RESEARCH ARTICLE

W) Check for updates

HEALTHCARE

www.advhealthmat.de

Zirconium-Based Metal-Organic Framework Capable of
Binding Proinflammatory Mediators in Hydrogel Form
Promotes Wound Healing Process through a Multiscale
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1. Introduction

The regulation of proinflammatory mediators has been explored to promote

natural healing without abnormal inflammation or autoimmune response
induced by their overproduction. However, most efforts to control these

Cytokines, reactive oxygen  species
(ROS),[""%T and nitric oxide (NO) are impor-
tant proinflammatory mediators involved

mediators have relied on pharmacological substances that are directly
engaged in biological cycles. It is believed that functional porous materials
removing target mediators provide a new way to promote the healing process
using their adsorption mechanisms. In this study, the Zr-based metal-organic
frameworks (MOF)-808 (Zr,O,(OH),(BTC),(HCOO);) crystals are found to be
effective at removing proinflammatory mediators, such as nitric oxide (NO),
cytokines, and reactive oxygen species (ROS) in vitro and in vivo, because of
their porous structure and surface affinity. The MOF-808 crystals are applied
to an in vivo skin wound model as a hydrogel dispersion. Hydrogel containing
0.2 wt% MOF-808 crystals shows significant improvement in terms of wound
healing efficacy and quality over the corresponding control. It is also proven
that the mode of action is to remove the proinflammatory mediators in vivo.
Moreover, the application of MOF-808-containing hydrogels promotes cell
activation, proliferation and inhibits chronic inflammation, leading to
increased wound healing quality. These findings suggest that Zr-based MOFs

in the wound healing process in multiple-
size regimes.[1%13] Manipulation of these
multiscale mediators has been shown to
play an important role in promoting the
wound healing process.!21%-15] While the
mediators are necessary, their overpro-
duction makes the healing process slow
and often leads to abnormal inflammation
and autoimmune response. Specifically,
excess production of cytokines causes
tissue damage, cellular injury, and chronic
inflammation and, in severe cases, can also
induce a cytokine storm.!"?] Moreover, the
excess production of nitric oxide and ROS
can lead to oxidative stress, inducing cell
toxicity and DNA damage. Furthermore,
the excess amount of ROS hinders fibrob-

may be a promising drug-free solution for skin problems related to

proinflammatory mediators.

last migration and proliferation during the
generation of the dermal skin layer.'®1]
Thus, there is a need for a strategy to
control the mediators and thus promote the
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wound healing process without the side effects. Previous stud-
ies aimed to address this issue have focused on pharmacologi-
cal mechanisms using active ingredients, such as drugs, antibi-
otics, or extracts.>>] However, these active ingredients directly
engage the specific biological cycle related to the inflammatory
mediators!*~) and wound recovery,”?! which could induce unex-
pected effects and drug resistance in their long-term use. There-
fore, it is challenging to control mediators without using sub-
stances that are directly engaged in the biological cycles. Porous
materials, such as clay and minerals, have been used to absorb
fluids, exudates, and bacteria to enhance wound healing perfor-
mance. However, they have not been targeted to control mul-
tiscale inflammatory mediators.['®1%] We believe that functional
porous materials that can adsorb multiscale target mediators
through adsorption or absorption will provide vast opportunities
in terms of changing the ways of healing process from a pharma-
cological mechanism to a multiscale adsorption mechanism in-
ducing fast wound healing process without side effects and drug
resistance.

Metal-organic frameworks (MOFs) are porous and reticular
materials constructed by coordination bonding between metal
oxide units and organic linkers.[2>-22l MOFs are known to have
chemical and electrostatic interactions both inside of pores
and outside of their particles.[?>2’] Therefore, MOFs have been
shown to have the ability to absorb or adsorb target species
in a broad range of gases, molecules, ionic substances, and
proteins.[2630] In previous studies, MOFs have mostly been ap-
plied during the wound healing process as carriers for therapeu-
tic drugs or gases by exploiting their intrinsic micropores.[332]
In some cases, compartments of MOFs have been applied as spe-
cific functional materials to engage in a single ingredient, such as
ROS, but our study showed a multiscale adsorption mechanism
for the removal of multiple proinflammatory mediators involved
in the wound healing process.33-3¢]

In this study, we focus on the use of the intrinsic proper-
ties of MOFs to control the amount of proinflammatory medi-
ators in the wound area inducing fast wound healing perfor-
mance. Specifically, we chose zirconium-based MOF-808 crys-
tals to control the amount of multiscale proinflammatory media-
tors involved in wound healing. The robust structural integrity of
MOF-808, even in aqueous environments, renders it a safe and
practical choice for use in living organisms. Furthermore, our
chemical and in vitro affinity assessment underscore MOF-808’s
ideal pore structure, electrostatic properties, and open metal
sites, making it highly efficient in removing proinflammatory
mediators, including reactive oxygen species (ROS), nitric ox-
ide (NO), and cytokines. These proinflammatory mediators play
pivotal roles in the wound healing process, and MOF-808’s ca-
pabilities in manipulating them are critical for addressing this
challenge.

In addition, we mixed MOF-808 crystals into polyacrylic acid
(PAA)-based hydrogels for histological assessment of wound
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healing in rat skin wound models. Hydrogels are commonly used
matrices for wound dressings due to their high water content,
biocompatibility, and mechanical characteristics similar to na-
tive tissue microenvironments.l’”] Importantly, PAA are FDA-
approved, cost-effective, and biocompatible polymers.[*¥] The
electrostatic interactions between PAA and MOF-808 ensure the
stable integration of MOF-808 crystals within the hydrogel struc-
ture and the environment in which MOF-808 functions when ap-
plied to wounds.3]

The hydrogel with 0.2% MOF-808 showed the fastest heal-
ing performance, with about 200% improvement in wound heal-
ing efficacy over that of the corresponding control. The wound
width, re-epithelialization, and collagen density were enhanced
by 160.7%, 264.6%, and 132.2%, respectively, compared to the
control, following treatment with hydrogels containing 0.2%
MOF-808. We also proved that the promotion of wound heal-
ing was induced by the in vivo removal of cytokines, ROS, and
NO in wound tissues by MOF-808. Additionally, the levels of
wound healing factors essential for the functions of mesenchy-
mal cells (vimentin), myofibroblast cells (a-SMA), cellular pro-
liferation (Ki-67), and macrophages (CD68 and F4/80) were im-
proved in the presence of MOF-808.

This is a novel approach in wound healing treatment, in which
the specific healing mechanism based on intrinsic adsorption
properties of porous materials was proposed, instead of the con-
ventionally direct engagement of bioactive compounds.

2. Results and Discussion

2.1. Structure, Synthesis, and Characterization of MOF-808

The zirconium-based MOF-808 constructed by linking
Z1r,0,(OH),(-CO,), metal cluster with six trimesic acid (H,BTC)
linkers (Figure 1a).*”) We chose to use MOF-808 because it
has a stable structure and a high number of adsorption sites
for proinflammatory mediator removal (Figure 1b).[*'*] The
open metal sites on the zirconium clusters of MOF-808 serve
as positively charged binding sites for NO derivatives, while the
hydroxyl groups present on the clusters stabilize ROS. Moreover,
the surface charge of MOF-808 crystals“~*8] could be employed
to capture charged cytokines produced in the wound area. The
size of pores in MOF-808 is 1.8 nm with an aperture of 1.4 nm
in diameter, which can serve as a pathway for NO derivatives
and ROS to diffuse into the MOF crystals!*’! while remaining
the cytokines outside to interact with the surface charge of the
crystals (Figure 1b). Given these intrinsic features of MOF-808
crystals, we hypothesized that MOF-808 may be able to adsorb
NO, cytokines, and ROS in the wound area (Figure 1c).

For the preparation of MOF-808, it was synthesized by com-
bining a solution of trimesic acid in dimethyl formamide (DMF)
with a solution of ZrOCl, in DMF/formic acid followed by placing
the solution in a 130 °C oven for 2 days (Figure Sla, Supporting
Information). The powder product was collected and washed
with DMF, water, and acetone three times each. In the SEM
images, the obtained crystals showed the identical octahedral
geometry of MOF-808 with a particle size of 1 um (Figure S1b,
Supporting Information). The powder X-ray diffraction (XRD)
pattern was consistent with that of simulated MOF-808, demon-
strating that they have the same crystal structure (Figure Slc,
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Figure 1. Schematic illustrating MOF-808 synthesis, preparation, and proposed role in the wound healing process. a) The synthesis of MOF-808 and
the preparation of MOF-808 into a hydrogel (red: Oxygen, black: Carbon, blue polyhedron: Zr-oxide cluster). b) Removal of proinflammatory mediators
(NO, cytokines, ROS) using MOF-808 crystal (red: Oxygen, gray: Hydrogen, blue: Nitrogen). c) The postulated wound healing process promoted by

MOF-808 crystals.

Supporting Information).[*!! Moreover, the sharp and intense
XRD peaks indicated that the product has high crystallinity. The
permanent porosity of MOF-808 was measured by nitrogen sorp-
tion at 77 K, and the pore size was found to be 1.77 nm (Figure
S1d,e, Supporting Information). The stability of MOF-808 in a
biological environment was tested in phosphate-buffered saline
(PBS), which is a balanced salt solution that is commonly used
in biological applications. SEM and XRD analysis of MOF-808
crystals revealed no significant changes in their crystal morphol-
ogy or structure after placing them in PBS solution for 1, 3, or
7 days (Figure S1b,c, Supporting Information). Cytotoxicity tests
were performed to assess the fibroblast proliferation induced
by MOF-808 by measuring the cell number or growth before
and after exposure to different concentrations of MOF-808 for
24 and 48 h (Figure S1f, Supporting Information), and the
results indicated that the MOF-808 prepared in this study is non-
toxic when the concentration is up to 10 ug mL~" (Figure Slg,
Supporting Information). Taken together, these results verify
that we prepared biostable, nontoxic MOF-808 crystals, which
could then be tested for their ability to remove proinflammatory
mediators.

2.2. Removal of Proinflammatory Mediators Using MOF-808
2.2.1. NO Removal by MOF-808 Crystals

Nitric oxide is a molecule present in aqueous media as its
derivatives, including nitrite (NO,~) and nitrate (NO;~), with
sizes ranging from 0.1-0.2 nm.['3*1 MOF-808 contains positively

charged sites in its pores, which are favorable for attracting neg-
atively charged NO derivatives.[?*5051] Therefore, it was expected
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that the pores of MOF-808 could adsorb NO derivatives using a
charge-specific regulatory mechanism (Figure 2a).

To confirm that the MOF-808 prepared in this study func-
tioned as expected, we tested the NO removal activity of MOF-808
by using sodium nitrite (NaNO,) and lipopolysaccharide (LPS)-
generated cellular NO as representative examples of chemical
and biological NO derivatives, respectively. To examine chemi-
cal nitrite adsorption by MOF-808, a sodium nitrite solution was
treated with MOF-808 crystals. The amount of nitrite remaining
in the solution after the MOF-808 was evaluated with the Griess
colorimetric assay. The results in Figure 2b show that the pink
color from nitrite faded within 30 min after the addition of MOF-
808. From the calibration curve (Figure S2a, Supporting Infor-
mation) and absorbance measurements, it was determined that
0.65 um nitrite was removed by MOF-808 (10 mg) (Figure 2b and
Figure S2b, Supporting Information). In addition, nitrite removal
in MOF-808 was also supported by the reduced N, uptake after
nitrite removal (Figure 2c).

To test that MOF-808 removes cellular NO derivatives, LPS-
induced generation was performed in vitro in RAW 264.7 im-
mune cells that are of murine macrophage origin and can there-
fore produce and secrete inflammatory mediators, including NO
and its derivatives. (Figure 2d). After LPS treatment of these cells
for 24, 48, and 72 h, MOF-808 crystals were applied to the media
at concentrations of 1, 10, and 100 ng mL~!, and the NO deriva-
tives remaining in the media were evaluated with the Griess col-
orimetric assay (Figure 2e). MOF-808 treatment significantly re-
duced the concentration of cellular NO derivatives remaining in
the growth media regardless of the LPS treatment time; however,
the amount of LPS-generated NO removed was dependent on the
amount of MOF-808 crystals applied (Figure 2e). Together, the
results obtained by applying chemically and biologically induced

© 2023 Wiley-VCH GmbH
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Figure 2. MOF-808 crystals remove proinflammatory mediators. A) NO removal. a) Scheme of the NO derivative (0.1-0.2 nm) removal process by
adsorption into the pores of MOF-808 crystals (1.8 nm). b) Nitrite concentration (starting with 1.2 pm NaNO, solution in the absence of MOF-808)
after treatment with MOF-808 for various times (as indicated) and corresponding representative images (inset). c) N, uptake by MOF-808 before and
after immersion in 35 mm NaNO, solution. d) Schematic diagram of lipopolysaccharide (LPS)-induced cellular NO production from RAW 264.7 cells
and its removal by MOF-808. e) Nitrite concentration after LPS-induced cellular NO production and treatment with 0, 1, 10, or 100 ng mL~' MOF-808
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NO derivatives indicate that MOF-808 can decrease NO and its
derivatives in wound areas in a dose-dependent manner.

2.2.2. Cytokine Removal by MOF-808 Crystals

Cytokines are proteins of ~80 kDa (~2.8 nm) and are typically
positively charged.’>>°! As the size of the MOF-808 pore (1.8
nm) would hinder cytokine adsorption, we investigated the sur-
face charge of the MOF-808 crystals. The surface charge was
measured by the zeta potential after dispersing MOF-808 crys-
tals in PBS under different pH conditions.[*%] The MOF-808
crystals exhibited an isoelectric point at pH 4.9 and a negative
zeta potential value of —100 mV above pH 7 (Figure 2f), indi-
cating that the surface of the MOF-808 crystals should be neg-
atively charged in a wound environment, which has an alkaline
pH value greater than 8.1°!] Considering that cytokines are usu-
ally positively charged, we hypothesized that the cytokines could
adsorb onto the surface of the MOF-808 crystals by electrostatic
attraction!®?-%*! (Figure 2g).

We analyzed the ability of MOF-808 crystals to remove cy-
tokines using five representatives, namely, MCP-1, TNF-a, IL-
8, IL-6, and IL-1p4, all of which play important proinflamma-
tory roles on wound surfaces. These cytokines were secreted
from RAW 264.7 macrophage cells after treatment with LPS
(Figure 2g). After the cells were seeded overnight, different
amounts of MOF-808 (1, 10, and 100 ng mL~!) were added with 1
pg mL~1 LPS for 24, 48, and 72 h. The concentrations of cytokines
in the supernatants were measured using ELISA kits, and their
concentrations were plotted against that of MOF-808. Cytokine
expression increased as the length of LPS treatment increased,
and the 72-h treatment group had the highest cytokine expression
levels (Figure 2h-1). The MCP-1 concentration was reduced in the
presence of MOF-808 (Figure 2h), and the amount of reduction
was proportional to the amount of MOF-808 and independent of
LPS treatment time. The concentrations of TNF-a (Figure 2i), IL-
8 (Figure 2j), IL-6 (Figure 2k), and IL-14 (Figure 2l) varied with
LPS treatment time but consistently decreased with increasing
amounts of MOF-808 at all treatment times. These results indi-
cate that MOF-808 crystals play an important role in removing
inflammatory cytokines from the supernatant and that this effect
should be concentration-dependent in wound areas.

2.2.3. ROS Removal by MOF-808 Crystals

ROS are radical species inducing oxidative stress, which can be
eliminated by antioxidants having -OH and -OH, groups.[®] The

www.advhealthmat.de

Zr-OH(OH,) metal cluster in the MOF-808 structure contains -
OH and -OH, groups,*!! which are expected to eliminate ROS in
wound areas by reducing them into hydroxide forms and water.
We evaluated the antioxidant ability of MOF-808 using chemical
(H,0, oxidation, and ABTS and DPPH assays of scavenging ac-
tivity) and cellular (LPS-stimulated RAW 264.7 cells) approaches.
For chemically prepared ROS, H,0, reduction was evaluated in
the presence or absence of MOF-808 by measuring the UV-vis
absorbance of the tetramethylbenzidine (TMB) colorimetric in-
dicator at 661 nm (Figure 2m). The degree of change in the color
of the TMB indicator was related to the degree of ROS stabiliza-
tion (Figure 2m inset and Figure S3, Supporting Information),
and the absorbance at 661 nm increased proportionally from
0.15 to 0.7 over 40 min in the presence of H,0, and MOF-808
(Figure 2m). The ROS removal activity of MOF-808 was also
evaluated using ABTS cation radicals and DPPH anion radicals
(Figure 2n,0). A clear increase in ABTS scavenging activity with
increasing MOF-808 concentration was observed (Figure 2n).
On the other hand, DPPH radical scavenging activity was not ob-
served (Figure 20). We also examined the cellular ROS removal
ability of MOF-808 by using RAW 264.7 cells treated with LPS
(Figure 2p) and a DCF-DA assay. The amount of ROS present
in the RAW 264.7 cells treated with LPS, starting at a value of
35, gradually decreased as the amount of MOF-808 increased
(Figure 2q). Together, these results indicated that MOF-808
crystals have a negative surface charge, allowing interactions
with positively charged ABTS but not with negatively charged
DPPH, and that MOF-808 acts as an antioxidant to control the
amount of ROS generated during inflammation in a wound
environment.

Previous studies have reported that antioxidants enhance fi-
broblast migration in wound areas.['*!7] As MOF-808 has antiox-
idant activity, it was thus expected that MOF-808 would accelerate
fibroblast migration. Fibroblast migration was assessed in NIH-
3T3 cells as an indicator of wound healing. Cells were grown to
confluence, after which a wound was simulated by scratching a
line in the middle of the confluent cells in the culture dish. The
cells were then further cultured in the presence of different MOF-
808 concentrations for 5, 10, and 20 h. The fibroblasts on both
sides of the scratch migrated to the center and began to fill in the
scratched area (Figure S4a, Supporting Information). Notably, the
migration accelerated with increasing MOF-808 dose after 20 h,
and the migration area reached a maximum of 85% after treat-
ment with 100 ng mL~' MOF-808 (Figure S4b and Table S1, Sup-
porting Information). This result suggests that the antioxidant
activity of MOF-808 could accelerate fibroblast migration in the
wound area.

for 24, 48, and 72 h. B) Cytokine removal. f) pH-dependent zeta potential curve of MOF-808 dispersed in PBS. g) Schematic diagram of LPS-induced
cellular cytokine (MCP-1, TNF-a, IL-8, IL-6, and IL-1p) production from a RAW 264.7 cells and their removal from the growth media by attraction to
the MOF-808 crystal surface. Concentrations of h) MCP-1, i) TNF-qa, j) IL-8, k) IL-6, and |) IL-18 were measured by ELISA kits after LPS induction and
treatment with 0, 1, 10, or 100 ng mL~" MOF-808 and 1 ug mL~" LPS for 24, 48, and 72 h. C) ROS removal. m) Time-dependent absorbance at 661 nm
of TMB with MOF-808-treated H, O, solution (red), H,0O, solution only (blue), and MOF-808-treated solution only (gray). n) ABTS scavenging activity
(measured at 670 nm) of MOF-808 and ascorbic acid. o) DPPH scavenging activity (measured at 517 nm) of MOF-808 and ascorbic acid. p) Schematic
diagram of LPS-induced cellular ROS production from RAW 264.7 cells and its removal by MOF-808. q) DCF-DA fluorescence of LPS-induced cellular
ROS treated with 0, 1, 10, or 100 ng mL~! MOF-808 and 1 ug mL™" LPS using a DCF-DA assay. The presented values are the experimental results of the
three trials. Data are shown as the mean + SEM.
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2.3. MOF-808 Crystals in a Hydrogel Form Promote Wound
Healing

2.3.1. Formation of MOF-808 Containing Hydrogel

To prepare MOF-808 suitable for application to wound areas, we
homogeneously dispersed MOF-808 crystals in a PAA-based hy-
drogel gel. PAA was chosen as a hydrogel-forming agent because
it has negative charges in its backbone structure due to the de-
protonated carboxylic groups.[®® The PAA backbone mainly in-
teracts with water to form the hydrogel and repels the MOF-
808 crystals having a negatively-charged surface, thus making
the MOF-808 crystals well dispersed in the hydrogel as repre-
sented in Figure S5a, Supporting Information. Therefore, the
hydrogel having MOF-808 particles can be deposited to form a
coating layer on the wound area. The hydrogel was prepared to
have 0, 0.1, 0.2, 0.4, 0.6, and 0.8 wt% MOF-808 crystals in the
mixture of PAA in water, then subjected to test the wound heal-
ing efficacy (Figure S5b, Supporting Information). As the con-
centration of the MOF-808 crystals increased, the transparent gel
became opaque (Figure S5b, Supporting Information). Optical
microscopy images showed that MOF-808 particles were evenly
dispersed in the hydrogel (Figure S5c, Supporting Information).
FT-IR spectral analysis showed that the MOF-808 peaks at 1700
cm™! (C=C stretch), 1400 cm~' (COO symmetric stretch), and
650 cm™! (Zr-O vibration)!®’! became sharper and stronger with
increasing MOF-808 content (Figure S5d, Supporting Informa-
tion). The hydrogel containing 0.2 wt% MOF-808 was coated
on a glass (Figure S6 second column, Supporting Information).
The coating layer was shown to have constant adhesion proper-
ties after tilting at 90 ° and 180 ° for 6 h (Figure S6 third and
fourth columns, Supporting Information), which indicates that
the coated layer is expected to adhere stably to the skin for a long-
time during activity. In the evaluation of the long-term stability,
the pH, viscosity, and adhesion properties are maintained even
after 2 years-accelerated aging process (Table S2 and Figure S6,
Supporting Information). The hydrogel containing MOF-808 ef-
ficiently reduces the amount of NO, cytokines, and ROS in vitro
compared with the hydrogel without MOF-808 (Figures S7 and
S8, Supporting Information), which is consistent with the obser-
vation for MOF-808 crystals in Figure 2.

The roles and functions of MOF-808 crystals in the wound
healing process were shown by comparing the wound healing
process for the samples having no and different contents of MOF-
808 crystals. Moreover, the function of MOF-808 in the hydrogel
for the removal of NO, cytokines, and ROS was proven by in vivo
observation of the amount of the proinflammatory mediators be-
fore and after the wound healing process.

2.3.2. Wound Healing Efficacy of the MOF-808 Crystals in the
Hydrogel

We evaluated the wound healing efficacy of the MOF-808 crys-
tals using a rat skin wound model (Figure 3a,b). Sprague Dawley
adult male rats were randomly divided into seven groups of 10
rats, with six groups receiving different concentrations of MOF-
808 in the hydrogel and one control group. Full-thickness exci-
sional wounds were created using 10 mm biopsy punch-modified

Adv. Healthcare Mater. 2023, 2301679

2301679 (6 of 14)

www.advhealthmat.de

tools on the dorsal side of the rats. Hydrogels containing the
MOF-808 crystals were applied once a day for 14 days to cover
the wound area, and all wound areas were sealed with Tegaderm
film (1624 W, 3M, Deutschland GmbH Health Care Business,
Germany). The wounds in the control group rats remained un-
treated. All rats maintained their weight throughout the test pe-
riod, indicating that the MOF-808 crystals did not cause systemic
toxicity (Figure S9, Supporting Information).

The wound area was more effectively reduced in the presence
of the MOF-808 crystals than in the control groups of one un-
treated and another treated with the hydrogel without the MOF-
808 crystals (Figure 3b). In particular, the hydrogel with 0.2 wt%
MOF-808 crystals showed the fastest recovery rate based on the
measured sizes of the wound areas (Figure 3b—e and Table S3,
Supporting Information). The remaining wound area decreased
to 55%, 62%, and 50%, on average, compared with each con-
trol group after 7, 10, and 14 days, respectively. These results
indicate that the hydrogel with 0.2 wt% MOF-808 crystals en-
hances the wound healing efficacy, with about 200% improve-
ment over that of the corresponding control. When the content
of MOF-808 crystals is higher than 0.2 wt%, however, the wound
healing efficacy was decreased. Considering the concentration-
dependent removal behavior observed for NO, cytokines, and
ROS (Figure 2), this is because MOF-808 removes the proinflam-
matory mediators excessively in higher concentration and thus
delay the healing process. Comparing results from the control
sample and the hydrogel without MOF-808 (the hydrogel with
0 wt% MOF-808 crystals), the PAA hydrogel itself has a minor
effect on wound healing efficacy but not as much as MOF-808.
The wound healing efficacy of the hydrogel with 0.2 wt% MOF-
808 crystals was compared with the recombinant human epider-
mal growth factor (rh-EGF) containing product using the same
rat skin wound model and evaluation method. Surprisingly, it
was observed that the hydrogel with 0.2 wt% MOF-808 crystals
showed similar wound healing performance with the rh-EGF-
containing product (Figure S10, Supporting Information). The
efficacy of bacterial prevention for the hydrogel having 0.2 wt%
MOF-808 crystals was further investigated by using Staphylococ-
cus aureus. The experimental result showed the hydrogel with 0.2
wt% MOF-808 crystals has the ability to prevent bacterial infec-
tion (Figure S11, Supporting Information). These results proved
that the MOF-808 crystals dispersed in hydrogels efficiently en-
hance the wound healing efficacy and show the fastest healing
performance with 0.2 wt% content.

2.3.3. Histological Assessment of MOF-808 Crystals in the Hydrogel

Histological assessment of the rat skin wounds was performed
to confirm the quality of wound healing at the tissue level. Gran-
ular tissue formation, epidermis layer construction, and colla-
gen deposition(®®! were evaluated by histological analysis of the
wound width, re-epithelialization, and collagen density using hy-
drogels with MOF-808 crystals. Based on a visual assessment of
the wound healing performance, hydrogels containing 0 wt%, 0.1
wt%, and 0.2 wt% MOF-808 crystals were chosen for use in this
analysis (Figure 3b). Five-micrometer-thick biopsied tissue sec-
tions were prepared and stained with hematoxylin and eosin to
measure granulation tissue (Figure 3f,g) and the epidermal layer

© 2023 Wiley-VCH GmbH
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Figure 3. MOF-808 promotes the skin wound healing process. A) Wound healing efficacy. a) Model of MOF-808 treatment in rat skin wound. b) Repre-
sentative photographs of the control and MOF-808-treated rat skin wounds. Quantification of wound closure presented as wound width on c) days 7, d)
10, and e) 14 after wounding. B) Historical assessment representative. f,h) H&E staining and j) MT staining of wound healing sections on days 7 and
10 after wounding. f) The wound widths are marked with arrows and g) quantified according to the content of MOF-808 crystals. Re-epithelialization
shown as h) the thickness of the epithelial tissue is marked with double-sided arrows and i) quantified according to the content of MOF-808 crystals. j)
The collagen density is stained blue and k) quantified according to the content of MOF-808 crystals. The presented values are the experimental results
on 10 rats for each group. Data are shown as the mean + SEM. Statistical analysis was carried out using Prism Software.
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(Figure 3h,i) and with Masson’s trichrome to measure collagen
density (Figure 3j,k). All tissue sections were analyzed on day 7
and day 10. The wound width gradually decreased compared to
that in the control group with increasing MOF-808 crystal con-
tent in the hydrogel (Figure 3f,g, and Figure S12a and Table S4,
Supporting Information). After 10 days, the group treated with
0.2 wt% MOEF-808 crystals showed a well-organized and uniform
wound width with a uniform thickness (Figure 3f) and a wound
area that was almost remodeled with keratinocytes (Figure 3f).
Moreover, the thickness of the epithelial tissue increased as the
MOF-808 crystal content in the hydrogel increased (Figure 3h,i,
and Figure S12b and Table S4, Supporting Information). The
group treated with 0.2 wt% MOF-808 crystals showed the high-
est re-epithelialization with complete epithelial tissue, which is
expected to prevent scar formation, on day 10. Additionally, Mas-
son’s trichrome staining revealed that collagen formation was
enhanced by applying MOF-808 crystals (Figure 3j) and that the
collagen density increased with increasing MOF-808 crystal con-
tent in the hydrogel up to 0.2 wt% (Figure 3j,k, and Figure S12c
and Table S4, Supporting Information). These histological results
clearly indicated that the wound healing quality was improved in
terms of wound width, re-epithelialization, and collagen density,
which were enhanced by 160.7%, 264.6%, and 132.2%, respec-
tively, compared to the control.

2.3.4. Proof of Proinflammatory Mediator Regulation in Wound
Tissue using Hydrogels Containing MOF-808 Crystals

Given that MOF-808 crystals in hydrogel were shown to increase
the efficacy and quality of wound healing, we next sought to as-
sess whether proinflammatory mediators were affected by MOF-
808 in these same tissues (Figure 4). We analyzed the amounts
of NO, ROS, and cytokines in the tissue before and after treat-
ment with hydrogels containing 0, 0.1, and 0.2 wt% MOF-808
crystals. Wound lysates containing proinflammatory mediators
on days 7 and 10 were extracted from the tissues by centrifu-
gation. The amount of NO remaining in the lysates was mea-
sured with a Griess colorimetric assay, and the antioxidant activity
against ROS in the lysates was confirmed with a DCF-DA assay
(Figure 4a,b). The concentration of NO gradually decreased as the
MOF-808 content increased up to 0.2 wt% (Figure 4a), which is
consistent with in vitro observations (Figure 2e). The amount of
ROS also gradually decreased with increasing MOF-808 crystal
content on days 7 and 10 (Figure 4b), indicating that MOF-808 is
an effective antioxidant that can reduce ROS for skin wound re-
covery. The amount of MCP-1, TNF-q, IL-8, IL-6, and IL-1p exist-
ing in the wound tissues were visualized by immunofluorescence
(Figure 4c—g), and their quantities in the lysate were determined
using ELISAs (Figure 4h-1 and Table S5, Supporting Informa-
tion) or Image] software (Figure S13, Supporting Information).
The green fluorescence of MCP-1 gradually decreased compared
with that of the control group in the presence of MOF-808 crys-
tals (Figure 4c). This trend was also observed for the other 4 cy-
tokines (TNF-a, IL-8, IL-6, and IL-1p) (Figure 4d—g). Moreover,
the cytokine quantities in the lysate gradually decreased with in-
creasing MOF-808 crystal content on days 7 and 10 (Figure 4h-1).
Comparing results from the control sample and the hydrogel con-
taining 0 wt% MOF-808, PAA in hydrogel also affects the amount
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of the mediators. However, it is shown in Figure 4 that the con-
centration of MOF-808 mainly regulates the amount of the me-
diators remaining in the wound area. These results show that
the MOF-808 crystals in the hydrogel removed the proinflamma-
tory mediators (NO, ROS, and cytokines) generated in vivo and
in vitro, and we conclude that this promotes wound healing.

2.3.5. Wound Healing Factors Affected by the MOF-808 Crystals

Next, we sought to determine the effects of MOF-808-mediated
proinflammatory mediator removal on the quality of the wound
healing process by measuring wound healing factors. Vimentin
and a-SMA were measured as indicators of mesenchymal and
myofibroblast cell activation and Ki-67 was measured as an in-
dicator of cell proliferation. Macrophages (CD68 and F4/80)
were also evaluated as an indicator of chronic inflammation
inhibition.[®*72] Hydrogels containing 0, 0.1, and 0.2 wt% MOF-
808 crystals were applied to rat skin wounds, and the expression
of the abovementioned wound healing factors was assessed on
days 7 and 10. The immunofluorescence staining images for in-
dicators of the wound tissue were shown in Figure 5a—e, and their
amounts were quantified according to the green fluorescence in-
tensity (Figure 5f—j and Table S6, Supporting Information). The
result of staining was performed using a confocal microscope
(Zeiss LMS 710, ZEN software, Germany) and the fluorescence
signal was analyzed using Image] software. Vimentin, a-SMA,
and Ki-67 immunofluorescence increased with increasing MOF-
808 crystal content in the hydrogel, indicating that the expression
or stability of wound healing factors related to cell migration and
proliferation increased in the presence of the MOF-808 crystals
(Figure 5a—c,f=h). In contrast, CD68 and F4/80 immunofluores-
cence decreased with increasing MOF-808 crystal content in the
hydrogel (Figure 5d,e,i,j). This indicates that the expression of
wound healing factors related to chronic inflammation decreased
in the presence of MOF-808 crystals. The impact of MOF-808
on wound vascularization was also monitored by measuring the
expression level of CD31 during wound healing.”*) We stained
wound healing tissues on days 7 and 10 and then measured the
CD31 intensity (Figure S14, Supporting Information). It is ob-
served that the intensity from the hydrogel with 0.2 wt% MOF-
808 was higher than those from other samples on days 7 and
10. These results indicate that the hydrogel with 0.2 wt% MOF-
808 also promotes the formation of vascularization during the
wound healing process. Notably, these trends were linearly pro-
portional to the MOF-808 content, and 0.2 wt% was determined
to be the optimal amount of MOF-808 for the wound healing
process considering wound healing efficacy (Figure 3). All evi-
dence regarding the in vitro proinflammatory mediator removal
(Figure 2) the wound healing efficacy (Figure 3), the in vivo proin-
flammatory mediator removal (Figure 4), and the wound healing
factors (Figure 5) indicated that MOF-808 crystals adsorb proin-
flammatory mediators to promote the wound healing process by
a multiscale regulatory mechanism.

3. Conclusion

In this study, we show that MOF-808 crystals can remove proin-
flammatory mediators from the immediate area surrounding a

© 2023 Wiley-VCH GmbH
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Figure 4. Proinflammatory mediator regulation in wound tissue using hydrogels containing MOF-808 crystals. A) NO control. a) Nitrite concentrations
in the control and MOF-808-hydrogel treated groups on days 7 and 10 after wounding. B) ROS control. b) DCF-DA fluorescence in the control and
MOF-808-hydrogel treated groups on days 7 and 10 after wounding. C) Cytokine control. c—g) Immunofluorescence (IF) microscopy of ¢) MCP-1-, d)
TNF-a-, e) IL-8-, f) IL-6-, and g) IL-15 -stained wound tissues on day 7 (green). Nuclei were counterstained with DAPI (blue). h—I) The concentrations of
h) MCP-1, i) TNF-q, j) IL-18, k) IL-6, and |) IL-8 in the control and MOF-808-hydrogel treated groups on days 7 and 10 after wounding as determined by
ELISA. The presented values are the experimental results on 10 rats for each group. Five IF staining images were taken for each sample in groups. Data
are shown as the mean + SEM. " p > 0.05, * p < 0.05, ** p <0.005, *** p < 0.001. Statistical analysis was carried out using Prism Software.
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Figure 5. Wound healing factors affected by the MOF-808 crystals. Immunofluorescence (IF) microscopy of a) vimentin-, b) a-SMA-, ¢) Ki-67-, d) CD68-,
and e) F4/80-stained wound tissues on day 7 (green). Nuclei were counterstained with DAPI (blue). The concentrations of f) vimentin, g) a-SMA, h)
Ki-67, i) CD68, and j) F4/80 in the control and MOF-808-hydrogel treated groups on days 7 and 10 after wounding determined by quantifying the green
intensity of fluorescence signal by using Image) software. The presented values are the experimental results on 10 rats for each group. Five IF staining

images were taken for each sample in groups. Data are shown as the mean = SEM. " p > 0.05, * p < 0.05,

was carried out using Prism Software.

wound, leading to the promotion of the wound healing process.
It was suggested that MOF-808 crystals have an intrinsic ability
to bind NO, cytokines, and ROS induced by both chemical and
biological pathways. Dispersal of MOF-808 crystals in hydrogel
form and application of this hydrogel to rat skin wounds revealed
that the wound healing effects, as indicated by wound width,
re-epithelialization, and collagen density, were the fastest after
treatment with the hydrogel containing 0.2 wt% MOF-808 crys-
tals. In vivo analysis using tissues obtained from rat skin wounds
showed that the improved wound healing performance could be
attributed to the removal of NO, cytokines, and ROS proinflam-

Adv. Healthcare Mater. 2023, 2301679

2301679 (10 of 14)

* p <0.005, *** p < 0.001. Statistical analysis

matory mediators from the wound area. Moreover, our results
showed that MOF-808 could affect the levels of wound healing
factors involved in the promotion of cell activation and prolifer-
ation, and the inhibition of chronic inflammation at the wound
site, leading to enhanced quality of the wound healing process.
This study provides the first case of using MOFs for regulating
proinflammatory mediators in the wound healing process and
needs further studies revealing precise mechanisms for cell mi-
gration and proliferation as well as confirming the efficacy and
safety in diverse applications including a diabetic rodent wound
model.
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4. Experimental Section

Preparation of MOF-808 Crystals: The MOF-808 was prepared via a typ-
ical solvothermal synthesis that was modified from a reported method.13%
Ligand solution was prepared by dissolving H;BTC (5 mmol, 1 g) in
DMF (112.5 mL). Separately, a metal solution was prepared by dissolv-
ing ZrOCl,+8H,0 (15 mmol, 4.85 g) in DMF (112.5 mL) with formic acid
(225 mL). The ligand and metal solution were combined in a 500 mL Nal-
gene bottle and placed in an oven at 130 °C for 2 days. The powder product
was separated using a centrifuge (6000 rpm for 10 min) followed by wash-
ing with DMF, water, and acetone. Each washing solvent was rinsed with
MOF-808 crystals three times a day for 3 days. After washing, the product
was dried by a freeze dryer to get the fine powder.

Cell Toxicity Test: NIH-3T3 cells were used to examine the cytotoxicity
of MOF-808 to confirm that the MOF-808 was not harmful to cells. NIH-
3T3 cells with a concentration of 4 x 10* cells mL~" were seeded into a
24-well plate, then cells were treated with different concentration of MOF-
808 such as 0.1 and 1 g mL~1 and grew for 24, 48, and 72 h at 37 °C,
5% CO,. Cell viability was quantified by using an MTT assay. Briefly, after
incubation of different MOF-808 concentrations for 24, 48, and 72 h, cells
were treated with 5 ug mL~! of MTT final concentration by incubation at 37
°C, 5% CO, for 4 h. After that media was removed, and purple cell pellets
were dissolved in DMSO by incubation at room temperature for 10 min.
Cell viability was calculated through optical density at 570 nm.

Determination of Chemically Induced NO Removal Activities of MOF-808:
The NO removal activity of MOF-808 was measured by using a Griess
reagent with sodium nitrite (NaNO,). The Griess solution was prepared
by mixing the Griess reagent (0.8 g, Aldrich) and distilled water (20 mL).
The experiment was performed by increasing the treatment time of nitrite
while fixing the concentration of MOF-808 and nitrite solution. A total of
1.5 mL of nitrite solution (1.2 um) was added to MOF-808 (10 mg) and kept
in a vial. After a period of time had elapsed, MOF-808 was removed using a
syringe filter with a 0.45 um pore size. An equal volume (1.5 mL) of Griess
solution and the filtered nitrite solution were mixed in a disposable cuvette
and read the absorbance at 540 nm after 15 min. The amount of nitrite
absorbed by MOF-808 was calculated from the sodium nitrite standard
curve.

Determination of Chemically Induced H,0, Removal Activities of MOF-
808: The H,0, scavenging activity of MOF-808 was measured by us-
ing TMB photometric measurement that was modified from a reported
method.[*!l The reaction solution was prepared by dissolving TMB in
ethanol and dispersing MOF-808 in distilled water by ultrasonication, re-
spectively. The experiment was performed by increasing the treatment
time while fixing the concentration of MOF-808 and TMB solution, and
the experiment in the absence of each MOF-808 and H,0, was used as a
control. In the typical method, 200 uL of TMB (5 mm), 1.5 mL ethanol, 1.5
mL MOF-808 solution (10 mg mL~"), 100 uL of distilled water, and 100 uL
of H,0, (500 mm) were added sequentially in 10 mL vial. The mixture was
reacted at 40 °C with a stirring speed of 200 rpm for different reaction times
at 10-min intervals. After a certain reaction time, the mixture was imme-
diately filtered by a syringe filter. The absorbance of the resultant solution
was measured wavelength from 550 to 750 nm at room temperature, and
the absorbance at 661 nm was used for relative quantity analysis of H,0,
removal against TMB oxidation analysis by antioxidant activity.

Measurement of Cytokine Production on Cells by ELISA: The effect of
MOF-808 on cytokine levels was investigated by LPS-treated cells. The
RAW264.7 cells (2.5 x 10° cells mL™') were seeded into a 24-well plate
overnight and then pretreated with different concentrations of MOF-808
of 1, 10, and 100 ng mL~" for 1 h prior to 24, 48, and 72 h treatment with
1 ug mL™" of LPS in 37 °C, 5% CO, incubator. Subsequently, cell-free su-
pernatants were collected and stored at —20 °C for cytokine assays. The
concentration of MCP-1, TNF-q, IL-8, IL-6, and IL-1f in the culture super-
natant was measured using ELISA kits purchased from BD Biosciences
and Mybiosource, SD, USA. The absorbance was measured at 450 nm us-
ing EPOCH2 microplate spectrophotometer (Agilent, CA, USA).

Measurement of NO on Cells:  The cell-free supernatants collected from
the above step were also used for NO measurement. The Griess-modified
reagent was used for measuring NO oxidation products on cells. A volume
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of 100 pL of the Griess-modified reagent was mixed with 100 pL of the
supernatants. The mixtures were incubated at room temperature for 15
min. Nitrite standard solutions of 0, 1.6125, 3.125, 6.25, 12.5, 25, and 50
um were prepared for a standard curve. The absorbance was measured at
the 540 nm wavelength.

ABTS Radical Scavenging Activity Assay: The measurement of the free
radical scavenging activity of MOF-808 and ascorbic acid was performed
by ABTS radical cation decolorization assay. ABTS buffer was prepared by
combining 7.4 mm ABTS and 7.02 mM potassium persulfate in water. This
buffer was kept[ in darkness at 4 °C for 12-16 h before use. And then was
kept at room temperature for 30 min before starting the experiment. The
absorbance was read in a microplate reader at a wavelength of 670 nm.
The percentage of inhibition was calculated using the equation below.

ABTS scavenging percent (%) = [control Ay — sample A, /control Aj]

x 100% m

where control Ay and sample A, are the absorbance of ABTS without MOF-
808 and ABTS with MOF-808.

DPPH Radical Scavenging Activity Assay: The free radical scavenging
activity of MOF-808 was measured by using a DPPH photometric assay.
MOF-808 was dissolved in DMF solvent or 0.1m KOH buffer and ascorbic
acid (positive control) were reconstituted in distilled water to obtain an
initial concentration of 10 mg mL~" and then mixed with 0.12 mm DPPH in
methanol to make a final concentration of MOF-808 and ascorbic of 1000,
800, 600, 400, 200, 100, 80, 60, 40, and 20 ug mL~" in a 96-well plate. The
plate was incubated at room temperature for 30 min and then checked
the absorbance at 517 nm using a microplate reader. DPPH scavenging
percent was calculated by following the equation below.

DPPH scavenging percent (%) = [control Ay — sample A, /control Ag]

x 100% )

where control Ay and sample A; are the absorbance of DPPH without
MOF-808 and DPPH with MOF-808.

DCF-DA Assay: The estimation of ROS was performed by using raw
267.4 cells. Cells were cultured at 1.6 x 10° at 37 °C, 5% CO, overnight.
Harvested cells and seeded at 12 x 10° cells per well in a 96-well plate
for overnight. After incubation, cells were treated with different concentra-
tions of MOF-808 (1, 10, and 100 ng mL™") for 1 h and then treated with
100 pg mL™" of LPS. After 24-h incubation, the cells were washed with 1x
PBS buffer and then 20 pum of DCF-DA solution was added and incubated
at 37 °C, 5% CO, for 45 min in the dark. The fluorescence was measured
using a microplate reader at 485 and 535 nm excitation and emission, re-
spectively.

In Vitro Cell Migration Assay: NIH-3T3 cells were seeded in a 6-well
plate at a density of 1.5 x 10° cells mL~" and incubated in a complete
medium till cell confluence reached about 80-90%. The cells were further
grown for the next 20 h at 37 °Cin a 5% CO, incubator. A uniform scratch
wound was created using a 200 uL sterile pipette tip, and the wound debris
was discarded by phosphate-buffer saline (PBS) washing. The scratched
cells were then treated with different concentrations of MOF (0, 1, 10, and
100 ng mL~") and cultured for 5, 10, or 20 h. Coverslips were mounted
onto microscope slides and an ocular micrometer was used to measure
the wound distance at ten random locations along with the scratch un-
der at 40x. The wound closure distance for each sample was determined
by subtracting the average wound closure for each sample from the aver-
age initial T= 0 wound distance with data represented as average percent
wound closure + SEM. Photographs of the scratches were obtained in a
Mirax Desk Scanner (Zeiss, Germany) under bright field conditions.

Formation of MOF-808 Crystals in a Hydrogel Form: 0.4 g of MOF-808
was sonicated by mixing in distilled water (194 mL) for 1 h at room tem-
perature in a 500 mL beaker. The MOF-808 solution was dispersed for 30
min at 10000 rpm using a homogenizer (CAT, X1740). 2 g of poly(acrylic
acid) (PAA; trade name Carbomer) was added to the prepared solution
and mixed for 1 h using an overhead stirrer. The weight concentrations of
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MOF-808 were prepared as 0, 0.1, 0.2, 0.4, 0.6, and 0.8 wt% in PAA poly-
mer. 0.54 g of triethanolamine (TEA) was added dropwise to the mixture
and stirred with an overhead stirrer for 20 min at 1000 rpm. The mixture
was mixed again with a planetary mixer at 1000 rpm. The MOF-808 crystals
in a hydrogel form were prepared after 20 min.

Accelerated Aging Test:  The samples were exposed to elevated temper-
atures to give the aging process under shortened timeframes to evalu-
ate their physical characteristics. The accelerated aging temperature (TAA)
was 50 °C and the real-time ambient shelf temperature (TRT) was 20 °C.
The accelerated aging time (AAT, time in chamber) was calculated accord-
ing to the Arrhenius equation and ASTM F 1980 standard guide. Each AAT
was 22.8 days for 6 months of aging, 45.6 days for 1year of aging, and 91.3
days for 2 years of aging.

AAF (accelerated aging factor) = QE(OTAA_TRTWO] (There, Q19 = 2.0) o)
AAT (accelerated aging time) = Desired aging time/AAF

Measurement of NO on Cells with Hydrogel Treatment:  The cell-free su-
pernatants collected from the above step were also used for NO measure-
ment. The Griess-modified reagent was used for measuring NO oxida-
tion products on cells. A volume of 100 uL of the Griess-modified reagent
was mixed with 100 uL of the supernatants. The mixtures were incubated
at room temperature for 15 min. Nitrite standard solutions of 0, 1.6125,
3.125, 6.25, 12.5, 25, and 50 um were prepared for a standard curve. The
absorbance was measured at the 540 nm wavelength.

Measurement of TNF-a and IL-10 on Cells with Hydrogel Treatment:  Ex-
cept for the control well, each well was treated with hydrogel or 0.2% MOF
hydrogel. The RAW264.7 cells (2.5 x 105 cells mL~") were seeded into
the wells and treated with 1 pug mL™" of LPS in 37 °C, 5% CO, incubator
for 24 h. Subsequently, cell-free supernatants were collected and stored at
—20 °C for cytokine assays. The concentration of TNF-a and IL-10 in the
culture supernatant was measured using ELISA kits purchased from BD
Biosciences and Mybiosource, SD, USA. The absorbance was measured at
450 nm using EPOCH2 microplate spectrophotometer (Agilent, CA, USA).

DCF-DA Assay on Cells with Hydrogel Treatment: Except for the con-
trol well, each well was treated with hydrogel or 0.2% MOF hydrogel. The
RAW264.7 cells (12 x 10° cells mL™') were seeded into the wells and
treated with 100 ug mL™" of LPS in 37 °C, 5% CO, incubator for 24 h.
Cells were washed with 1x PBS buffer and then 20 uM of DCF-DA solution
was added and incubated at 37 °C, 5% CO, for 45 min in the dark. The
fluorescence was measured using a microplate reader at 485 and 535 nm
excitation and emission, respectively.

ABTS Radical Scavenging Activity Assay on Cells with Hydrogel Treatment:
The measurement of the free radical scavenging activity of hydrogel and
0.2% MOF-808 hydrogel was performed by ABTS radical cation decoloriza-
tion assay. ABTS buffer was prepared by combining 7.4 mm ABTS and 7.02
mm potassium persulfate in water. This buffer was kept in darkness at
4 °Cfor 12-16 h before use and then kept at room temperature for 30 min
before starting the experiment. The absorbance was read in a microplate
reader at a wavelength of 670 nm. The percentage of inhibition was calcu-
lated using the equation below.

ABTS scavenging percent (%) = [control Ay — sample A, /control Aj]

x 100% (4

where control Ay and sample A, are the absorbance of ABTS without hy-
drogel and ABTS with hydrogel.

Rat Skin Wound Healing Experiment: Animal experiments were ap-
proved by the Institutional Animal Care and Use Committee of Seoul Na-
tional University Bundang Hospital (approval number: BA1608-206/045-
02). Sprague Dawley adult male rats were ordered from BioOrient Com-
pany (Seongnam, KR) that weighed between 200 and 350 g, eight weeks
old, and were housed by two rats per cage. The rats were housed at a con-
trolled temperature of 24 °C, relative humidity of 55%, and a 12-h light
cycle. Rats were randomly divided into four groups of 10 rats each those
with applied hydrogel (0 wt% MOF), those with applied hydrogel (0.1 wt%
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MOF), those with applied hydrogel (0.2 wt% MOF), and the control group
without treatment. All rats were anesthetized with isoflurane, and the dor-
sal hair was shaved by a shaving machine. The surgical area was disin-
fected with Betadine. Full-thickness excisional wounds were created using
10 mm biopsy punch-modified tools in the dorsal side of the Sprague Daw-
ley rat. The MOF-808 hydrogel was applied to cover the wound area and
the wound was sealed by film every day for 10 days, while the control group
received no treatment. Application of MOF-808 for rats was performed ev-
ery day.

Measurement of the Wound Area: The kinetics of wound closure was
treated through digital photography from days 0 to 14 after all the wound
dressings were removed. Based on the photos, the areas of the wound area
were measured using Image] software. The percentage of wound healing
was calculated by the following equation.

Percentage of wound healing (%) = (Ag — A,) /Ay X 100% (5)

where A, represents the original wound area after surgery, and A, repre-
sents the wound healing area on n'" day after surgery. Five mice for each
group were used to determine the approximate time of wound closure.

Bacterial Infection Test: S. aureus was cultured in LB media until OD
600 reached 0.7. The 400 pl of this bacterial culture was mixed with 12 ml
of Agar LB media and poured on a Petri dish plate and then placed a6 mm
filter paper disk impregnated with MOF-808 solution and incubated at 37
°C overnight.

Histological Analysis:  On days 7 and 10, after wound healing was pho-
tographed, five rats in each group were scarified and the histological anal-
ysis of the wound healing sections was investigated. The biopsied tis-
sues were fixed with 10% formaldehyde for 24 h at 4 °C and then em-
bedded in paraffin. The thicknesses of sections of 5 um were prepared
for further studies. The sections were stained with hematoxylin and eosin
(H&E) staining for measurement of the granulation tissue thickness and
the thickness of the epidermis. The sections were stained with MT stain-
ing for the measurement of collagen density. All measurements were used
to calculate by Image] software.

Determination of Nitrite Production in Wound Lysates: ~ Nitrite and NO
oxidation products in wound lysates were determined by using the Griess-
modified reagent. The wound tissues of control and different concentra-
tions of MOF-808 groups on days 7 and 10 were homogenized in a protein
extraction solution containing 1 mm PMSF, and a protein inhibitor cock-
tail. The tissue extract was cleared by centrifugation at 14 000 rpm for 15
min at 4 °C and then supernatant was collected and diluted 1:1 with dis-
tilled water. A mix of 100 pL of 1x Griess modified reagent and 100 uL of
tissue-diluted extract was incubated at room temperature for 15 min. The
absorbance was measured the wavelength at 540 nm. Nitrite standard so-
lutions of 0, 1.6125, 3.125, 6.25, 12.5, 25 and 50 um were prepared for a
standard curve.

Determination of ROS Production in Wound Lysates:  The wound tissues
of control and different concentrations of the MOF group on days 7 and 10
were ground in a protein extraction solution containing 1 mm PMSF and
a protein inhibitor cocktail. The protein solution was extracted by centrifu-
gation at 14000 rpm for 15 min at 4 °C. The collected protein supernatant
was diluted 1:1 with 1x diluted buffer. A mix of 100 uL of tissue-diluted
extract and 10 uL of DCFDA solution (final concentration was 20 um) was
incubated at 37 °C for 45 min in the dark. Then, the fluorescence signal was
measured at excitation (485 nm)/emission (535nm) by using the Spectra-
Max iD3 instrument (Molecular Devices, CA, USA).

Determination of Cytokine Production in Wound Lysates: The purified
proteins on days 7 and 10 were used to determine the cytokine produc-
tion using an ELISA assay. The inflammatory cytokines such as MCP-1,
TNF-a, IL-6, IL-8, and IL-15 were prepared by following the guidance’s
instructions (standard range 10-10000, 10-10000, 50-1000, 62.5-2000,
and 10-10000 pg mL~", respectively, BD Biosciences and Mybiosource,
SD, USA). The absorbance was measured at 450 nm using an EPOCH2
microplate spectrophotometer (Agilent, CA, USA).

Statistical Analysis: Data were defined as means + SEM. Data were
analyzed by unpaired Student’s t-test using Prism Software (USA). In our
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study, all analyses were statistically significant as p < 0.05 (" p > 0.05, *
p < 0.05, ** p <0.005, *** p < 0.001).
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