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A B S T R A C T

Polyphenols can trigger immunity that activates intracellular anti-inflammatory signaling and prevents external
infections. In this study, we report the fabrication of chitosan-based hydrogels with epigallocatechin gallate
(EGCG) using enzyme-mediated one-pot synthesis. The tyrosinase-mediated oxidative reaction of the phenolic
rings of EGCG with the primary amines on chitosan results in stable EGCG-chitosan hydrogels. The EGCG con-
centrations contributed to the cross-linking density and physical properties of EGCG-chitosan hydrogels.
Furthermore, EGCG-chitosan hydrogels maintained intrinsic properties such as antibacterial and antioxidant ef-
fects. When endotoxin-activated RAW 264.7 macrophage cells were cultured with EGCG-chitosan hydrogels, the
hydrogels reduced the inflammatory response of the RAW 264.7 cells. Furthermore, subcutaneous implantation of
EGCG-chitosan hydrogels reduced endogenous macrophage and monocyte activation. When the EGCG-chitosan
hydrogels were applied to a full-skin defect wound, they facilitated skin regeneration. Our study demonstrates
that the one-pot synthesized EGCG-chitosan hydrogels can be applied in broad tissue regeneration applications
that require immune modulation.
1. Introduction

Polyphenols, one of the metabolic products in plant cells, have been
widely established as useful molecules for immune-suppression and
regenerative medicine applications [1]. The proposed mechanism of
action of polyphenolic compounds is that they scavenge free radicals
generated by immune cells and subsequently down-regulate tissue ne-
crosis factors (TNFs) and interleukin-1 [2]. Among the various types of
polyphenols, epigallocatechin gallate (EGCG) from green tea extract is
known for its function as an antioxidant and anti-inflammatory [3–5].
EGCG has three phenolic ring structures. In the B and D rings, there is a 3,
4,5- trihydroxyphenyl moiety that acts as a therapeutic core by scav-
enging free radicals and substrates for biological molecules [7]. EGCG
has been widely used to treat diseased tissue by mitigating a reactive
oxygen species and regulating inflammatory cytokines [8,9]. Previously,
the direct conjugation method that incorporated phenolic compounds
like EGCG into biopolymers such as chitosan, hyaluronic acid, and algi-
nate had been developed to utilize EGCG for therapeutic agents [7,
g).
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10–12]. Our group has developed EGCG-incorporated hydrogels by
coupling EGCG to the hyaluronic acids for tissue glue [7,10]. However, it
is time-consuming owing to several essential steps which needed to pu-
rify organic solvents or bioreactive chemical remains in cross-linkable
moiety modification procedures [11].

In our previous study, we elucidated that the tyrosinase from Strep-
tomyces avermitilis (SA_Ty) has unusually higher enzymatic kinetic ac-
tivity toward EGCG molecules as cross-linker in mild conditions [7].
Compared with other naturally existing tyrosinases, SA_Ty has unusual
catalytic activity. In particular, SA_Ty lacks neighboring residues that
sterically hinder enzymatic reactions with phenolic compounds. The
oxidative reaction of EGCG with tyrosinase has a similar mechanism to
that in mussel-inspired chemistry: i) the trihydroxy phenolic ring is
oxidized immediately to form a quinone adduct and ii) the quinone
adduct reacts with a primary amine, thiol, or imidazole through a
Schiff-base reaction and Michael-type addition [7,10,13]. The enzymatic
oxidative reaction occurred at a high rate under physiological conditions
and has no cytotoxicity [7,13]. Once producing reactive quinones after
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enzymatic oxidation, the EGCG can make a covalent bond with a primary
amine. We hypothesized that, with an enzymatic reaction, EGCG would
form a hydrogel with biopolymers containing primary amines in a
one-pot synthesis without any other organic synthetic processes. We
expected that EGCG would act as both a cross-linker of the enzymatic
reaction and a biofunctional factor for reducing inflammation.

In this study, we report the one-pot synthesis of EGCG-chitosan
hydrogel via tyrosinase-mediated cross-linking. We used chitosan as a
model biopolymer. Chitosan is a natural polymer that has abundant
primary amine residues in the backbone structure [14,15]. When mixing
EGCG molecules with chitosan solution, chitosan participated in the
oxidative reaction and formed a hydrogel through enzyme-mediated
cross-linking. After confirming the cross-linking mechanism by Four-
ier-transform infrared spectroscopy (FT-IR), we evaluated the physico-
chemical properties with varying EGCG concentrations. Then, we
evaluated whether the inherent properties of EGCG, such as antioxidant,
antibacterial, and anti-inflammatory activity, could maintain after
cross-linking. Finally, EGCG-chitosan hydrogels were applied to treat
full-skin defect mouse models, where they effectively augmented skin
tissue regeneration.

2. Material and methods

2.1. Isolation of tyrosinase from Streptomyces avermitilis

Recombinant plasmids were constructed in a previous study [16].
SA_Ty was collected as previously described [13]. The concentration of
enzymes was measured by bicinchoninic acid assay (BCA) (Thermo
Fisher Scientific Inc., USA) following the manufacturer's instructions.

2.2. Fabrication of EGCG-chitosan hydrogels

Initially, 3% (w/v) glycol chitosan (Molecular Weight degree of
polymerization > 400, 60% titration; Sigma Aldrich, USA) solution was
prepared by dissolving 300 mg of glycol chitosan in 10 mL of distilled
water. Then, the EGCG (LG Healthcare, Republic of Korea) monomers
were dissolved in Dimethyl sulfoxide (purity �99.9%, anhydrous, Sigma
Aldrich, USA) at 42 mM, 98 mM, and 154 mM. Three different concen-
trations of EGCG solutions were diluted in 3% (w/v) glycol chitosan
solutions to 3 mM, 7mM, and 11mM, respectively. Then, the SA_Ty stock
solution was added to 5 μM. Pre-gel solutions were cross-linked for 3 h.
Cross-linking time was verified by tilting vials until the flow of solutions
was not observed.

2.3. FT-IR analysis

To verify the cross-linking mechanism of the EGCG-chitosan hydro-
gel, we prepared hydrogels with different cross-linking times (0 h, 1 h,
and 3 h). Samples were characterized by FT-IR (PerkinElmer Frontier).
All samples were scanned 30 times with a resolution of 8 cm�1 and
measured at wavenumbers ranging from 500 to 4000 cm�1. Pristine
chitosan was used as a control group.

2.4. Nuclear magnetic resonance spectroscopy analysis

The 1H NMR spectrum was determined on an Avance III 400 Spec-
trometers (Bruker, Germany). Glycol chitosan and raw EGCG monomer
were dissolved in D2O (99.9 atom % D, Sigma Aldrich, USA) solution
(1%, w/v). EGCG-chitosan hydrogel powder was prepared by grinding
lyophilized cross-linked hydrogel (11 mM EGCG concentration) in a
mortar. This hydrogel powder also dissolved in D2O solution (1% w/v).
All solutions transferred to NMR tube (Chemglass, USA) and analyzed.

2.5. Complex-dissociation calculation of hydrogel

Samples were soaked in two different solutions (1 M sodium chloride
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[Biograde Sigam Aldrich, USA], and 5% [w/v] Triton X-100 solution
[average molecular weight: 80,000, Sigma Aldrich]) for 24 h at 37 �C, to
dissociate the polymer complex formed by non-covalent bonds. Freeze-
drying steps were performed for measuring the weight of the remain-
ing polymer components after processing. Weight loss ratios were
calculated by the following equations (wc is weight of hydrogel after
cross-linking, and wd indicates weight of hydrogel after freeze drying.)

Complex dissociation ratio ¼ ðwc �wdÞ=wd (1)

2.6. Measurement of EGCG-releasing profile

EGCG-chitosan hydrogels were incubated in 40 mM tris buffer (pH
7.4), and supernatants were collected every day for twoweeks. After that,
40 μL of collected samples were transferred into a 96-well plate and
mixed with 40 μL of Folin & Ciocalteu's phenol reagent (Sigma Aldrich,
USA). After 3 min, 120 μL of 10.75 wt% sodium carbonate (�99.0%
(calculated based on dry substance, Sigma Aldrich, USA) was added; it
was then stored in the dark for 3 h. The absorbance of the final solution
was measured at 760 nm. The amount of EGCG was determined by
comparing the absorbance with a calibration curve developed from
native polyphenol.

2.7. Measurement of quinone quantities in the fabrication system

3 mM, 7 mM, and 11 mM of EGCG solutions and same volume of
enzyme-treated EGCG solutions (3 mM, 7 mM, and 11 mM) were pre-
pared. 40 μL of collected samples were transferred into a 96-well plate
and mixed with 40 μL of Folin & Ciocalteu's phenol reagent. After 3 min,
120 μL of 10.75 wt% sodium carbonate was added; it was then stored in
the dark for 3 h. Absorbance was measured in a specific wavelength
(760 nm). Quantities of molecules were speculated by standard curve of
polyphenol. Oxidized EGCGmolecular concentrations were calculated by
following equations.

Oxidzed EGCG concent¼ðAbs: of Raw EGCG � Enzyme treated samples Þ
(2)

2.8. Measurement of swelling ratios of hydrogel

To measure the swelling ratio, fully cross-linked and swollen hydro-
gels were weighed and then lyophilized. The swelling ratio of EGCG-
chitosan hydrogels was calculated using the following equation (ww¼
weight of hydrogel after swollen, wd ¼ weight of hydrogel after freeze-
drying):

Swelling ratio ¼ ðww �wdÞ=wd (3)

2.9. Scanning electron microscope analysis

To observe the internal structure of the hydrogel, lyophilized
hydrogels were sliced horizontally to expose the internal structure. Then
the samples were coated with platinum/palladium and observed with a
JSM-7610F Scanning Electron Microscope (JEOL USA Inc., USA) at 10 μA
and 10 kV.

2.10. Rheological and mechanical analysis of hydrogels

Rheological analysis of EGCG-chitosan was conducted at Anton Paar
Korea Ltd. using a rheometer (MCR 302; measuring cell: P-PTD & H-PTD
200; measuring system: PP 25; Anton Paar, Austria). Hydrogels were
fabricated using a Polydimethylsiloxane (PDMS) mold with an 8 mm
diameter and 2 mm thickness. All experiments were conducted at 37 �C.
A strain sweep test was performed. When the strain increases, the
intersection point of G0 and G00 indicates the critical strain. A frequency
sweep test was also performed. G0 and G00 were measured when the
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frequency decreased from 100 Hz to 0.1 Hz. The Young's modulus was
measured using a Universal Testing Machine (UTM, Shimadzu, EZ-sx).
The hydrogel samples were pressed at a rate of 1 mm/min of probe
speed using the UTM. The Young's modulus was calculated from a linear
region of the stress–strain curve (5%–15% strain).

2.11. Antibacterial analysis of EGCG-chitosan hydrogels

Antibacterial functions of EGCG-chitosan hydrogels were conducted
using two different bacterial species. To prepare lysogenic broth (LB)
(Becton Dickinson) agar gel, 3 g of agarose, and 5 g of LB broth were
dissolved in 200 mL of distilled water. After autoclaving, it was poured
into a petri dish. A 200 μL of Escherichia coli (E. Coli) or Staphylococcus
aureus (S. Aureus) suspension was transferred to the prepared agar gel.
Hydrogels were placed on the agar gel and incubated for 9 h. Areas of
bacterial inhibition zones were calculated with ImageJ software. Next,
the hydrogels were detached from the LB agar plates and immersed in
fresh LB broth. After 3 h incubation, the optical density at 600 nm of the
solution was measured and quantified.

2.12. Radical scavenging assays

To quantify the radical scavenging rate of released EGCG, the EGCG-
chitosan hydrogels were soaked in 40 mM tris (Sigma Aldrich, USA)
buffer (pH 7.4) for 24 h. Then, 100 μL of solution from each sample was
collected and mixed with 100 μL of 0.1 mM 2,2-diphenyl-1-picrylhy-
drazyl solution (SigamAldrich, USA). Next, all samples were incubated in
a light-protected environment for 30 min. Absorbance was measured at
517 nm with UV spectroscopy (TECAN Infinite m200 Pro, Switzerland).
The α-tocopherol solution (5 mg/mL) was prepared for the positive
control group. Tris-HCl buffer (Sigma Aldrich, USA) solution was used as
a blank sample.

Percentage of scavenging radical¼ðAbs: of blank�Abs: of sample
Abs:of blank

Þ � 100

(4)

2.13. Cell viability and proliferation test

C2C12 cells were cultured in a 96-well cell culture plate at a con-
centration of 1 x 104 cells per well, with the medium composed of Dul-
becco's Modified Eagle medium (DMEM, high glucose 4500 mg/mL,
Gibco, USA) supplemented with 10% (v/v) fetal bovine serum (Gibco,
USA), 1% (w/v) L-glutamine (Gibco, USA), and 1% (v/v) penicillin-
streptomycin (10,000U/ml penicillin, 10,000 mg/mL streptomycin,
Gibco, USA). To observe the biological effects of EGCGs released from
EGCG hydrogel, we incubated EGCG-chitosan hydrogel in a cell culture
medium for 24 h and collected the released EGCGs. Collected EGCGs
were further exposed to C2C12 cell, and viability and proliferation were
measured using the PrestoBlue Cell Viability Reagent (Thermo Fisher
Scientific Inc., USA) for 3 days. Live/dead cell numbers and ratios were
quantified from images obtained with EVOS Cell Imaging Systems
(Thermo Fisher Scientific Inc.).

2.14. Anti-inflammatory analysis of EGCG-chitosan hydrogels

At first, the EGCG-chitosan hydrogel was immersed into the base
medium (DMEM supplemented with 10% fetal bovine serum, L-gluta-
mine 1%, penicillin-streptomycin 1%) for 24 h to dissolve EGCG which
released from hydrogel, and the medium was collected. RAW 264.7 cells
were cultured on 96-well cell culture plates (cell density: 1 x 104 cells/
well) with the growth medium. After that, 100 ng/mL of lipopolysac-
charide (from E. coli, Sigma Aldrich, USA) was added to each well. After
6 h of stimulation with Lipopolysaccharide (LPS), the collected EGCG-
3

contained medium was applied for 24 h. The cell culture medium was
collected and the amounts of TNF-α were quantified using a mouse TNF-
alpha ELISA Complete Kit (KOMA biotech, Republic of Korea).
2.15. Subcutaneous implantation and application in a full-thickness wound
model

All animal experiments were performed using protocols approved by
the Seoul National University Institutional Animal Care and Use Com-
mittees (SNU-141229-3-9). EGCG, glycol chitosan, and SA_Ty solution
(30 μL) were mixed and injected into subcutaneous tissue in the dorsal
cavity of BALB/C mice (female; age: 8 weeks; weight: 20–25 g) using a
31G needle syringe (BD Ultra-Fine™, USA). The same volume of Phos-
phate bufferd saline (PBS, Gibco, USA) was applied as a control. Skin
samples were collected after 3 d for immunofluorescence staining. For
full-thickness wound models, a biopsy punch with a 6 mm diameter was
utilized, and EGCG-chitosan hydrogels were applied, with PBS as a
control. Wound closure ratios were calculated with ImageJ software.
Samples were collected at day 3, day 6, and day 10 for tissue staining
procedures.
2.16. Histological analysis

Collected skin samples were fixed in 4% paraformaldehyde (Duksan
science, Republic of Korea) solution for 24 h and dehydrated in proper
ethanol solutions for 5 min each (50%, 75%, and 100%). After embed-
ding tissue samples in paraffin solution, the samples were prepared to
10 μm thickness. Sliced tissue samples were immersed in xylene solution
and rehydrated with ethanol (100%, 75%, and 50%) for 5 min each. The
samples were stained with hematoxylin (Sigma Aldrich, USA) for 1 min,
rinsed in running tap water for 10 min, and then stained with eosin
(Sigma Aldrich, USA) for 5 min. After washing the tissue sections with
running tap water, they were dehydrated with 50%, 75%, and 100%
ethanol solutions, then mounted with mount solution (Clear Mount TM,
Invitrogen, Thermo Fisher Scientific Inc., USA).
2.17. Immunofluorescence staining

Immunofluorescence staining was performed to verify the immune
suppressive effects of the hydrogel in samples obtained from in vivo ex-
periments. Tissue sections were prepared in 10 μm of thickness with the
same methods described in the Hematoxylin and Eosin (H&E) staining
section. The tissue samples were deparaffinized in xylene for 5 min and
rehydrated with ethanol solutions (100%, 70%, and 90%) for 5 min each.
The tissue samples were incubated in PBS solutions (20 μg/mL of pro-
teinase K [Thermo Fisher Scientific Inc., USA] and 0.1% of Triton X-100)
for 1 h to perform antigen retrieval and the tissue permeabilization
process. After that, the tissue samples were blocked with 1% Bovine
Serum Albumin (BSA, Thermo Fisher Scientific Inc., USA) and 10% goat
serum (ab7481, Abcam, UK) in PBS solution for 20 min to hinder
nonspecific antibody conjugation. Next, the tissue samples were incu-
bated with primary antibody Anti-Monocyte/Machropage Antibody
(MOMA-2, ab33451, Abcam, UK) overnight at 4 �C and then with sec-
ondary antibody (Santa Cruz Biotechnology Inc., USA) for 2 h at room
temperature. 40,6-DiAmidino-2-PhenylIndoe (DAPI) staining was per-
formed for counterstaining and included PBS wash with each step.
2.18. Statistical analysis

All data are expressed as mean and standard deviation. Statistical
significance was evaluated by Student's t-test with *p < 0.05, **p< 0.01,
or ***p < 0.001.



Fig. 1. EGCG-chitosan hydrogel cross-
linking characteristics. (A) The schematic
illustration of the fabrication of EGCG-
chitosan hydrogel. (B) The cross-linking
mechanism of EGCG-chitosan hydrogel. (C)
Time-dependent cross-linking profiles and
vial tilting tests for evaluation of hydrogel.
(11 mM of EGCG was dissolved in glycol
chitosan for tests) (D) Monitoring of EGCG-
chitosan reaction by Fourier-transform
infrared spectroscopy. (E) Quantification of
complex dissociation of EGCG-chitosan
hydrogel by Triton X-100 and sodium chlo-
ride. EGCG-chitosan hydrogel was not
dissociated by Triton X-100 and sodium
chloride which indicated hydrophobic inter-
action and hydrogen bond dissociation,
respectively. (F) Release kinetics of EGCG
from the hydrogel with different EGCG con-
centrations. EGCG, epigallocatechin gallate;
SA_Ty, tyrosinase from Streptomyces
avermitilis.
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3. Results

3.1. Synthesis and characterization of enzyme-mediated EGCG-chitosan
hydrogel

In this study, we report a simple enzymatically cross-linked EGCG-
chitosan hydrogel for biomedical applications. A simple mixture of
SA_Ty, EGCG, and glycol chitosan resulted in chitosan cross-linking by
oxidized EGCG, forming a stable EGCG-chitosan hydrogel (Fig. 1A). As
the EGCG can be oxidized by a tyrosinase reaction, the resultant molecule
can make covalent bonds with primary amines in chitosan to form EGCG-
chitosan hydrogels. The enzyme-mediated cross-linking were initiated
after 5 min, hydrogels were fully cross-linked after 3 h (Fig. 1C). We
confirmed the cross-linking mechanism by two different methods. At
first, FT-IR was performed at various time points of oxidative reaction
(Fig. 1D). As the radical species were produced by the quinone adduct,
we speculated the location of peaks specifically indicating the formation
of radical species in phenol (1780 cm�1) and the product of phenoxyl
radical–related coupling reaction (925 cm�1 and 2910 cm�1). We also
observed that the amide bond-related peaks (1400 cm�1 [N–H amide
4

bending] and 1200–1300 cm�1 [C–N stretching]) were displayed and
peaks increased in a reaction time-dependent manner. In addition,
transmittance value decreased at 1600 cm�1 (N–H), which confirmed the
reduction of amine residues in the chitosan polymer. It was demonstrated
that tyrosinase could lead to oxidation of phenol to quinone, and oxidized
EGCG would form covalent bonds with the amine groups of chitosan by
Michael-type reactions [13]. The cross-linking mechanism of hydrogels
was further explored by NMR spectroscopy analysis (Fig. S4). The mul-
tiple peaks in the range of 3.51–3.60 ppm are attributed to H-3 to H-8.
The peaks at 2.55 ppm and 1.87 ppm correspond to H-2 and the residual
–CH3 [17]. The proton of EGCG appeared at 6.75, 6.29, and 5.25 ppm
representing aromatic ring protons of the B, D, and A ring, respectively,
and the proton of the C ring appeared at 2.6 ppm [18]. The successful
hydrogel cross-linking was confirmed by disappeared proton peaks of
EGCG and the appearance of new peaks at 2.50 and the range of the
3.3–3.55 NMR spectrum of EGCG-chitosan hydrogel (Fig S4 D).

We further performed a complex-dissociation analysis to see whether
any of the non-covalent bonds contributed to the stability of the EGCG
hydrogels [19]. Briefly, after cross-linking the hydrogel, we treated it
with 1 M sodium chloride solution and 5% (w/v) Triton X-100 solution.
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These solutions, in high concentration, can dissociate hydrogen bonding
and hydrophobic interactions between molecules, respectively. After
24 h, samples were washed vigorously with distilled water three times
and lyophilized. Then, we calculated the weight variance with the
hydrogel and agents-treated hydrogel. The distilled water-treated
hydrogel was used as a control. Complex-dissociation ratio analysis
demonstrated that were no significant changes observed compared with
the distilled water–treated control samples (Fig. 1E). This confirmed that
covalent bonds between EGCG and glycol chitosan are the sole contrib-
utors to EGCG-chitosan hydrogel formation. Hydrogen bonding by the
hydroxyl group in EGCG, and hydrophobic interaction of the phenolic
ring in EGCG did not contribute to the hydrogel stability.

As a result of uncreated residues of EGCG in the EGCG-chitosan
hydrogel mixtures, unbound EGCGs were released from the hydrogels.
We quantified the EGCG released from EGCG-chitosan hydrogels
(Fig. 1F). The unbound EGCG displayed an initial burst of release from
the EGCG hydrogel. However, sustained release of EGCG over 2 weeks
was observed in all EGCG-chitosan hydrogels. The amount of released
EGCG was proportional to the incorporated EGCG concentration. The
total amount of released EGCG molecules was about 27 � 1.2 μM in the
3 mM group, 38 � 3.4 μM in the 7 mM group, and 60 � 2.5 μM in the
11 mM group.
3.2. Characterization of mechanical and rheological properties of EGCG-
chitosan hydrogels

To verify the mechanical properties, we measured the Young's
modulus, swelling ratio, and porosity of EGCG hydrogels (Fig. 2). We
5

observed an EGCG concentration–dependent stiffness increase in the
hydrogels, where the mechanical property of the hydrogels increased as
we increased the EGCG concentrations (Fig. 2A). Furthermore, swelling
ratios (q) of EGCG-chitosan hydrogels decreased as the EGCG concen-
trations were increased (Fig. 2B). These results demonstrated the
increased cross-linking density as EGCGs participate as cross-linkers be-
tween glycol chitosan molecules. Furthermore, we examined the internal
structure of EGCG-chitosan hydrogels after the hydrogels were lyophi-
lized (Fig. 2C and D). The images obtained by scanning electron micro-
scope analysis indicated that EGCG-chitosan with 11 mM EGCG
displayed a denser pore-like structure within the hydrogels (Fig. 2C).
When we quantified the average size of the pore-like structure within the
hydrogels, it showed EGCG concentration–dependent decreasing ten-
dency of pore sizes (207�19 μm for 3 mM, 95� 8.4 μm for 7 mM, and
66�7.5 μm for 11 mM). A 11 mM EGCG-chitosan resulted in the smallest
pore size of 66� 7:5 μm. These analyses confirmed that EGCG partici-
pated as a cross-linker to bridge the chitosan backbone during hydrogel
formation. Viscous and elastic properties of hydrogels were investigated
by strain and frequency sweep tests. Storage modulus (G0) values were
sustained in the frequency sweep test, and considerably smaller loss
modulus (G00) data were also plotted; the G0 value has 100 times higher
measurements than G00, and this result demonstrates the formation of the
hydrogel in the investigated range (Fig. 2E). At a strain range of 80–120,
crossover of G0 and G00 values occurred, revealing the sol–gel transition
and structure deformation of hydrogels by inducing strain (Fig. 2F). We
further confirmed the biocompatibility of EGCG. Cell cytotoxicity was
not observed in EGCG-containing DMEM-treated samples (Fig. S1A).
Proliferation ratios were also measured with PrestoBlue reagents and
Fig. 2. Mechanical and rheological properties of
EGCG-chitosan hydrogel. (A) The Young's
modulus of hydrogel was quantified at different
EGCG concentrations of hydrogel (3 mM, 7 mM,
11 mM). (B) Swelling ratios of each hydrogel
were measured after 24h incubation in distilled
water. (C) The pore density of the hydrogel was
quantified. (D) SEM images of the porous struc-
ture of hydrogel. (E, F) Rheological evaluations of
EGCG-chitosan hydrogel. Rheological properties
of hydrogel were confirmed with frequency
sweep and strain sweep tests. EGCG, epi-
gallocatechin gallate.
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found to increase by time elapsed with all group samples; there were no
significant differences (Fig. S1B).
3.3. Antibacterial effect of EGCG-chitosan hydrogel

Antibacterial tests were performed with two different species of (E.
coli, S. aureus) of bacteria. Hydrogel samples were placed on the surface
of agar-bacterial plates where bacteria colonies had proliferated. After
24 h incubation, we quantified the antibacterial functions of the hydrogel
samples by measuring the areas of bacterial inhibition zones. Bacterial
colony-forming units were inhibited at hydrogel treated positions of the
plates. Culture plates treated with hydrogels which contained 3 mM or
7 mM concentrations of EGCG had 0.42�0.01cm2 and 0.47�0.03 cm2 of
bacterial inhibition zones each. 11 mM EGCG hydrogel samples resulted
in 1.2�0.15 cm2 of bacterial proliferation inhibited areas, which was two
times higher than the other hydrogel samples (Fig. 3B). Antibacterial
abilities were also quantified with optical density measuring (Fig. 3C).
11 mM EGCG hydrogel–treated samples showed the lowest bacteria
proliferation in the bacteria culture medium, and 3 mM and 7 mM EGCG
hydrogel–treated groups had no significant differences (Fig. 3C). Simi-
larly, areas of the bacterial inhibition zone were 0.21� 0:06 cm2 for
3 mM EGCG hydrogel, 0.22�0:03 cm2 for 7 mM EGCG hydrogel, and
0.33�0:13 cm2 for 11 mM EGCG hydrogel with S. aureus (Fig. 3D and E).
EGCG-chitosan hydrogel with 11 mM EGCG showed the lowest bacteria
proliferation of S. aureus (Fig. 3F). This result showed that the hydrogels
we made had antibacterial abilities dependent on EGCG concentrations.
3.4. In vitro and in vivo anti-inflammatory activity of EGCG-chitosan
hydrogel

We conducted in vitro tests to characterize TNF-α inhibition abilities
Fig. 3. Antibacterial abilities of EGCG-chitosan hydrogel were performed with two
sentative images of growth inhibition of bacteria on agar plates. (B, E) Antibacterial ab
(C, F) Bacteria growth inhibition quantification with optical density at 600 nm. EGC
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induced by the anti-oxidative function of the EGCG molecules in
hydrogel. Cytokine levels were varied by concentrations of EGCG in the
cell culture medium (Fig. 4A). LPS-only treated groups had about
1000 pg/mL of TNF-α density in their medium, but by adding EGCG
(3 mM, 7 mM, and 11 mM concentrations) to their culture conditions,
TNF-α secretion level was decreased to 520 �22.88pg/mL,
450�16.36 pg/mL, and 330�31.88 pg/mL, respectively, because of the
anti-inflammatory functions of the polyphenols released from hydrogels.
After quantifying the anti-inflammatory functions of the EGCG-chitosan
hydrogel, polyphenol-only containing medium was treated with macro-
phage media without endotoxin (LPS) to determine the inflammatory
responses of cells induced by EGCG molecules (Fig. 4B). EGCG-treated
groups showed elevated TNF-α secretion levels in their EGCG-
containing media versus the negative control, but the degree of TNF-α
secretion was insignificant compared to the negative control. In addition,
cytokine-release amounts were significantly lower than the samples with
LPS stimulation. EGCG molecules did not evoke inflammatory responses
in cellular environments but related to decreasing cytokines in particular
conditions, stimulated by outside sources. In the diphenyl-1-picrylhy-
drazyl radical scavenging test, the samples which contain released EGCG
from hydrogels had 37�1.88%, 52�3.13%, and 63�1.06% of radical
scavenging abilities in accordance with their different EGCG concentra-
tions (Fig. 4C). The 11 mM EGCG samples had equivalent antioxidant
effects when compared with α-tocopherol solution (positive control) in
the experiments.

We hypothesized that the EGCG components of the EGCG-chitosan
hydrogel might affect tissue reconstruction with the possibility of
inhibiting inflammation related to immune responses in wound defects.
To verify the immunomodulatory functions of the hydrogel, we injected a
pre-gel solution into the dorsal skin of mice. After 3 d, tissue samples
were immunostained with the MOMA-2 antibody and DAPI reagents to
different kinds of bacteria (A, B, C): E. coli, (D, E, F): S. aureus. (A, D) Repre-
ility was quantified by measuring surface area of bacteria growth inhibited area.
G, epigallocatechin gallate.



Fig. 4. Antioxidant, anti-inflammatory, and im-
mune modulatory function of hydrogel. (A, B)
Anti-inflammatory function characterization by
measuring TNF-α cytokine release. (A) The RAW
264.7 cell culture with the EGCG-dissolved me-
dium (with Lipopolysaccharide (LPS) stimula-
tion). (B) The RAW 264.7 cell culture with EGCG-
dissolved medium (without Lipopolysaccharide
(LPS) stimulation). TNF-α release was quantified
with ELISA kit. (C) Radical scavenging ability of
hydrogel was quantified. 5 mg/mL of α-tocoph-
erol solution was used as the control group. (D)
Immunostaining of hydrogel injected skin tissues.
The green and blue color represents immune cells
(monocytes, macrophages) and cell nucleus,
respectively. (E) Quantification of immune cell
densities in tissues. (3 mM, 7 mM, 11 mM: EGCG
concentrations in chitosan solution, 0 mM chito-
san without EGCG, Phosphate bufferd saline
(PBS), native: non-treated). (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this
article.) EGCG, epigallocatechin gallate; TNF,
tissue necrosis factor.

Fig. 5. In vivo mouse skin full defect model.
(A) Representative images of wound closure
on days 0, 3, 6 and 10. (B) Wound closure
ratio were calculated. As increasing EGCG
concentrations, wound closure process was
accelerated. (C) Hematoxylin and Eosin
(H&E) staining images of wound defects.
Wound defect models treated with EGCG-
chitosan hydrogels showed enhanced
wound regeneration than control group.
(Black arrow: periphery skin tissues, White
arrow: regenerated skin tissues). Immuno-
modulatory function of EGCG-chitosan
hydrogel (D, E). (D) Representative images
of Anti-Monocyte/Machropage Antibody
(MOMA-2) stained wound area. (E) Quanti-
tative data of Anti-Monocyte/Machropage
Antibody (MOMA-2) stained immune cells
versus 40,6-DiAmidino-2-PhenylIndoe (DAPI)
stained tissues. EGCG, epigallocatechin
gallate.
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characterize MOMA-2–stained immune cells against DAPI backgrounds
(Fig. 4D). Native tissues and the PBS-only treated group did not show
acute immune responses compared with the EGCG-chitosan hydrogels.
But in the chitosan-treated samples without EGCG, a large portion of
immune cells were stainedwith antibodies because of immune responses.
Immune cell densities were calculated by dividing the MOMA-2 stained
cell fluorescence by the DAPI-stained fluorescence (Fig. 4E). By
increasing the EGCG concentration, macrophage and monocyte cell
populations were decreased in hydrogel intact tissues. Even the lowest
concentration of EGCG, the 3 mM EGCG hydrogel group, showed
dramatically decreased immune cell migrations in target tissues. The
averages of quantified MOMA-2 staining fluorescence of samples were
22�4.2%%, 6�0.60%, and 0.21�0.18% in the experimental group
samples (3 mM, 7 mM, and 11 mM EGCG hydrogel groups, respectively).
This result demonstrated that EGCG molecules suppress immune cell
responses in an in vivo model, and the strength of this immunomodula-
tory function is regulated by the EGCG concentrations in the hydrogel.
Fig. 4 showed also the relation of anti-inflammatory functions and im-
mune responses in cellular environments, and the potent abilities of
EGCG molecules in hydrogels were maintained even after the hydrogel
fabrication process and implantation in an animal model.

3.5. In vivo mouse skin full defect model

An in vivomouse model was made by punching the dorsal skin with a
6 mm diameter biopsy punch. We implanted four different samples into
the skin wound: i) PBS (negative control), ii) EGCG-chitosan hydrogels
(3 mM or 11 mM concentration of EGCG in glycol chitosan 3% [w/v]).
Wound defects were imaged before tissue collection at days 0, 3, 6, and
10 (Fig. 5A). Wound closure ratios of the samples were calculated using
the areas of the initial wound defects and the time-dependent decreased
wound areas. The 3 mM EGCG hydrogel treated groups had advantages
over the PBS-treated group, and the 11 mM EGCG hydrogel–applied
group showed faster healing ability than other groups (Fig. 5B). Histo-
logical analysis demonstrated that the PBS-treated group resulted in a
thin granulation formation and lacked significant tissue regeneration.
However, the 11 mM EGCG hydrogel–treated samples showed enhanced
tissue reconstruction in wound sites. In particular, a representative image
of H&E stained 11 mM EGCG samples exhibited many more portions of
hair follicle and gland regeneration than the other group samples
(Fig. 5C). Immunomodulation ability of hydrogels was characterized by
the MOMA-2 antibody staining of wound defects (Fig. 5D). PBS-treated
samples, without EGCG, showed an increased amount of the MOMA-
2–positive cell level comparatively, and MOMA-2–positive immune cell
levels were reduced with increasing EGCG molecules in the EGCG-
chitosan hydrogels (Fig. 5E). These results demonstrate that the EGCG
molecule is a highly efficient immune reaction modulator in a full-
thickness wound model that can inhibit immune cell responses in
wound sites.

4. Discussion

This study describes the characterization and biological evaluation of
EGCG-chitosan hydrogels as a novel scaffold system for wound regen-
eration. Previously, a variety of adhesive hydrogels based on mussel-
inspired chemistry were fabricated with antibacterial, conductive, or
drug-releasing properties for enhanced wound repair [20–25]. Similarly,
we utilized oxidation of phenolic moieties as a cross-linker to fabricate
chitosan-based hydrogel in a one-pot system. In particular, we utilized
EGCG as a source for the phenolic compounds as the efficacies of EGCG in
a variety of human disease models are well documented [26–28]. Even
though the free form of EGCG has been investigated for clinical proof of
concepts, there has not been a report of EGCG as a simple cross-linker for
a chitosan-based hydrogel. In this study, we report that a glycol
chitosan-based hydrogel can be fabricated by mixing SA_Ty enzyme,
EGCG, and glycol chitosan without any other chemical modifications. An
8

EGCG-chitosan hydrogel has several advantages over other known nat-
ural polysaccharides. Chitosan's propensity to inhibit bacterial growth
makes it an ideal component for a hydrogel-based patch for wound
healing applications. In addition to chitosan, the polymers have amine
groups that can form Michael-type addition with quinone groups on
EGCG as the result of tyrosinase activation. Furthermore, unreacted
EGCG molecules can be retained within EGCG-chitosan hydrogel and be
released from the hydrogel in a steady and sustained fashion.

In our study, complete cross-linking took 3 h. A measurable increase
in mechanical properties of the hydrogels was confirmed after 5min of
reaction. In addition, there was an increase in mechanical property as
time elapsed until 3 h (Fig. 1C). Even though EGCG works as a natural
inhibitor of tyrosinase enzyme, we propose that tyrosinase induced
oxidation of EGCG molecules that resulted in reactive quinones [29].
Reactive quinone formation from oxidized EGCGs attributed to amide
bond formations with glycol chitosan (Fig. 1B, Fig. S2). For analyzing
accurate bonding formation, the covalent incorporation of EGCG into
glycol chitosan polymers was confirmed by FT-IR analysis (Fig. 1D).
Because chitosan groups have amine groups, C–N bonds were formed
with quinone groups by Michael-type reaction [13,30]. In addition, we
confirmed the covalent linkage and stable structure of hydrogel by
exposing it to disruption solutions. The disruption solutions, high con-
centrations of sodium chloride and Triton X-100, can break ionic or hy-
drophobic interactions and linkages between molecules [19].
Cross-linked EGCG-chitosan hydrogel immersed in sodium chloride and
Triton X-100 solutions for 24 h did not cause any weight loss or structural
changes in the hydrogel (Fig. 1E). These results verified formation of
covalent cross-linking in hydrogel networks and participation of EGCGs
as cross-linkers in hydrogel, conjugating to amine groups in chitosan
polymers. In addition, for controlling the EGCG incorporation in hydro-
gel solutions, stiffness and swelling ratios of the hydrogels were managed
by EGCG concentrations in hydrogel solutions (Fig. 2A and B). The me-
chanical properties of hydrogel were gradually managed with EGCG
concentration and linkage properties in reaction processes. This data
prove that EGCG molecules successfully reacted as cross-linkers in an
enzyme-mediated hydrogel fabrication system.

Interestingly, we observed that not all EGCGs participated in hydrogel
cross-linking procedures (Fig. S2, Fig. 1F). Oxidized EGCG by tyrosinase
can be coupled with primary amines on the glycol chitosan. However,
upon completion of hydrogel formation, unconjugated or unreacted
EGCGs may be retained within the hydrogel structure [31,32]. These
EGCGs may be entrapped within a cross-linked hydrogel network and are
prone to sustained release from the hydrogel (via diffusion). Additional
analysis of released EGCGs in respect to the total EGCGs in one-pot
synthesis showed that 9.1�0:81% of EGCGs remained unconjugated
(Fig. S5). Therefore, unreacted EGCGs released from hydrogels contrib-
uted as a biological drug in our in vitro and in vivo experiments. When we
measured the release profiles of EGCG molecules for 14 d, EGCGs were
released in a steady and sustained manner. Saturated EGCG contents
released from 3 mM, 7 mM, and 11 mM EGCG-chitosan hydrogel samples
were increased with concentration of molecules in it (Fig. 1F). EGCG
molecules in extremely high concentrations (1 mg/mL) hindered cell
proliferation in cell culture environments [8]. However, EGCG concen-
tration–dependent cross-linked hydrogel managed the release of proper
amounts of EGCG, less than 1 mg/mL, and showed advanced biocom-
patibility of the fabricated hydrogel (Fig. S1). This releasing behavior is
very relevant in the topical application of EGCG-chitosan hydrogels and
can allow sustained delivery of proper anti-inflammatory EGCG mole-
cules in dermatological applications, as demonstrated.

In the wound healing process, the protection of the wound site from
infection is an important issue [33,34]. In this study, we confirmed that
EGCG-chitosan hydrogels exhibited antimicrobial functions (Fig. 3). The
antibacterial properties of EGCG-chitosan increased along with the dis-
solved EGCG concentrations in the hydrogel (Fig. 3A and D). Purport-
edly, charged chitosan polymers have been shown to destroy negatively
charged bacterial cell membranes, and EGCG molecules have been used
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as antibacterial materials by interacting with surface proteins [35,36].
The antibacterial properties of the EGCG-chitosan hydrogel were effec-
tive with chitosan and EGCG, but higher concentration of EGCG prevents
microbial attachment and lysis more efficiently (Fig. 3C and F).

EGCG molecules are known as biochemical effectors which reduce
lipid peroxidation and radical formation and ameliorate pro-
inflammatory cytokine release [37]. Anti-inflammatory effects of poly-
phenols were studied previously by inhibiting cytokine secretions in
immune cells [38]. One of the cytokines, TNF-α, is a representative factor
of inflammation responses in microenvironments [39]. Unoxidized
EGCGs suppressed LPS-induced inflammatory activation (Fig. S3).
Furthermore, EGCGs which released from the hydrogel perform similar
anti-inflammatory actions with unoxidized EGCG (Fig. 4A). These results
demonstrated that EGCG-chitosan hydrogel released unreacted EGCG,
which maintained their original function even after oxidation process
(Fig. S3, Fig. 4A). Released EGCG from EGCG-chitosan hydrogels also
could hinder cytokine secretion in cell environments (Fig. 4A) and per-
formed as a radical scavenger in vitro (Fig. 4C). These results demon-
strated that polyphenols maintained their own functions after the
enzymatic oxidation process which induced during the gel cross-linking
mechanism. In addition, the functionality of EGCG is increased with
relative EGCG concentration in hydrogel, and this profile proves that the
EGCG-chitosan hydrogel platform, as a drug carrier, can be used for
biomedical applications which need inhibitory control of inflammatory
responses in a sustained manner (Figs. 1F and 4A). In a previous study,
there was evidence of the anti-inflammatory functions of polyphenols in
the inhibition of inflammatory stress and unexpected immune responses
of cells, which release pro-inflammatory cytokines [40]. Accordingly, the
EGCG-chitosan hydrogel prevented immune cell aggregation upon sub-
cutaneous implantation. We observed that immune cell recruitment was
obvious at low EGCG concentration (Fig. 4D). It seems that EGCG mol-
ecules decrease cytokine releasing and immune cell densities selectively
in tissues by anti-inflammatory–relative immune inhibition effects
(Fig. 4E).

The advanced wound care study has shown that application of high
concentrations of polyphenols to wound repair has antibacterial and
cytokine-release inhibition effects [41,42]. In addition, the chitosan
polymer, incorporated as a hydrogel backbone, has been applied for
wound care with antibacterial effects and exhibited biocompatibility
[43]. Thus, in this paper, we investigated the regenerative ability of an
EGCG-chitosan hydrogel using an animal wound defect model (Fig. 5).
Wound regeneration ability improved more when EGCG molecules were
incorporated into the chitosan hydrogel (Fig. 5A). The wound healing,
soft tissue reconstruction, and ability of chitosan hydrogel was further
enhanced with the addition of EGCG molecules (Fig. 5B). The results
proved EGCG-chitosan conjugates performed advanced wound regener-
ation in an EGCG concentration–dependent manner. For moderate tissue
reconstruction, immune cell recruitment was necessary in the early phase
of regeneration process. However, overexpression of free radicals and
cytokines in microenvironments which upregulate immune cell and
pro-inflammatory mediators in injury [44] hamper tissue reconstruction
[45]. For this reason, decreasing inflammatory responses has been used
as one of the promising approaches for wound regeneration [46,47]. In
the case of the PBS group, immune cells were highly infiltrated into the
wound area (Fig. 5D). However, as EGCG-chitosan hydrogels were
applied to skin wounds, immune cell populations gradually declined
(Fig. 5E). In addition, wound regeneration was accelerated (Fig. 5B).
From what was described earlier, we concluded that the EGCG-chitosan
hydrogel fabrication system successfully maintained the inherent char-
acteristics of the raw materials which enzymatically reacted in the syn-
thesis process. Without denaturing the molecules used as cross-linkers in
the enzymatic hydrogel fabrication platform, the hydrogel also demon-
strated a controllable ability to release the utilized EGCG molecules in
vivo (Fig. 5A). The stable reaction of EGCG and dose-dependent immune
cell level modulation induced direct wound regeneration in target tissues
with a gradual release profile of EGCG from the hydrogel.
9

In conclusion, by implementing EGCG as a cross-linker and bio-
functional molecule with enzymatic reactions, we have developed one-
pot synthesis of an EGCG-chitosan hydrogel to regenerate skin wounds.
We confirmed that the radical-scavenging and anti-inflammatory func-
tions of EGCG were highly suppressing in vitro and in vivo immune re-
actions (Figs. 4A and 5D). In addition, thanks to glycol chitosan and
EGCG, the EGCG-chitosan hydrogel can inhibit different species of bac-
terial growth (Fig. 3). Finally, we applied EGCG-chitosan hydrogels to a
mouse full-thickness skin defect model because the EGCG scavenged free
radicals and suppressed immune reaction in the wound site; the EGCG-
chitosan hydrogel can accelerate tissue remodeling process and imple-
ment wound healing without side effects (Fig. 5A). This manuscript
demonstrated that one-pot synthesized EGCG-chitosan hydrogels could
be applied for the accelerated wound treatment by modulating immune
reactions. In addition, the one-pot synthesis system can be applied to
incorporate other bioactive molecules or growth factors with tyramine or
phenolic moieties to modulate the cell behavior or control stem cell
differentiation [48–51].
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