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Accelerated Dermal Wound Healing in Diabetic Mice by H,0,-
Generating Catechol-Functionalized Gelatin Microgel

Pegah Kord Forooshani, Fatemeh Razaviamri, Ariana Smies, Lea M. Morath, Rattapol Pinnaratip,
Md Saleh Akram Bhuiyan, Rupak Rajachar, Jeremy Goldman, Bruce P. Lee *

Physically crosslinked gelatin microgels were functionalized with a bioadhesive molecule, catechol, to study the effect of in-
situ generated H,0, on full-thickness wound repair in diabetic mice. Due to the physically crosslinked nature of the microgels,
they transition into a hydrogel film upon hydration. The formation of hydrogel film was confirmed by the changes in its
morphology and viscoelastic properties. Additionally, these microgels released up to 86 uM of H,0, as a result of catechol
autoxidation. The generated H,0, completely eradicated Staphylococcus epidermidis with an initial concentration of 103
CFU/mL. These microgels were not cytotoxic and promoted VEGF upregulation in immortalized human keratinocytes
(HaCaT) in-vitro. When the microgels were applied to full-thickness dermal wound in diabetic mice, dermal wound closure
was accelerated over 14 days, achieving a wound closure of 90% based on the wound area. Microgel-treated wounds also
resulted in complete re-epithelialization and regeneration of new dermal tissues with morphology and structure resembling
native tissues. These results indicate that the release of micromolar concentrations of H,0, can accelerate wound healing in

healing-impaired animal.

1. Introduction

Diabetes mellitus (DM) is one of the most prevalent and
challenging diseases with around 425 million patients reported
in 2017 worldwide and the number is predicted to grow each
year 1. Among patients living with DM, 25% will develop a foot
ulcer. Just in the US alone, more than 1 million cases of diabetic
foot ulcer complications were reported from 2006 to 2010 2.
Diabetic ulcers may take over 3 months to heal and are more
susceptible to infection, which can result in undesirable clinical
outcomes, including sepsis, amputation, and death 3 4. Current
treatments include local delivery of growth factors,
bioengineered skin grafts, and negative wound therapy, which
are costly and have demonstrated mixed results > 6. Most

importantly, these treatments do not actively prevent infection.

Rapid dermal healing requires a balance of redox control 7. During
the early phases of wound healing, neutrophils and macrophages are
attracted to the wound site and release reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,) at concentrations in the
micromolar range. H,0, induces vascular endothelial growth factor
(VEGF) expression in keratinocytes °, which stimulates angiogenesis
in wounds 19, ROS is also necessary in the differentiation of M2
macrophage !, which promotes tissue regeneration and anti-
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inflammatory responses 1% 13, Application of ROS to chronic ulcers
(e.g., direct application of H,0,, hyperbaric treatment to enhance
ROS concentration, application of honey, etc.) has been found to
accelerate healing & 14, Additionally, ROS provides a natural defense
against bacterial infection 1°. However, high levels of ROS can destroy
healthy tissues, resulting in the formation of chronic wounds and
promote tumor initiation & 7. Biomaterials supplemented with
antioxidants have been found to accelerate wound healing, reduce
chronic inflammation, and increase biocompatibility 1& 1°, However,
complete removal of ROS delayed wound healing 8. Thus, H,0,
concentration needs to be carefully tuned to achieve rapid
dermal wound healing.

Catechol is an adhesive moiety found in mussel adhesive
proteins and imparts these proteins with strong, moisture-
resistant adhesive properties 2% 21, During the oxidation of
catechol, ROS, such as superoxide anion (0O, ") and H,0,, are
generated as byproducts 2224, Previously, our lab employed this
unique redox chemistry to create biomaterials that can be activated
to generate H,0, through simple hydration 25-2°, Molecular oxygen
found in the aqueous solution initiates catechol autoxidation and
H,0, generation. The generated H,0, effectively disinfected both
gram-negative and positive bacteria as well as both enveloped and
non-enveloped viruses 2> 27: 2%, Recently, catechol-generated H,0,
was demonstrated to accelerate dermal wound healing in wild
type mice with normal wound healing behaviors 3°, However,
the effect of catechol-generated H,0, on healing-impaired
wounds has not been previously demonstrated.
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Here, we developed a catechol-modified microgel system to
study the effect of the generated H,0, on the healing of full-
thickness dermal wounds in a diabetic mice model (Figure 1).
The diabetic mice model is one of the most suitable models for
studying delayed wound healing, where wound closure is
delayed by 7-10 days, regardless of the wound size, when
compared to that of healthy mice 3. Physically crosslinked
gelatin microgels were functionalized with catechol moieties
that can generate H,0, when hydrated in an aqueous solution.
Gelatin is a water-soluble protein extracted from collagen and
is known for its excellent biocompatibility, biodegradability, and
low cost 3234 Gelatin has been extensively studied as a
biomaterial for different biomedical applications, including drug
delivery, tissue engineering, and biological glues, as it promotes
cell adhesion, migration, 3336, Most
importantly, gelatin retains the ability to self-assemble into a
hydrogel network through physical

and proliferation

interactions such as
hydrogen bonds and Van der Waals forces 37. We envision that
the physically crosslinked microgels can undergo a physical
transition to form a hydrogel film when hydrated in an aqueous
solution. Additionally, the presence of catechol will function as
a source for H,0, generation to improve dermal wound healing
and function as a disinfectant.
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Figure 1. (A) Schematic representation and (B) images of
catechol-modified microgels (G-CA) and (C) its application to
full-thickness dermal wounds created in a healing-impaired
diabetic mouse model. (D, E) Hydration of microgels results in
their physical transition to form a wound-covering hydrogel
film. (F) Catechol autoxidation generates H,0, as a byproduct,
which (G) functions as a disinfectant, and (H) can promote
wound healing in diabetic mice.

In this study, physically crosslinked gelatin microgels were
with 3,4-
dihydroxyphenylacetic acid (DOPAC), which contains a catechol

functionalized various amounts of
side chain (Figure 2). The transition of these microgels to
hydrogel films were characterized based on the changes to their
morphology and viscoelastic behaviors using scanning electron
(SEM) rheometry,
respectively. The ability for the microgel to generate H,0, when

hydrated was investigated. Additionally, the ability for the

microscopy imaging and oscillatory

generated H,0, to kill gram-positive bacteria, Staphylococcus
epidermidis, and accelerate wound healing in a full-thickness
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dermal wound model using healing-impaired diabetic mice

were investigated.
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Figure 2. (A) Chemical structure of DOPAC and schematic
representation of gelatin. 2-step preparation process involving
(B) the preparation of physically crosslinked gelatin microgels
in a water-in-oil emulsion followed by (C) functionalizing the
microgel with DOPAC through carbodiimide chemistry.

2. Materials and Methods

2.1. Material

Gelatin powder (type A, 300 Bloom, from porcine skin) was
purchased from Electron Microscopy Sciences. DOPAC, 1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), phosphate-buffered saline (PBS,
certified, pH 7.4), (3-aminopropyl)
triethoxysilane (APTS), histology mounting medium Polyfreeze,

BioPerformance

Trichrome Stain (Masson) Kit, Bouin's solution, Weigert's iron
hematoxylin solution, and TWEEN 80 were purchased from
Sigma-Aldrich (St. Louis, MO). Pierce Quantitative Peroxide
Assay Kit with sorbitol was obtained from Thermo Scientific
(Rockford, IL). Tryptic soy broth (TSB), Mueller Hinton agars (28
mL fill, 15 x 100 mm), and astral inoculation loop (10 pL,
sterilized) were obtained from Hardy Diagnostics (Santa Maria,
CA). S. epidermidis (ATCC 12228) were obtained from American
Type Culture Collection (ATCC, Manassas, Virginia). Anprolene
gas sterilization and gas refills (ethylene oxide) were obtained
from Andersen Sterilizers, Inc. (Haw River, NC). Dulbecco’s
Media  (DMEM)
Biotium Resazurin Cell Viability Assay Kit (2500 assays) were
purchased from Thermo Fisher Scientific (Rockford, lllinois).

Eagle’s Minimum Essential and

Human vascular endothelial growth factor (VEGF) Quantikine
ELISA Kit (Catalog #DVEOO) was purchased from Bio-Techne
(Minneapolis, MN). Goat anti-rabbit IgG H&L (Alexa Fluor 488)
(ab150077), anti-CD68 antibody (ab125212), and goat anti-
rabbit IgG H&L (Alexa Fluor 647) were purchased from Abcam
(Cambridge, MA). 4,6-Diamidino-2-phenylindole (DAPI) was
obtained from Invitrogen (Grand Island, NY). Nylon Suture 5-0

This journal is © The Royal Society of Chemistry 20xx
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(1X18" C-3) was purchased from Ethicon. C57BLKS/J-m+/+Lepr
db mice were purchased from Jackson Laboratory (Bar Harbor,
ME). All work was approved by the Michigan
Technological University Institutional Animal Care and Use
Committee (IACUC protocol number 828996-9).

animal

2.2. Preparation of Microgels

Microgels were prepared in two steps (Figure 2). During the first
step, physically crosslinked gelatin microgels (G) were prepared
through a water-in-oil emulsification approach following a
previously published protocol 3¢. 2.5 g of gelatin powder was
dissolved in 25 mL of deionized (DI) water by stirring in a heated
water bath (50-55 °C). The gelatin solution was then transferred
drop by drop to 250 mL of preheated olive oil (50-55 °C) and
stirred at 1000 rpm using an overhead mechanical stirrer for 1
h. Then, the emulsion was cooled down in succession by
keeping it at room temperature for 30 min followed by
submersion in an ice-water bath for an additional 30 min while
stirring at the same speed. 150 mL of pre-cooled acetone (4 °C)
was further added into the mixture while stirring for another 30
min in the ice-water bath. Microgels were collected using filter
paper, washed twice with pre-cooled acetone, and dried under
vacuum overnight.

In the second step, G was further functionalized with DOPAC
through carbodiimide chemistry. Different amounts of DOPAC
(DOPAC/G= 2, 4, 8 wt/wt%), NHS, and EDC (NHS:EDC:DOPAC =
1:4:1 molar ratio) were dissolved in 30 mL of PBS (pH=5.7) that
contains 0.5% TWEEN 80 and stirred for 15 min at 25 °C. 500 mg
of G was added to the reaction mixture to form a suspension
and shaken using an orbital shaker at 4 °C for 24 h. Finally,
microgels were collected by centrifugation at 5000 rpm for 5
min and washed twice with pre-cooled (4 °C) acetone. The
collected microgels were lyophilized for 24 h to yield a dried
powder. The microgels were denoted as G-2CA, G-4CA, and G-
8CA based on the DOPAC content.

2.3. Formation of Hydrogel Film

The dried microgels (15 mg) were hydrated with 225 uL of PBS
(pH 7.4) and lightly shaped in between two glass slides using a
silicone rubber ring as a mold (diameter 10 mm, thickness = 0.85
mm, Figure S1A). After removing the mold, the shaped
microgels were incubated for 24 h at 37 °C to form a film (Figure
S1B).

2.4. Characterization of Microgels

Microgels were characterized wusing attenuated total
reflectance Fourier-transform infrared (ATR—FTIR) spectroscopy
(Shimadzu IRTracer-100) with a scan rate of 800 scans per
minute at the resolution of 1 cm™. The concentration of DOPAC
in the microgels network was determined using UV-vis
(PerkinElmer Lambda35). The microgels (10 mg)
solubilized in 5 ml acidic DI water (pH 3.5) by stirring with a
magnetic stir bar for 2 h in a heated water bath (50-55 °C). The

microgels were condensed by centrifugation at 5000 rpm for 5

were

This journal is © The Royal Society of Chemistry 20xx
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min, and the concentration of the DOPAC in the supernatant
solution was determined using the UV—vis at the wavelength of
280 nm. The experiment was conducted in triplet and the
results are reported as mean * standard deviation (SD).

2.5. H,0, Concentration Determination

The microgels (10 mg) were hydrated in 300 pL of PBS (pH 7.4)
and incubated for up to 24 h at 37 °C with gentle agitation on a
shaking plate. A Quantitative Peroxide Assay Kit (i.e., ferrous
oxidation—xylenol orange assay) was used to quantify the
H,0, concentration following the published protocol 38. A series
of solutions containing 0—1 mM of H,0, were used to prepare a
standard curve. The experiment was conducted in triplet and
the results are reported as mean * SD.

2.6. Field Emission Scanning Electron Microscopy (FESEM)
Morphologies of dried microgels and hydrogel films were
determined using FESEM (Hitachi S-4700). The hydrogel films
were prepared as described above and then lyophilized before
imaging. Samples were coated with a 2 nm thick Pt/Pd coating
and characterized using FESEM.

2.7. Oscillatory Rheometry

Rheological properties of microgel suspension and the resulting
film were characterized using a HR-2 rheometer (TA
Instruments, New Castile, DE, USA). A strain sweep experiment
(0.001 - 5% strain at 0.1 Hz) was performed to determine the
storage (G’) and loss (G”) moduli. 15 mg of microgels were
hydrated with 225 pL of PBS (pH 7.4) in a silicone rubber mold.
For the microgel suspension, the samples were formed directly
on the rheometer and tested immediately after hydrating the
microgels. For the film, samples were tested after the samples
were incubated at 37°C for 48 h. Samples were tested using a
parallel plate setup (diameter 20 mm) at a gap distance that is
set at 90 % that of the individual hydrogel thickness, as
measured by a digital calliper.

2.8. Johnson-Kendall-Robert (JKR) Contact Mechanics Test
The adhesive property of the hydrogel films were measured
using the JKR contact mechanics test following published
protocol 3°. A quartz hemisphere was first functionalized with
amine end groups through silane chemistry to mimic the
functional groups that exist on the skin tissue, following a
previously published protocol 4% 41, Briefly, the quartz
hemispheres were first sonicated in acetone for 15 min,
immersed into 3 v/v % APTS solution in acetone for 5 min, and
sonicated for 15 min. Finally, they were soaked in acetone for
10 min, dried at room temperature, and baked overnight at 60
°C.

The amine-functionalized quartz hemisphere was attached to
the indenter and compressed on a hydrogel film with a speed of
1 pm/s until a maximum compressive force of 10 mN was
achieved. After 1 min, the indenter was retracted at the same
speed while measuring the tensile force. The force (F) vs.

J. Name., 2013, 00, 1-3 | 3
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displacement (8) curve obtained from JKR contact mechanics
tests was integrated to obtain work of adhesion (W,qgn)
according to the equation below 42:

Fdé
Waan= | 77—

Amax

®

where Anax is the maximum area of contact between the
indenting surface and the sample. A.x Was determined from
fitting the loading portion of the JKR contact curve with Hertzian
model 43 following a published protocol 4. The experiment was
conducted in a triplet, and the results are reported as mean *
SD.

2.9. Antibacterial Properties

The antibacterial activities of the microgels were evaluated
using S. epidermidis while following published protocol with
some modifications 5. S. epidermidis grown on agar plates was
diluted by a sterile solution of 5 v/v% broth in PBS to
103 CFU/mL. The ethylene oxide-sterilized microgels (33 mg)
were equilibrated with 300 uL of sterile PBS (pH 7.4) and 700 pL
of bacteria suspension was added. The microgel and bacteria
mixture was incubated at 37 °C for 24 h with gentle agitation on
a shaking plate (130 rpm). At a given time point (3, 6, and 24 h),
a 10 pL loop was immersed into the mixture and streaked onto
agar plates, which were further incubated at 37 °C for 48 h. The
agar plates with colonies were photographed, and the bacteria
colonies were counted using ImagelJ. The Log reduction values
(LRV) were calculated following the equation below 4¢:

LRV = Loglo(g)(Z)

where A is the colony numbers formed from the bacteria
cultured in 5 v/v% broth that did not contain any microgel
(control) and B is the number of colonies formed from the
bacteria exposed to microgels. The experiment was performed
in triplet, and the results are reported as mean + SD.

2.10. Cell culture

Immortalized human keratinocyte line HaCaT 4 were cultured
in DMEM Medium), supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells
were incubated at 37°C with 5% CO, for until they reached
confluency and were ready to be passaged for the cytotoxicity
and ELISA assays.

2.11. Cytotoxicity

To assess the cytotoxicity of the microgels, 96-well plates were
coated with 100 pL microgel suspension (10% in DMSO) and
dried under vacuum conditions overnight. The well plates were
sterilized using UV irradiation for 30 min. After sterilization,
HaCaT cell solutions with and without catalase (2000-5000
U/mL) were added to the well plates at a density of 20,000
cells/cm? and incubated for 48 h. Cell viability was assessed
using the resazurin assay following a published protocol #8. The

4| J. Name., 2012, 00, 1-3

results were normalized based on the cell viability for cells
seeded in polystyrene tissue culture wells. Five replications
were performed per treatment, and results were reported as
mean + standard deviation (SD).

2.12. Enzyme-linked immunosorbent (ELISA) assay

VEGF levels in the culture supernates of HaCaT cells were
measured using the Human VEGF Quantikine ELISA Kit
according to the manufacturer’s protocol with minor
modifications. HaCaT cells were seeded in 48-well plates at a
density of 20,000 cell/cm? and treated with 10 mg of microgels
for 24 hours at 37°C and 5% CO,, while untreated cells cultured

on polystyrene (PS) served as the control.

Culture medium was centrifuged at 1000x g for 10 minutes to
remove cellular debris. 200 pL of the collected supernate was
added into duplicate wells of the 96-well plates of the ELISA kit,
and a standard curve was prepared by serial dilution of the
known standards (range: 0—1000 pg/mL, Figure S2). Absorbance
was measured at 450 nm, with a reference wavelength of 540
nm, using a microplate reader. VEGF concentrations were
calculated by superimposing the absorbance values onto the
prepared standard curve. All experiments were performed in
triplicate, and results were reported as mean t standard

deviation (SD).

2.13. Full-Thickness Dermal Wound Healing Model
Female C57BLKS/J-m+/+Lepr 9 mice (diabetic mice, 10-weeks
old, weight 40 g, Jackson Laboratory) were used to study full-
thickness dermal wound healing. The experiment was
published with

modifications #°->1, Mice were anesthetized (using 3% isoflurane

performed following protocol some
in oxygen when in chamber and then 2 % isoflurane with 1.5 L
oxygen when using a nose cone) and the hair was removed

before wounding 2. Two full-thickness excision wounds were

B C D
Attached the splint Apply microgels Collected the tissue
After 14 days

Open ’ fe)
3 Microgel pen
=‘ uncha 5 mm  (outer diameter 10 mm  (cONtrol) (contral) e
Y Wwound inner diameter 6 mm)
SR T \ /
\@ o .-\ @8] B
I\_ . AT I\_ -, i
¢ 3
, \ /Q S
- ol 3 AN
of - =3 -
‘‘‘‘‘ TN S ] et T

Figure 3. Schematic representations and photographs of the
step-by-step process for creating and treating the full-thickness
wound model in C57BLKS/J-m+/+Lepr 9 mice. (A) Two full-
thickness excision wounds were created with a 5-mm dermal
punch. (B) The wounds were splinted to avoid skin contraction
by fixing a silicone ring to the skin using an adhesive and
sutures. (C) The wounds were either left open or treated with
microgels. (D) The tissue surrounding the wound was removed
for histological analysis.
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created with a 5-mm dermal punch on the dorsal skin of the
mice (Figure 3A). The size of the wounds was fixed using a
transparent medical-grade silicone ring (outer diameter 10 mm,
inner diameter 6 mm) as a splint to reduce the contraction of
the wounds (Figure 3B). Fixing the wound with silicon splints is
critical to prevent skin contraction and create a model which
mimics human-like wound healing 4°-51, The ring was glued to
the skin using cyanoacrylate glue and stitched with a 5-0 nylon
suture. The wounds were either treated with one of the
microgels (treatments) or left open (OP, control) (Figure 3C).
Microgels (10 mg) were equilibrated with 100 pL sterile PBS (pH
7.4) before administration. The wounds were covered with a
non-adhering dressing mesh designed to minimize wound
adherence. The wounds were finally sealed off using a sticky
adhesive film. Wound dressings were replaced every day for the
first three days post-surgery, and a pain killer was administered
(20 uL/12 h). The size of the wounds was monitored and
photographed on days 0 and 14. The animals were euthanized
on day 14, and the tissue surrounding the wound was removed
for histological analysis (Figure 3D). The number of repeats per
test group at each time point was three.

2.14. Analysis of Wound Closure

Wound closure was evaluated on days 0 and 14. An image was
taken from each wound while a ruler was placed alongside the
wound. The area of each wound was measured using ImageJ,
and the percentage of wound closure was calculated following
the equation below °3:

Wound closure % = x 100%(3)
where, A is the area of the wound on day 0, and B is the area of
the wound on day 14.

2.15. Immunological and Histological Analysis

After harvesting the dorsal tissue on days 7 and 14, they were
immersed in Polyfreeze and flash-frozen in a liquid nitrogen
bath and stored at -80 °C. The samples were sectioned to create
10-pum thick sections and mounted onto a glass slide. The
histological analysis of the dermal wounds was performed by
trichrome staining to evaluate cellular infiltration, epidermis
analysis, and collagen deposition, following a published

protocol with minor modifications >*.

Tissue samples were obtained from the -80 °C freezer,
incubated in a preheated Bouins’ solution (56 °C) for 15 min,
and rinsed in running tap water until it was clear. Then, tissue
samples were incubated in the hematoxylin stain for 5 min
before being washed under running tap water for an additional
5 min. Tissue samples were further incubated in a scarlet red
solution for 5 min and rinsed in a DI H,O bath. A solution of
phosphomolybdic, phosphotungstic acid and DI H,O in 1:1:2
volume ratio was applied on the top of the tissue and incubated
for 5 min. Finally, a methylene blue solution was added and

This journal is © The Royal Society of Chemistry 20xx
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incubated for 3 min before being washed using 1% acetic acid.
Samples were dehydrated and cleared in xylene and then
mounted using a permanent mounting medium.

The population of keratinocytes was examined using keratin-6
(K-6) staining to analyze the wound maturity using a previously
established protocol with minor modifications °°. Briefly, tissue
samples were incubated in a blocking solution (3% normal goat
serum [NGS]) for an hour and then incubated in a K-6 antibody
(1:2000 dilution in NGS) overnight at -4 °C. They were then
washed in PBS and incubated for an additional hour in a
biotinylated antibody (1:4000 dilution). The tissue samples
were washed again to remove the extra antibody. Vectastain
ABC-kit was used to complete the staining. Finally, the tissue
samples were incubated with the DAB solution until the desired
color intensity was observed and further counterstained using
toluidine blue.

The tissue samples were imaged using an EVOS microscope. The
overlapped images were processed via the Adobe Photoshop
program auto stitching module. All images were measured and
analyzed by Imagel %6. Collagen layer thickness (%) and K-6
positive cell (%) were determined by measuring the blue and
brown colorin a 1 mm x 1 mm box selected on the wound bed,

respectively, using ImageJ.

Macrophage populations were evaluated using CD68-DAPI
fluorescence staining, following a published protocol with some
modifications 4. Tissue samples were fixed in 100% ethanol for
5 min and dipped in a PBS bath for an additional 5 min. A
hydrophobic marker was used to draw a circle around each
tissue section. 10% Goat Serum (diluted in PBS) was applied and
incubated for 30 min. After washing with PBS, the tissue
samples were incubated with 1 drop of biotin and 1 drop of
avidin solutions for 10 min. Samples were washed twice with
PBS and incubated in a 1:100 dilution of primary anti-CD68 for
1 h. The samples were incubated in a 1:200 dilution of
secondary antibody for 1 h after being washed twice with PBS.
Samples were washed again in PBS and incubated in a 1:500
dilution of streptavidin for 1 h (preserved from light). The
samples were then stained by 1:1000 dilution of DAPI for 2 min
and mounted using an aqueous mounting medium. The image
of the tissue samples was taken immediately after the staining.
Inflammatory response was evaluated by determining the total
number of CD68-stained macrophages to the total number of
DAPI-stained cells in three randomly selected 0.5 mm x 0.5 mm
boxes on the wound bed using Imagel.

2.16. Statistical Analysis

Statistical analyses were performed using SigmaPlot. One-way
analysis of variance (ANOVA) with Tukey method was used for
comparing means of multiple groups.

3. Results and Discussions

J. Name., 2013, 00, 1-3 | 5
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3.1. Microgel Preparation and Characterization
Catechol-containing microgels were prepared by functionalizing
physically crosslinked gelatin microgels with DOPAC through
carbodiimide chemistry. DOPAC contains a catechol moiety that
can function both as a bioadhesive molecule and a source for
H,0, generation. ATR—FTIR spectra of catechol-containing
microgels exhibited the characteristic peaks for catechol at 868
and 922 cm™, which is associated with the out-of-plane bending
of =C-H bonds of an aromatic ring (Figure S3) >7. These peaks
became more prominent with increasing catechol content. The
amount of DOPAC functionalization increased with increasing
DOPAC added to the reaction mixture during synthesis (Figure
S4). G-8CA microgel contained the highest amount of DOPAC
content of 0.6 wt/wt% relative to the mass of the gelatin. Only
8-15% of the added DOPAC in the reaction feed was coupled to
the microgel, potentially due to chemical coupling of the
catechol occurred only at the surface of the microgel.

3.2. H,0, Generation from Microgels

The microgels started to generate H,0, once they were
hydrated in PBS (Figure 4). The amount of generated H,0,
continued to increase over 24 h. The concentration of H,0,
generated increased with DOPAC concentration with G-8CA
generating the highest amount of H,0, (86 M) after 24 h. Both
G-2CA and G-4CA contain lower amounts of DOPAC and
generated lower concentrations of H,0, (33 and 57 uM,
respectively, in 24 h). This is in agreement with the previously
published data where increasing catechol content in a microgel
increased the amount of H,0, generation °8.

100
_ ~—v— G-8CA e
S 80| |—— G-4CA -
2 —e— G-2CA o
ie] "
2 60 *
@
5
& 40 .
™~
8 =

0

0 5 10 15 20 25 30
Time (h)
Figure 4. H,0, generation from catechol containing microgels.

*p < 0.001 when compared to the other microgels at the same
time point.

3.3. Hydrogel Film Formation

To form hydrogel films, microgel particles were first hydrated
with PBS and then lightly shaped in between two glass slides
using a silicone rubber ring as a mold (Figure S1). Immediately
after hydration, the microgels lacked cohesive property and
could be easily separated from each other (Video S1). After the
hydrated microgels were incubated for more than 30 minutes
at 37°C, these microgels transformed into a hydrogel film.
These films behaved like cohesive hydrogels with sufficient
mechanical property to withstand tensile deformation (Video
S2). These gelatin microgels are physically crosslinked through
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reversible physical interactions such as hydrogen bonds and
Van der Waals forces 37. This makes them susceptible to
undergo a physical transition to form a hydrogel film when
hydrated in an aqueous solution.

FESEM images further confirmed the transition of the microgels
into hydrogel films (Figure 5). Microgels were spherical in shape
with an average diameter of around 50 um (Table 1).
Functionalizing the gelatin microgels with DOPAC did not
significantly affect the shape and size of the microgels. FESEM
images of the dried hydrogel films exhibited typical network
structures of hydrogels (Figure 5B).

G G2CA G-4CA

/ ‘ £ .‘ \ 4 ( "{A % 0#[:1" {

Figure 5. FESEM images of (A) microgels and (B) hydrogel films.

Table 1. Average particle size of dried microgels.

G G-2CA G-4CA G-8CA

Diameter

50.9+12
(um)

51.2+8 50.3+9 53+12

Oscillatory rheometry was performed to determine the
viscoelastic property of the microgel suspensions and hydrogel
films. When the microgels were initially hydrated, the storage
modulus (G’) was always larger than the loss modulus (G”)
throughout the linear viscoelastic regime (LVR) for all the
formulations tested (Figure 6A). Although these microgels are
discrete particles, the condensed microgel dispersion behaved
like a continuous polymer network structure similar to microgel
suspensions reported by others >°. After the microgels were
incubated at 37°C for 48 h, the hydrogel films did not exhibit
noticeable increase in the G’ values (Figure 6B and Figure S5).
There was no change in the polymer concentration between the
microgel suspensions and the hydrogel films. As such, G’ values
remained the same. However, tan 3 values throughout the LVR
decreased as the microgels transformed into a hydrogel film
(Figure S6 and Table S1). tan & equals to G”/G’ and a decrease
in the tan d value indicates that the microgels has transformed
into a film that is more elastic than the microgel suspension 0.
Finally, the crossover point between the G’ and G” values is
often utilized to determine the yield point of a material 1. After
film formation, the G’-G” crossover point occurred at a lower
strain for all formulations (Figure S5 and Table S1), which
further confirms the transition from discrete microgel particles
to interconnected hydrogel networks over time.

Changes in catechol content did not affect the observed G’ and
G” values of the microgels and hydrogel films (Figure 6).

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (A) G’ (solid lines) and G” (dashed lines) for microgel
suspensions examined right after hydration and (B) hydrogel
films that were incubated at 37°C for 48 h.

Catechol contents in these microgels are relatively low (< 0.6
wt%) (Figure S4) and the observed viscoelastic property is likely
contributed mostly by the physical crosslinking of gelatin, which
makes up more than 99 wt% of these biomaterials. However,
increasing catechol content decreased the vyield strain as
determined by the G’-G” crossover point and tan & values
(Figure 6 and Table S1). These observations indicate that
catechol increased the elasticity of the hydrogel films
potentially through crosslink formation. Catechol is capable of
forming both covalent and non-covalent (e.g., =—m and n—cation
interactions, hydrogen bonding, etc.) crosslinks 62.

3.4. JKR Contact Mechanics Test

JKR contact mechanic testing was performed to evaluate the
interfacial bonding properties of catechol-modified microgels to
NH,-functionalized quartz surfaces (Figure 7). The NH,-
functionalized quartz was used to mimic primary amine groups
found on tissue surfaces . Only the G-8CA hydrogel film
exhibited strong adhesion to NH,-functionalized surface with an
average W,q4p value of around 1300 mJ/m? (Figure 7B). Catechol
moieties likely interact with the NH,-functionalized surface
through strong mt-cation interaction and H-bonding 3°. The other
formulations demonstrated weak interfacial bonding to the
NH,-functionalized surface with W,q4, values of 70-170 mJ/m?2.
The catechol content in both G-2CA and G-4CA were too low to
enhance their adhesive properties. Whereas the higher
concentration of catechol incorporated into G-8CA increased
the chance for the catechol moieties to be present on the
surface of the hydrogel film to achieve elevated adhesion.

3.5. Antibacterial Activity

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. (A) Typical JKR contact curves and (B) work of
adhesion (W,qn) for hydrogel films tested against a NH,-

functionalized quartz surface. *p < 0.001 when compared
to other hydrogels.

A Control G-4CA

G-8CA

Log Reduction Value (%)
&

-0.5

Time (h)

Figure 8. (A) Photographs of the test plates with S. epidermidis
colonies after their exposure to 5 v/v% broth (control), and G,
G-2CA, G-4CA, and G-8CA microgels for 24 h. (B) Log reduction
values for S. epidermidis colonies incubated with G, G-2CA, G-
4CA, and G-8CA microgels, normalized by the number of
colonies formed by the bacteria exposed to 5 v/v% broth. *p <
0.05 when compared to the other microgels at the same time
points.

The antibacterial properties of microgels were investigated
using gram-positive S. epidermidis bacteria with the starting
concentration of 103 CFU/mL (Figures 8 and S7). S. epidermidis
is a common skin colonizing bacteria and the most frequent
cause of nosocomial and community-acquired skin infections 4.
Both G-4CA and G-8CA were able to achieve the highest LRV
(100% reduction and LRV of 3) when incubated with S.

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




Journal of Materials ChemistryB

epidermidis for 24 h. G-2CA was also able to kill the bacteria
and achieve 99.6% reduction (LRV = 2.3) after 24 h of
incubation. The bacteria exposed to the catechol-free G
microgels rapidly replicated over time and reached a very high
concentration within 24 h. This data agrees with prior reports
where formulations with higher catechol contents
demonstrated better bactericidal effects due to their ability to
generate higher amounts of H,0, 2> 2°,

3.6. In vitro cytotoxicity of H,0,-releasing microgels

The cytotoxicity of microgels was determined by directly
exposing the HaCaT cells to the microgels using Resazurin cell
viability assay (Figure 9). Microgels releasing lower amounts of
H,0, (G, G-2CA, and G-4CA) demonstrated cell viability of more
than 80%. However, G-8CA generated the highest amount of
H,0, (86 uM, Figure 4) and exhibited a significantly lower cell
viability of 74% when compared to G. This data corresponds to
our previous findings, that H,0, generated by catechol can
reduce cell viability in culture®. Nevertheless, cell viability
above 70% is considered noncytotoxic based on ISO 10993
standard®®.

The addition of catalase, an enzyme that decomposes H,0; into
water and O, improved cell viability to over 90% for catechol-
containing samples (Figure 9). For G-8CA specifically, the
addition of catalase increased cell viability from 74% to 94%.
This result indicates that the lower cell viability observed for G-
8CA can be attributed to the higher concentration of H,0,
released from the microgel. A simple cell culture medium lacks
antioxidant enzymes naturally present in the body such as
catalase, glutathione peroxidase, and peroxiredoxin, which are
capable of decomposing H,0, 747,

mmm \\Vithout Catalase
mmm \Vith Catalase
------- Control

120 1

- 100 | ¥
80
60 A
40 ~
20 A

Normalized viability, %

G G-2CA G-4CA G-8CA
Treatment

Figure 9. Cell viability of HaCaT directly exposed to G, G-2CA, G-4CA,
and G-8CA in the absence (black) and in the presence (red) of
catalase (2000-5000 U/ml). Untreated cells cultured on polystyrene
(PS) are used as control. The results are normalized relative to
PS. *p <0.05 when compared to G.

3.7. VEGF level expressed by HaCaT cells in response to H,0,-
releasing microgels

The quantity of VEGF in the HaCaT cells culture medium was
measured by ELISA kit after 24 h of direct exposure to the

8| J. Name., 2012, 00, 1-3

microgels (Figure 10). In the absence of microgel, an average
VEGF level of 32.0 pg/mL per 20,000 cell/cm? was measured
after 24 h, serving as the control. Significantly higher VEGF level
was expressed by cells directly exposed to G microgels (71.0.
pg/mL) when compared to the control. Gelatin mimics the
structural and biochemical properties of native extracellular
matrix, promoting cell adhesion, proliferation, and activation of
key signalling pathways, thereby inducing VEGF production and
angiogenic responses % 62, Additionally, the hydrophilic nature
of gelatin supports cellular hydration and nutrient availability,
promoting VEGF secretion. When HaCaT cells were exposed to
H,0,-releasing microgels, a dose dependent upregulation of
VEGF level was observed. VEGF content increased for microgels
that generated higher amounts of H,0,. Particularly, G-8CA
generated the highest H,O, amongst the microgel formulations
and exhibited the highest VEGF secretion at 81.0 pg/mL. This
observation is consistent with previous findings indicating that
increasing H,0, concentration enhances VEGF expression in

HaCaT cells, contributing to angiogenesis and wound healing 1%
67

100
* *

80 - . *
2
5 60
L
¢ 40 -
|
>

20 A

O a
PS G G-2CA G-4CA G-8CA
Treatment

Figure 10. VEGF expression in HaCaT after 24 hours of direct
exposure to G, G-2CA, G-4CA, and G-8CA microgels, compared to
untreated cells cultured on polystyrene (PS) as the control. VEGF
release in the culture media was quantified using ELISA. *p < 0.05
when compared to other samples.

3.8. Full-Thickness Dermal Wound Healing in Diabetic Mice

Full-thickness dermal wounds in healing-impaired diabetic mice
were treated with catechol-modified microgels. The genetically
diabetic mice model is one of the most suitable models for
studying delayed wound healing 31. Wound closure in diabetic
mice is delayed by 7-10 days, regardless of the wound size,
when compared to that of healthy mice. G-2CA and G-8CA were
chosen as these formulations generated the lowest and highest
concentrations of H,0,, respectively, among the catechol-
modified microgels (33 and 86 uM over 24 h, respectively).
These formulations will provide information regarding the
effect of H,0, concentration on wound healing. Catechol-free G
was chosen as one of the controls. G does not release H,0, and
will be utilized to determine the effect of gelatin on wound
healing. These microgel-treated wounds were compared with
untreated open wounds (OP).

This journal is © The Royal Society of Chemistry 20xx
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At day 14, only the wounds treated with G-8CA exhibited a 0%5 ¢ black dashed ine represents the wound margins. p

significant reduction in wound size (90% reduction) when

compared with OP (Figure 11). The wounds treated with G and Both G- and G-2CA-treated wounds exhibited incomplete re-
G-2CA only reduced the wound size by around 55%, which were  epithelization and a higher amount of granulation tissue
not significantly different from that of OP (49%). This indicated formation and collagen layer thickness (7.5 and 5%,
that the higher amount of H,0, released from G-8CA respectively) within the wound bed when compared with that
significantly enhanced the rate of wound closure. Additionally, of OP (3.6%). This is consistent with an early stage of wound
Masson’s Trichrome staining indicated that only G-8CA-treated healing where a higher concentration of granulation tissue
wounds demonstrated a complete re-epithelialization, PC formation leads to connective tissue formation, prior to the
muscle formation, and appearance of hair follicles (Figure 12). healing of the injured tissue 52 7°. OP exhibited delayed wound
Notably, the growth of the hair follicles (black dashed circles in healing with patchy granulation tissue formation and low
Figure 12D) as early as 14 days post-surgery was considered as  collagen deposition when compared with the treated wounds.
a sign of rapid wound healing in a diabetic wound model 52.  No hair follicle was observed within the wounds treated with G-
Additionally, granulation tissue and deposited collagen receded and G-2CA microgels and the OP. These results indicated that
to the fibroblast-rich dermis (FD) layer, which is consistent with ~ gelatin alone and a lower amount of H,0, release from G-2CA
the morphology and structure found in native tissue. The microgel do not accelerate wound healing to the extent of G-
collagen layer thickness for G-8CA-treated wounds was 8CA-treated wounds.

determined to be around 3% which agrees with that of the

uninjured tissue of 2.8% (Figure 12E). This indicated that the G- K-6 staining was used to evaluate keratinocyte recruitment to
8CA-treated wounds were at the late stages of wound healing. the wound bed (Figure 13). G- and G-2CA-treated wounds

These results are consistent with the data reported for the 8-  €xhibited the highest K-6 positive cells ratio (5.5 and 7.5%,
respectively) when compared to OP (2%). Keratinocyte

differentiation and migration to the wound bed are critical for

mm diabetic wounds treated with a transcription factor after 42

days of wounding 7°.
efficient re-epithelialization and wound healing 7. The OP

showed the lowest K-6 positive cells ratio, which resulted in
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Figure 13. Representative K-6 staining of (A) OP and wound
treated with (B) G, (C) G-2CA, and (D) G-8CA at day-14 post
surgery. (E) Percentage of K-6 positive cells at the wound site
as measured from a 1 mm x 1 mm area. K-6 positive cells are
stained brown, and blue indicates the nuclei and provides
overall tissue contrast. *p < 0.05.

incomplete re-epithelialization and delayed wound healing. G-
8CA-treated wounds also exhibited low keratinocyte content
(3%). While both OP and G-8CA-treated wounds exhibited low
levels of keratinocyte recruitment, the implications differ
significantly. In OP wounds, the low K-6 positive cell ratio is
indicative of a prolonged inflammatory phase and failure to
recruit  sufficient  keratinocytes necessary for re-
epithelialization, leading to incomplete wound closure and
delayed healing. Conversely, the low keratinocyte content in G-
8CA-treated early

keratinocytes. This is characterized by their transition from a

wounds indicates maturation  of
proliferative phase to a differentiation state, which is crucial for
This process

involves the formation of a stable epidermal barrier and is

the remodelling phase of wound healing 72

associated with the regulation of dermal fibroblast activity,
promoting rapid and efficient dermal wound healing. Therefore,
while both treatments result in lower keratinocyte levels at day
14, the context and outcomes differ, with G-8CA promoting a
more advanced stage of wound maturation and remodelling
compared to the stalled healing observed in OP wounds.

Staining of CD68-positive cells was performed at 2 different
time points (Figure 14). At day 7, G-8CA recruited the highest
number of macrophages (18%) to the wound site when
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compared to other treatments (<10%). H,0, released from
catechol-containing biomaterials were reported to stimulate
the recruitment of the inflammatory cells to the wound bed in
the early days of the implantation 22 73, Additionally, H,0, also
reportedly activates M2 macrophages differentiation, which
promotes angiogenesis and tissue regeneration ® 1. CD68 does not
distinguish between the phenotype of macrophage and additional
work may be required to determine if the more regenerative M2
macrophage are found at the wound site. By day 14, G-8CA-treated
wounds exhibiting the lowest number of macrophages (10%) when
compared with other treatments and OP. Similarly, both G and G-
2CA exhibited lower amounts of macrophages at the wound site
when compared to OP. This indicates that gelatin and the release of
H,0, reduced the inflammatory response at the wound site. The
untreated wound (OP) vyielded the highest percentage of
macrophages at day 14 indicating a prolonged inflammatory
response and delayed wound healing, which is expected in chronic
wounds or ulcers, such as typical diabetic wounds, that often exhibit
prolonged inflammation and poor healing 74.

The combination of the trichrome, K-6, and CD68 staining
indicated the concentration-dependent response of dermal
wound healing to H,0, as expected based on published data 7>
76, The lower amount of H,0, released from G-2CA (33 uM) did
not significantly accelerate wound healing when compared with
catechol-free G microgels. On the other hand, G-8CA microgels
released a higher amount of H,0,, which resulted in rapid
dermal wound repair and remodelling, where the healed tissue
resembled the structure and morphology of the native diabetic
skin tissues. G-8CA released around 86 uM of H,0,, which is
consistent with previous findings where similar levels of H,0, are
desirable for promoting wound healing 16 30.77. 78 The released ROS
recruited inflammatory cells to the wound site and facilitated healing

by promoting re-epithelialization, angiogenesis, and tissue repair 7%
81

Taken were successfully
functionalized with various amounts of DOPAC to create
catechol-functionalized microgels. These microgel particles are

together, gelatin microgels

physically crosslinked, which enable these materials to undergo
physical transformation from spherical particles to hydrogel
networks. This ability can be utilized for delivering the microgel
particles as powder directly to the wound, which would
subsequently transform into wound-covering adhesive films
when hydrated. Unlike other catechol-containing adhesives and
sealants 82 83, these microgels do not require reconstitution or
adding an oxidant to initiate curing of adhesive. However, the
transformation from microgels to hydrogel film took over 30
min. Additional work is required to accelerate the rate of
transition.

The microgels reported here are composed mainly of gelatin (>99
wt%) with catechol consisting at most 0.6 wt% in the biomaterial.
Additionally, the microgel formulations tested in the dibetic dermal
wound model (G, G-2CA, and G-8CA) were nearly identical in terms

This journal is © The Royal Society of Chemistry 20xx
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Figure 14. CD68 staining of macrophages in (A, F) OP and wounds treated with (B, G) G, (C, H) G-2CA, and (D, |) G-8CA at (A-D) 7
and (F-1) 14 days post-surgery. Cell nuclei and macrophages were stained by DAPI (blue) and CD68 (green), respectively. The
percentage of macrophages relative to the total number of cells stained with DAPI after (E) 7 and (J) 14 days post-surgery. *p < 0.05

when compared to other treatments.

of their compositions, and mechanical and physical properties. The
main difference is in the concentration of H,0, generated by each
formulation (0-86 uM), which remarkly contributed to the different
wound healing outcomes. This result highlights the critical role of
H,0, in accelerating wound healing and the concentration
dependent biological response to H,0,.

Many existing wound healing biomaterials focus on delivering
growth factors, cells, peptides or other biomolecules to
accelerate wound healing 8488, To prevent infection, silver or
antibiotics are further these

incorporated to impart

biomaterials with antimicrobial properties %% 20, These
approaches often involve complex formulation and high costs,
limiting their scalability and application. In contrast, our
microgels consist of only two ingredients: catechol and gelatin.
H,0, is generated in-situ as a byproduct of catechol autoxidation
that can be tailored to promote dermal wound healing and wound
disinfection. H,0, activates many signalling pathways that promote
angiogenesis and tissue regeneration °% %2, Moreover, the H,0,
released from the microgels significantly induced VEGF secretion in
human keratinocytes in-vitro, demonstrating its capacity to promote
wound healing. This is potentially a more cost-effective approach in
multifunctional biomaterial for

creating a wound healing

applications.

This journal is © The Royal Society of Chemistry 20xx

The continuous release of H,0, from our microgel demonstrated
significant healing benefits, achieving comparable results with other
reported biomaterials. While the therapeutic efficacy of these
microgels could be further enhanced by incorporating growth factors
or other bioactive molecules into their structure, this study focused
on evaluating the continuous release of H,0, and its effectiveness in
improving impaired wound healing. Future work can explore the
feasibility of incorporating additional bioactive agents and
investigate the adaptability of our microgel structure without
compromising its scalability. Gelatin contains funtional groups (e.g.,
-NH, or -COOH) that could chemically attach biomolecules and the
microgel can potentially serve as a depot for sequastering these
therapeutic agents. Finally, these microgels do not contain a
reservoir for storing H,0,. H,0, is only generated as catechol was
oxidized by the molecular oxygen found in the hydrating aqueous
solution. This on-demand release of H,0, greatly reduces the hazards

associated with the storage and transportation of ROS.

Conclusions

Catechol-functionalized gelatin microgels were prepared. Upon
hydration, these physically crosslinked microgel transitioned
into hydrogel films. This transition was verified based on the
changes in their morphology and their viscoelastic properties as
determined by SEM imaging and rheological measurements,
respectively. Additionally, hydration of microgels resulted in the
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generation of micromolar ranges of H,0,; as a result of catechol
autoxidation. The concentration of H,0, increased with
increasing catechol content. The generated H,0, was
antimicrobial against S. epidermidis and accelerated wound
healing in diabetic mice. Particularly, G-8CA treatment
accelerated re-epithelialization, wound closure and maturation
in the full-thickness dermal wounds of healing-impaired mouse.
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