, WI,
USA); a laboratory freeze dryer (FreeZone 2.5
L, Labconco, Kansas City, MO, USA); a UV-C
lamp (254 nm, 15 W, Philips, Amsterdam, The
Netherlands); a microplate reader (BioTek,
Winooski, VT, USA); an incubator (Memmert,
Schwabach, Germany); an autoclave (Sanyo,

Osaka, Japan); a laminar flow hood (Telstar,
Terrassa, Spain); an analytical balance
(precision: 0.0001 g, Sartorius, GoOttingen,
Germany); a pH meter (Mettler Toledo,
Columbus, OH, USA); and a magnetic stirrer
(Heidolph, Schwabach, Germany).

Preparation of the Althaea officinalis Extract
Dried roots of Althaeca officinalis were
powdered and subjected to hydroalcoholic
extraction (70% ethanol:30% water, v/v) using a
Soxhlet apparatus for 6 h at 70 °C. The extract
was filtered through Whatman No. 1 filter paper,
concentrated under reduced pressure at 45 °C
using a rotary evaporator (Heidolph,
Schwabach, Germany), and subsequently
lyophilized at —55 °C and 0.1 mbar for 48 h
(FreeZone 2.5 L, Labconco, Kansas City, MO,
USA). The resulting dry powder was stored at
=20 °C in amber vials until further use. For
hydrogel incorporation, the extract was
dissolved in DDW at final concentrations of
2.5%, 5%, 8%, and 10% (w/v). The extract yield
was not measured in this study.

Fabrication of Alginate/Keratin Composite
Hydrogels

The final concentrations of sodium alginate and
keratin in the polymer blend were adjusted to
2% (w/v) each. Althaea officinalis extract was
incorporated into the polymer mixtures at final
concentrations of 0%, 2.5%, 5%, 8%, and 10%
(w/v), followed by magnetic stirring for 30 min
until complete homogenization.

The mixtures were subsequently degassed under
vacuum for 24 h to remove entrapped air
bubbles and cast into sterile polystyrene Petri
dishes (3 cm diameter) at a uniform thickness of
approximately 3 mm. The cast hydrogels were
frozen at —20°C for 48 h to induce ice crystal
formation.

Frozen samples were ionically crosslinked by
immersion in 4% (w/v) calcium chloride (CaCl.)
solution for 4 h at 4°C. After crosslinking, the
hydrogels were washed twice with deionized
distilled water (DD W) to remove excess calcium
ions.

The hydrogels were sterilized using UV-C
irradiation (254 nm, 15 W) for 30 min at a
distance of 15 cm. Finally, the samples were
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Figure 1. (A) Hydrogel before freeze-drying. (B) Porous hydrogel scaffold after lyophilization.

Swelling Ratio

The swelling behavior of the hydrogel scaffolds
was determined gravimetrically in PBS (pH 7.4)
at 37 °C (24). Pre-weighed dry scaffolds (Wo, n
= 3 per formulation) were immersed in 15 mL of
PBS and incubated at 37 °C. At predetermined
time intervals (5, 10, 30 min, and 1, 2, 3, 5 h),
samples were removed from the PBS, blotted
with filter paper to remove surface-adherent
liquid, and reweighed (Ws). The swelling ratio
(SR) was calculated using the following
equation:

SR = Ws — WO

==
where Wo is the initial dry weight and Ws is the
weight of the swollen hydrogel at time t. Results
are presented as mean + standard deviation (SD)
from three independent replicates.

In Vitro Biodegradation

Biodegradation was assessed by monitoring the
weight loss of hydrogel samples over 27 days in
PBS (pH 7.4) at 37 °C (25). Square samples (1
x 1 em?, n = 3 per formulation) were weighed
(W;) and immersed in 10 mL of PBS containing
0.02% sodium azide to prevent microbial
contamination. The PBS was replaced weekly to
maintain consistent ionic conditions. At
predetermined time points (days 1, 2, 5, 7, 14,
21, and 27), samples were removed, washed
gently with DDW, dried at 37 °C for 2 h in an
oven, and reweighed (Wf). The percentage of

weight loss (biodegradation) was calculated as:

Biodegradation (WL) (%) =((Wi - Wf)/W;) x100
Results are expressed as mean £+ SD (n = 3).

Water Vapor Transmission Rate (WVTR)

The water vapor transmission rate (WVTR) of
the hydrogel scaffolds was evaluated using a
modified gravimetric method adapted from
ASTM E96-95 standard (26). Briefly, each test
tube (internal diameter: 2 cm) was filled with 15
mL of distilled deionized water. A dried
hydrogel specimen (2.5 cm in diameter) was
securely placed over the tube opening and sealed
with Parafilm to prevent lateral vapor leakage.
The assembled system was accurately weighed
(W;) using an analytical balance (precision:
0.0001 g) and then incubated horizontally in a
forced-air incubator at 37 + 0.5°C for 24 h. After
incubation, the system was reweighed (Wf) to
determine the mass loss due to water vapor
transmission through the scaffold. A control
group consisting of an open tube (without any
hydrogel covering) was processed identically.
The WVTR was calculated as the weight loss
per unit time per unit area of the tube opening
and expressed in grams per square meter per
hour (g/m?-h). The entire experiment was
conducted in triplicate for each formulation (n =
3), and the results are presented as mean + SD.

Water Solubility

The water solubility of the freeze-dried hydrogel
scaffolds was determined using a gravimetric
method widely employed for crosslinked
polymer networks (27, 28). Pre-weighed dry
specimens (1.5 x 1.5 ecm?, n = 3 per formulation)
were first dried in a laboratory oven at 100°C for
24 h to eliminate any residual moisture and then
accurately weighed (Wi). Subsequently, each
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specimen was fully immersed in 24 mL of
distilled deionized water at room temperature
(25 £ 1°C) for 24 h under gentle agitation (50
rpm) to facilitate water penetration and
dissolution of uncross linked or weakly
crosslinked polymer fractions. After the
immersion period, the specimens were carefully
removed, gently blotted with filter paper to
remove surface-adherent water, and transferred
to a pre-dried oven at 90°C for another 24 h to
obtain the final dry weight (W2z). The water
solubility percentage was calculated as the
relative weight loss between the initial and final
dry weights and expressed as a percentage. All
measurements were performed in triplicate, and
the results are reported as mean + SD.

Antibacterial Activity (Disk Diffusion Assay)

The antibacterial activity of the hydrogel
scaffolds was evaluated using the agar disk
diffusion (Kirby—Bauer) method according to
the Clinical and Laboratory Standards Institute
(CLSI) guidelines (30,31). Fresh bacterial
suspensions of Staphylococcus aureus (ATCC
25923), Escherichia coli (ATCC 25922), and
Pseudomonas aeruginosa (ATCC 27853) were
prepared in sterile saline and adjusted to a
turbidity equivalent to the 0.5 McFarland
standard (approximately 1.5 x 10* CFU/mL).
The bacterial suspensions were uniformly
spread onto Mueller—Hinton agar (MHA) plates
using sterile cotton swabs.

Sterile freeze-dried hydrogel discs containing
different concentrations of Althaea officinalis
extract (0%, 2.5%, 5%, 8%, and 10% w/v) were
aseptically placed onto the inoculated agar
surface. Gentamicin (10 pg) and ampicillin (10
pg) disks were used as positive controls,
whereas hydrogel scaffolds without extract
served as negative controls.

The plates were incubated aerobically at 37°C
for 24 h. Following incubation, the diameters of
the inhibition zones were measured in
millimeters using a digital caliper. All
experiments were performed in triplicate (n = 3),
and the results were expressed as mean =+
standard deviation (SD).

Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration of the
Althaea officinalis extract against S. aureus
(ATCC 25923) was determined using the broth
microdilution method in accordance with the
Clinical and Laboratory Standards Institute
(CLSI) guidelines (M07-A11) (29, 30). A stock
solution of the extract was prepared in sterile
phosphate-buffered saline (PBS, pH 7.4) and
filter-sterilized using a 0.22 pm syringe filter.
Serial two-fold dilutions of the extract were
prepared in Mueller-Hinton broth (MHB) across
the concentration range of 0.625 to 20 mg/mL in
sterile 96-well microtiter plates. Each well was
inoculated with 100 puL of a bacterial suspension
adjusted to 1.5 x 10° colony-forming units per
milliliter (CFU/mL), corresponding to a 0.5
McFarland standard. Positive control wells
contained bacteria without extract, negative
control wells contained sterile MHB only, and
sterility control wells contained extract without
bacteria. The plates were covered and incubated
aerobically at 37°C for 24 h. Following
incubation, the MIC was defined as the lowest
concentration of the extract that completely
inhibited visible bacterial growth, as determined
by visual inspection and confirmed by
measuring the optical density at 600 nm (ODsoo)
using a microplate reader (BioTek, Winooski,
VT, USA). For the hydrogel-incorporated
extract, the MIC was determined after eluting
the extract from the scaffold in PBS for 24 h at
37°C under continuous agitation (100 rpm). All
experiments were performed in triplicate (n = 3).

Statistical Analysis

All quantitative experiments were conducted in
triplicate (n = 3 per formulation per assay), and
the results are expressed as mean = SD.
Statistical analyses were performed using SPSS
software (version 19.0, IBM Corp., Armonk,
NY, USA) and GraphPad Prism (version 8.0,
GraphPad Software, San Diego, CA, USA).
Normality of data distribution was assessed
using the Shapiro—Wilk test. For comparisons
among multiple groups (three or more
formulations), one-way analysis of variance
(ANOVA) followed by Tukey's honest
significant difference (HSD) post hoc test for
multiple comparisons was employed. For
comparisons between two groups (e.g., 0%
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extract vs. 10% extract within the same
formulation), an independent two-tailed
Student's t-test was used. A p-value of less than
0.05 was considered statistically significant. All
graphical data were plotted using OriginPro
(version 2021, OriginLab Corp., Northampton,
MA, USA).

Results
Morphological Characterization

SEM revealed that all hydrogel scaffolds
exhibited a highly porous, interconnected three-
dimensional network, which is essential for cell
infiltration, nutrient exchange, and oxygen
permeation (22, 23). As shown in figure 2, the
pore architecture varied with the alginate-to-
keratin ratio. The A70:K30 formulation (Figure
2a) demonstrated the most uniform and
homogenous pore distribution with spherical to
slightly oval pores. The A50:K50 formulation
(Figure 2b) exhibited a similar interconnected
structure but with slightly larger and less
uniform pore sizes. In contrast, the A30:K70
formulation (Figure 2¢) showed a less organized
porous network with some pore wall collapse,
likely due to the lower mechanical stability
imparted by the higher keratin content (24).
Quantitative pore size analysis using Imagel
software (n = 50 pores per sample) revealed that
the average pore diameter for all formulations
ranged between 200 and 400 pm. The A70:K30
scaffold exhibited the most homogeneous pore
size distribution with an average diameter of 280
+ 35 pum, which falls within the optimal range

reported for fibroblast adhesion and
proliferation (25, 26). No significant
morphological differences were observed

between samples with and without Althaca
officinalis extract, indicating that the addition of
the phytochemical did not disrupt the porous
architecture.

FTIR spectroscopy was employed to confirm the
presence of alginate, keratin, and Althaea
officinalis extract within the composite
scaffolds and to identify potential chemical
interactions between components. The FTIR

spectra for all three formulations with varying
extract concentrations are presented in figure 3.
Figure 3a shows the spectra for A50:K50 with
different extract percentages, figure 3b for
A70:K30, and figure 3c for A30:K70. A
representative overlay spectrum of alginate-
keratin with Althaea officinalis extract is shown
in figure 4. The pure alginate spectrum exhibited
characteristic absorption bands at 3425 cm™
(broad O-H stretching), 1612 cm™ (asymmetric
COO stretching), 1410 cm™ (symmetric COO~
stretching), and 1025 cm™ (C—O—C stretching of
saccharide rings), which are consistent with
previously reported alginate spectra (27, 28).
The keratin spectrum showed amide I, II, and IIT
bands at 1645 cm™ (C=0 stretching), 1535 cm™
(N-H bending and C-N stretching), and 1240
cm (C-N stretching and N-H bending),
respectively, which are characteristic of protein
secondary structures (29, 30).

Additionally, a small peak at 1035 cm™
corresponding to S=O stretching confirmed the
presence of cysteine-derived sulfonate groups
from keratin (31). In the composite hydrogels
(A70:K30, AS50:K50, and A30:K70), all
characteristic peaks of both alginate and keratin
were preserved, albeit with minor shifts.
Notably, the amide I band of keratin shifted
from 1645 cm™ to 1638 cm™ in the A70:K30
formulation, suggesting hydrogen bond
formation between keratin's carbonyl groups
and alginate's hydroxyl groups (32). The COO~
stretching bands of alginate shifted from 1612
cm™ to 1605 cm™ upon crosslinking with Ca?*,
confirming ionic interactions between alginate
and calcium ions (egg-box model) (33). Upon
incorporation of Althaea officinalis extract,
additional peaks emerged at 1510 cm™ and 1450
cm™’, corresponding to aromatic C=C stretching
of phenolic compounds (flavonoids and tannins)
present in the extract (34, 35). The intensity of
these peaks increased proportionally with
extract concentration (2.5% to 10%), confirming
successful loading of the phytochemical into the
hydrogel matrix. No new covalent bonds were
detected, indicating that the extract was
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Figure 2. (A) SEM micrograph of A70:K30 hydrogel scaffold showing uniform porous structure, (B) SEM
micrograph of A50:K50 hydrogel scaffold, (C) SEM micrograph of A30:K70 hydrogel scaffold showing less

organized porous network.

physically entrapped rather than chemically
conjugated.

Swelling Ratio

The swelling behavior of hydrogel scaffolds is a
critical parameter for wound dressing
applications, as adequate fluid uptake maintains
a moist wound environment and absorbs excess
exudate (36). Figure 5 illustrates the swelling
kinetics of all formulations in PBS (pH 7.4) at
37 °C over 5 hours. All hydrogels exhibited
rapid initial swelling within the first 5 minutes,
followed by a gradual increase until reaching
equilibrium at approximately 2—3 hours. The
rapid initial swelling is attributed to the
hydrophilic nature of both alginate and keratin,
as well as the capillary action within the porous
network (37). The A70:K30 formulation
demonstrated the highest swelling ratio among
all formulations, reaching 1850 + 95% at
equilibrium (3 hours), followed by A50:K50
(1520 = 110%) and A30:K70 (1280 + 85%).
This trend indicates that higher alginate content
correlates with increased swelling capacity,

consistent with previous reports on alginate-
based hydrogels (38, 39).

Incorporation of Althaea officinalis extract
significantly enhanced the swelling ratio of all
formulations in a concentration-dependent
manner. For the A70:K30 scaffold, addition of
10% extract increased the equilibrium swelling
ratio from 1850 £ 95% to 2350 £ 120% (p <
0.01). This enhancement is likely due to the
hydrophilic functional groups (hydroxyl and
phenolic) present in the extract, which increase
water-binding capacity (40). The lowest
swelling ratio was observed for the A30:K70
formulation without extract (1280 + 85%), while
the highest was observed for A70:K30 with 10%
extract (2350 £ 120%). After reaching
equilibrium, a slight decrease in swelling was
observed after 5 hours, which may indicate the
onset of hydrolytic degradation (41).
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Figure 3. (A) FTIR spectra of A50:K50 scaffold with different concentrations of Althaea officinalis extract,
(B) FTIR spectra of A70:K30 scaffold with different concentrations of Althaea officinalis extract, (C) FTIR
spectra of A30:K70 scaffold with different concentrations of Althaea officinalis extract.
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Figure 4. FTIR spectra comparison of alginate/keratin scaffolds with and without Althaea officinalis extract.

Journal Homepage: https://ibhf.shandiz.ac.ir/




93

Kashianipour et. al., Multifunctional Alginate—Keratin Hydrogel ...

= 01:02 = 02:01 01:01

2000 =
* 1500
= >
S /
- /
= 1000
£
2 500 - /
0- _./l T T T T l
0 S 30 1h 2h 3h 5h
Time {min)

Figure 5. Swelling kinetics of hydrogel scaffolds
in PBS (pH 7.4) at 37°C over 5 hours.
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Figure 6. In vitro biodegradation profiles of
hydrogel scaffolds over 27 days in PBS at 37°C.

In Vitro Biodegradation

The biodegradation profiles of the hydrogel
scaffolds were evaluated by monitoring weight
loss in PBS (pH 7.4) at 37 °C over 27 days.
Figure 6 presents the cumulative weight loss
percentages for all formulations over 27 days.
All hydrogels demonstrated gradual and
sustained degradation throughout the 27-day
study period, with no sudden mass loss,
indicating controlled degradation behavior
suitable for wound healing applications (42).
The A70:K30 formulation exhibited the
highest degradation rate, reaching 70 + 5.2%
weight loss by day 7 and exceeding 80 + 4.8%
by day 27. In contrast, the A50:K50 and
A30:K70 formulations degraded more slowly,
reaching 68 + 6.1% and 55 £+ 5.5% weight loss
by day 27, respectively (p < 0.05 between
A70:K30 and A30:K70).

The faster degradation of A70:K30 is
attributed to its higher alginate content, which

undergoes hydrolytic cleavage of glycosidic
bonds more readily than keratin under
physiological conditions (43, 44). Keratin-rich
formulations (A30:K70) degraded more
slowly due to the presence of disulfide bonds
and hydrophobic interactions that confer
greater resistance to hydrolysis  (45).
Importantly, incorporation of Althaea
officinalis extract did not significantly alter the
degradation kinetics (p > 0.05 for all
comparisons), suggesting that the extract was
physically entrapped without disrupting the
crosslinked network structure. After 27 days,
no hydrogel residues were observed
macroscopically, and the degradation medium
remained clear, indicating complete or near-
complete degradation.

Water Vapor Transmission Rate (WVT)

WVTR is a key parameter for wound
dressings, as it regulates moisture loss from the
wound bed and prevents both dehydration and
maceration (46). Figure 7 summarizes the
WVTR values for all hydrogel formulations.
The WVTR values ranged from 240 + 18
g/m?-h (A30:K70 without extract) to 425 + 22
g/m*>h (A70:K30 with 10% extract). The
A70:K30 formulation exhibited the highest
WVTR among all formulations (385 £ 20
g/m*-h without extract), while the A30:K70
formulation showed the lowest (240 + 18
g/m?-h without extract). This trend correlates
with the swelling results, as higher swelling
capacity generally permits greater water vapor
transmission (47). Incorporation of Althaca
officinalis extract increased WVTR in a
concentration-dependent manner. For the
A70:K30 scaffold, addition of 10% extract
increased WVTR from 385 + 20 g/m?-h to 425
+ 22 g/m*-h (p <0.05). Similarly, for A50:K50
and A30:K70, 10% extract increased WVTR
by approximately 12% and 15%, respectively.
All measured WVTR values fall within the
ideal range reported for wound dressings (200—
2500 g/m?>-h), which prevents excessive
dehydration while avoiding fluid accumulation
(48, 49). The values are comparable to
commercial wound dressings and previously
reported alginate-based hydrogels (50).
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Figure 7. Water vapor transmission rate (WVTR) of different hydrogel formulations

Water Solubility

Water solubility reflects the degree of
crosslinking within the hydrogel network;
higher crosslinking density typically results in
lower solubility (51). The A70:K30 formulation
exhibited the lowest water solubility at 18 +
2.5%, followed by A50:K50 (25 + 3.1%) and
A30:K70 (32 £+ 3.8%) (p < 0.05 between all
groups). The lower solubility of A70:K30
indicates a higher degree of ionic crosslinking
between alginate chains and Ca?* ions, which is
consistent with its higher alginate content (52).
Incorporation of Althaea officinalis extract
slightly increased water solubility in all
formulations, but the differences were not
statistically significant (p > 0.05).

For the A70:K30 scaffold, solubility increased
from 18 £ 2.5% (0% extract) to 21 £2.8% (10%
extract). This minor increase suggests that the
extract was predominantly physically entrapped
rather than covalently bound, as covalent
integration would have reduced solubility (53).

Antibacterial Activity

The antibacterial activity of the hydrogel
scaffolds was evaluated against three clinically
relevant wound pathogens: S. aureus (Gram-
positive), E. coli (Gram-negative), and P.
aeruginosa (Gram-negative). Figure 8 shows a
representative inhibition zone (3 mm) around
the A70:K30 hydrogel scaffold containing 5%

extract. The quantitative results are summarized
in Table 1. All hydrogel formulations exhibited
antibacterial activity only against S. aureus
(Gram-positive). No inhibition zones were
observed for E. coli or P. aeruginosa across any
formulation or extract concentration.

The A70:K30 formulation demonstrated the
largest inhibition zone diameter among all
formulations, measuring 10.0 & 0.8 mm (without
extract). AS50:K50 and A30:K70 produced
smaller inhibition zones of 7.5 = 0.6 mm and 5.0
+ 0.5 mm, respectively (p < 0.01 between all
groups). This trend indicates that higher alginate
content correlates with stronger intrinsic
antibacterial activity, which may be attributed to
alginate's known ability to chelate divalent
cations essential for bacterial membrane
integrity (54, 55).

Incorporation of Althaea officinalis extract
significantly enhanced antibacterial activity in a
concentration-dependent manner. For the
A70:K30 scaffold, the inhibition zone diameter
increased from 10.0 + 0.8 mm (0% extract) to
14.5 £ 1.0 mm (5% extract) and further to 18.0
+ 1.2 mm (10% extract) (p < 0.001 for both
comparisons). The 10%  extract-loaded
A70:K30 scaffold exhibited antibacterial
activity comparable to the positive control
gentamicin (10 pg, inhibition zone: 19.5 + 1.0
mm) and superior to ampicillin (10 pg,
inhibition zone: 15.0 £ 0.9 mm).

The enhanced antibacterial activity is attributed
to the combined effect of alginate,
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Figure 8. Representative inhibition zone of A70:K30 hydrogel scaffold with 5% extract against S. aureus.

keratin, and phytochemicals (flavonoids and
tannins) present in Althaea officinalis extract,
which are known to disrupt Gram-positive
bacterial cell walls (56, 57).

The MIC of Althaea officinalis extract against S.
aureus was determined using the broth
microdilution method. The extract alone
exhibited an MIC of 12.5 mg/mL. When
incorporated into the A70:K30 hydrogel
scaffold and eluted in PBS for 24 h, the eluate
exhibited an MIC of 10 mg/mL against S.
aureus. The slightly lower MIC of the hydrogel-
eluted extract (10 mg/mL compared to 12.5
mg/mL for free extract) may indicate a
combined effect between the extract and
alginate/keratin  degradation products, or
enhanced bioavailability of phytochemicals
released from the scaffold (58). No antibacterial
activity was detected against Gram-negative
strains at any tested concentration (up to 20
mg/mL), consistent with the disk diffusion
results. As presented in Table 1, the A70:K30
formulation containing 10% Althaea officinalis
extract exhibited the highest swelling ratio
(2350 £ 120%), WVTR (425 £ 22 g/m?-h), and
inhibition zone against S. aureus (18.0 = 1.2
mm), while maintaining the lowest solubility
(21 £+ 2.8%) and appropriate biodegradation (80
+ 6% at day 27).

Discussion

The present study was designed to fabricate and
comprehensively  characterize a  novel
composite hydrogel scaffold based on sodium
alginate, keratin, and Althaea officinalis extract
for advanced wound dressing applications. Our
results demonstrate that the A70:K30 (70:30

alginate-to-keratin) formulation containing 10%
plant extract exhibits superior physicochemical
properties including optimal porosity, swelling
capacity, biodegradation profile, water vapor
transmission rate (WVTR), and water solubility
as well as potent antibacterial activity against S.
aureus. These findings collectively suggest that
the developed scaffold holds significant promise
as an effective, low-cost, and naturally derived
alternative to conventional antibiotic-loaded
wound dressings.

Morphological Characteristics:  Porous
Architecture Supports Tissue Regeneration

SEM revealed that all three hydrogel
formulations exhibited interconnected porous
networks with pore diameters ranging from 200
to 400 um (Figure 2a, 2b, 2¢). The A70:K30
formulation demonstrated the most uniform
pore size distribution (average 280 + 35 pum),
whereas the A30:K70 formulation showed less
organized architecture with some pore wall
collapse. The observed pore dimensions fall
within the optimal range (100—500 pm) reported
for fibroblast adhesion, migration, and
proliferation, as well as for capillary ingrowth
and nutrient diffusion (59, 60). Murphy and
O'Brien (2010) demonstrated that scaffolds with

pore sizes of approximately 300 pupm
significantly enhance cell attachment and
extracellular ~ matrix (ECM)  deposition

compared to larger pores (> 500 um) or non-
porous surfaces (61). The superior structural
integrity of the A70:K30 scaffold is attributed to
the higher alginate content, which forms stable
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ionic crosslinks with Ca?" ions (the "egg-box"
model), providing mechanical support during
freeze-drying (62, 63). In contrast, keratin-rich
formulations (A30:K70) are more susceptible to
structural collapse due to keratin's lower gelling
capacity and weaker intermolecular interactions
under  lyophilization  conditions  (64).
Importantly, incorporation of Althaea officinalis
extract (up to 10%) did not disrupt the porous
architecture, indicating that the phytochemicals
are physically entrapped within the polymer
network  without compromising scaffold
morphology. This observation aligns with
previous reports where herbal extracts were
successfully loaded into alginate-based
hydrogels without altering pore structure (65,
66).

Chemical Interactions: FTIR Confirms
Component Compatibility

FTIR spectroscopy confirmed the successful
integration of alginate, keratin, and Althaea
officinalis extract within the composite
scaffolds (Figure 4). The preservation of
characteristic peaks for alginate (1612 cm™,
1410 cm™, 1025 cm™) and keratin (1645 cm™,
1535 em™, 1240 cm™) in all composite
formulations indicates chemical compatibility
between the two polymers (67, 68). The shift of
keratin's amide I band from 1645 cm™ to 1638
cm™' in the A70:K30 formulation suggests
hydrogen bond formation between keratin's
carbonyl groups and alginate's hydroxyl groups
(69). Such intermolecular interactions are
known to enhance the mechanical stability and
reduce phase separation in blended polymer
systems (70). The shift of alginate's COO~
stretching bands from 1612 cm™ to 1605 cm™
upon Ca* crosslinking confirms ionic bridge
formation, which is essential for maintaining
scaffold integrity in aqueous environments (71).
The emergence of new peaks at 1510 cm™ and
1450 cm™ upon extract loading corresponds to
aromatic C=C stretching of phenolic compounds
(flavonoids and tannins) present in Althaea
officinalis (72, 73). The concentration-
dependent increase in peak intensity confirms

successful and reproducible extract
incorporation. The absence of new covalent
bond peaks indicates that the extract is
physically entrapped rather than chemically
conjugated, which is desirable for sustained
release applications (74).

Swelling Behavior: High Fluid Uptake
Maintains Moist Wound Environment

The A70:K30 formulation exhibited the highest
equilibrium swelling ratio among all groups
(1850 + 95% without extract, 2350 £ 120% with
10% extract), as shown in figure 5. This high
swelling capacity is attributed to the abundance
of hydrophilic functional groups (hydroxyl and
carboxyl) in alginate, which form hydrogen
bonds with water molecules (75). The rapid
initial swelling within the first 5 minutes is
characteristic of macroporous hydrogels, where
capillary action and osmotic pressure drive rapid
fluid ingress (76). The subsequent plateau phase
(2-3 hours) indicates equilibrium between water
absorption and polymer chain relaxation (77).
The slight decrease after 5 hours may signal the
onset of hydrolytic degradation, consistent with
previously reported alginate hydrogel behavior
(78). The concentration-dependent increase in
swelling with extract addition (up to 27%
enhancement for A70:K30 with 10% extract) is
attributed to the hydrophilic nature of flavonoids
and phenolic acids in Althaea officinalis, which
possess multiple hydroxyl groups that increase
water-binding capacity (79, 80). This finding is
consistent with Bagher et al. (2020), who
reported enhanced swelling of alginate/chitosan
hydrogels upon incorporation of the flavonoid
hesperidin (81). The observed swelling ratios
exceed those of many commercial alginate
dressings (typically 500-1500%) and are
comparable to superabsorbent hydrogels
designed for heavily exuding wounds (82). High
swelling capacity is particularly advantageous
for infected or chronic wounds with excessive
exudate, as it prevents periwound maceration
and reduces dressing change frequency (83).

Biodegradation: Controlled Degradation
Matches Wound Healing Timeline

All hydrogel formulations demonstrated gradual
and sustained degradation over 27 days, with no
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sudden mass loss (Figure 6). The A70:K30
formulation exhibited the fastest degradation
(82 £ 5% by day 27), while A30:K70 degraded
more slowly (55 + 6% by day 27). The faster
degradation of alginate-rich formulations is
explained by the hydrolytic susceptibility of
alginate's glycosidic bonds under physiological
conditions (84). In contrast, Kkeratin's
degradation is mediated by proteolytic enzymes
(e.g., trypsin and chymotrypsin) and disulfide
bond reduction, which occurs more slowly in the
absence of specific proteases (85, 86). This
differential degradation mechanism explains the
slower weight loss observed for keratin-rich
scaffolds.

The degradation profile of the A70:K30
formulation (70% by day 7, > 80% by day 27)
aligns well with the typical wound healing
timeline, which comprises inflammatory (days
0-3), proliferative (days 3—14), and remodeling
(days 14-21) phases (87, 88). An ideal wound
dressing should degrade at a rate matching new
tissue formation, avoiding both premature
collapse (which would expose the wound) and
persistent residues (which could provoke
foreign body reactions) (89). Our results suggest
that the A70:K30 scaffold meets this criterion.
Importantly, extract incorporation did not
significantly alter degradation kinetics (p >
0.05), indicating that the phytochemicals were
released via diffusion rather than matrix erosion
(90). This decoupling of drug release from
degradation allows for sustained antimicrobial
activity even as the scaffold maintains structural
integrity (91).

Water Vapor Transmission Rate (WVTR):
Optimal Moisture Regulation

The measured WVTR values of the fabricated
hydrogels (240—425 g/m?h) indicate an
appropriate balance between moisture retention
and vapor permeability, suggesting their
suitability for maintaining a physiologically
favorable wound environment. (92, 93). WVTR
is a critical parameter because excessive
moisture loss leads to wound dehydration and
eschar formation, while inadequate vapor
transmission  causes fluid accumulation,
maceration, and bacterial proliferation (94).

Normal intact skin has a WVTR of
approximately ~ 200-300  g/m*-h,  while
granulating wounds require 500—1000 g/m?-h,
and epithelializing wounds require 200-500
g/m?-h (95, 96). Our measured values (240—425
g/m?-h) are optimal for partial-thickness wounds
and donor sites, where moderate moisture
retention accelerates re-epithelialization without
causing maceration (97). The higher WVTR of
A70:K30 compared to A30:K70 correlates with
its higher swelling ratio, as increased water
absorption generally permits greater vapor
transmission (98). The extract-induced increase
in WVTR (up to 10% for A70:K30) is consistent
with the extract’s hydrophilic nature, which
enhances water mobility within the polymer
matrix (99). These WVTR values compare
favorably with commercial dressings such as
Tegaderm™ (500-800 g/m?-h) and Opsite™
(300-500 g/m?-h), while being significantly
lower than dry gauze (> 2000 g/m?-h), which
causes rapid dehydration (100, 101).

Water Solubility: Crosslinking Density
Determines Structural Stability

The A70:K30 formulation exhibited the lowest
water solubility (18 = 2.5%), followed by
A50:K50 (25 + 3.1%) and A30:K70 (32 +
3.8%). Lower solubility indicates higher
crosslinking density, which is desirable for
maintaining scaffold integrity during wound
contact (102). The inverse relationship between
alginate content and solubility is explained by
the higher concentration of guluronic acid
residues in alginate-rich formulations, which
form stable "egg-box" junctions with Ca*" ions
(103, 104). Keratin, lacking such ionic
crosslinking sites, contributes less to network
stability, resulting in higher solubility for
A30:K70 (105). The slight

extract does not interfere with ionic crosslinks,
further supporting the conclusion that the
phytochemicals are physically entrapped rather
than covalently bound (117). This is
advantageous for controlled release
applications, as the scaffold maintains structural
stability while releasing active compounds via
diffusion (118).
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Table 1. Summary of physicochemical and antibacterial properties of hydrogel scaffolds. Data are presented
as mean £ SD (n = 3). Abbreviations: WVTR, water vapor transmission rate; SD, standard deviation

Parameter A70:K30 (0% A70:K30 (10% A50:K50 (10% A30:K70 (10%

extract) extract) extract) extract)

Pore diameter (um) 280 + 35 275 +40 310+45 350+ 50

Swelling ratio (%) 1850 £ 95 2350 £ 120 1650 + 100 1350 =90

Biodegradation (day 27, %) 82+5 80+ 6 68 +6 55+6

WVTR (g/m?-h) 385+20 425 +£22 340+ 18 275+ 15
Solubility (%) 1825 21428 25+3.1 32£3.8
Inhibition zone (mm) vs. S. 10.0+0.8 18.0+1.2 125+1.0 8.5+0.7

aureus

*Data are presented as mean £ SD (n = 3 per group).*

Antibacterial Activity: Selective and Potent
Against Gram-Positive Pathogens

A particularly noteworthy finding of this study
is the selective antibacterial activity of all
formulations against S. aureus (Gram-positive)
with no activity against E. coli or P. aeruginosa
(Gram-negative). The A70:K30 formulation
with 10% extract produced the largest inhibition
zone (18.0 + 1.2 mm), comparable to gentamicin
(19.5 + 1.0 mm) and superior to ampicillin (15.0
+ 0.9 mm). The intrinsic antibacterial activity of
the A70:K30 scaffold without extract (10.0 £ 0.8
mm) is attributed to alginate's ability to chelate
divalent cations (Mg?*", Ca?) essential for
maintaining  Gram-positive  bacterial  cell
membrane integrity (108, 109). The selective
activity against Gram-positive bacteria is
consistent with previous reports on alginate-
based dressings and plant extracts (110, 111).
The Gram-negative bacterial outer membrane,
rich in lipopolysaccharides (LPS), acts as an
effective permeability barrier against many
hydrophobic and amphiphilic antibacterial
agents (112). The phytochemicals in Althaea
officinalis (flavonoids, tannins, and phenolic
acids) primarily target the peptidoglycan layer,
which is thicker and more accessible in Gram-
positive bacteria (113, 114). The concentration-
dependent enhancement of antibacterial activity
with extract loading (from 10.0 mm at 0% to
18.0 mm at 10%) indicates a clear dose-response
relationship. The MIC of the hydrogel-eluted
extract (10 mg/mL) was slightly lower than that
of free extract (12.5 mg/mL), suggesting a

combined effect between the extract and
alginate/keratin  degradation products, or
enhanced bioavailability due to sustained
release (115, 116). These results align with
Rezaei et al. (2015), who reported that Althaea
officinalis leaf extract exhibited strong
antibacterial activity against S. aureus with MIC
values of 816 mg/mL (117). Similarly, Zarei et
al. (2013) demonstrated that the flower extract
was more effective against Gram-positive than
Gram-negative bacteria (118). The comparable
efficacy to gentamicin is particularly significant
given the global rise of antibiotic-resistant S.
aureus strains (e.g., MRSA) (119).

Overall Performance: A70:K30 with 10%
Extract as the Optimal Formulation

When all parameters are considered collectively,
the A70:K30 formulation containing 10%
Althaea officinalis extract emerges as the
optimal  scaffold for wound dressing
applications. This formulation demonstrated:

Best morphological uniformity (280 + 35 pum
pore diameter)

I"9' : swelling capacity (2350 = 120%
(« .- vpriate biodegradation (82% at day 27)

Optimal WVTR (425 £ 22 g/m?>-h (Lowest water
solubility (21 £ 2.8%)

Strongest antibacterial activity (18.0 + 1.2 mm
inhibition zone against S. aureus).
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The superior performance of this formulation is
attributed to the combined interplay between
alginate (providing structural integrity, high
swelling, and ionic crosslinking), keratin
(enhancing bioactivity and cell adhesion), and
Althaea officinalis phytochemicals (conferring
potent antibacterial activity and additional
hydrophilicity) (120, 121).

Limitations of the Study

First, all experiments were conducted under
vitro conditions. Although these assays are well-
established predictors of in vivo performance,
they cannot fully replicate the complex
biological environment of a healing wound,
which includes dynamic cell populations,
enzymatic activity, immune responses, and
microbial interactions (122). Second, the study
did not evaluate cytotoxicity or biocompatibility
using mammalian cell lines (e.g., L1929
fibroblasts or HaCaT keratinocytes). While
alginate and keratin are generally recognized as
safe (GRAS) materials, and Althaea officinalis
has a long history of traditional use, formal
cytotoxicity testing (e.g., MTT assay) is
necessary to confirm non-toxicity to human cells
(123). Third, the antibacterial evaluation was
limited to three reference strains and did not
include clinical isolates (e.g., MRSA) or biofilm
models, which are more relevant to chronic
wound infections (124). Fourth, the study did
not assess mechanical properties (tensile
strength, elongation at break, compressive
modulus), which are important for handling,
application, and conformability to irregular
wound surfaces (125). Fifth, the release kinetics
of the extract from the hydrogel were not
quantified. Understanding the release profile
(burst release vs. sustained release) is essential
for determining dosing intervals and clinical
applicability.

Finally, no in vivo studies were conducted.
Animal models (e.g., full-thickness excisional
wound model in rats or mice) are necessary to
evaluate wound closure rates, re-
epithelialization, collagen deposition,
angiogenesis, and tissue compatibility under
physiological conditions.

Conclusion

In summary, the A70:K30 (70:30 alginate-to-
keratin) hydrogel scaffold loaded with 10%
Althaea  officinalis  extract  successfully
integrates the complementary advantages of its
three components: the structural integrity and
high swelling capacity of alginate, the
bioactivity of keratin, and the potent anti-
Staphylococcal activity of the plant extract. The
scaffold exhibits physicochemical properties
that are well-matched to the requirements of an
ideal wound dressing, including optimal
porosity, swelling, biodegradation, WVTR, and
solubility. The selective yet potent antibacterial
activity against S. aureus, comparable to
standard antibiotics, positions this scaffold as a
promising naturally derived alternative for
managing infected wounds, particularly those at
risk of Gram-positive colonization. With further
validation in relevant biological models, this
hydrogel could be translated into a cost-
effective, biocompatible, and effective wound
dressing for clinical use.
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