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Rapid regeneration of the injured tissue or organs is necessary to achieve the usual functionalities of the damaged
parts. However, bacterial infections delay the regeneration process, a severe challenge in the personalized
healthcare sector. To overcome these challenges, 3D-printable multifunctional hydrogels of Zn/tannic acid-
reinforced glycol functionalized chitosan for rapid wound healing were developed. Polyphenol strengthened
intermolecular connections, while glutaraldehyde stabilized 3D-printed structures. The hydrogel exhibited
enhanced viscoelasticity (G; 1.96 x 104 Pa) and adhesiveness (210 kPa). The dual-crosslinked scaffolds showed
remarkable antibacterial activity against Bacillus subtilis (~81 %) and Escherichia coli (92.75 %). The hydrogels
showed no adverse effects on human dermal fibroblasts (HDFs) and macrophages (RAW 264.7), indicating their
superior biocompatibility. The Zn/TA-reinforced hydrogels accelerate M2 polarization of macrophages through
the activation of anti-inflammatory transcription factors (Arg-1, VEGF, CD163, and IL-10), suggesting better
immunomodulatory effects, which is favorable for rapid wound regeneration. Higher collagen deposition and
rapid re-epithelialization occurred in scaffold-treated rat groups vis-a-vis controls, demonstrating superior
wound healing. Taken together, the developed multifunctional hydrogels have great potential for rapidly
regenerating bacteria-infected wounds in the personalized healthcare sector.

1. Introduction

Bacterial infections pose a significant threat to human health (Mora
et al.,, 2022), particularly targeting open wounds and organs with
compromised immunity (Zhang et al., 2023). The discovery of antibi-
otics in the twentieth century marked a crucial milestone in the fight
against bacterial infections, initiating what is known as the antibiotic
era. Initially celebrated for their efficacy in killing bacteria with minimal
toxicity to animals, antibiotics soon faced a formidable challenge as
bacteria developed tolerance and resistance to them. Recent research by
the World Health Organization (WHO) indicates that resistant bacteria
are responsible for an estimated 7.7 billion deaths annually worldwide,
with projections suggesting a staggering increase to 10 million deaths by
2050, surpassing cancer-related mortality rates (ReAct, 2022). Given

their remarkable capacity for antibiotic resistance and tolerance, this
escalating threat underscores the urgent need to develop effective stra-
tegies to combat bacterial infections. Addressing bacterial infections
effectively necessitates the development of materials capable of pro-
moting tissue engineering and wound healing while circumventing
antibiotic resistance mechanisms. Extensive research efforts have been
dedicated to exploring biomaterials with properties aimed at over-
coming antibiotic resistance, inhibiting bacterial adhesion, eradicating
microorganisms, and preventing biofilm formation (Sahli et al., 2022).
Various approaches have been employed, including fabricating anti-
bacterial surfaces through polymeric coatings, metallic nanoparticles,
and nature-inspired materials using technologies such as solvent casting,
electrospinning, freeze-drying, gas foaming, and 3D printing (Alsahag
etal., 2023; Dong et al., 2022; Liu et al., 2022; Pillai et al., 2022). Among
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these techniques, 3D-printed scaffolds offer distinct advantages,
including cost-effectiveness, rapid prototyping, customizable designs,
and enhanced potential for cell proliferation, essential for accelerated
wound healing (Tabriz & Douroumis, 2022; Xu et al., 2018).

Chitosan, with its promising properties in tissue engineering and
antimicrobial activity, emerges as a compelling candidate for biomed-
ical applications. While its biocompatibility, biodegradability, and
mucoadhesivity render it suitable for regenerative medicine scaffolds,
challenges include limited mechanical strength and variable antibacte-
rial activity based on molecular weight and degree of deacetylation
(Yadav et al., 2023). These limitations can potentially be addressed
through chemical modification or composite strategies. Gelatin, a vital
component of the extracellular matrix, enhances cell adhesion, prolif-
eration, and migration but faces hurdles such as poor mechanical
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properties and inadequate antibacterial activity (Choi & Cha, 2019).
Combining gelatin and chitosan presents an innovative approach to
surmounting these challenges, as demonstrated in previous studies. Han
and colleagues investigated an oligochitosan-gelatin-based suture with
curcumin encapsulated by poly(lactic-co-glycolic acid) and tannic acid
formulation (Han et al., 2023). While this electroactive suture facilitated
scar-free wound healing and offered sustained drug release, its synthesis
process proved cumbersome, involving multiple chemicals. This drug-
dependent suture might restrict its applicability, especially in sce-
narios where bacteria develop tolerance or resistance to the drug.
Moreover, further investigation into its antibacterial, antibiofilm, and
antioxidant properties is necessary to determine its potential for future
applications. In another study, He et al. synthesized adhesive hydrogels
using methacrylated chitosan and gelatin grafted with protocatechuic
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Scheme 1. Schematic presentation of fabrication of GC/ZT hydrogels: (a) Functionalization of Zn with TA (ZnTA complex), (b) Grafting of PEG moiety with chitosan,

and (c) Development of multifunctional GC/ZT hydrogel using PEG grafted-chitosan and ZnTA complex with their possible interactions.
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acid and dopamine hydrochloride by EDC-NHS-mediated coupling (He
et al., 2020). The developed hydrogels exhibited excellent antibacterial
properties and facilitated infected wound healing. However, compared
to the convenient storage and respiration benefits of 3D-printed struc-
tures at wound sites, the storage and handling of developed hydrogels
pose challenges.

In addition to addressing antibiotic resistance, incorporating anti-
oxidant materials into biomedical scaffolds presents a multifaceted
approach to combating bacterial infections and promoting chronic
wound healing (Lobo et al., 2010). Tannic acid (TA), a polyphenol with
diverse pharmacological properties, holds promise for biomedical ap-
plications due to its biosafety, biocompatibility, and biodegradability
(Bigham et al., 2022). The free gallic acid groups of tannic acid can form
multiple interactions, including hydrogen bonds and n-n bonds, by
coordinating with metal ions to create metal-TA supramolecular amor-
phous networks (Chen et al., 2022). Metallic ions like zinc, copper, sil-
ver, gold, and iron are attractive scaffold builders and benefit cells in
trace amounts (Alvarez & Nakajima, 2009). Zn2* ions activate platelets,
cell adhesion, differentiation, and antibacterial activity, and also
modulate macrophage polarization towards an anti-inflammatory
phenotype, which is crucial for promoting tissue regeneration (Huang
et al., 2023; Liu et al., 2018).

Building upon these insights, we propose the development of
gelatin/glycol chitosan/zinc-tannic acid (GC/ZT) hydrogels with
enhanced antibacterial and antioxidant properties and 3D printability
for wound healing applications. Scheme 1 illustrates the fabrication
process of GC/ZT hydrogels alongside their interactions between glycol
chitosan, gelatin, glutaraldehyde, and the ZnTA complex. The applica-
tions of 3D-printed hydrogels are schematically presented in Scheme 2.
The hydrogels exhibit desirable characteristics such as printability,
adhesiveness, and viscoelasticity. Glycol chitosan improves the anti-
bacterial and antibiofilm properties of gelatin matrices. The added ZnTA
enhances the antioxidant properties and promotes cell proliferation and
migration. Our hypothesis suggests that these multifunctional scaffolds
could represent a promising advancement in healthcare, offering a so-
lution to expensive fabrication and critical challenges and improving
patient outcomes.

2. Experimental section
2.1. Materials and reagents

The following chemicals were used in the experiments: gelatin (gel
strength 300, type A, 70-90 % protein, Sigma-Aldrich, St. Louis, USA),

A
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chitosan (MW: 310-375 kDa, >75 % deacetylated, Sigma-Aldrich, St.
Louis, Massachusetts, USA), tannic acid (ACS reagent, Sigma-Aldrich, St.
Louis, Massachusetts, USA), 2, 2-Diphenyl-1-picrylhydrazyl (DPPH)
(Sigma Aldrich, St. Louis, Massachusetts, USA), anhydrous zinc chloride
(99.95 % purity, Thermo Scientific, USA), propidium iodide and SYTO9
(Invitrogen, Seoul, Republic of Korea), and polyethylene glycol (PEG)
2000 (Alfa Aesar, Belgium, Europe). Escherichia coli and Bacillus subtilis
were provided from Korean Collection of Type Cultures (KCTC) (Jeon-
buk, Republic of Korea). WST-8 kit (Cellrix®, MediFab Co., Ltd., Seoul,
Republic of Korea), human dermal fibroblasts (HDF), and RAW 264.7
were purchased from American Type Cell Culture (ATCC) (Manassas,
Virginia, USA). All chemicals were used as purchased without any
additional purification.

2.2. Synthesis of ZnTA complex and PEG-grafted chitosan

For the ZnTA complex, 2 % zinc chloride solution (pH ~5.5) was
dropwise added into the 4 % (w/v) tannic acid solution (pH ~8.0) and
continuously stirred for 1 h at room temperature. After that, the pre-
cipitate was filtered, washed with distilled water (4 times), and dried at
45 °C for 4-5 days. The PEG-grafted chitosan was prepared as previously
reported elsewhere with slight modifications (Zhang et al., 2002). In
brief, a 2 % (w/v) chitosan solution was homogeneously prepared in 2 %
acetic acid, followed by the addition of equal amounts of PEG and
continuous stirring for 2 h at room temperature. After that, the resultant
solution was dialyzed against distilled water for 4-5 days, followed by
freeze-drying.

2.3. Hydrogel formulation

Gelatin (10 % w/v) and glycol chitosan (5 % w/v) were added to 1 %
acetic acid and stirred magnetically at 60 °C until a homogeneous
mixture was obtained. 1 %, 2 %, and 4 % (w/w) of ZnTA (w.r.t. total
weight of gelatin/glycol chitosan) were added to obtain GC/ZT-1, GC/
ZT-2, and GC/ZT-4 hydrogels. Samples without ZnTA particles were
denoted at GC/ZT-0. The components and their composition are sum-
marized in the Supplementary Information (SI) Table S1.

2.4. Hydrogel printing

All hydrogels were printed using the CELLINK BIO-X printer with
controlled nozzle and platform temperatures. Printing conditions are
mentioned in Table S2. After printing, scaffolds underwent overnight
incubation at 4 °C for primary crosslinking, followed by immersion in 1
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Scheme 2. Schematic presentation of 3D printed GC/ZT hydrogels and application in bacteria inhibition, tissue regeneration, and macrophage polarization.
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% glutaraldehyde for chemical crosslinking. Scaffolds were then
washed, freeze-dried for 2 days, and used for characterization. Print-
ability was assessed based on the expansion ratio, uniformity factor, and
integrity factor using the equations given below.

Expansion ratio (o) — Diamter of the filament (d)
P "~ Diamter of the nozzle (D)

_ Length of the printed structure (L)
~ Length of the of theoretical strand (L;)

Uniformity factor (U)

Thickness of the printed structure (T})

I ity f =
ntegrity factor (U) Thickness of the theoretical strand (T;)

2.5. Characterization

The various analytical tools, including proton NMR, SEM, EDS, TEM,
AFM, FTIR, XRD, and XPS, were explored to examine the physico-
chemical properties of the functionalized chitosan, tannic acid, and
developed hydrogel scaffolds. The detailed information about charac-
terization is given in the SI section.

2.6. Adhesive properties of hydrogels

The universal testing measurement (UTM; MCT-1150, AND Inc.,
Japan) equipment was used to investigate the adhesive strength of the
hydrogel at room temperature using the lap-shear technique (Patel et al.,
2023). Briefly, the hydrogel of equal weight (70 mg) was sandwiched
between two 4.5 x 1.2 cm cardboard surfaces and left to dry for 20 min.
Later, the pulling force was applied from opposite sides, and UTM
recorded the data. A similar experiment was performed with porcine
skin to check the adhesiveness of the skin surface.

2.7. Wettability and degradation study

The hydrophilicity of the samples was analyzed using a static contact
angle instrument (Phoenix-MT, Komachine, Suwon, Republic of Korea).
A film of GC/ZT-0, GC/ZT-1, GC/ZT-2, and GC/ZT-4 hydrogels was
prepared for water contact angle measurement. ~5 pL of distilled water
was dropped on the film surface, and the contact angle was measured
immediately.

To analyze the degradation of 3D-printed structures, scaffolds with
equal weights were immersed in 1 mL of 1x PBS and kept at a 100 rpm
rotation condition. Each scaffold was removed from the solution at
predetermined intervals, and the weight was recorded. The mass loss of
samples was calculated using the below formula:

Initial weight of the sample — Final weight of the sample o

100
Initial weight of the sample

Mass loss =

2.8. Antioxidant, antibacterial and anti-biofilm efficiency

The reactive oxygen species scavenging activity of GC/ZT hydrogels
was studied by measuring its activity against DPPH radicals. Scaffolds
with equal weights were dipped in 0.5 mL of a 0.1 mM DPPH solution
and preserved in the dark. The absorbance of samples was measured at a
wavelength of 517 nm by a spectrophotometer (Tecan Infinite 200 Pro,
Mannedorf, Switzerland) after 30 min, 1 h, and 2 h. The antibacterial
and anti-biofilms potentials of the developed hydrogels were examined
against Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis). Details
are provided in the SI section. Zinc release study is also given in the SI
section.
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2.9. Biocompatibility analysis

2.9.1. Cell viability and migration

The biocompatibility of the developed materials was examined with
Human dermal fibroblast (HDF) cells and macrophages (RAW 264.7).
The primary process of cell culture is given in SI. For cell viability, 1 x
10* cells (HDFs and macrophages) were seeded on the surface of the
cross-linked scaffolds and incubated for 1, 3, and 5 days. The old media
was changed every 3-day interval. After incubation, 100 pL of WST-8
reagent was added and incubated for 2 h at 37 °C in a CO5 incubator.
The absorbance was recorded at 450 nm using a spectrophotometer. All
experiments were performed in triplicate (n = 3). For cell migration, 2 x
10* HDF cells were added to 6 well plates containing the hydrogel-
extracted media and allowed to grow until confluent. After that, the
monolayer cells were scratched using a 1 mL sterile tip, and the detached
cells were removed by washing with 1 x PBS (4 times). The images of
migrated cells were captured at 0 and 24 h using an optical microscope
(Zeiss Optical Microscope, Germany). The detailed processes of qRT-
PCR, immunocytochemistry, and macrophage polarization and their
gene expression are given in the SI section.

2.9.2. In vivo analysis

In vivo investigation was conducted to evaluate the wound-healing
capabilities of the scaffolds. The Institutional Animal Care and Use
Committee (IACUC) at Capital Medical University in Beijing, China,
approved all surgical procedures that followed the National Research
Council’s Guidelines for the Care and Use of Laboratory Animals. The
surgical procedures were authorized by the Animal Experimental and
Ethical Committee (Permission No. KQYY-202012-004). A group of
male rats with an average weight between 42 and 52 g was obtained
from the Institute of Cancer Research (ICR) (total number of rats = 9).
The experiment was divided into three groups: a negative group
(without treatment), group 1 labeled GC/ZT-0, and group 2 labeled GC/
ZT-4. We selected the GC/ZT-0 and GC/ZT-4 scaffolds for in vivo
exploration due to their efficacy demonstrated in in vitro biological in-
vestigations. Every group possessed three identical rats. The dorsal hair
was promptly removed, and the skin surface was thoroughly cleansed.
Subsequently, the animals were positioned laterally. A sterile biopsy
punch with a diameter of 12 mm was used to produce a circular incision
by removing two layers of dorsal skin, resulting in a full-thickness
excisional wound. The rats were placed in a secure, soundproof cham-
ber maintained at a temperature of 21 + 1 °C and a relative humidity of
35 + 1 %. The space was regulated using a 12 h light and 12 h dark
cycle. The examination of wound healing at a macroscopic level was
performed at 14 days following the procedure.

2.9.3. Histological analysis

For this, the tissue samples were collected from the treated rats and
fixed with 3.7 % paraformaldehyde for 2 days. Subsequently, decalci-
fication was carried out using 12 % ethylene diaminetetraacetic acid
(EDTA) at a temperature of 4 °C. Subsequently, the tissue samples un-
derwent a process of cleansing and dehydration using alcohol. The
desiccated samples were encased in paraffin wax to create thin sections,
which were then stained using hematoxylin and eosin (H&E) staining
and Masson’s trichrome (MT) staining. The images were captured using
an optical microscope.

2.10. Statistical analysis

All presented data are expressed as the mean + standard deviation
(SD). The data underwent statistical analysis using OriginPro 2019b
software, employing the Student’s t-test and one-way analysis of vari-
ance (ANOVA). Statistical significance was indicated by *(p < 0.05) and
** (p < 0.01), while cases lacking statistical significance were denoted as
non-significance (n.s.)
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3. Results and discussion
3.1. Characterization of ZnTA and glycol chitosan

Metal-polyphenol conjugates show great potential as bioinspired
materials for biomedical applications (J. Kim et al., 2021). The
morphology was investigated by SEM, EDS mapping, AFM, and FE-TEM,
as demonstrated in Fig. 1(a-d). The SEM image of TA (Fig. S1) and the
ZnTA complex shows the morphological changes. TA is round-shaped
particles ranging from 10 pm to 50 pm, whereas the ZnTA complex
shows an undetermined cluster of particles. In the TEM image of Fig. 1
(c) the ZnTA complex, a scrambled structure was observed, which
agreed with the SEM morphology. A similar assembly was observed in a
study by Huang et al. (Yue Huang et al., 2023). EDS was performed to
analyze the percentage of zinc, carbon, and oxygen in the ZnTA com-
plex. As revealed in Fig. 1(b), 3.37 % zinc, 49.85 % oxygen, and 46.78 %
carbon atomic weight were recorded in the ZnTA complex, confirming
the presence of zinc ions in the ZnTA complex. The merged image of the
ZnTA complex EDS mapping and map spectrum is shown in Figs. S2 and
S3, respectively. The dimensions of the ZnTA complex were further
determined using AFM measurements. Fig. 1(d) depicts the 2D and 3D
AFM pictures of synthesized ZnTA nanoparticles. The picture provides a
good visualization of the topological structure and dispersion of nano-
particles. The ZnTA particles were observed to be within a range of 100
nm and exhibited an irregular star form, as verified by the TEM image.
Further, Fig. 1(e) FTIR spectra validated the molecular structure dif-
ference between the TA and zinc-conjugated TA. The pure tannic acid

()
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showed characteristic peaks at 1700 cm™" representing the stretching of
C=0 groups (Yuxiang Huang et al., 2020). The peaks at 1606, 1532, and
1445 cm™! were also observed due to the aromatic C-C stretches
(Osolnik et al., 2024). Benzene rings were present through 1174 and
1015 cm™!, whereas the vibration of O-H bonds out-of-plane and in-
plane was attributed to 1307 and 752 cm ™, respectively. The charac-
teristic peaks of TA at 1700, 1606, 1444, and 750 cm-1 were retained in
the ZnTA complex (Rasheed et al., 2021). However, a slight shift in other
peaks was observed. The O-H peaks were shifted to 1313 cm ™}, and the
benzene peaks were shifted to 1182 and 1020 cm™ !, showing the
changes in TA structure after zinc incorporation (Fu et al., 2023). The
modification also shifted the hydroxyl peak from 3311 to 3328 cm L.
Hence, the shift of TA peaks in the ZnTA complex reveals the conjuga-
tion of zinc to functional groups of TA. As shown in Fig. 1(f), the XRD
pattern of TA shows broad peaks at 14.16° and 25.05°, indicating the
amorphous morphology. After the modification with zinc chloride, the
peak formation was observed at 9.88°, 20.11°, 28.87°, and 33.16°. The
crystallinity index (%) for peaks of TA (25.05°) and ZnTA (27.87°) was
calculated to be 86.79 % and 45.05 %, respectively. This change in the
peaks and their intensities confirms that the ZnTA complex was syn-
thesized successfully. XPS analysis investigated zinc decoration upon TA
and identified the elements. Fig. 1(g-i) shows the wide scan spectrum of
the TA and ZnTA and high-resolution spectra of Cls, Ols, and Zn 2p of
ZnTA (Fig. 1(g-(ii-iv)). The presence of zinc peaks confirms the modi-
fication of TA. The high-resolution XPS spectra of Zn 2p reveal that the
binding energy of Zn 2p was divided into 1044.28 eV and 1021.28 eV.
The first peak is attributed to Zn 2p1/2, and the second peak is the
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resultant of Zn 2p3/2 respectively. The XPS of O1s deconvoluted into 2
peaks at 532.09 eV was attributed to zinc carbonate and C=0, whereas
530.53 eV was attributed to the zinc attached to the oxygen of tannic
acid. Similarly, the 3 peaks appeared after the deconvolution of C1s of
ZnTA. The peak at 287.6 eV is attributed to C=0, C-O, 284.8 eV is
attributed to C=C, and 283.3 eV appeared due to C-C bonds present in
TA. Hence, the overall outcomes of morphological and chemical char-
acterizations show that the ZnTA particles were successfully
synthesized.

Glycol chitosan was synthesized to increase its aqueous solubility
and degradability. In the FTIR spectra demonstrated in Fig. 2(a), chi-
tosan showed characteristic peaks at 3314 cm ™, attributed to O-H and
N-H stretching vibrations (Rodrigues et al., 2020). Other characteristic
peaks such as 2925-2875 (C-H stretching), 1646 (C=O stretching of
amide I), 1560 (N-H bending of amide II), and 1417 cm ! (amide TIT)
were also obtained. The presence of C-N, C-O-C, and C-O stretching was
confirmed by peaks 1150, 1060, and 1025 cm ™!, respectively. After the
modification to glycol chitosan, various peaks, including the amino
group, hydroxyl group, and amide groups, were shifted. However, 1150
and 1060 cm ™! characteristic peaks were retained, showing the integrity
of chitosan. The glycol-functionalized chitosan exhibited enhanced
inter/intra-molecular -OH/NH peaks, indicating the successful grafting
of the PEG chains with chitosan. Furthermore, significant enhancement
in absorption intensity of —CH stretching (2878 cm ') also occurred in
functionalized chitosan, contributed from the CH, moieties of the PEG
chains. An additional absorption peak at 1466 em ! was observed in
PEG-grafted chitosan, which can be attributed to the bending vibration
of CHy groups of PEG chains (Andleeb et al., 2022). For further
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confirmation, '"H NMR of chitosan and PEG-modified chitosan was
performed, and the results are given in Fig. 2(b). The peak around § =
2.04 and 6 = 11.53 is attributed to the deuterated acetic acid. However,
the additional peak around § = 3.7 shows the PEG modification in the
glycol chitosan. The proton peaks appearing between 5§ = 3.1-3.8 are
attributed to different hydrogens in the CHy moieties, confirming the
grafting of PEG chains with chitosan (Zaboon et al., 2019).

3.2. Morphological, structural, and thermal properties of scaffolds

The ZnTA complex was added to the gelatin/glycol chitosan solution
to develop the multifunctional hydrogels via a simple and facile stirring
process. The optimized parameters for all the hydrogels are mentioned
in Table S2. After cross-linking and freeze-drying of scaffolds, samples
were characterized. The images of the printed constructs are given in the
inset of Fig. 3(a). The printed structures maintained their predesigned
morphology, indicating their excellent printability. SEM images of the
printed constructs at high and low magnification are presented in Fig. 3
(a). The bridges and junctions of the printed structure were visualized in
the SEM images without further collapse, demonstrating the printed
layers adequately adhered to each other through different interactions.
ZnTA-incorporated scaffolds exhibited more porous morphological
structures compared to the GC/ZT-0 scaffolds. The porous structure has
several advantages in the biomedicine sector. The porous structures
increase the surface area, facilitating cellular activity and antimicrobial
activity through a smooth supply of nutrients and metabolic exchanges
(Leng et al., 2021). It also facilitates the controlled release of bioactive
elements, such as zinc ions, in a more methodical fashion, consequently
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enhancing the effectiveness of the treatment (Sutherland et al., 2023).
Hence, the addition of the ZnTA complex to the hydrogels results in a
porous structure, which improves their ability to fight against micro-
organisms and makes them suitable for many biomedical uses, including
wound healing. The composition, temperature, concentration, and flow
rate significantly impact the printing properties of hydrogels. A movie
file during the hydrogel printing is given in Movie S1. The expansion
ratio, uniformity factor, and integrity factor were computed to
comprehend the printing characteristics of GC/ZT hydrogels. Fig. 3(b)
presents the expansion ratio of hydrogels at a specific temperature. The
expansion ratio of hydrogel should approximate unity. Based on the
concentration of the ZnTA complex, the findings suggest that the
expansion ratio of the printed scaffolds exhibited variability. The GC/
ZT-4 hydrogel maintained the diameter in close proximity to the nee-
dle diameter. It exhibited favorable mechanical strength, physical
bonding, and chemical coordination, ensuring the hydrogel’s integrity
was effectively preserved. Fig. 3(c) and (d) provide the manufactured
hydrogels’ integrity and uniformity factors, respectively. The findings

(a) GC/ZT-1
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suggest that the concentration of the ZnTA complex significantly im-
pacts both the length of the strand and the thickness of printed struc-
tures. Based on the comprehensive analysis of various parameters, it is
evident that the GC/ZT-4 hydrogels exhibited favorable printing
properties.

The FTIR spectra of GC/ZT-0, GC/ZT-1, GC/ZT-2, and GC/ZT-4 are
presented in Fig. 3(e). Typical peaks of glycol chitosan were shown at
3291 cm ™! (OH stretching vibration), 1631 em ! (C=0 stretching vi-
bration), 1535 em™! (N-H bending vibration), 1447 em! (symmetric
stretching of -COOH groups) and 1077 cm ™! (G-O stretching vibration).
The gelatin/glycol chitosan composite exhibited a peak corresponding
to gelatin at 1631 cm ™~ and 1406 cm ™! (symmetric stretching of -COO~
groups), indicating that glycol chitosan was evenly blended with gelatin.
This interaction could arise from the electrostatic interaction between
the ammonium (-NHZ) ions of chitosan and the carboxyl (-COO™) ions
of gelatin, a partial transformation of electrostatic bonds into chemical
bonds through hydrogen bonding. The XRD analysis was performed to
examine the effects of the added ZnTA, and the patterns are depicted in
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Fig. 3(f). The pure polymer (GC/ZT-0) shows two broad diffraction
peaks at 8.8° and 22.8° with interlayer distances of 1.013 and 0.39 nm,
respectively. These peaks are attributed to glycol chitosan and triple-
helical collagen structure in gelatin (Kim et al., 2024; Lu et al., 2022).
These peaks were significantly shifted towards lower diffraction angles
of 8.4° and 21.3° in the ZnTA-added composite with interlayer distances
of 1.056, and 0.42 nm, respectively. The enhanced interlayered dis-
tances can be attributed to the insertion of ZnTA complex inside the
polymer galleries, facilitating interactions between ZnTA and polymer
chains (Nagahama et al., 2009). These FTIR and XRD results revealed
that the ZnTA was successfully incorporated in a gelatin/glycol chitosan
polymer mixture.

The TGA was performed to analyze the thermal stability of GC/ZT
scaffolds. TGA and DTG curves in Fig. S4(a, b) depict the thermal
degradation behavior of GC/ZT scaffolds. All scaffolds predominantly
exhibited two steps of thermal degradation. The lower degradation re-
gions (<200 °C) can be attributed to the loss of the bound water mole-
cules. The major degradation occurred at >300 °C due to the
decomposition of ionic bonds and amine groups in the polymeric chains
present in the scaffolds. The weight loss was slightly higher in ZnTA-
added scaffolds compared to pure polymers due to the presence of
more heat-sensitive groups in the composite scaffolds (Horn et al.,
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2009). These degradation patterns were also observed in the DTG curve,
where the major peak occurred >300 °C, showing the major weight loss
(Fernandes et al., 2011).

3.3. Wettability and degradation analysis

Contact angle measurements were employed to prove the difference
in wettability properties of GC/ZT films before and after the incorpo-
ration of ZnTA particles. As illustrated in Fig. 4(a, b), the contact angle of
GC/ZT-0 is 54.2° + 0.83. As the ZnTA is added and the concentration
increases, the contact angle of the films increases from 71.48° + 0.76,
74.31° + 0.65 to 116° + 0.88. The increase in contact angle was un-
doubtedly due to the presence of ZnTA particles (Patil et al., 2021).
These hydrophilic scaffolds can improve cell adhesion and proliferation
(Ehtesabi & Massah, 2021). Therefore, based on the above results, the
GC/ZT films had good wettability except for the GC/ZT-4 films. These
results also evidenced that adding the ZnTA complex successfully
modified gelatin/glycol chitosan properties.

The degrading characteristics of the scaffolds were examined in 1x
PBS solution at room temperature, and the results are shown in Fig. 4(c).
An appropriate degradation rate is required for improved cellular ac-
tivity. Rapid degradation or slow degradation is not ideal for tissue
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engineering applications (Tondera et al., 2016). The composite scaffolds
showed faster degradation compared to the pure polymer scaffolds,
which can be attributed to the high porosity of the scaffolds, which fa-
cilitates rapid movement of the solvent molecules, leading to faster
degradation.

3.4. Antioxidant properties and zinc release

An infected wound can generate excessive free radicals, which cause
oxidative stress. This causes DNA damage, endothelial dysfunction,
enzyme degradation, tissue injury, and lipid peroxidation (Mittal et al.,
2014; Sharifi-Rad et al., 2020). Scaffolds with antioxidant potential can
effectively scavenge free radicals, which is helpful for chronic wound
healing. Polyphenols such as gallic and tannic acids possess good anti-
oxidant potential (Lou et al., 2018). The DPPH radical-scavenging po-
tential was evaluated with and without scaffolds. Fig. 4(d) shows the
radical scavenging activity after 2 h, and Fig. S5 shows activity at
various time intervals. The improved activity was basically due to the
presence of tannic acid in the ZnTA complex (Leite et al.,, 2021).
Therefore, the hydrogel has effective potential in wound repair due to its
radical scavenging activity.

The release profile of zinc ions was examined by soaking the samples
in 1x PBS solution for varying times. The results presented in Fig. S6
show that zinc ions were released before the full degradation of scaf-
folds. The composite scaffolds exhibited rapid release vis-a-vis pure
polymer scaffolds due to their porous structure, which facilitated the
movement of solvent molecules and accelerated faster release.

3.5. Rheological analysis

The viscoelasticity of the hydrogels plays crucial roles in 3D-printing
for the desired applications (Ning et al., 2020). The linear viscoelastic
(LVE) region was determined through the strain amplitude sweep, and
the results are presented in Fig. 5(a). The hydrogels maintained their
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structural integrity up to 10 % of shear strain, showing the existence of
compact networks. The hydrogels showed improved storage modulus
vis-a-vis storage modulus, indicating their elastic properties. The fre-
quency sweep was performed to monitor the effects of the added ma-
terial on the storage modulus (G) and loss modulus (G") of the
hydrogels, and the results are given in Fig. 5(b). The composite hydro-
gels showed improved G’ (continue lines) compared to the pure polymer
hydrogels, attributing the presence of cross-linked polymeric networks.
This was further increased with increasing ZnTA contents due to the
greater availability of reactive functional groups for interactions,
including hydrogen bonding, cationic-n interactions, and =n-n in-
teractions (Lee, 2018). The value of G" was lower than G’ throughout the
measured regions, showing the elastic characteristics of the hydrogels.
The composite hydrogels demonstrated enhanced G” values compared to
the pure polymer hydrogels but were lower than G, showing superior
viscoelastic properties. The corresponding change in viscosity complex
(n*) throughout the measured regions is given in Fig. 5(c). The com-
posite hydrogels demonstrated enhanced n* compared to the pure
polymer hydrogels. This can be attributed to the presence of more cross-
linked network structures in the hydrogels, restricting the motion of the
polymer chains in given conditions. The change in viscosity of the
hydrogels at different temperatures (25-50 °C) is given in Fig. S7. The
composite hydrogels showed improved viscosity than the pure polymer
hydrogels throughout the measured regions, indicating more cross-
linked structures in the hydrogels. The dramatic decreased in viscosity
was observed above 30 °C, showing the transition of the gel state into
the sol-state due to the disentanglement of the polymeric chains.
Thixotropic measurements were conducted to evaluate the hydrogel’s
recovery capacity after deformation, and the results are shown in Fig. 5
(@.

The G’ value of the hydrogels was gauged at distinct shear rates: 1.0
%, 100 %, and 1.0 % at a temperature of 25 °C. A considerably high
shear rate (100 %) induced deformation in the hydrogel, reducing its
viscosity. Upon the end of the shear rate, the hydrogels restored their
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initial viscosity. Initially at 1 %, G’ value was 1281, 1752, 1939, and
3821 Pa for GC/ZT-0, GC/ZT-1, GC/ZT-2, and GC/ZT-4, respectively.
After removing high shear rate (100 %), hydrogels approximately
regained its initial G’ value. The regained G’ value was 1233, 1468, 1588,
and 3474 Pa, for GC/ZT-0, GC/ZT-1, GC/ZT-2, and GC/ZT-4, respec-
tively. The higher recovery property in the composite hydrogels was
attributed to the establishment of crosslinked structures fostered by
more robust interactions, including, hydrogen bonding, cationic-n in-
teractions, and n-m interactions within the hydrogel following the
termination of shear. Consequently, the admirable recovery character-
istic of the composite hydrogels devised in this investigation un-
derscores their promising potential as a novel self-healing hydrogel.

3.6. Adhesive property

The adhesive hydrogel dressing exhibits multifunctional attributes,
encompassing wound adherence, closure, antibacterial protection,
bodily fluid containment, and hemostasis facilitation. The adhesive ef-
ficacy of the GC/ZT hydrogels was evaluated through shear lap stress
testing, as depicted in the schematic of Fig. 6(a). GC/ZT hydrogel
promptly exhibited adherence to a range of materials, encompassing
biological tissues (skin) as well as plastic, glass, rubber, and metal (Fig. 6
(b)). UTM measured the quantitative results, as shown in Fig. 6(c, d), to
plot load and adhesive strength vs. displacement curves for all hydro-
gels. The adhesive strength of hydrogels was significantly enhanced,
ranging from 150 to 210 kPa with an increasing content of ZnTA. The
ultimate adhesive strength of hydrogels is presented in Fig. 6(e). The
GC/ZT-4 hydrogel demonstrated enhanced load-bearing properties
compared to GC/ZT-0 due to stronger interactions of active functional
groups of hydrogel bonding with externally applied surfaces. The ad-
hesive performance of the GC/ZT-4 hydrogel was also tested against
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porcine skin through lap shear testing. The results are shown in Fig. S8.
The hydrogel has satisfactory adhesive properties on porcine skin
compared to other materials examined. Prior studies have demonstrated
that the adhesion strength of hydrogels is intricately tied to the cohesion
within the hydrogel itself and the adhesive interaction at the interface
(Bu & Pandit, 2022; Zhang et al., 2020). Concerning the GC/ZT hydrogel
system, an elevated proportion of ZnTA creates sensitive quantities of
polyphenol groups and zinc ions, simultaneously supplementing cross-
linking density. This synergistically reinforces the interfacial adhesion
and internal cohesion of the hydrogels. It can be suggested that the
robust finger adhesiveness observed in GC/ZT hydrogels primarily arises
from the polyphenol, hydroxyl, and amino groups of the hydrogel
structure. These constituents exhibit substantial affinity for the charged
functional groups on the skin surface, encompassing thiol and amine
groups found in polypeptides and proteins (Chen et al., 2022; Wang
et al., 2020). Hydrogels containing numerous hydroxyl moieties might
interact significantly with charged functional groups of human skin
peptide chains via hydrogen bonding, electrostatic interactions, ion-
dipole, and dipole-dipole bonds to promote adhesiveness (Bal-Ozturk
et al., 2021). These GC/ZT hydrogels have good adhesion capability,
which enables them to adhere strongly to the surrounding tissues, pre-
vent subsequent cracking, and offer a physical barrier to terminate
bleeding.

3.7. Antibacterial and antibiofilm properties

Bacteria can easily grow in open and fresh wounds, making them
critical to cure. Therefore, an ideal wound dressing should possess
strong antibacterial properties to inhibit and eliminate the growth of
bacteria. The bacteria-killing effects of developed hydrogels were
examined against B. subtilis and E. coli bacteria after 12 h of incubation
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and the results presented in Fig. 7(a, b). All scaffolds showed
outstanding antibacterial properties. The bacteria-killing efficiency was
calculated based on the optical density of the bacteria culture after the
treatment. The antibacterial efficiency of GC/ZT-0 scaffolds was >81 %
against B. subtilis and 92.7 % against E. coli, which was confirmed by the
agar plate diffusion method (Fig. 7(d). The antibacterial potential of

Carbohydrate Polymers 344 (2024) 122522

ZnTA-added scaffolds was maintained in gram-positive bacteria but
decreased in gram-negative bacteria. As reported previously, gelatin is
impotent for killing bacteria (Shankar et al., 2016). Therefore, the
antibacterial activity observed in GC/ZT-0 is the predominant effect of
glycol chitosan. The activity is slightly reduced in GC/ZT-1, 2, and 4
compared to the GC/ZT-0 sample. However, compared to the control,
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which received no treatment, the antibacterial potential of all hydrogels
showed outstanding results, primarily due to the presence of ZnTA
particles and glycol chitosan. Fig. 7(c) shows the possible mechanisms
for the bactericidal effect of GC/ZT scaffolds. Zinc ions damaged the
bacterial cell membrane and inhibited the growth of bacteria by inter-
fering with replication and metabolism (Almoudi et al., 2018; Sathish-
kumar et al.,, 2022). TA is a polyphenol that exhibits bactericidal
properties by disrupting cell membranes, inhibiting bacterial enzymes,
and maintaining protein integrity (Farha et al., 2020). Chitosan can
damage bacteria by binding to negatively charged cell walls, disrupting
them, and releasing the internal components. It can also interfere with
DNA replication and inhibit the multiplication of bacteria (Yilmaz Atay,
2020). Hence, the developed GC/ZT scaffold synergistically enhances
the bactericidal properties through various mechanisms. The antibac-
terial results were confirmed by SEM image analysis, as demonstrated in
Fig. 6(e). More damaged bacteria membranes occurred in scaffold-
treated groups compared to the control, showing their superior anti-
bacterial potential. The live/dead analysis showed a higher number of
live bacteria (green stain) in the control group and dead bacteria (red
stain) in the treatment groups, as given in Fig. 7(f).

Further, a biofilm inhibition test of GC/ZT scaffolds was conducted
to understand the effectiveness of these scaffolds against B. subtilis and
E. coli, and the results are shown in Fig. 8(a). Biofilm protects the bac-
teria against external factors and keep them safe, which is dangerous for
chronic wounds. Therefore, the disruption of biofilm is necessary for
effective wound healing. The dark stain of crystal violet is visible for the
control set of bacteria. However, the treatment sample shows a signifi-
cant reduction in the stain. The scaffolds-treated groups effectively
disrupted the biofilms, showing their antibiofilm property. The absor-
bance value of the treated groups is given in Fig. 8(b, c). These results
indicate that GC/ZT samples could effectively disrupt biofilm formation,
mainly by killing bacteria and entering the microenvironment to disturb
the biofilm intimacy.

3.8. Biocompatibility, cell migration, and in vitro examination
The biocompatibility of samples is an important and mandatory

property for application in tissue engineering. The biocompatibility and
cell proliferation of GC/ZT scaffolds were evaluated by the WST-8 assay,
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and outcomes are shown in Fig. 9(a, b). The cells (HDF, macrophages)
cultured without any sample were considered a control group. All
samples were identified as nontoxic to fibroblast cells and macrophages,
as, after all treatments, cells had over 80 % viability, confirming that the
GC/ZT samples are highly biocompatible with HDF cells and macro-
phages. The GC/ZT-4 showed outstanding growth in the cell count,
which shows that the polymer and ZnTA incorporation were encour-
aging the growth of cells.

The impact of GC/ZT sample leachates on promoting cell migration
was investigated by a scratch test. According to Fig. 9(d), the GC/ZT-4
hydrogel significantly improved the migration of HDF cells. It resulted
in the closure of the scratch in comparison to the control, GC/ZT-0, GC/
ZT-1, and GC/ZT-2. The cell migration seen in the GC/ZT-0 group
indicated that the polymer matrix can facilitate HDF cell movement. The
numerical outcomes of cell migration are presented in Fig. 9(c).
Furthermore, the movement of cells in other groups was affected by the
presence of the ZnTA complex. The group that contained 4 % ZnTA
exhibited increased migration, indicating that the ZnTA compound in-
creases cell mobility. Therefore, the GC/ZT hydrogels can enhance the
movement of HDF cells, which is a crucial characteristic for expediting
the healing process of wounds.

Further, the influence of the sample on HDF cell growth and prolif-
eration through the modulation of cell cycle regulatory genes and
wound healing genes was thoroughly investigated. Fig. 10(a) presents a
schematic representation of the upregulated genes with scaffolds. The
enhanced proliferative efficacy of GC/ZT-4 is attributed to the syner-
gistic combination of ZnTA and gelatin/glycol chitosan. The quantita-
tive expression of cell cycle regulatory genes (PCNA, CDK4, CDK6) and
wound healing genes (Fibronectin, Collagen, and TGF-$1) was conducted
following treatment with GC/ZT hydrogels. Significantly divergent
expression levels were observed across all genes. Proliferating cell nu-
clear antigen (PCNA), crucial for nucleic acid metabolism and cell pro-
liferation, along with CDK4 and CDK6, pivotal in cell division
progression, exhibited notable upregulation, as depicted in Fig. 10(b-d).
Specifically, the fold change in PCNA, CDK4, and CDK6 gene expression
for GC/ZT-4 treated samples was 49.5, 2.3, and 76.3 on day 1, respec-
tively. Surprisingly, on day 7, PCNA and CDK6 showed fold changes of
3.4 and 6.2, respectively, while CDK4 increased to 2.9. These upregu-
lated values indicate a significant increase in proliferating cells within
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the GC/ZT-4 treatment group.

Moreover, wound healing genes were analyzed to discern their
expression in the presence of GC/ZT samples on HDF cells, as illustrated
in Fig. 10(e-g). The results revealed high expression levels of Fibronectin,
Collagen, and TGF-f1 in HDF cells treated with the sample, both after 1
and 7 days of culture. TGF-$1, a multifunctional cytokine, is implicated
in myofibroblast trans-differentiation. Notably, the fold change for TGF-
$1 on day 1 ranged from 0.017 to 4.62 for GC/ZT-0 to 4 samples, with a
subsequent increase by day 7. The expression was significantly upre-
gulated in GC/ZT-2 and GC/ZT-4 hydrogels, with fold changes of 2.18
and 15.22, respectively. The gene expression of Collagen and Fibronectin
after 1 and 7 days of treatment is depicted in Fig. 10(f, g). Fibronectin and
Collagen play crucial roles in wound healing by promoting fibrous
network formation and serving as the primary structural components of
connective tissue, respectively (Arif et al., 2021; Kendall & Feghali-
Bostwick, 2014). The scaffolds treated groups exhibited enhanced
expression of the wound healing genes compared to the control. This
was significantly higher in ZnTA-added scaffolds. The enhanced
expression of TGF-f1, Fibronectin and Collagen in scaffolds treated groups
was attributed to the synergistic effects of the added materials, including
zinc, tannic acid, gelatin and glycol chitosan. These materials play sig-
nificant roles in wound healing by regulating different physiological
functions, including antibody production, lymphocytes, blood clotting,
collagen synthesis, boosting immunity, and antimicrobial activity
(Jennifer Sallit, 2012). Zinc ions play crucial roles in collagen synthesis,
immunity boosting as well as inflammation (Yang et al., 2022). Tannic
acid has anti-inflammatory characteristics and maintained moisture
equilibrium in the wound area, which is essential for promoting efficient
healing. The glycol modified chitosan showed enhanced cellular and
microbial activities, as well as collagen synthesis, accelerating the gen-
eration of new tissues (Divyashri et al., 2022; Moeini et al., 2020).
Gelatin trigger the collagen formation, and cellular activity, providing
suitable platform for wound healing (Cao et al., 2024; Kang & Park,
2021). Thus, developing the 3D-printed constructs based on these ma-
terials have huge advantages in biomedical sectors. To validate the
findings from qRT-PCR, the protein expression levels of Fibronectin and
Collagen were assessed. As illustrated in Fig. 10(h), Fibronectin intensities
notably increased in the GC/ZT-2 and GC/ZT-4 treatment groups

13

following the qRT-PCR results. Similarly, GC/ZT-4 demonstrated a sig-
nificant impact on HDF cells, resulting in prominent Collagen expression.
These outcomes validate the upregulation of wound healing-related
genes.

3.9. Invitro effect on macrophage polarization

Macrophage polarization is crucial in wound healing, influencing
infection prevention, cell growth promotion, inflammation reduction,
and tissue modification. Depending on the microenvironment, macro-
phages can adopt M1 or M2 phenotypes (Dutta et al., 2023). For
instance, M1 macrophages secrete Interleukin-1 (IL-1) and other pro-
inflammatory cytokines, triggering an inflammatory response in
bacteria-infected wounds. Conversely, M2 macrophages express Inter-
leukin-10 (IL-10) and Arginases-1 (ARG-1), fostering anti-inflammatory
responses and promoting cell migration, proliferation, and skin regen-
eration (Joorabloo & Liu, 2022).

To assess the modulation of GC/ZT hydrogels on macrophage po-
larization, we conducted a comprehensive investigation employing op-
tical imaging, qRT-PCR, and ICC. Optical images revealed distinct
morphological changes in macrophages treated with GC/ZT hydrogels.
Previous studies have established that macrophage polarization can be
distinguished based on morphological characteristics. Specifically,
elongated morphology typically corresponds to M2 polarization, while
round-shaped morphology indicates M1 polarization, as elucidated in
previous research (Dutta et al., 2023). As Fig. 11(a) illustrates, macro-
phages treated with GC/ZT-0 exhibited a round-shaped morphology,
whereas samples incorporating ZnTA displayed a more elongated
morphology. qRT-PCR analysis further elucidated the molecular mech-
anisms underlying macrophage polarization. qRT-PCR was conducted
for the M1 (IL-6) and M2 (IL-4, ARG-1, VEGF, CD163, and IL-10) genes.
IL-6 plays a role in switching macrophage polarization from the M1
phenotype to M2. Notably, the expression of IL-6 (Fig. 11(b)), known for
its role in M1 to M2 phenotype switching, was significantly elevated in
GC/ZT-treated groups, suggesting a shift towards M2 polarization (Liu
et al.,, 2022). The gene expression of M2 macrophages was analyzed
using IL-4, ARG-1, VEGF, CD163, and IL-10 marker genes. GC/ZT sample
groups significantly elevated the expression of IL-4, CD163, and IL-10
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Fig. 10. (a) Schematic presentation for expression of genes in presence of samples, (b-g) QRT-PCR results of PCNA, CDK4, CDK6, TGF-f1, Fibronectin, and Collagen
after the treatment of day 1 and day 7, (h) ICC images of HDF cells after treatment of 5 days (red: fibronectin; green: collagen; blue: nucleus).

compared to the control groups. Upregulation of ARG-1 and VEGF genes
compared to control was improved only in GC/ZT-4 treated groups. All
other hydrogels down-regulated the expression of ARG-1 and VEGF.
Fig. 11(b) shows that gelatin/glycol chitosan could highly promote M1
polarization over M2. So, it is clear that the ZnTA complex is responsible
for the M2 polarization of macrophages. To confirm the above results,
immunocytochemistry of control and GC/ZT-4 was performed for pro-
tein expression of M1 (CD68) and M2 (CD163, CD83) markers. The ICC
corroborated these findings, highlighting the enhanced polarization of
M2 macrophages in GC/ZT-4-treated samples. As Fig. 11(c)
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demonstrated, the GC/ZT-4 group displayed remarkably higher CD163
and CD83 levels than the control group. Overall, our results indicate that
GC/ZT hydrogels, especially GC/ZT-4 with a high concentration of
ZnTA, effectively promote M2 macrophage polarization, facilitating
tissue regeneration. These findings underscore the potential of GC/ZT
hydrogels as promising candidates for applications in wound healing
therapies, warranting further investigation into their practical utility.
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3.10. In vivo wound healing

Considering the positive in vitro results for GC/ZT-0 and GC/ZT-4 in
skin cell proliferation, migration, and general cellular functions, we
looked into this further in a male ICR rat model with a 1.2 ¢cm subcu-
taneous skin wound (Fig. 12). According to the results, 94 % of the
wound was effectively healed within 14 days of treatment (Fig. 12(a)).
The wound healing area differed in the GC/ZT-0 and GC/ZT-4 compared
to the control (Fig. 12(b)). On the 14th day, the epidermis in all groups
was completely regenerated and began to form skin appendages, such as
hair follicles (H) and blood vessels, in the dermis (E, D), especially in the
two 3D-printed groups. The improved skin regeneration efficacy of GC/
ZT-0 and GC/ZT-4 scaffolds is attributed to their better cellular activity,
which facilitated skin cell proliferation and enhanced gene expression,
as observed in in vitro results.

Histological analysis of the wound-tissue sections was performed
after 14 days of scaffold implantation to observe epithelialization and
new-tissue formation using H&E staining (Fig. 12(d)). The results indi-
cate that the damaged epidermis was nearly healed in all the groups;
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however, a distinct epidermis layer of regular thickness was observed in
the GC/ZT scaffold-treated groups. Additionally, the complete forma-
tion of the keratinized layer in the GC/ZT-4 implanted tissue suggests
the completion of wound healing. H&E staining also revealed the con-
struction of new tissue on the 14th day. A dense accumulation of fi-
broblasts increased the number of blood vessels in the dermis, and the
skin structures were restored more rapidly in the GC/ZT-4 treated group
than in the blank. The formation of hair follicles (H) in the deep
epidermis (D) and superficial epidermis (E) was observed in the GC/ZT-
4 treatment group. The higher regeneration ability of GC/ZT-4 scaffolds
is attributed to their greater expression of different factors, including
Fibronectin and TGF-$1. The upregulated gene expression of Fibronectin
and TGF-$1 is already shown in in vitro results. It is well known that
Fibronectin plays an important role in tissue repair, adhesion, and
migration of fibroblasts, endothelial cells, and immune cells such as
neutrophils and monocytes (Grinnell, 1984; Wang et al., 2022). Simi-
larly, TGF-$1 is essential for granulation tissue formation, cell prolifer-
ation, differentiation, ECM production, modulation of immune
response, and wound healing-promoting factor (Kiritsi & Nystrom,
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Fig. 12. (a) Digital photographs of wounds at day 0 and day 14 and (b) Their respective wound healing rate (c) Collagen deposition in percentage after day 14 (d)
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dermis inner reticular which comprises thick connective tissue; (e) MT staining results showing collagen deposition (blue stain) and presence of keratin (red stain) in
control, GC/ZT-0 and GC/ZT-4 treatment groups.

2018; Pakyari et al., 2013; Ramirez et al., 2013). Hence, the upregula- and anti-biofilm activity. The intermolecular bonds in hydrogel were
tion of these genes could be the reason for effective wound healing in the strengthened by tannic acid to enhance the physiochemical properties,
in vivo investigation. including viscoelasticity, adhesiveness, and recovery potential. GC/ZT-4

To further investigate the efficiency of the GC/ZT scaffolds in wound hydrogel showed outstanding adhesive strength (~210 kPa) and storage
healing, Collagen deposition after 14 days of treatment was examined. modulus. The hydrogels were easily printed and maintained their pre-
The formation of Collagen at the wound site plays a vital role in designed morphologies with glutaraldehyde crosslinking, demon-
remodeling damaged skin tissue, as assessed by Masson’s trichrome strating superior printability and stability. The hydrogels rapidly
staining (Zhang et al., 2021). Collagen is a key component in the extra- inhibited the growth of B. subtilis and E. coli, showing outstanding
cellular matrix and plays a critical role in regulating the phases of wound bactericidal effects and biofilm eradication. The hydrogels also exhibi-
healing (Sun, 2021). As shown in Fig. 12(d), Collagen deposition could ted excellent antioxidant properties, which can reduce oxidative stress
not be seen in all groups. Less collagen deposition was found in the in the infected areas. The hydrogels have no adverse effects on human
control group, while the GC/ZT-0 and GC/ZT-4 groups showed dermal fibroblasts and promote the expression of wound healing genes,
enhanced Collagen deposition with a better-organized fibrous structure. including (Collagen, Fibronectin, and TGF-$1) indicating their superior

The image observation clearly shows in Fig. 12(e) that the Collagen cytocompatibility and angiogenic potential, respectively. Rapid cell
densities in the GC/ZT-4 group were higher than those of the GC/ZT- migration occurred with developed hydrogels, providing favorable

0 group, and both treatment groups were higher than those of the conditions for enhanced cellular activity.

control groups at the same time point (day 14). The quantitative graph is Furthermore, hydrogels favored M2 polarization of macrophage

given in Fig. 12(c). These results confirmed that the maturation and cells, which is essential for rapid wound healing. Faster wound healing

remodeling stages were achieved. Table 1 shows various studies of was observed in subcutaneous rat wounds in hydrogel-treated groups

chitosan-based hydrogels for antibacterial and biomedical applications. compared to the control, and more significantly, ZnTA-added hydrogels
(94 %), due to their improved cellular activity. Collectively, the current

4. Conclusion outstanding findings provide convincing results to show multifunctional

GC/ZT hydrogel as a potential material for 3D printing, bacteria inhi-
Herein, we developed 3D printable multifunctional hydrogels using bition, biofilm eradication, M2 macrophage polarization, and skin tissue

glycol-grafted chitosan, gelatin, and zinc-functionalized tannic acid for regeneration. These results also suggested that the developed hydrogels
antibacterial effects and rapid wound healing. The glycol chitosan was can be used as skin patches for bacteria-infected wounds for rapid
synthesized with a one-step facile synthesis to overcome the limitations healing. However, more studies on bacteria-infected wound healing
of mechanical strength and low solubility and enhance the bactericidal must validate the findings and use the developed hydrogel platforms for
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Table 1
Comparison of the present study with the previous studies related to chitosan-based hydrogels for antibacterial and biomedical applications.
Formulations Major findings Limitations Applications Reference
Enhanced mechanical strength
CMCA-DOHA- Rapid self-healing . Hemostasis and wound (Wang, Gao,
pDA@Raf hydrogel Antibacterial potential (E. coli 97.5 + 4.1 %), Poor adhesive strength (16 kPa) healing et al., 2024)

PCCS/Fe>" hydrogel

QCMOD-MINP
hydrogel

LAMC-MoS,@PDA
hydrogel

Alg/Chi - Neo hydrogel

CMCh(Fe** or AI*)
hydrogel

CMCS/Fe>"/CIP
hydrogel

CPD hydrogel

CMCs/Odex/CE
hydrogel

GC/ZT 3D printable
hydrogel

and S. aureus (99.6 + 3.1 %)

Improved swelling efficiency

Good adhesive strength (78 kPa)
Antibacterial property E. coli, and S. aureus >
98 %

Controlled release of Mg?*"

Good Injectability

Rapid self-healing

Antibacterial potential (E. coli, and S. aureus
>80 %)

Rapid cell migration and angiogenesis
Superior photothermal property

ROS scavenging activity

Biocompatible

High swelling efficiency

Pharmacological stable >60 days
Antibacterial potential (S. aureus > 95 %)
Injectable and rapid self-healing

Enhanced viscoelasticity

Biocompatible

Rapid angiogenesis

Good injectability and moldability
Biocompatible

Osteogenic potential

Antibacterial property (S. aureus ~ 80 %)
Superior photothermal property

Radical scavenging potential
Biocompatible

Rapid cell migration

Antibacterial

Rapid gelation, and injectable

Good photothermal activity

Radical scavenging potential
Biocompatible

Antibacterial potential (E. coli, and S. aureus ~
80.0 % without NIR)

3D-printable

Improved viscoelasticity and recovery strength
Superior adhesive strength (210 kPa)
Radical scavenging potential
Biocompatible

Rapid cell migration

M2 macrophage polarization

Rapid angiogenesis

Antibacterial potential (E. coli > 93 %, and
B. subtilis > 81 %)

Low degradation rate

Poor adhesive strength (8 kPa)

Moderate antibacterial potential without NIR
(E. coli, and S. aureus ~ 30-40 %)
Toxic byproducts generated due to MoS3

Cell viability decreased with time

Poor adhesive strength (10.3 kPa)

Moderate bone regeneration efficiency (~54 %
in 8 weeks)

Moderate viscoelasticity and mechanical
strength

Moderate adhesive strength (23.6 kPa)

Hemostasis and wound
healing

Bacteria-infected wound
healing

Wound healing

Wound healing

Wound healing

Bone regeneration

Bacteria infected wound
healing

Bacteria-infected wound
healing

Antibacterial, Antibiofilm,

Wound healing

(Liu et al., 2023)

(Liu, Zhao, et al.,
2024)

(Wang, Liu, et al.,
2024)

(Silva et al.,

2024)

(Cao et al., 2021)

(Zhou et al.,
2024)

(Ouyang et al.,
2024)

(Liu, Yu, et al.,
2024)

This study

CMCA - Arginine modified carboxymethyl chitosan; DOHA - dopamine modified oxidized hyaluronic acid; pDA — polydopamine; Raf — raffinose; PCCS - carboxylated
PVA chitosan; QCM - methacrylic acid modified quaternerized chitosan with GTMAC powder; QCMOD-MINP — methacrylic acid modified quaternerized chitosan
oxidized dextran,ar deti hu aaj MINP — MgO/Icariin; LAMC- lipoic acid on chitosan by amidation; MoS;@PDA — Molybdenum disulfide modified polydopamine; Alg —
alginate; Chi — chitosan; Neo — Neomycin; CMCh - carboxymethyl chitosan; CIP — ciprofloxacin; CPD - dopamine modified sodium alginate/carboxymethyl chitosan/

polyvinylpyrrolidone; CE — cowberry extract; Odex — oxidized dextran.

practical applications.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carbpol.2024.122522.
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