Published on 15 2024. Downloaded on 6.1.2026 . 0:16:49.

Journal of

Materials Chemistry B -

¥® ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,
2024, 12, 1538

Received 24th August 2023,
Accepted 2nd January 2024

DOI: 10.1039/d3tb01943h

rsc.li/materials-b

Introduction

Biocatalytic nitric oxide generating hydrogels with
enhanced anti-inflammatory, cell migration, and
angiogenic capabilities for wound healing
applicationsf

e

Phuong Le Thi,#?° Dieu Linh Tran, &2 £° Kyung Min Park, 9 Simin Lee,

Dong Hwan Oh€ and Ki Dong Park (2 *¢

Although wound healing is a normal physiological process in the human body, it is often impaired by
bacterial infections, ischemia, hypoxia, and excess inflammation, which can lead to chronic and non-
healing wounds. Recently, injectable hydrogels with controlled nitric oxide (NO) release behaviour have
become potential wound healing therapeutic agents due to their excellent biochemical, mechanical, and
biological properties. Here, we proposed novel multifunctional NO-releasing hydrogels that could regulate
various wound healing processes, including hemostasis, inflammation, cell proliferation and angiogenesis.
By incorporating the copper nanoparticles (NPs) in the network of dual enzymatically crosslinked gelatin
hydrogels (GH/Cu), NO was in situ produced via the Cu-catalyzed decomposition of endogenous RSNOs
available in the blood, thus resolving the intrinsic shortcomings of NO therapies, such as the short storage
and release time, as well as the burst and uncontrollable release modes. We demonstrated that the NO-
releasing gelatin hydrogels enhanced the proliferation and migration of endothelial cells, while promoting
the M2 (anti-inflammatory) polarization of the macrophage. Furthermore, the effects of NO release on
angiogenesis were evaluated using an in vitro tube formation assay and in ovo chicken chorioallantoic
membrane (CAM) assay, which revealed that GH/Cu hydrogels could significantly facilitate
neovascularization, consistent with the in vivo results. Therefore, we suggested that these hydrogel
systems would significantly enhance the wound healing process through the synergistic effects of the
hydrogels and NO, and hence could be used as advanced wound dressing materials.

urgent, high-cost healthcare problems worldwide. In particular,
elderly and diabetic patients suffer from abnormal and long-

Cutaneous injuries, including chronic wounds, burns and
infectious wounds, are increasing severely and becoming
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term wound healing because of the associated complications,
such as neuropathy, ischemia, and infection, which may lead to
amputation and even mortality."”* To address these challenges,
various strategies using wound healing materials and delivery
systems have been explored to accelerate the wound healing
process, which include nanofibers, nanoparticles, microgels/
hydrogels, micelles, composites, foams, and spongy/bilayered/
trilayered scaffolds.>® Among these materials, hydrogels offer
attractive advantages for wound healing owing to their highly
hydrated 3D porous network that can absorb the wound
exudates and allow the exchange of oxygen and nutrients to
accelerate healing. Interestingly, in situ forming hydrogels have
been proposed as attractive hydrogel formulations, because of
their ability to fill any irregular defect and easy encapsulate
therapeutic drugs in the pre-gel solution.”>™

The wound healing process generally consists of four con-
tinuous overlapping phases that involve dynamic interactions
between various types of cells and their products, bioactive

This journal is © The Royal Society of Chemistry 2024
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factors, and extracellular matrices (ECMs): hemostasis, inflam-
mation, proliferation, and remodeling. During these phases,
hydrogels integrated with bioactive agents (drugs/cells/pep-
tides/proteins/genes) can contribute to promoting the wound
healing process.”'®'" Among bioactive compounds, nitric
oxide (NO) demonstrated tremendous therapeutic potential to
regulate various wound healing processes, including inflam-
matory response, cell proliferation, collagen formation, anti-
microbial action, and angiogenesis."*™*>

However, due to its short half-life and sensitivity to external
factors (e.g., temperature, pH, light, and metals), NO demands
a storage and delivery system to protect its stability, biocompat-
ibility, retention time and bioavailability. Injectable hydrogels
have emerged as ideal delivery candidates for the controlled
and sustained release of NO, thereby facilitating a synergistic
effect in wound healing. So far, different types of injectable NO-
releasing hydrogels have been designed by physically or che-
mically incorporating NO donors (e.g., diazeniumdiolates, S-
nitrosothiols, nitrosamines, and nitrites) into the hydrogel
matrix.’>® Although physical incorporation of NO donors is
a simple process without requiring additional reaction or
modification steps, the premature and unspecific release of
the NO donors from the hydrogel matrix is extremely unde-
sired. In contrast, hydrogels with chemically attached NO
donors involve complex reactions but offer the advantage of
preventing leaching and precocious NO release due to
unwanted NO donor decomposition. Recently, biocatalytic NO
generating hydrogels that have the ability to produce NO in situ
upon contact with blood have attracted substantial attention.
These hydrogels are equipped with biocatalysts or biomimetic
catalysts to act on endogenous nitrite/nitrate or nitrosothiols
within the blood. This mechanism induces a local increase in
NO levels at the implanted sites. Unlike the physical incorpora-
tion or chemical attachment of synthetic exogenous NO donors,
this approach utilizes available NO reservoirs and triggers
within biological systems, resulting in local, sustainable, and
long-term NO release.'>'*>°
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Herein, for the first time, injectable biocatalytic NO generat-
ing hydrogels are created by using the dual-enzymatic cross-
linking of horseradish peroxidase (HRP) and tyrosinase (Tyr),
which provide multiple functions for wound healing applica-
tions. First, the HRP/Tyr-mediated crosslinking forms an inject-
able formulation and enhances the tissue adhesiveness of the
resulting hydrogel, which allows it to firmly adhere to the open
wounds, thus covering the open wounds. Secondly, in the
presence of copper ions (Cu”"), this approach enables the
formation of copper nanoparticles (Cu NPs) within the hydrogel
matrix through the redox-reaction between Cu®" and Tyr-
induced catechol groups, subsequently producing in situ NO
via the Cu-catalyzed decomposition of endogenous RSNOs in
the blood (Fig. 1). We demonstrate the therapeutic potential of
NO-producing hydrogels that enhance the proliferation and
migration of endothelial cells and promote the M2 (anti-
inflammatory) phenotype of macrophages for enhanced wound
management. Moreover, we confirmed the hydrogels’ angio-
genic properties, including in vitro tube formation and in ovo
neovascularization. Finally, we evaluate the bioactivity and
angiogenic potency of these injectable NO-releasing hydrogels
in animal models. Taken together, our results suggest the great
potential of injectable NO-releasing hydrogels with high tissue
adhesion, cell proliferation and migration, and enhanced anti-
inflammatory and angiogenic capabilities for wound healing
applications.

Experimental
Materials

Gelatin (type A from porcine skin, >300 Bloom), 3-(4-hyd-
roxyphenyl) propionic acid (HPA), 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC), N-hydroxy-succinimide (NHS), per-
oxidase from horseradish (HRP type VI, 250-330 U mg ™" solid),
hydrogen peroxide (H,O,), copper sulfate (CuSO,;, >99%),
and tyrosinase from mushroom (Tyr, 3610 units mg™" solid)
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Fig. 1 Schematic diagram representing the formation of a nitric oxide releasing hydrogel through the catalysis of horseradish peroxidase and tyrosinase.
The GH polymer was crosslinked via various interactions between catechol and phenol groups.
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were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Dimethylformamide (DMF) was obtained from Junsei (Tokyo,
Japan). Penicillin—streptomycin (P/S), trypsin/ethylenediami-
netetraacetic acid (TE), and Dulbecco’s phosphate-buffered
saline (DPBS) were purchased from Gibco BRL (Grand Island,
NY, USA). Human Umbilical Vein Endothelial Growth Medium
(CEFOgro-HUVEC) was purchased from CEFO (Gyeonggi,
Korea). Phorbol 12-myristate 13-acetate (PMA), IFN-gamma
Recombinant Human Protein (IFN-y), interleukin 4 (IL-4) and
interleukin 13 (IL-13) (recombinant human) were ordered from
PeproTech (Korea). The EZ-Cytox enhanced cell viability assay
kit (WST-1 assay reagent) was purchased from ITSBIO (Seoul,
South Korea). The CD163 polyclonal antibody was obtained
from Invitrogen (California, USA). Other chemicals and sol-
vents were used without further purification.

Preparation and gelation time of the GH/Cu hydrogel

Gelatin-hydroxyphenyl propionic acid (GH) was synthesized
through carbodiimide chemistry and characterized as described
in our previous study.*** To prepare the GH/Cu hydrogel, the
GH polymer was completely dissolved in DIW at 37 °C at a
concentration of 6.25 wt%. In a 1.5 mL microtube, GH solution
was mixed with HRP (0.025 mg mL™ ') and Tyr (2.5 kU mL ")
solutions. In another microtube, GH polymer solution was
mixed with H,0, (0.2 wt%) and CuSO, with concentrations of
0, 250, 500, and 750 pM. The final concentrations of HRP, Tyr,
H,0,, and Cu ions were 5 wt%, 0.0025 mg mL ", 0.25 kU mL "
and 0-75 pM, respectively. To form hydrogels, the solutions in
the two microtubes were mixed (volume ratio = 1:1) together.
The gelation time is determined by the vial-tilting method,
which is defined as the time point when no flow is observed in
the microtube.>*>* The characteristics of GH hydrogels formed
with different Cu®" concentrations are listed in Table 1.

Rheological analysis of hydrogels

The mechanical strength (G') of GH/Cu hydrogels was deter-
mined using a rheometer (advanced rheometer GEM-150-050,
Bohlin Instruments, Cranbury, NJ, USA) in an oscillation mode,
with 0.01% strain (strain control), 0.1 Hz frequency, and using
parallel-plate geometry (diameter = 25 mm, gap = 0.5 mm). On
the bottom plate of the rheometer, we loaded 300 pL solution of
hydrogel precursors prepared as described above. The upper
plate was then immediately lowered down to the demanded
gap. Then, the G’ values of hydrogels were recorded continu-
ously for 10 min at 37 °C.

Table 1 Characterization of GH/Cu hydrogels

GH HRP Tyr H,0, cu**
Hydrogel (Wt%) (mg mL™Y) (kU mL ™) (Wt%) (uM)
GH 5 0.0025 0.25 0.02 0
GH/Cu25 25
GH/Cu50 50
GH/Cu75 75
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Porous structure of hydrogels

The microporous structure of the GH/Cu hydrogels was inves-
tigated by field emission scanning electron microscopy (FE-
SEM). Briefly, 600 pL of the hydrogels were prepared, followed
by lyophilization to produce dried sponge-type hydrogels. The
cross-sectional surfaces of the freeze-dried hydrogels were
sputter-coated with gold, before observation by FE-SEM.

In vitro degradation

The in vitro enzymatic degradation rate of hydrogels was
determined by using collagenase. 300 pL of different GH/Cu
hydrogels was prepared in 1.5 mL microtubes. After equilibrat-
ing for 30 min, the initial weight of the hydrogel (W;) was
accurately recorded. Then, the hydrogels were incubated with
1 mL of PBS solution (0.01 M, pH 7.4) containing collagenase
(0.001 wt%) at 37 °C. At predetermined time intervals, the
media were removed, and the weight of the degraded hydrogels
was recorded (W,). After weighing, fresh media were added, and
the hydrogels were continued to be incubated at 37 °C. The
weight of the remaining hydrogel was calculated using the
following equation:

Weight of the remaining hydrogel (%) = Wa/W; x100

In vitro release of copper ions from hydrogels

The amount of Cu ions released from GH/Cu hydrogels was
determined using the copper assay Kit (Sigma-Aldrich, St.
Louis, MO, USA USA). In brief, 300 uL of GH/Cu hydrogels were
prepared in 1.5 mL microtubes and incubated in 1 mL of PBS at
37 °C with gentle shaking. At predetermined time points, the
leachate buffer was completely withdrawn, and fresh buffer was
replaced for the next interval. Then, the leachate buffer was
incubated with master reaction mix supplied with the kit for 5
min at room temperature. The absorbances of blank (DIW), Cu
ion standard, and leachate buffer were measured at 359 nm.
Because Tyr is a copper-containing enzyme, the GH hydrogel
prepared without Tyr is used as the control sample.

In situ biocatalytic generation of nitric oxide (NO) from
hydrogels

The catalytic generation of NO from GH/Cu hydrogels was
determined using the Saville-Griess reagent as described in
previous studies.>* The GH/Cu hydrogels were immersed in
1 mL of PBS (pH 7.4) solution containing NO donors (GSNO
10 uM and GSH 10 pM) and incubated at 37 °C in the dark with
gentle shaking. At pre-determined time intervals, the medium
was withdrawn and replaced with the fresh NO donor solution.
To perform the Griess assay, 75 L of the withdrawal medium
was mixed with 75 uL of Griess solution (40 g L™") in the dark
for 15 min. Then, the absorbance of the reacted solution was
measured at 540 nm using a microplate spectrophotometer
(Cytation™ 3 Cell Imaging Multi-Mode Reader, BioTek™, USA).
The concentration of NO released from the GH/Cu hydrogel was
calculated from the calibration curve constructed by using
NaNO, at known concentrations (0-1 pM).

This journal is © The Royal Society of Chemistry 2024
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In vitro evaluation of anti-inflammatory properties

Human monocytic cells (THP-1) were cultured in RPMI-1640
media supplemented with 10% FBS and 1% PS in a humidified
atmosphere with 5% CO, at 37 °C. Then, the cells at a density of
1 x 10 cells per mL were collected and cultured in RPMI-1640
media containing 200 ng mL ™' 12-myristate 13-acetate (PMA) for
2 days (d), followed by 1 d of PMA-free media to induce the
differentiation of floating THP-1 into adherent MO macrophages.
100 pL of GH/Cu hydrogels prepared in the insert system
(Falcon®™ 24-well Insert Systems, PET Membrane, Corning,
USA) were placed over the MO cell layer and incubated in the
culture media with or without the supplement of NO donors
(10 M GNSO and 10 pM GSH). As the positive control, M0 was
incubated in RPMI-1640 media supplemented with 20 ng mL "
IL-4 and 20 ng mL ™" IL-13 to induce the polarization into the M2
phenotype. After 48 h of incubation, the M2 polarization was
evaluated by immunofluorescence staining (anti-CD163 anti-
body, ab87099, Abcam, Cambridge, UK) and enzyme-linked
immunosorbent assay (TGF beta-1 ELISA Kit, BMS249-4, Invitro-
gen, California, USA), according to the manufacturer’s protocol.

In vitro proliferation test using human umbilical vascular
endothelial cells (HUVECS)

HUVECs were incubated the with CEFOgro-HUVEC medium
containing growth factor supplements and 1% PS, in a humi-
dified atmosphere with 5% CO, at 37 °C. The medium was
changed everyday. After 3 d of incubation, HUVECs were
harvested by trypsin-EDTA treatment and used for further
testing.

For the proliferation test, 300 pL of the hydrogel was
prepared as a thin layer on the bottom of the tissue culture
plates (TCPs). After equilibrating for 30 min, HUVECs at a
density of 1 x 10* cells per mL were seeded on the hydrogel
layer and cultured in the media supplemented with or without
NO donor solutions (10 pM GNSO and 10 uM GSH). It was
noted that the NO donors were refreshed every 4 h. After 3 d of
incubation, the unattached HUVECs were gently removed by
rinsing with DPBS. Then, the proliferation of the attached
HUVECs on the GH/Cu hydrogel was determined by WST-1
assay, according to the manufacturer’s protocol. Briefly, the
cells attached on the hydrogel were incubated with 1 mL of
fresh culture media containing 10% WST-1 reagent at 37 °C.
After 1 h, the absorbance of the reacted media was measured at
450 nm using a microplate spectrophotometer (Cytation™ 3 Cell
Imaging Multi-Mode Reader, BioTek™, USA). In addition, the
viability of the attached HUVECs was also investigated through
live/dead staining assay. The cells were incubated with 1 mL of
staining solution containing 2 mM calcein-AM and 4 mM
ethidium homodimer-1, at 37 °C for 30 min, and the morphol-
ogy of the adhered HUVECs was observed using a fluorescence
microscope (Leica Microsystems, Korea).

In vitro HUVEC migration assay

The effect of GH/Cu hydrogels on the in vitro migration of
HUVECs was investigated by the scratch test, as described in

This journal is © The Royal Society of Chemistry 2024
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previous studies.>>*® The HUVECs were seeded on the bottom
of a 24-well plate at a density of 1 x 10* cells per mL and
cultured at 37 °C in a 5% CO, atmosphere until the confluent
monolayers formed. To create the wounds of similar sizes, a
P200 pipette was used to scratch the cell layer in a straight line.
After washing out the cell debris, the insert system containing
100 pL of the hydrogel was placed over the cell layer and fresh
culture medium was added. The NO donors (10 uM GNSO and
10 uM GSH) were supplied every 4 h to ensure the sustained
catalytic generation of NO. The change in size of the wounds
was captured at predetermined time points and the migration
rate of HUVECs was determined by using the equation:

Wound closure = (4; — A/)/A; X 100%

where A, is the wound area at time ¢ and 4; is the initial
wound area.
In vitro tube formation assay

The endothelial tube formation assay was performed using
Corning® Matrigel® Matrix, according to the supplied proto-
col. Briefly, 100 pL of Matrigel solution was pre-coated on the
TCPs to make a thin gel layer. The cells were then seeded on the
Matrigel layer at a density of 1 x 10> cells per mL and incubated
with CEFO culture media containing 5% FBS and 1% PS at
37 °C in a 5% CO, atmosphere for 1 d. Then, the insert system
containing 100 pL of the hydrogel was placed over the cell layer
and supplied with or without NO donors (10 pM GNSO and
10 UM GSH) for every 4 h. After 12 h of incubation, the
formation of capillary-like structures on the Matrigel was
recorded using an optical microscope. The length of the tube
was calculated using the Image J program.

In ovo chicken chorioallantoic membrane (CAM) assay

The angiogenesis properties of GH/Cu were assessed by in ovo
chicken chorioallantoic membrane (CAM) assay, following the
previous studies.””*® First, the fertile eggs (Domestic, Korea)
were incubated for 7 d (0-7 days) at 37-38 °C, 40-60% humidity
and in the presence of O,. During incubation, the eggs were
rotated 90° every 12 h. On day 7 of incubation, the eggs were
taken out and wiped with 70% alcohol. Then, a window of about
1 cm® was created on the eggshell to access the CAM underneath,
and 100 pL of pre-formed GH/Cu hydrogel samples were care-
fully placed on the CAM of the embryo. The window was sealed
by sterilized parafilm to prevent infection and incubated under
aseptic conditions (37 °C, 40-60% humidity). On day 10, the
images of the CAM-hydrogel complex representing the initial
tissue response to biomaterials were taken using a digital
camera. The Image J program was used to count the blood
vessels around the hydrogels. All the experiments were per-
formed under completely sterilized conditions in a laminar
hood. The GH hydrogel loaded with 10 ng mL ™" of VEGF was
used as the positive control and labeled as the VEGF sample.

In vivo subcutaneous injection of GH/Cu hydrogels

All the animal experiments in this study were conducted in
strict accordance with a high standard guideline approved by

J. Mater. Chem. B, 2024, 12,1538-1549 | 1541
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the Incheon National University Institutional Animal Care and
Use Committee (INU-ANIM-2021-08). The study was divided into
five experimental groups (VEGF, GH, GH/Cu25, GH/Cu50, and
GH/Cu75). Briefly, under anesthesia, 100 pL of hydrogel samples
were subcutaneously injected into the dorsal region of the mice
(n = 5 for each group). After three weeks, the mice were sacrificed
to collect the subcutaneous tissue containing hydrogel samples.
The collected tissues were immediately fixed in 4% paraformal-
dehyde for 1 d, followed by paraffin embedding and sectioning.
The tissue sections were subjected to histological analysis using
hematoxylin and eosin (H&E) staining and immunohistochemical
analysis using the anti-alpha smooth muscle actin antibody (anti-
aSMA, ab5694, Abcam, Cambridge, UK) and the anti-vascular
endothelial growth factor A antibody (anti-VEGFA, ab1316,
Abcam, Cambridge, UK), following the manufacturer’s protocol.

Statistical analyses

All experiments were repeated at least three times, and each
condition was analyzed in triplicate. The data are analyzed using
one-way ANOVA followed by the ¢-test and are presented as mean +
standard deviation. P < 0.05 was considered statistically significant.

Results and discussion
Hydrogel formation

Gelatin is a biodegradable natural polymer with excellent
biocompatibility and has been widely used as an ideal hydrogel
candidate. Containing a large number of amino and carboxyl
groups, gelatin can be easily functionalized with various target
moieties, such as phenol, thiol, and methacrylate. In addition,
gelatin brings many benefits to biomedical applications with its
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biodegradability in physiological environments. We previously
reported the use of phenolrich gelatin to prepare injectable
hydrogels by the enzymatic catalysis of HRP/H,O, for various
biomedical applications.?>**?7! In these studies, the GH poly-
mer was synthesized through the amide bonds between the
carboxyl groups of HPA and amine groups of gelatin. After that,
in the presence of H,0,, HRP oxidized phenols into phenol
radicals, enabling the crosslinking of the aromatic ring by C-C
or C-O coupling.**** By adjusting the phenol contents of GH or
varying the concentration of HRP and H,0O, during the gelation,
the physicochemical properties of the resulting hydrogels were
easily controlled, which showed the potential for various biome-
dical applications, such as drug/cell delivery,>*** wound
healing,**?® and cancer treatment. In this study, we prepare the
copper nanoparticle encapsulated GH hydrogel (GH/Cu) under the
catalysis of dual enzymatic activities of HRP and Tyr (Fig. 1), to
create a multifunctional NO-releasing hydrogel. Herein, Tyr is a
well-known metalloenzyme that contains two copper ions in the
active site.”” Tyr can oxidize the hydroxyl group of phenol into
ortho-quinones and catechol, and ortho-quinones with high elec-
trophilicity can participate in many reactions, including Michael-
type addition, Schiff-base reaction, and coupling reaction. Mean-
while, catechol groups present in the aerobic environment provide
(1) activated target moieties for crosslinking reaction between GH
hydrogel precursors and (2) binding sites for the in situ formation
of CuNPs that catalyze NO generation.”*>®

Gelation time, mechanical properties, degradation rates, and
porous structures of hydrogels

The gelation time is a crucial parameter affecting the intended
applications of hydrogels, because too rapid gelation causes
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Fig. 2 Characterization of the GH/Cu hydrogel. (a) Gelation time defined by the vial titling method as a function of HRP concentration and copper ion
concentration (inset figure), (b) mechanical strength evaluated using a rneometer, (c) degradation rate in lysozyme, (d) cross-sectional morphology under
the SEM, (e) cumulative copper ions released from GH/Cu hydrogels after incubation in PBS, and (f) cumulative NO release by incubating the GH/Cu

hydrogel in the presence of 10 pM GSNO and 10 uM GSH as NO donors. Data
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difficulty during injection or is insufficient to fulfill the irregu-
lar shape of the defect. In contrast, slow gelation will result in
the leakage of the hydrogel precursors and encapsulated mate-
rials during the gelation process in vivo.*® Generally, the gela-
tion time of enzymatically crosslinked hydrogels is readily
controlled by varying enzyme concentration.”**%*° Previously,
we reported that the addition of Tyr (0.25 kU mL™") did not
affect the gelation rate, while significantly improving the adhe-
sive strength of the HRP-crosslinked hydrogel.>” Therefore, in
this study, we investigated the effect of HRP on the gelation
time of the GH/Cu hydrogel by fixing the concentrations of GH
polymer (5 wt%), H,0, (0.02 wt%), Tyr (0.25 kU mL '), and
Cu*" (25 uM). Fig. 2a illustrates that increasing HRP concen-
tration from 0.001 to 0.005 mg mL™* shortened the gelation
time from around 110 s to 20 s. This result is in agreement with
previous studies, which demonstrated the rapid and controlla-
ble gelation time of hydrogels crosslinked by HRP.>"»?%2%31,39,40
Moreover, the effect of the addition of Cu®** on the gelation rate
of the hydrogel was unremarkable (inset of Fig. 2a).

It is noted that during the gelation process, Cu** ions
interact with catechol moieties for the in situ formation of Cu
NPs, leading to the remarkable change in the hydrogel’s
structure. Therefore, we investigated the effect of embedded
Cu NPs on other physicochemical properties of the resulting
GH/Cu hydrogels, including elastic modulus, tissue adhesive-
ness, degradation rate, and porosity.

As shown in Fig. 2b, the elastic moduli (G’ value) of GH
hydrogels dramatically dropped from 3600 Pa to ~2000 Pa with
increasing Cu”* concentration. In fact, the hydrogel without
Cu*" addition (GH) showed the highest G’ value (3600 Pa),
followed by GH/Cu25 (2100 Pa), GH/Cu50 (2000 Pa), and GH/
Cu75 (1850 Pa). The decrease in the elastic moduli of GH/Cu
hydrogels can be explained by the competition between phe-
nol-phenol oxidative coupling and the phenol-metal coordina-
tive coupling reaction. During the gelation process, Tyr
converts phenol groups into catechol groups, subsequently
forming the copper-catechol complexes within the hydrogel
matrix. Compared to the HRP-inducing phenol-phenol cova-
lent bond, this metal-coordination occurred more rapidly with
lower strength.*>** Therefore, at the fixed concentrations of
HRP and Tyr, the mechanical strength of GH hydrogels tends to
decrease with the increase of Cu®>" concentration. Moreover, the
impact of Cu®" concentration on the adhesive and tensile
strengths of the hydrogels was investigated, as shown in Fig.
S1 (ESIt). The results reveal a significant improvement in
adhesive strength for all GH and GH/Cu hydrogels in compar-
ison to fibrin glue, which is attributed to the additional inter-
actions between hydrogels and nucleophiles on tissue surfaces
as discussed previously.”> Conversely, tensile strength exhib-
ited a slight decrease with the introduction of Cu®’, aligning
with the elastic modulus but without notable variation across
different Cu®** concentrations in the hydrogel. The reduced
mechanical strength also results in a faster degradation rate
and larger pore size of GH/Cu hydrogels, compared to the pure
GH hydrogel (Fig. 2c and d). The successful in situ formation of
Cu NPs within the GH hydrogel matrix was also characterized

This journal is © The Royal Society of Chemistry 2024
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and observed by SEM and TEM. As shown in Fig. 2d and Fig. S2
(ESIt), most particles were spherical and uniform with an
average diameter of 20 £ 3.92 nm. In addition, a higher amount
of particles were found as the concentration of Cu®>" ions
increased during the gelation process.

Controlled release of Cu ions for catalytic NO generation

Copper ions are well-known catalysts for the decomposition of
S-nitrosothiols (RSNOs). During this process, Cu*" is reduced to
Cu' in the presence of thiol (RSH), triggering the generation of
NO.**™*® Compared with other approaches using finite reser-
voirs of NO donor molecules (e.g., S-nitrosoglutathione, N-
diazeniumdiolates, and S-nitroso-N-acetylpenicillamine), the
use of NO catalysts, such as metal ions or organoselenium,
has potential advantages.*”*° Different from the decomposi-
tion of NO donor molecules triggered by heat, light, pH, or
moisture, metal ions catalyze the in situ generation of NO upon
contact with available RSNO sources within the biological
system, leading to the continuous delivery of NO for extended
periods.* In addition, because metal ions are also more stable
than NO donor molecules, the incorporation of metal ions into
the carrier can be easily performed, without affecting their
activities. The release of NO from endogenous RSNOs through
the catalytic activity of Cu ions is described by the following
scheme:

Cu?t Cu** GS-
GSH \0, GSH /0,, Cu?*
C +
GSNO u GS'+NO*

The scheme shows that the NO release would be directly
affected by the release amount of Cu ions from GH/Cu hydro-
gels. As shown in Fig. 2e, there was a small amount of Cu ions
(6.03 uM) released from GH within the first week, due to the
degradation of Tyr (copper-containing enzyme). The GH/Cu
hydrogels showed a prolonged-release time and higher Cu ion
release amount, depending on the concentration of embedded
Cu. For example, Cu ions were sustained released within 10, 20,
and 21 d from GH/Cu25, GH/Cu50, and GH/Cu75, respectively.
In addition, GH/Cu75 exhibited the highest accumulative
concentration of Cu at about 47.08 uM, compared to GH/
Cu50 and GH/Cu25 (34.13 and 17.39 pM, respectively). Impor-
tantly, the amount of Cu ions released per day from all GH/Cu
hydrogels is in the range of normal serum concentration of
copper (10-25 uM), which does not cause cytotoxicity toward
mammalian cells.>*

Next, the NO release profile from GH/Cu hydrogels in the
presence of NO donors (10 puM GSNO and 10 uM GSH) was
evaluated by Griess assay. As shown in Fig. 2f, the control
sample (the GH hydrogel formed in the absence of Tyr) and GH
hydrogel release a trivial amount of NO, which is attributed to
the self-decomposition of the NO donor at 37 °C and the
presence of Cu-containing Tyr, respectively. In contrast, the
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release of NO from GH/Cu hydrogels was significantly
increased, correlated with the release amount of Cu ions. For
example, the amounts of NO released were up to 115 uM,
142 uM, and 180 puM for GH/Cu25, GH/Cu50, and GH/Cu75
after 7 d, respectively. Moreover, the NO release from GH/Cu
hydrogels was prolonged up to 21 d, depending on the release
behaviour of Cu ions. These results indicated the controllable
and prolonged NO release of our GH/Cu hydrogel system, by
simply varying the feeding concentrations of Cu®** during the
gelation process, which would be applied for various wounds
(e.g., infectious wounds, chronic wounds, diabetic ulcer).

In vitro anti-inflammatory properties of GH/Cu hydrogels

The immediate activation of the immune system after injury
provokes a local inflammatory response. This inflammatory
response plays crucial roles in both normal and pathological
wound healing. It is well documented that inflammatory reac-
tion is essential to fight against the pathogen and remove the
dead cell/tissue from the injured site. However, prolonged
inflammation leads to delayed tissue formation and remodel-
ling phase in wound healing.>> Therefore, shortening the
inflammation phase is considered as an effective strategy to
promote the healing process. During inflammation, macro-
phages are recruited from the circulation and are classified
into the M1 pro-inflammatory or M2 anti-inflammatory pheno-
type. Unlike the M1 phenotype, the M2 phenotype stimulates
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the production of anti-inflammatory factors (e.g., IL-4, IL-10,
and TGF-B) and modulates the tissue repair.**** The polariza-
tion of macrophages into the M2 phenotype has been demon-
strated to be an efficient approach to control and hasten the
inflammation phase. Herein, we evaluated the anti-inflam-
matory activities of GH/Cu hydrogels through the effect of NO
release on inducing the polarization of macrophages into the
M2 phenotype.”>”® The expression of surface marker CD163
and the secretion of TGF-B cytokine were investigated to con-
firm the M2 phenotype polarization stimulated by GH/Cu
hydrogels.””

As shown in Fig. 3a, the nuclei of all cell types were stained
with blue fluorescence, while only CD163-expressing M2 macro-
phages were stained with green fluorescence. Interestingly, in
the presence of NO donors, the strong intensity of green
fluorescence was clearly observed on GH/Cu-treated macro-
phages, comparable with the M2 positive control sample. The
CD163 intensity increased with the increase in the amount of
NO generated from GH/Cu25, GH/Cu50, and GH/Cu75 (Fig. 3b).
In addition, the amount of TGF-B released from the GH/Cu-
treated macrophages was also significantly higher than those
released from the MO control and GH-treated macrophages. In
detail, 23.37, 32.09, and 44.85 pg mL™~ " TGF-B were released
from GH/Cu25, GH/Cu50, and GH/Cu75 treated macrophages
in the presence of NO donors, respectively (Fig. 3c). These
results confirm the effect of NO released from the GH/Cu
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Fig. 3 In vitro anti-inflammatory properties. (a) Immunofluorescence staining images of adhered macrophages with DAPI (blue) and CD163 (green), (b)
quantification of the relative average fluorescence intensity of CD163 compared to the M2 macrophage control group, and (c) concentration of TGF-R
released from macrophages by ELISA. Data are presented as means & SD (n > 3) and analyzed using one-way ANOVA, **p < 0.01, ***p < 0.001 versus

the TCPs and M2 sample, respectively.
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hydrogel on increasing anti-inflammatory M2 gene expression,
which likely contributes to the higher wound healing efficiency.

In vitro angiogenic activity of the GH/Cu hydrogel toward
HUVECs

NO is widely known to be a vasodilator that can stimulate EC
growth and migration, thus encouraging new vessels to sprout
from existing ones.”®® We firstly determined the effect of NO
release from GH/Cu hydrogels on the proliferation and migra-
tion of HUVECs. The viability of HUVECs cultured on GH and
GH/Cu hydrogels was investigated through live/dead staining
and WST-1 assay. Due to the intrinsic nature of the ECM, all
gelatin-based GH and GH/Cu hydrogels showed excellent cyto-
compatibility toward HUVECs, represented by the high number
of green-stained cells (Fig. 4a). Moreover, the higher amount of
NO released from GH/Cu in the presence of NO donors resulted
in the better attachment and well spreading of cells on the
hydrogels. As presented in Fig. 4b, all the GH/Cu samples
showed the impressive growth of HUVECs by almost two times
under NO donor supply, compared with TCPs. These results
could confirm the cytocompatibility of the GH/Cu hydrogel
system for further in vitro and in vivo experiments.

Next, we determined the impact of the NO-releasing hydro-
gel on the migration rate of HUVECs, using scratch assay.
Fig. 4c and d indicate that GH/Cu could induce faster migration
of HUVECSs in an NO concentration-dependent manner. Without
the release of NO from hydrogel samples, the cells migrated
slowly, and after 24 h, below 50% of the collective scratch area
was closed. In the presence of NO donors, GH/Cu25, GH/Cu50,
and GH/Cu75 promoted HUVEC migration, which covered 43,
52, and 60% of the collective scratch area, respectively, after 12 h,
and completely healed the scratches within 24 h of incubation.
These results verify the effect of continuous and controlled NO
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releasing hydrogels on accelerating endothelial cell proliferation
and migration, which are critical events for angiogenesis in the
wound healing process.

In vitro tube formation assay is one of the most rapid and
simple models to mimic the in vivo angiogenesis, which is used
to evaluate the angiogenic properties of NO-releasing hydrogels.
As we expected, no hydrogel-treated samples clearly showed the
alignment of cells in the capillary tube in the absence of NO
donors, excepting VEGF control (Fig. 5a and b). Meanwhile, with
the addition of GSNO and GSH, the catalytic generation of NO
from GH/Cu hydrogels is induced, resulting in the stimulation of
capillary tube formation. While GH and GH/Cu25 only presented
a moderate stimulation effect on the sprouting and connection
of HUVECs to form the tube, GH/Cu50 and GH/Cu75 signifi-
cantly promoted the formation of a clearly tubular network with
a greater number of nodes and branches, as well as longer
branches. In particular, GH/Cu50 and GH/Cu75 exhibited
around 90% efficiency compared with VEGF treatment. These
findings are consistent with previous studies, demonstrating the
effect of NO on the behaviour of endothelial cells during
angiogenesis, including enhanced proliferation, a faster migra-
tion rate, and improved tube formation.>*>%%°

In ovo chicken chorioallantoic membrane (CAM) assay

We hypothesized that GH/Cu hydrogels would induce the in situ
formation of NO, therefore facilitating the neovascularization
in vivo.*”®" To confirm this hypothesis, we performed CAM
assay, a simple, easily accessible, and cost-effective model
for the evaluation of angiogenic activity of biomaterials in
tissue engineering. When implanting hydrogel samples for
3 d, many new blood vessels grew around the VEGF-
encapsulated hydrogel (positive control) on the CAM (Fig. 6a).
Compared to the control group, there was no difference in the
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Fig. 4 In vitro angiogenic activities of GH/Cu hydrogels: (a) live (green)/dead (red) staining, (b) viability of HUVECs after being cultured with hydrogel
samples for 3 d by WST-1 assay, (c) quantification of the migration rate and (d) optical microscopy images showing the migration of HUVECs using wound
scratch migration assay. Data are presented as means + SD (n > 3), and analyzed using one-way ANOVA, **p < 0.01, ***p < 0.001 versus the control

sample.
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Fig. 5 Angiogenic activity evaluated by in vitro endothelial tube formation assay: (a) optical microscopy images showing the formation of the cellular
network and quantitative evaluation of various parameters, including (b) the number of nodes, (c) the number of branches, and (d) the total branching
length. Data are presented as means + SD (n >3) and analyzed using one-way ANOVA.

CAM after incubating with GH and GH/Cu25, while GH/Cu50 vessels. This result indicates that GH/Cu hydrogels supply
and GH/Cu75 stimulated the growth of many new blood sufficient NO to induce new blood vessel formation in the in

GH/Cu50

VEGF GH GH/Cu25 GH/Cu75
. ek § 3 e

GH/Cu25 GH

GH/Cu50

GH/Cu75

Fig. 6 (a) Angiogenic activity evaluated from the optical image of new blood vessel formation in in ovo chicken chorioallantoic membrane angiogenesis
(CAM) assay. Angiogenic activity evaluated by in vivo subcutaneous injection of the hydrogel. (b) Histological H&E staining and immunobiological staining
with (c) the VEGFA antibody (purple: nucleus, brown: VEGFA), and (d) a-SMA to stain the smooth muscle cells (purple: nucleus, brown: a-SMA).
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ovo model, which offers potential for use in further animal
studies.>®*'~%*

In vivo subcutaneous injection of GH/Cu hydrogels

During tissue remodelling, new blood vessel formation is
essential to facilitate the wound healing rate. Thus, the degree
of neovascularization by hydrogels in these processes was
investigated in vivo through H&E and immunohistochemical
staining. From the H&E staining, it was found that the GH
group did not show any signal of cell infiltration; meanwhile,
other groups, including VEGF, GH/Cu25, GH/Cu50, and GH/
Cu75, presented moderate cell infiltration. Moreover, new
blood vessels were also observed in these groups (Fig. 6b,
arrowheads). These results were further confirmed by immu-
nohistochemical staining of a-SMA and VEGFA.

The intima layer and media layer of all vessels are composed
of endothelial cells and smooth muscle cells, respectively.
Vascular endothelial growth factor A (VEGF-A) is considered
to be the essential, dominant inducer of the growth of blood
vessels by promoting the growth and migration of endothelial
cells. On the other hand, during the differentiation of smooth
muscle cells in the vessel wall, the a-smooth-muscle actin was
strongly expressed and became a marker for this process.
Therefore, VEGFA and o-SMA staining was used to illustrate
the cross-section of blood vessels inside the VEGF, GH/Cu50,
and GH/Cu75 hydrogels (Fig. 6¢ and d). Similar to the results
obtained from H&E staining, the GH hydrogel did not show any
penetration of cells into the hydrogel. Meanwhile, inside the
GH/Cu25 hydrogel, a high number of penetrated cells prepar-
ing for the early stage of vessel formation were observed. Better
than GH/Cu25, many new vessels were found at both the
margin and interior area of the VEGF, GH/Cu50, and GH/
Cu75 hydrogels. While the vessels inside the VEGF hydrogel
were defined by the clearly and completely formed circles, GH/
Cu50 and GH/Cu75 promote the formation of new vessels at an
early stage. Taken together, these results show that the con-
siderable amount of NO released from GH/Cu50 and GH/Cu75
has the potency to promote angiogenesis and enhance cell
remodelling in the animal model. Lastly but importantly, all
mice are alive after three weeks of subcutaneous injection of
hydrogel samples, revealing that GH/Cu hydrogels are non-toxic
in nature and readily safe for in vivo administration.

Conclusion

In this study, we successfully developed injectable NO-releasing
gelatin-based hydrogels (GH/Cu) as potential wound dressing
materials, by simply embedding the copper ions as the NO-
generating catalyst in the hydrogel systems. The hydrogels were
fabricated from a phenol-containing gelatin polymer (GH)
through a dual-enzymatic catalysis of HRP and Tyr. The NO
release behaviors of hydrogels were easily controlled by varying
the concentration of copper ions, without compromising the
cytocompatibility of hydrogels. We found that the release of NO
from GH/Cu hydrogels remarkably enhanced the expression of

This journal is © The Royal Society of Chemistry 2024
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the M2 anti-inflammatory macrophage and promoted the pro-
liferation and migration of HUVECs. The angiogenic activities
of these hydrogels were also demonstrated through the stimu-
lation of in vitro tube formation using HUVECs and in ovo new
blood vessel formation in the CAM. In addition, our hydrogels
allowed the penetration of cells and showed signals of the early
stage of new vessel formation upon in vivo subcutaneous
injection. Taken together, we believe that our GH/Cu hydrogels
could be used as advanced materials for both wound treatment
and other biomedical applications related to angiogenesis and
inflammation response. However, the in vivo enhanced wound
healing ability of GH/Cu hydrogels should be investigated in
acute/chronic wound models, to thoroughly evaluate the syner-
gistic effect of bioactive hydrogels and NO release on promoting
whole-process wound healing.
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