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In this study, we designed dual network hydrogels with antioxidant and antibacterial activities using marine
poly- and oligosaccharides with skin wound healing potential. The synergy between dual enzymatic co-
crosslinking based on glucose oxidize (GOx)/horseradish peroxidase (HRP) and electrostatic interaction be-
tween positively charged chitooligosaccharides (COS) and phenolated chitosan with negatively charged
phenolated alginate formed a hydrogel. The Gel-COS hydrogels exhibited toughness, self-healing, moldability,

injectability, and 3D printability. Investigation of the physicochemical properties of the hydrogels exhibited a
swelling ratio (< 50%) and in vitro biodegradation after 9 days. Furthermore, the hydrogels exhibited antioxidant
properties and antibacterial activity against E. coli and S. aureus. The hydrogels were not cytotoxic and enhanced
the migration of 3D cell encapsulated 3T3-L1 fibroblasts, blood vessel formation, as well as in vivo wound healing
in a rat model. The Gel-COS hydrogel can be considered a promising skin wound dressing material.

1. Introduction

The prevalence of acute skin wounds is growing fast because of the
increasing frequency of type 2 diabetes, peripheral vascular disease, and
metabolic syndrome, which hinder the wound healing process, and in
some cases, cause amputation or mortality [1,2]. To address the limi-
tations in chronic wound healing, a wide range of natural and synthetic
compounds have been used as bioactive agents to accelerate the wound
healing process by promoting proliferation and migration of fibroblast,
increasing growth factors, and collagen production [3-5]. Hence, a
bioactive compound with superior biological activities plays a promi-
nent role in the efficacy of a wound dressing hydrogel [6]. Chitooligo-
saccharides (COS) are water-soluble depolymerized derivatives of
chitosan with antibacterial, antioxidant, anti-inflammatory activity, as

* Corresponding authors.

well as wound healing potential [7]. Besides, due to the short saccharide
chains, COS is highly absorbed by the intestinal epithelia entering the
blood flow and skin cell walls [8].

Hydrogels with the ability to provide a moist environment for the
wound, allowing the penetration of oxygen, with the potential anti-
bacterial properties and cell encapsulating or releasing of the bioactive
agents, are considered ideal wound dressing materials [86]. In this re-
gard, injectable multirole hydrogels which can encapsulate cells and
bioactive agents, shape the wound and have antioxidant and antibac-
terial properties of special importance for skin wound healing[1,9]. The
design of crosslinking method plays a significant role in the physico-
chemical and biological properties of the injectable hydrogel. Recently,
enzymatic-triggered crosslinking reactions attracted a great deal of sci-
entific consideration for hydrogel design in biomedical applications due
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to their suitable cytocompatibility for cell encapsulation, adjustable
mechanical properties, and mild reaction conditions in physiological
conditions [10,11]. Horseradish peroxidase (HRP)-catalyzed hydrogel
formation is a promising enzymatical crosslinking method to design
injectable hydrogels because of its mild reaction and adjustable gelling
time via tuning the crosslinking density and non-toxicity [12-14].

The enzymatic crosslinking process is not cytotoxic; however, using
hydrogen peroxide (H20>) for the enzyme activation can damage the
tissue and inactivate the enzyme (HRP) at high concentrations [15]. To
avoid using exogenous H,05 in the reaction, glucose oxidase (GOx) has
been used to catalyze the oxidation of glucose and the gradual release of
H,0, and D-glucono-&-lactone (GDL), leading to a mild crosslinking
process [16].

Various natural biopolymers such as polysaccharides and poly-
peptides have been used to form in situ injectable hydrogels for wound
dressing due to their similarity to the natural extracellular matrix (ECM)
[17,18]. As the second abundant marine polysaccharide, chitosan
demonstrated wound healing potential due to its inherent antibacterial,
antioxidant, biocompatibility, and hemostatic activity [19].
Chitosan-based injectable hydrogels using enzyme-mediated hydro-
gelation have been reported previously [20-22]. Due to its polycationic
nature, chitosan can form polyelectrolyte complexes (PECs) with poly-
anionic polymers such as alginate and hyaluronic acid [23,24,87]. We
previously showed that combining phenolated polyelectrolyte complex
(PHEC) with HRP-catalyzed hydrogelation could improve the hydrogel’s
toughness, flexibility, and mechanical properties using phenolated chi-
tosan and alginate due to the addition of dynamic non-covalent elec-
trostatic interactions [25]. Besides, GDL, the byproduct of the GOx
reaction, could play a role in the gelation process by inducing proton-
ation of amine groups in the chitosan, which can lead to the improve-
ment of electrostatic interactions between chitosan and alginate with
different charge densities [26].

Owing to the presence of functional amine groups on the COS
backbone, COS could increase the mechanical properties of the hydrogel
by enhancing PHEC via the electrostatic interactions with the negatively
charged alginate. In essence, COS provides the hydrogel with biological
activity and increases the stability of the hydrogel.

Hence, in this study, a double network in situ injectable hydrogel
using chitosan, alginate, and COS was designed by the synergy PHEC,
and co-enzymatic-mediated crosslinking. The hydrogels were 3D print-
able, injectable, flexible, and moldable with suitable mechanical and
self-healing properties favorable for irregular shape wounds as a mini-
mally invasive approach. Furthermore, the hydrogels were not cytotoxic
and demonstrated antibacterial, antioxidant, and angiogenesis activ-
ities, which induced the migration of fibroblast cells. Hence, the wound
healing process in a full-thickness skin defect model was accelerated due
to the high biological activities of hydrogel, resulting in inflammation
inhibition, angiogenesis, and re-epithelization enhancement. This 3D
printable hydrogel has the potential to be used for skin wound healing
and as a bioink for different tissue engineering applications.

2. Materials and methods
2.1. Materials and reagents

Chitosan with a deacetylation (DD) degree >75%, sodium alginate,
1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) (98 %), N-
hydroxysuccinimide (NHS) (98%), horseradish peroxidase (HRP),
glucose oxidase (Gox), Congo Red (Dye content >35%), lysozyme
(BioUltra, lyophilized powder, >98%, >40,000 units/mg protein),
Hoechst (H33342) and ethidium homodimer I (E1903), D-(+)-Glucose,
and hydrogen peroxide (H203) (30%) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Deuterium oxide (D,0) and trifluoroacetic
acid-d (CF3COOD) were purchased from Eurisotop (Saint-Aubin,
France). 3-(4-Hydroxyphenyl) propionic acid (> 99%) and tyramine
hydrochloride (>98%) were obtained from Carbosynth (Compton,
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United Kingdom). The DPPH' Antioxidant Assay Kit was purchased from
Dojindo Laboratories (Kumamoto, Japan). Ethanol absolute (99% —+)
and Cell Tracker Blue CMAC (7-amino-4-Chloromethylcoumarin), dial-
ysis tube (3.5 MWCO, 35 mm), and PBS (phosphate-buffered saline)
tablets were purchased from Thermo Fisher Scientific (Waltham, MA,
USA).

2.2. Chitooligosaccharides (COS), Chitosan-phenol (Ch-Ph), and
Alginate-Tyramine (Alg-Ty) preparation

COS with a molecular weight of 1-3 kDa was prepared and charac-
terized by microwave-assisted oxidative degradation of chitosan as
previously described [27]. Chitosan-Phenol (Ch-Ph) and Alg-Ty were
prepared by conjugating 3-(4-hydroxyphenyl) propionic acid (HPA) and
tyramine hydrochloride, respectively, via EDC/NHS chemistry, accord-
ing to our previous report [25]. The conjugation of phenolic groups into
the chitosan and alginate backbones was monitored using 'H NMR and
Ultraviolet-visible spectroscopy. 'H NMR analysis was performed at
25 °C using a JEOL JNM-ECZ600R/S3 spectrometer operating at 14.1 T
(600.17 MHz) equipped with a double 35 resonance ROYALTM probe.
Unmodified chitosan was dissolved in 2 % V/V CF3COOD/D20. Other
samples (alginate, conjugated chitosan, and alginate) were dissolved in
D-0.

Ultraviolet-visible spectra were assessed using a UV/Vis PerkinElmer
spectrophotometer, and the phenol content was calculated by measuring
the absorbance of conjugated samples at 275 nm by comparison with a
standard curve of 3-(4-hydroxyphenyl) propionic acid (HPA), and
tyramine hydrochloride obtained by dissolving different concentrations
(25-1000 uM) of HPA and Ty in distilled water[28].

2.3. Hydrogels preparation

Hydrogels were prepared in 1 mL vials at 37 °C based on the method
described by [29] with some modifications. Ch-Ph (1.5 wt%) and Alg-Ty
(1.5 wt%) aqueous solutions were dissolved in DIW and mixed with a
volume ratio of 1:1 to form a PHEC by dropwise addition of the Alg-Ty
solution to the Ch-Ph. The PHEC was stirred for two h to obtain a ho-
mogenized viscous PHEC. COS (1 mg/mL) was incorporated into the
PHEC and was vortexed for 30 min. The hydrogels were formed by
co-enzyme mediated crosslinking using HRP and Gox. Two PHEC sus-
pension (100 pL) were prepared in a microtube vial, one containing HRP
and glucose, and the other one included Gox. Then, the two solutions
were mixed gently, and the gelation time was determined by the tube
inversion method[29]. The final concentration of HRP, Gox, glucose,
and COS were (1, 5, and 10 U/mL), 10 U/mL, 5.5 mM, and 1 mg/mL
respectively. The Hydrogels were named Gel-COS 0 (without COS) and
Gel-COS 1 (containing 1 mg/mL COS).

2.4. Physicochemical Characterization

2.4.1. Swelling ratio and in vitro degradation

The equilibrium swelling ratio of the hydrogels was investigated
using the method previously described [30]. The hydrogels were soaked
in the PBS solution ((pH 7.4, 0.01 M)) at 37 °C for 36 h to obtain the
equilibrium swelling. After removing swollen hydrogels, filter papers
were used to remove their excess water. The equilibrium swelling ratio
was calculated by the following equation:

W, — W,
Equilibrium swelling ratio (ESR) = (%) x 100 1

0

Where Wy and W; are the weight of hydrogels before and after
swelling, respectively.

! 2,2-diphenyl-1-picrylhydrazyl



H. Jafari et al.

In vitro enzymatic degradation of the hydrogels was investigated by
the gravimetric method [31]. Hydrogels (300 ul) were prepared and
accurately weighted (W), then the hydrogels were immersed at 37 °C in
the PBS solution containing lysozyme (1 mg/mL). At different time in-
tervals, the hydrogels were removed, excess superficial media was
removed, and weighed (W1). After each time interval, new media were
added to samples. The in vitro degradation was evaluated by determining
the remaining mass of the samples using (W1/ Wg) x100 %.

2.4.2. Morphology of the hydrogels

The microstructure of the Gel-COS hydrogels was examined under a
scanning electron microscope (SEM) (Hitachi SU-70). Before the
experiment, the hydrogels were freeze-dried, cross-sectioned, and
coated with gold.

2.4.3. Zeta potential

The zeta potential of the hydrogel precursor components (Ch-Ph, and
Alg-Ty) was measured using a Malvern Zetasizer Ultra (Malvern In-
struments Ltd., Malvern, UK). The experiment was conducted at 25 °C
with an angle detection of 90° [32].

2.5. Rheological and self-healing properties of Gel-COS hydrogels

The rheological measurement of Gel-COS hydrogels was performed
using a rheometer (Anton Paar MCR 302, Austria) equipped with a plate-
plate geometry (25 mm) at 37 °C. 300 pL of hydrogels were in situ
formed on the rheometer plate. First, the viscosity and shear thinning
behavior of gel precursors were determined over a range of shear rates
(0.1-1000 1/s). Then, the gelation kinetic was monitored using a time
sweep test at the constant frequency (1 Hz) and strain (0.1%). To
determine the linear viscoelastic region (LVR), an amplitude sweep (1 to
1000%) was performed at the constant frequency of 1 Hz [30]. The
frequency sweep test was performed at a frequency range from 0.1 to 50
Hz and a constant strain (0.1%) [33].

The self-healing properties of Gel-COS hydrogels were evaluated by
macroscopic observations and rheological investigation [34]. First, two
Gel-COS hydrogels (400 uL) were formed, and one of them was stained
with Congo red, and the gels were contacted together to a circular shape.
After 5 min, the healed hydrogel was stretched to show the rapid
self-healing performance. For the rheological analysis, G’ and G” values
of the hydrogels were determined via a step-strain test, performing four
cycles of low strain (1%) and high strain (300%).

2.6. Antioxidant activity

The antioxidant activity of the hydrogels was investigated using the
DPPH radical scavenging assay [29]. Briefly, 300uL of distilled water
(control group) or the hydrogels were disposed of in a 48-well plate.
Then, 1 mL of ethanol containing DDPH (100uL, 0.5 mM) was added
followed by incubation for 30 min in the dark. The absorbance of
hydrogels and control were measured using a microplate reader (Epoch
microplate, BioTek Instruments, Inc., Winooski, VT, USA). The antiox-
idant activity was determined by the following equation:

Radical scavenging activity (%) = [1 — (As / Ac)] x 100 2)

Where As and A are the absorbances of samples, and the control
(distilled water), respectively.

2.7. Antibacterial activity

The antibacterial activity of the Gel-COS hydrogels was investigated
against Gram-negative bacteria (Escherichia coli ATCC 27,195) and
gram-positive bacteria (Staphylococcus aureus ATCC 25,923) using
growth inhibition test [35] and a colony counting assay [36]. Briefly,
hydrogels (100 pL) were prepared in a 48 wells plate, and incubated
with 1 mL of bacterial suspension (105 CFU/mL) in Muller-Hinton
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(M-H) for 24 h at 37 °C. Then, the absorbance of bacterial suspension
treated in the presence and absence of Gel-COS hydrogels was deter-
mined at 600 nm using a microplate reader. For the colony counting
assay, 100 uL of bacterial suspension (10° CFU/mL) incubated with the
hydrogels (24 h at 37 °C) was spread uniformly on a Muller-Hinton
(M-H) agar plate using a sterile swap and incubated at 37 °C. After 24 h,
the plates were photographed to investigate the antibacterial activity of
the hydrogels. All experiments were carried out in triplicate.

2.8. Invitro cytotoxicity and cell proliferation

Fibroblasts 3T3-L1, provided by Dr. I. Pirson were grown in DMEM
(Dulbecco’s Modified Eagle Medium) supplemented with 10% fetal calf
serum (FCS), penicillin (200 U/mL), and streptomycin (200 U/mL)
under a humidified atmosphere containing 5% CO3 at 37 °C.

The toxicity of Gel-COS hydrogels was evaluated using 3T3-L1
mouse fibroblast cells by a CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS, Promega) and a live/dead assay. Briefly, gel
precursor solutions were sterilized via sterile 0.22 uym syringe filters
(Millipore Corporation, USA) prior to gel formation. 100 pL of the gel
precursor ([Ch-Ph, Alg-Ty]= 1.5 wt%, [GOx]= 10 U/mL, [HRP]= 10 U/
mL, [Glucose] = 5.5 mM) with COS (0, and 1 mg/mL) were prepared in a
96-well plates followed by incubating at 37 °C for 30 min to form a
stable gel. 3T3-L1 cells (5 x 10* cells/well) were seeded on the hydro-
gels and incubated for three days. The cytotoxicity of the hydrogels was
evaluated on days one and three using MTS assay [37]. Briefly, 20 pL of
MTS solution was added to the wells followed by incubation for four h.
The cell viability was determined by measuring the absorbance of the
samples and the control at 490 nm using a plate reader. The mean
absorbance of the control was considered as 100 % viability, and the
samples were evaluated compared to the control.

Moreover, the cell viability and proliferation of 3T3-L1 cells encap-
sulated into the hydrogel were investigated by a live/dead assay. For 3D
cell encapsulation, 3T3-L1 cell suspensions were mixed with the PHEC
containing HRP (10 U/mL) and GOx (10 U/mL) to obtain a homogenous
suspension with a final cell density of 5x10° cells/mL. Then, 50 pL of
cell encapsulated PHEC in the absence and presence of COS (1 mg/mL)
was mixed with a 50 pL. PHEC containing glucose (5.5 mM) in a Millicell
EZ SLIDE 8-well glass (Merck, Kenilworth, NJ, USA). . Then, 1 mL cul-
ture media was added to the wells, and the hydrogels were incubated at
37 °C for three days. The cell viability and distribution was investigated
using Hoechst/ ethidium homodimer I (EH1) staining [38]. Briefly, 10
uM Hoechst and 2 uM EH1 were used to stain the cells for 20 min fol-
lowed by washing with PBS (two times). The cells were fixed using
paraformaldehyde (4%) for 20 min, and nuclei distribution were
assessed by a fluorescent microscope (Zoe fluorescent cell imager, Bio-
rad, Hercules, CA).

2.9. In vitro wound healing assay

The effect of Gel-COS hydrogels on the 3T3-L1 cells migration was
investigated using an Ibidi culture insert 2 well (Ibidi, Grafelfing, Ger-
many). Briefly, the cells were seeded at a cell density of 230,000 cells/
well in a culture medium containing 10% FCS and incubated for 24 h to
reach cell confluency of 80 %. After 24 h, the cultured media was
replaced with a culture medium containing 0.1% FCS to prevent cell
proliferation. The hydrogels (600 pl) were formed and washed with PBS,
followed by incubating in a 4 mL culture medium containing 0.1% FCS
for 24 h to obtain the extracted hydrogel solution. Before treating the
cells with the extracted hydrogel solution or culture medium (control),
the cells were stained with 10 uM of cell blue tracker (Thermofisher,
Waltham, MA, USA) according to the manufacturer’s protocol. Finally,
the culture inserts were removed, and the cells were treated with the
extracted hydrogel solutions and control (cell culture medium contain-
ing 0.1% FCS) for 48 h. At 0, 24, and 48 h after removing the inserts,
digital photographs were taken and the width of the remaining cell-free
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Fig. 1. (A) Synthetic scheme of the chitosan3-(4-hydroxyphenyl) propionic acid (Ch-Ph) and alginate-tyramine (Alg-Ty) conjugates; (B) 'H NMR spectra of the Ch-Ph
and unmodified chitosan; (C) 'H NMR spectra of the Alg-Ty and unmodified alginate; (D) UV-vis spectra of Ch-Ph, unmodified chitosan, and 3-(4-hydroxyphenyl)
propionic acid (HPA); (E) UV-vis spectra of Alg-Ty, unmodified alginate, and tyramine.

gap was measured using Image J software (1.8.0, https://imagej.nih.
gov/ij/). All experiments were carried out in triplicates.

2.10. Chorioallantoic membrane (CAM) assay

CAM assay was carried out to investigate the biocompatibility and
effects of the Gel-COS hydrogels on vascular sprouting and angiogenesis
according to a previously described method [39]. Fertilized eggs were
purchased from Belgabroed NV (Merksplas, Belgium). To rub off any dirt
or feces and clean the eggs, they were gently washed with 37 °C water
for a few minutes and dried using clean tissues. The eggs werethen
incubated at 37 °C and 60% humidity. On day 4 of incubation, the eggs
were wiped with 70% EtOH, the shells were cracked, and embryos were
transferred to the culture petri dish. 200 L of the hydrogels were placed
on the yolk near one major blood vessel, and then the eggs were

incubated for another 24 h. Digital pictures at a fixed distance were
taken at O and 24 h after placing the hydrogels using a Nikon digital
Camera (D5600 DSLR, Tokyo, Japan). For image analysis, initially, the
vessels’ path was manually drawn using Adobe Illustrator (CS6), then
the background was removed entirely, and the resulting images were
quantitatively analyzed by Angiogenesis Analyzer in Fiji ImageJ [40].
Each analysis is normalized based on the vessel formation of a similar
section of the same embryo, and the results are expressed as fold changes
in total segment length and fold changes in the number of segments.

2.11. Animal Care and Surgical Procedure

Male Sprague Dawley rats (n=36; 250-300 g weight) were obtained
from the Laboratory of Animals Breeding Center (Shiraz University of
Medical Sciences, Shiraz, Iran). Animals were housed in plastic cages
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Fig. 2. (A) Schematic route of the Gel-COS preparation process starting with the dissolution and mixing of Ch-Ph, COS, and Alg-Ty, and formation of viscous
phenolated polyelectrolyte complex (PHEC) via electrostatic interactions, and subsequent hydrogel formation by co-enzymatically crosslinking using horseradish
peroxidase (HRP) and glucose oxidase (Gox); (B) Schematic illustration of possible interactions in Gel-COS hydrogel preparation by the synergy of co-enzymatically
mediated crosslinking (HRP and Gox) triggered by glucose and phenolated polyelectrolyte complex (PHEC) between positively charged chitosan and COS with
negatively charged alginate. GOx reacts with the glucose and gradually releases H,O, leading to the HRP activation and the crosslinking initiation; besides, the GDL
as a byproduct of the Gox reaction can release protons, enhancing the electrostatic interaction; (C) Photograph of PEC solution before and after gelation via co-
enzymatically mediated crosslinking using HRP and Gox; (d) Gelation time of the Gel-COS 0 and Gel-COS 1; (E) Equilibrium swelling ratio of hydrogels after 36
h at 37 °C; (F) In vitro enzymatic degradation of the Gel-COS hydrogels in lysozyme solution (1 mg/mL) at 37 °C; (G) Scanning electron microscopy (SEM)

microstructure images of Gel-COS hydrogels.

over woodchip bedding in a standard environment (23 + 1 °C, 12:12
light: dark cycles, 40% relative humidity). During experiments, rats
were allowed free access to tap water and a regular standard rodents
chow diet (Behparvar®, Tehran, Iran). All experiments in this study
were conducted according to appropriate ethical guidelines, approved
by the ethics committee at Shiraz University of Medical Sciences (Shiraz,
Iran) (Approval ID: IR.SUMS.REC.1401.007).

Briefly, animals were first anesthetized with an intraperitoneal
administration of ketamine 10% (100 mg/kg) and xylazine 2% (5 mg/
kg). Full-thickness skin circular wounds with 12 mm diameter were
created on the rat skin. Six animals per time point (7 and 14 days) per
condition were used for the experimental control group (PBS) and
treated with, Gel-COS 0 and Gel-COS 1 hydrogels.

2.12. In Vivo Wound Healing Test

The wound healing process was monitored by taking photos of the
wounds on days 1, 4, 7, 11 and 14 after treatment. The wound healing
ratio was calculated as follows: Wound healing ratio = (A0 — A)/(A0) x
100%, where AO and A are the area of the initial wound and current
wound, respectively. At the predetermined time points (7 and 14 days),
rats were euthanized, and skin tissue for each animal was fixed over-
night in 10% formalin buffer (0.4% w/v NaHyPO4, 0.64% w/v
NayHPOy, and 10% v/v formaldehyde in double-distilled water). Then,
the fixed tissues were paraffin-embedded and cut into 5-pm sections,
which were dewaxed using xylene followed by dehydration using
gradient alcohol. The slides were stained using hematoxylin-eosin
(H&E) and Masson’s trichrome staining according to established pro-
tocols. Blind reading of histological analysis was conducted to assess the
wound healing. A light microscope (Olympus CX21®, Japan) were used
for imaging and parameters including the Granulation tissue thickness
and Scar width (mm) were quantitatively compared using ImageJ for the
different experimental groups.

2.13. Statistical analysis

All experiments were carried out in triplicates, and the results were
expressed as means + standard deviations. Statistical analyses were
conducted using GraphPad Prism 8 (GraphPad Software Inc.) using one-
way ANOVA followed by Tukey’s post-hoc analysis. P-values < 0.05
were considered statistically significant and indicated by *.

3. Results and discussion
3.1. Synthesis of Ch-Ph and Alg-Ty conjugates

The synthetic process of Ch-Ph and Alg-Ty conjugates was demon-
strated in Fig. 1a. Ch-Ph and Alg-Ty were conjugated using a carbodii-
mide/active ester-mediated coupling reaction in the presence of EDC
and NHS (Fig. 1A) [41,42]. H NMR spectra (Fig. 1B) exhibited new
signals around 6.6-7.2 ppm for Ch-Ph attributed to the phenol groups’
aromatic ring protons, indicating the successful conjugation of propionic
acid into the chitosan backbone [43]. Furthermore, the UV spectra
(Fig. 2C) displayed a new peak at 275 nm for Ch-Ph, which aligns with
the 'H NMR results confirming the successful conjugation of propionic
acid on the chitosan backbone [88].

Similar to chitosan, alginate was modified with tyramine using EDC/
NHS (Fig. 1A). H NMR (Fig. 1C) and UV spectra (Fig. 2E) confirmed
tyramine’s conjugation into the alginate backbone. Two new signals at
around 7.2-7.4 in 'H NMR spectra of Alg-Ty and a new peak at 275 nm
in the UV spectra of Alg-Ty indicate that alginate was successfully
modified by tyramine groups [44]. Moreover, the phenol content of both
Ch-Ph and Alg-Ty was calculated based on UV spectra. Ch-Ph and Alg-Ty
exhibited a phenol content of 356 and 280 umole per gram of polymers,
respectively.

3.2. Hydrogel formation

Although the HRP-mediated crosslinking strategy is a biocompatible
method for hydrogel preparation, H,O; as an oxidizing agent to activate
the HRP is rising concerns for direct cell encapsulation due to the
adverse effect of HyO on cell viability[15]. Glucose oxidase (GOx) can
gradually generate HyO, by consuming O and glucose. Hence, the
gradual release of HyO2 by GOx activates the HRP during the gel for-
mation process resulting in a hydrogel with more cytocompatibility
compared to the direct use of HyOy. We previously showed that the
phenolated chitosan and alginate could form a PHEC due to their
different charge densities [25]. A viscous PHEC was therefore obtained
after mixing the Ch-Ph and Alg-Ty and COS via dropwise addition of the
Alg-Ty solution to Ch-Ph solution containing COS followed by strong
agitation to homogenize the formed PHEC . Moreover, the zeta potential
of Ch-Ph, and Alg-Ty was measured; the Ch-Ph exhibited a zeta potential
of 7.3 £ 0.8 mv, while the zeta potential of Alg-Ty was —23.6 & 3.9 mv.
The results confirmed the presence of positive charge of Ch-Ph, and
negative surface charge of Alg-Ty solution.

The PHEC formation was induced by the electrostatic interaction
between free amino groups of chitosan and COS with carboxyl groups of
alginate prior tothe co-enzymatically crosslinking of phenol moieties on
the chitosan and alginate backbones (Fig 2A).

Subsequently, the PHEC was used to form a hydrogel by co-
enzymatically mediated crosslinking (HRP and GOx) initiated by
glucose. Unlike the endogenous use of Hy0,, in GOx/glucose cascade
reaction, HyO» can be provided via the catalysis of GOx in a mild way
leading to a mild enzymatic crosslinking of the phenol functionalized
polymers [15,45]. Additionally, GDL which is the byproduct of the
glucose oxidation reaction can gradually donates protons due to its
hydrolyzation, leading to an increase in the protonation degree of chi-
tosan and COS, which results in the improvement in the electrostatic
interactions with negatively charged alginate (Fig. 2B) [24,46].

The gelation time of Gel-COS hydrogels and the effect of HRP con-
centration were investigated via the vial inversion method (Fig. 2C,D).
The effect of different concentrations of HRP on the gelation time of Gel-
COS hydrogels was investigated, and the gelation of Gel-COS 0 and Gel-
COS 1 were 66.3 + 3.3 and 68.3 + 2.2 s respectively when the HRP
concentration was 1 U/mL. Increasing the HRP concentration from 1 to
10 U/mL accelerated the gelation time of Gel-COS 0 and Gel-COS 1
hydrogels to 19.1 + 2.9 and 20.4 + 2.1 s, respectively, indicating the
effect of the HRP concentration on the gelation time. Moreover, the
results showed that the COS incorporation did not affect the gelation
time.
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Fig. 3. Viscoelastic features of the Gel-COS hydrogels. (A) shear-rate dependent variations of dynamic viscosity of Gel-COS gel precursor (37 °C); (B) Gelation
kinetics of Gel-COS hydrogels determined by a time sweep test at a constant strain (0.1 %) and frequency (1 Hz) at 37 °C; (C) The amplitude sweep test of Gel-COS
hydrogels at a constant frequency of 1 Hz at 37 °C; (D) The frequency sweep test of Gel-COS hydrogels at a constant strain of 1 % at 37 °C; (E) Macroscopical
photographs of cut-contacted Gel-COS hydrogels for the self-healing behavior observation; (F) Rheological assessment of Gel-COS 0 hydrogel self-healing capability
(strain = 1% / 300% /1%...); (G) Schematic illustration for self-healing mechanism of Gel-COS hydrogel; (H) Rheological assessment of Gel-COS 1 hydrogel self-
healing capability (strain = 1% / 300% /1%...).
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Fig. 4. Mechanical properties and 3D printing ability of Gel-COS hydrogels. (A) Deformation resilience investigation of Gel-COS hydrogels by manual compression
test using 200 g weight for 10 min; (B) (f) Moldability of Gel-COS hydrogels using different molds; (C) Foldability and flexibility of GEL-COS hydrogels; (D)
Injectability of Gel-COS hydrogels using a double syringe with a 52 G needle; (E). Different types of the object were printed using PHEC (3%) containing HRP and
GOx, and co-enzymatic crosslinking was triggered by immersing the objects in a 5.5 mM glucose solution.

3.3. Physiochemical properties of the hydrogels

The physicochemical properties of Gel-COS hydrogels were investi-
gated to monitor the effect of COS on the hydrogel properties. The
equilibrium swelling ratio (ESR) test (Fig. 2E) exhibited that both
hydrogels showed a swelling behavior via immersing in PBS (0.01 M,
pH=7.4, 37 °C) solution after 36 h. Indeed, the hydrogels started to swell
after two h, and the swelling ratio reached an equilibrium state after 36
h. The Gel-COS 0 exhibited a higher ESR (48.8 + 2.7 %) compared to the
Gel-COS 1 (43.4 £ 1.5 %), indicating the effect of COS on decreasing the
swelling ratio of the hydrogel possibly due to intensification of the
electrostatic interaction resulting in higher crosslinking density [47].
Moreover, it has been reported that less than 100 % swelling ratio is
favorable for wound healing applications due to the limitation of highly
swollen hydrogels such as blocking the blood system and pressure on
nerve systems [48,49].

Furthermore, the degradation behavior of the Gel-COS hydrogels in
lysozyme solution was investigated by the gravimetric method (Fig. 2F).
Both Gel-COS hydrogels started the degradation after the first day and
continuously degraded for up to 9 days. The hydrogels preserved their
shape for up to 6 days, whereas after that, the hydrogels broke into
smaller parts, and the degradation continued at a higher rate. The
weight loss of both Gel-COS hydrogels was around 95% after 9 days
indicating the significant biodegradation of Gel-COS hydrogels in lyso-
zyme solution, which is present in the extracellular matrix of human
cartilage. The lysozyme degradation process (enzymatic hydrolysis) is
believed to occur at f-1,4 linkages between N-acetyl-glucosamine and
glucosamine units of chitosan[21,50]. The hydrogels could preserve
their stability at the early stage of the wound healing process, and
subsequently, the hydrogel can degrade due to the presence of lysozyme
(1 mg/mL) in the extracellular matrix [21].

The microstructure investigation of Gel-COS hydrogels (Fig. 2G)
revealed that both Gel-COS 0, and Gel-COS 1, exhibited a porous
microstructure with a hierarchical morphology including large pores

and randomly distributed microfibrous morphology due to the PHEC
formation, which may lead to the generation of in situ microfibers prior
the co-enzyme mediated crosslinking [25]. Hydrogels’ porous structure
provides sufficient space required for cell growth and nutrition, and
metabolite transportation resulting in proliferation and cell viability
[28].

3.4. Viscoelastic and self-healing properties

Before evaluating the viscoelastic properties of the hydrogels, we
investigated the viscosity of the hydrogel precursors to determine the
effect of COS on the electrostatic interaction (Fig. 3A). The addition of
COS (1 mg/mL) increased the viscosity of the gel precursor from 6662 to
10,567 mPa.s at a shear rate of 0.1 (1/s). Moreover, by increasing the
shear rate, the viscosity of the hydrogel precursors decreased, indicating
the Gel-COS precursor’s shear-thinning behavior because of dynamic
non-covalent interaction suitable for the 3D printability of hydrogels
[51,52].

The gelation kinetics were determined via evaluating the storage
modulus (G’) and loss modulus (G”) of hydrogels versus time (Fig. 3B). In
both hydrogels, the G’ is higher than the G’* at 0 time due to the instant
PHEC formation, which resulted in non-covalent interactions, leading to
an increase in G’ [25,53,54]. However, the G’ started to further increase
by the enzymatic crosslinking to form a C-C or C-O bond as a stable
crosslink [55]. Interestingly, the addition of COS to the hydrogel
increased the G’ from 1049 to 1584 Pa after 10 min due to the increasing
electrostatic interaction in the hydrogel.

Similarly, Lv et al. reported that incorporating COS (1%) into the
carboxymethyl chitosan-alginate PEC caused secondary gelation
resulting in a 10* fold higher G’ (1 MPa) than the hydrogel without COS
(150 Pa) [26]. Furthermore, an amplitude sweep test was carried out to
evaluate the viscoelastic features of the hydrogels (Fig 3C). Generally, at
the point that G’ and G” cross each other, a critical strain indicates the
deformation resistance of the materials [33,56]. Indeed, after this point,
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Fig. 5. Antioxidant and antibacterial activity of Gel-COS hydrogels. (A) DPPH scavenging activity of Gel-COS 0, and Gel-COS 1; results are shown as % of the DPPH
scavenging effect and are the mean + SD (n = 3, paired measurements). Data were analyzed using one-way ANOVA followed by a Tukey post hoc analysis, *p < 0.05;
(B) Images of DPPH reagent’s reaction with Gel-COS 0 and Gel-COS 1 after 60 min of incubation, and the color of the DPPH solution transition from dark purple to
yellow, showing the DPPH scavenging activity of Gel-COS 1; (C) ROS scavenging activity mechanism of Gel-COS hydrogel due to the scavenging activity of COS with
shorter saccharides chains compared to high molecular chitosan, which results in breakage of intermolecular hydrogen bonding, and consequently allow the hydroxyl
groups of COS to participate in radical scavenging; (D) Bacterial growth treated by gel-COS 0 and Gel-COS 1 hydrogels after 24 h incubation at 37 °C. Results are
shown as optical density (OD) of bacteria suspension and are the mean + SD (n=3, paired measurements). Data were analyzed using one-way ANOVA followed by a
"Eukey post hoc analysis, *p < 0.05; (E, F) colony counting assays of the hydrogels against E. coli (E), and S. aureus (F).
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Fig. 6. (A) Cell viability of 3T3-L1 cells seeded on the Gel-COS hydrogel with 0 and 1 mg/mL COS in comparison with a control (cell culture media) after 24 and 72
h. Results are expressed as % of cell viability and are the mean + SD (n=3; paired measurements); (B) Representative images of in vitro 3T3-L1 fibroblast cells
undergoing migration treated with control (cell culture media), Gel-COS 0, and Gel-COS 1 hydrogels; (C) Relative gap closure of the cell-free area of 3T3-L1 fibroblast
cells. Results are expressed as % gap closure and are the mean + SD (n = 3; paired measurements). Data were analyzed using a one-way ANOVA test followed by a
Tukey post-hoc analysis. *p < 0.05 as compared to the control; (D) Fluorescent microscopic images of 3T3l fibroblasts cell-laden Gel-COS hydrogels via Hoescht and
ethidium homodimer I (EH1) (dead cells) after one and three days.

increasing the strain causes a dramatic decrease in the G’ exhibiting the Hence, similar to the gelation kinetic test, the addition of COS increases
disruption of the three-dimensional network [57,58]. The amplitude the G’ and the critical strains, indicating that COS improves the
results showed a critical strain at 530, and 631 % for Gel-COS 0 and hydrogel’s stiffness and stability against deformation. After the COS
Gel-COS 1; besides, the G’ of Gel-COS 0, and Gel-COS 1 at the linear incorporation, the G” of the hydrogel increased from 154 Pa to 308 Pa,
viscoelastic region (LVR) was around 1532 Pa and 3052 Pa, respectively. indicating that the electrostatic interaction could significantly increase
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Fig. 7. Evaluation of biocompatibility of the hydrogels in CAM assay. Comparative images (n= 6; paired measurements) were taken from the chick embryo before
and after 48 h treatment with Gel-COS 0, Gel-COS 1, and control (no treatment) and vascular endothelial growth factor (VEGF) (positive control). The images were
then analyzed using Adobe illustrator and Angiogenesis Analyser in ImageJ. The total segment length and number of segments of the treated part (a) in every embryo
are normalized based on other parts of the same embryo (b). 50 ng/mL of VEGF resulted in significant angiogenesis, as indicated by the increase in the total segment
length and number of segments. Neither GEL-COS 0 nor GEL-COS 1 caused any toxicity in the treated embryos. GEL-COS 1 resulted in a mild (but not significant)
growth in total length and number of vessels. Results are expressed as the mean + SD. Data were analyzed using a one-way ANOVA, followed by Tukey’s posthoc

analysis. *p < 0.05 vs. Control.

the G” due to the addition of dynamic non-covalent bonding, which
increases the hydrogel’s physical stability and improves the toughness
and viscoelasticity of the gel [59].

Moreover, frequency-dependent changes of G’ and G’ in Gel-COS
hydrogels were evaluated over the frequency range from 0.1 to 10 Hz
(Fig. 3D), and the Gel-COS hydrogels demonstrated a composition-
dependent G’ and G”. The incorporation of COS increased the hydro-
gel’s G’ from 1273 to 1961 Pa.

For the self-healing capacity of the Gel-COS hydrogel, the two
formed hydrogels with and without congo red were combined to see if
an intact gel would emerge (Fig. 3E). Two hydrogel pieces started to
form a whole hydrogel in an ambient environment without any external
interference, thanks to the dynamic non-covalent electrostatic in-
teractions [60]. Furthermore, a rheological assessment of self-healing
properties demonstrated that both Gel-COS 0 (Fig. 3F) and Gel-COS 1
(Fig. 3G) could recover the deformation upon a strain of 300% after four
cycles. The healing process is due to the association-dissociation process
between ionized amine groups of chitosan and COS with the carboxylate
groups of sodium alginate as well as weak hydrogen bonds between the
polymer chains (Fig. 3G) [23,61]. The results indicate that Gel-COS
hydrogels exhibit good self-healing capability, essential for an ideal
wound dressing hydrogel. The Gel-COS 0 hydrogel could rebuild some of
the broken bonds by comparing the initial G’ (2063 Pa) and final G’
(920 Pa) after four cycles; besides, the ascending trend of G during the
relaxation cycles (1% strain) confirmed that the broken bond recovery
could not occur instantly and also showing that the hydrogels probably
need more time to recover more broken bonds.

Interestingly, the broken bonds of the Gel-COS 1 hydrogels recovered
faster than Gel-COS O considering the higher ascending slope of G’
during the relaxation cycles (1% strain). The Gel-COS 1 could recover
the initial G’ (2165 Pa) to 1145 Pa after four cycles showing that the
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hydrogel could recover some of the broken bonds. Indeed, the Gel-COS
hydrogels could maintain the structure from the nonrecoverable dam-
ages via its covalent network. At the same time, non-covalent electro-
static interaction can act as sacrificial bonds, improving the energy
dissipation and self-healing ability of hydrogels [62-64].

3.5. Mechanical properties and 3D printing

The deformation and toughness of Gel-COS hydrogels were evalu-
ated by a manual compression test using a 200 g weight and checking
the deformation of the hydrogel after 10 min (Fig. 4A). Both hydrogels
could preserve their initial structure after the deformation and recover
their initial thickness, showing Gel-COS hydrogels’ toughness. The
flexibility of the hydrogels was shown by pressing with fingers to half of
the initial thickness and a fast recovery after the deformation. Indeed,
the presence of a high density of electrostatic interactions as a weak and
flexible bonding within the polymeric chains of the hydrogel can pro-
vide the hydrogel with high toughness and flexibility alongside physical
stability due to the phenol-phenol crosslinking as a rigid and brittle
covalent bond [65,66]. The hydrogels showed moldability using
different shaped molds (T shaped and circular molds) (Fig. 4B) with easy
removal from the molds as well as good flexibility by knotting the
hydrogels without any fractures (Fig. 4C).

Furthermore, the injectability of the Gel-COS hydrogels was evalu-
ated using a double syringe (L-System, Sulzer, Rotkreuz, Switzerland)
(Fig. 2 D). The hydrogel could easily be injected via 52 G needles as a
fluid into a PBS buffer and maintain its gel state after injecting, showing
the injectability of Gel-COS hydrogels due to the presence of dynamic
electrostatic interaction essential for hydrogels for soft tissue repair,
particularly for irregularly shaped wounds regeneration [67].

We investigated the 3D printability of Gel-COS hydrogel to
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Fig. 8. In vivo wound healing performance of different treatment materials, including PBS solution (control group), Gel-COS 0, and Gel-COS 1 hydrogel in a full-
thickness skin defect model. (A) Hydrogels (100 pl) or PBS were applied to a 12 mm full-thickness skin wound immediately after wounding. Representative
macroscopic images of full-thickness skin wound healing in vivo in the control-treated group (PBS), the Gel-COS 0, and Gel-COS 1-treated group at 0, 4, 7, 11, and 14
days after injury; (B) Schematic presentation for the wound healing site on the 4, 7, 11 and 14 days after injury; (C) Quantitation of the rate of wound healing ratio of
full-thickness skin wounds were determined by analyzing the wound healed in photos; (D) H&E staining images of wound site tissues from different groups. Neo-
dermis regeneration outline was marked by black dashed, the scar’s width was shown by black double-headed arrows. The yellow double-headed arrows demon-
strated the thickness of granulation tissue; (E) Masson’s trichrome staining of the granulation tissue in control, Gel-COS 0, and Gel-COS 1-treated group on the 14
days of wound healing indicating newly-formed collagen fibers distributed into the granulation tissue; (F) Quantitation of the scar width (black double-headed arrows
in d) and granulation tissue thickness (yellow double-headed arrows in d) of different groups after 14 days of injury. Rats, n = 5. Statistical significance was analyzed
by one-way ANOVA followed by a Tukey post hoc analysis between multiple groups, and statistical significance was considered as *p < 0.05. Data are shown as the
mean =+ standard deviation; (G) The wound healing mechanism of gel-COS hydrogels, based on superior biological activities of COS such as antioxidant, antibac-
terial, and anti-inflammatory activities, paves the way for removing ROS, preventing peroxidation damage, and bacterial infection at the early stage of wound
healing. Moreover, COS might promote tissue by increasing the proliferation and migration of fibroblast and keratinocytes cells. Besides, COS might induce
macrophage transition by reducing the level of inflammatory cytokines, resulting in wound healing acceleration.
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determine the possibility of developing a customized hydrogel. We
previously showed that the PHEC with a higher than 2 wt% could be
printed due to its viscosity and gel-like behavior driven by physically
crosslinked phenolated polyelectrolyte complex (PHEC) between
phenolated chitosan and alginate [25]. Here, we tested the hydrogel 3D
printability using glucose-triggered co-enzymatical crosslinking. The
PHEC (3% Ch-Ph, and Alg-Ty) containing COS (1 mg/mL), HRP (1
U/mL) and GOx (10 U/mL) was used as the printing biomaterial ink. The
printing process was conducted via a bioplotter pneumatic dispensing
system (BioScaffolder 3.2, GeSiM, Germany) at 140 kPa and a speed of
11 mm.s ! using an 25 G plastic needle. The hydrogel ink could be easily
injected through the printer nozzle. After printing, the printed objects
were exposed to glucose solution (5.5 mM) to induce the
co-enzymatically crosslinking through reacting with Gox and gradual
generation of HyoO, which led to activation of HRP and subsequently
phenol-phenol crosslinking [15]. Various examples of 3D-printed
hydrogels are shown in Fig. 4E. The co-enzymatically crosslinked
printing method can be a promising alternative to conventionally
enzymatically crosslinking by HRP, and HO,, particularly for 3D
printing applications.

3.6. Antioxidant and antibacterial activity of Gel-COS hydrogels

Antioxidant and antibacterial activities are crucial factors in accel-
erating the wound healing process[68]. A significant benefit of the
hydrogels’ antioxidant activity is their ability to suppress oxidative
stress in cells and the body [69]. The antioxidant activity of Gel-COS
hydrogels was investigated via a DPPH scavenging assay (Fig. 4). The
DPPH activity of Gel-COS hydrogel increased from 45.4 + 2.8 to 69.5 +
3.3 with the addition of COS to the hydrogel (Fig. SA). Fig. 5B shows the
color change of the DPPH solution reacted with Gel-COS hydrogels. The
color changes from a dark purple (DPPH solution) to light purple
(Gel-COS 0), and yellow (Gel-COS 1), indicating the decolorization of
stable DPPH radicals due to the antioxidant activity of Gel-COS hydro-
gels. The results revealed that adding COS could significantly increase
hydrogel’s DPPH scavenging activity due to its advanced antioxidant
features derived from its low molecular weight. Indeed, the intermo-
lecular hydrogen bonding is significantly decreased in the COS structure
compared to chitosan because of its low molecular weight (< 3 kDa)
[70]. Hence, hydroxyl groups (C6) and the amino groups (C2) of COS
can easily participate in the reaction with the hydroxyl and superoxide
anion radicals, leading to the stable macromolecule radical formation
(Fig. 5C) [7,71]. Several studies reported that COS incorporation into
hydrogel or scaffolds increased antioxidant activity [72-74].

In addition to the antioxidant, antibacterial properties of a wound
dressing hydrogel are also important for wound healing application
[75]. Bacterial growth and colony counting assays were carried out to
investigate the antibacterial activity of Gel-COS hydrogels against E. coli
and S. aureus as the primary bacteria present in the infected wounds
[35]. Both hydrogels inhibit the growth of E. coli and S. aureus compared
to the control (Fig. 5D). The ODgg of bacterial suspensions treated by
Gel-COS 1 was significantly lower (0.067 + 0.01 for E. coli, 0.068 + 0.01
for S. aureus) compared to the control group (0.37 + 0.02 for E. coli and
0.414 + 0.02 for S. aureus). Hence, the addition of COS led to significant
improvement in the bacterial inhibition growth of hydrogel due to the
antibacterial activity of COS [76].

Moreover, the colony counting assay exhibited that the colony for-
mation decreased in the Gel-COS 0 and Gel-COS 1 against both tested
bacteria compared to the control after 24 h incubation (Figs 5E, F). Both
hydrogels showed a higher antibacterial effect against E. coli owing to
the residual positively charged amino groups on the backbone of chi-
tosan and COS, which could form an impermeable coating on the cell
wall of gram-negative bacteria leading to suppressing the metabolic
activity [7]. Indeed, no colony formation was observed from the E. coli
treated by Gel-COS 1 (Fig 5E), while, in the case of S. aureus (Fig 5F),
colony numbers are higher than the E.coli although it decreased
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significantly compared to the control and Gel-COS 0 groups. Hence, our
results showed that Gel-COS 1 possess antibacterial properties, partic-
ularly against gram-negative bacteria.

3.7. Cell viability and migration

Proliferation and migration of fibroblasts are critical parameters in
the acceleration of the wound healing process induced by the up-
regulation of various growth factors such as keratinocyte growth fac-
tor (KGF), epidermal growth factor (EGF), and fibronectin resulting in
the migration of keratinocyte, and fibroblast and therefore wound
healing acceleration [29,77]. The effect of Gel-COS hydrogels on the
viability of 3T3-L1 fibroblasts was studied after 24 and 72 h of culture
(Fig. 6A). Both Gel-COS 0 and Gel-COS 1 exhibited no significant
adverse effect on the cell viability compared to the control. It showed
that the dual crosslinking system was compatible without any adverse
effects on the cell viability.

The effect of Gel-COS hydrogels on the migration of 3T3-L1 fibro-
blasts was investigated using in vitro wound healing assay (Fig. 6B). 3T3-
L1 fibroblasts treated with both Gel-COS 0 and Gel-COS 1 showed a
significantly higher migration, witnessed by gap closure, after 24 and 48
h compared to the control group. Indeed, after 24 h, the gap closures for
the control, Gel-COS 0, and Gel-COS 1 were 8.3+1.2, 20.143.7, and 28.6
+2.8%, respectively (Fig. 6C). Besides, after 48 h, the cells treated with
the hydrogels showed a higher tendency to cover the gap, with 58.3+1.2
and 79.14+4.5% of gap closure for Gel-COS 0 and Gel-COS 1, respec-
tively, compared to the control (34.7+£1.6%). These data corroborated
those from recent studies reporting that COS increased the migration of
fibroblasts and human umbilical vein endothelial cells (HUVECs) [27,
78]1.

To further evaluate the cell encapsulation capability of Gel-COS
hydrogels for cell therapy and wound healing applications, 3T3-L1
fibroblast cells were incorporated into Gel-COS hydrogels to form a
cell-laden hydrogel, and the cell nuclei distribution, as well as cell
viability, were assessed (Fig. 6D). The 3T3-L1 fibroblast cells showed a
uniform cell spreading distribution within the hydrogels after 1 and 3
days of culture, indicating the Gel-COS hydrogel ability for homogenous
cell spreading. Both Gel-COS hydrogels exhibited a low number of dead
cells (stained red with ethidium homodimer I ), indicating Gel-COS
cytocompatibility. The results agree with previous studies reporting
the promotion of cell adhesion, and migration capability of COS-
containing biomaterials [72,79]. Hence, our results revealed that
co-enzymatically mediated crosslinking is a compatible method for cell
encapsulation due to the mild reaction and gradual release of HyO via
the GOx reaction. Kim et al. reported a high cytocompatibility by using a
co-enzymatically crosslinking based on GOx and HRP compared to HyO4
and HRP crosslinking systems [15]. Another recent study reported a
higher cytocompatibility of a 3D printed hydrogel-based using
GOx/HRP than directly supplying HoO2 [45].

3.8. Angiogenesis activity

An ideal wound dressing material must be integrated with the
existing host tissue through an active blood vessel network [80]. CAM
assay is a standard method to assess the biocompatibility of newly
developed biomaterials [40]. Hence, we evaluated the response of CAMs
to Gel-COS 0 and Gel-COS 1 on the total length and number of junctions
of the formed vessel using an angiogenesis analyzer in ImageJ (Fig. 7).
The methods were validated by vascular endothelial growth factor
(VEGF) as the positive control. VEGF significantly increases both the
number and length of the new blood vessels (p< 0.05). Although
Gel-COS 1 resulted in a mild growth in the density and length of blood
vessels, the difference between control and Gel-COS 1 was not statisti-
cally significant. The results show that both Gel-COS 0 and Gel-COS 1
did not have any cytotoxic effect on the blood vessel formation within
48 h of incubation. Angiogenic properties of an optimal concentration of
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COS (4 pg/mL) and polymerization degree of 5 have been shown pre-
viously [81]. In addition, COS effectively can enhance tissue regenera-
tion and angiogenesis by inducing the synthesis of angiogenic factors
such as EGF,[2] VEGF-D,[3] and basic fibroblast growth factor (bFGF)
[7].

3.9. Wound healing in a full-thickness skin defect model

The wound healing potential of Gel-COS hydrogels were investigated
in a full-thickness skin defect model. For this purpose, a circular wound
(12 mm full-thickness) was made on the rat skin and subsequently
treated with different materials, including PBS solution (control group),
100 pl of Gel-COS 0, and Gel-COS 1 hydrogel. All the rats survived well
without infection in the full-thickness wounds. As shown in Fig. 8A, Gel-
COS 0, and Gel-COS 1 -treated groups showed significantly enhanced
wound healing at day 14 post-injury of treatment in comparison with
the control-treated group, in which wound healing ratios were 75.7 +
9.2 and 83.6 + 2.1 for Gel-COS 0, and Gel-COS 1 -treated vs. 66.8 +
4.7% for the control-treated group (Fig. 8C). Hence, an enhancement of
the wound healing ratio by hydrogels was recorded compared to the
control-treated group on day 14 post-injury (Fig. 8B). The current study
results indicated that control-treated group treatment was not able to
promote wound healing.

To further investigate wound healing, wound sites were stained with
hematoxylin and eosin (H&E) to monitor regenerated skin tissues.
Although no significant difference was observed in skin photos between
the Gel-COS 0 and Gel-COS 1-treated group at any time, H&E staining
(Fig. 8D) revealed that the Gel-COS 1 -treated group enhanced epithe-
lialization and granulation at 14 days compared with the Gel-COS 0 and
control-treated group. The wounds treated with Gel-COS 0 and Gel-COS
1 showed less scar tissue developed (black double-headed arrow) than
the control-treated group (p < 0.05) (Fig. 8F). In addition, quantification
of the granulation tissue (GT) thickness revealed that total thickness
growth in the Gel-COS 0 and Gel-COS 1-treated groups was 1.24 + 0.09
and 1.28 =+ 0.15-fold higher, respectively, compared to the con-
trol-treated group (Fig. 8F). Furthermore, quantification of the scar
width demonstrated that the Gel-COS 0 and Gel-COS 1-treated groups
had a 2630 + 366 and 2370 + 237 pm, which is lower width than the
control-treated group (2880 + 338 pm) (Fig. 8F). The Gel-COS 0 and
Gel-COS 1-treated wounds showed better re-epithelialization, evi-
denced by the more minor residual epithelial defects than PBS-treated
wounds after 7 and 14 days of treatment (Supplementary Fig. 1 and
Fig. le).

The abundance of collagen reflects the quality of the regenerated
skin tissue. Therefore, to confirm the efficacy of Gel-COS hydrogels in
skin wound regeneration, sections of wound tissue on day 14 were
stained using Masson’s trichrome, in which collagen and nucleus were
stained in blue and dark blue, respectively (Figs. S1 and 8E). The Gel-
COS 0 and Gel-COS 1 hydrogels exhibited an integration with the
dermis; in both hydrogel groups, collagen bundles were regenerated in a
regular arrangement and extensively distributed, while the con-
trol-treated group exhibited a loosely packed collagen fibers with an
irregular arrangement. Furthermore, the defect site for the control-
treated group is completely recognizable after 7 and 14 days of post-
injury (Figs. S1 and 8E).

The results of our study indicated that the Gel-COS 1 hydrogel
exhibited the best performance compared to the control and Gel-COS
0 hydrogel in wound healing. We proposed a model of the wound
healing mechanism of gel-COS hydrogels in which the superior biolog-
ical activity of COS, such as antioxidant, antibacterial, and anti-
inflammatory activities, may effectively remove ROS and prevent per-
oxidation damage at the wound site and could effectively prevent

2 Epidermal growth factor (EGF)
3 Vascular endothelial growth factor D (VEGF-D)
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bacterial infection at the wound site compared to high molecular chi-
tosan [82-84]. Besides, COS may promote the proliferation and migra-
tion of fibroblasts; furthermore, COS may promote wound healing by
miR-27 wup-regulating and activating the transforming growth
factor-beta (TGF-B)-1-Smad2/3 pathway[85]. The anti-inflammatory
activity of COS may also leads to the efficient macrophage transition
(M1 to M2) via preventing the generation of pro-inflammatory cytokines
(Fig. 8G) therefore may contribute to epithelial tissue formation in
wound healing [7,84,85] (Fig. 8G).

4. Conclusion

In this study, we successfully developed a biocompatible hydrogel
(Gel-COS) via a double crosslinking strategy, including co-enzymatically
mediated crosslinking via Gox/HRP and phenolated polyelectrolyte
complex (PHEC). The crosslinking was initiated with a spontaneous
electrostatic interaction between positively charged chitosan and chi-
tooligosaccharides (COS) with negatively charged alginate, followed by
a mild co-enzymatic crosslinking triggered by the gradually released
H30; from the GOx reaction. The addition of COS improved the rheo-
logical properties of the hydrogel and decreased the swelling ratio due to
the intensification of the electrostatic interactions because of the pres-
ence of positively charged amino groups on the backbone of the COS,
resulting in higher crosslinking density. The hydrogels exhibited mold-
ability, injectability, self-healing, toughness, flexibility, and 3D print-
ability thanks to the synergy of covalent co-enzymatic crosslinking as
rigid and brittle bonds as well as electrostatic interaction as weak and
flexible bonds. The biological investigation revealed that incorporation
of COS significantly increases the DPPH radical scavenging activity of
hydrogel and antibacterial activity of hydrogel against both gram-
negative and positive bacteria thanks to its enhanced biological activ-
ity due to its low molecular weight. Moreover, the Gel-COS hydrogels
exhibited good cell viability of 3D encapsulated 3T3-L1 fibroblast; be-
sides, the proliferation and migration of 3T3-L1, as well as positive effect
on the angiogenesis activity of hydrogel. The in vivo wound healing
investigation revealed higher wound closure, granulation tissue,
collagen regeneration, and less scar width after 14 days. Hence, the Gel-
COS hydrogel holds great potential as a wound dressing hydrogel due to
its unique properties such as high toughness, moldability, self-healing,
antioxidant, antibacterial, injectability, and serves as a minimally
invasive approach to reducing the chance of wound infections and
expedite skin regeneration. As such, gel-COS may provide additional
therapeutic leverage to treat diabetic foot ulcers and venous leg ulcers
that are very disabling for the patients.
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