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Excessive production of inflammatory chemokines and reactive oxygen species (ROS) can cause a feedback cycle
of inflammation response that has a negative effect on cutaneous wound healing. The use of wound-dressing
materials that simultaneously absorb chemokines and scavenge ROS constitutes a novel ‘weeding and uproot-
ing’ treatment strategy for inflammatory conditions. In the present study, a composite hydrogel comprising an
amine-functionalized star-shaped polyethylene glycol (starPEG) and heparin for chemokine sequestration as well
as Cus 40 ultrasmall nanozymes for ROS scavenging (Cus 4O@Hep-PEG) was developed. The material effectively
adsorbs the inflammatory chemokines monocyte chemoattractant protein-1 and interleukin-8, decreasing the
migratory activity of macrophages and neutrophils. Furthermore, it scavenges the ROS in wound fluids to
mitigate oxidative stress, and the sustained release of Cus4O promotes angiogenesis. In acute wounds and
impaired-healing wounds (diabetic wounds), Cus4O@Hep-PEG hydrogels outperform the standard-of-care
product Promogram® in terms of inflammation reduction, increased epidermis regeneration, vascularization,
and wound closure.

1. Introduction microenvironment of the inflammation site by taking advantage of the

intrinsic regenerative capacity of the host remains largely unexplored.

Cutaneous wounds are a global health problem and cause significant
economic losses to society [1,2]. Efficient reconstruction of the function
and integrity of the damaged tissues is currently the central focus for
their clinical treatment [3]. Multiple therapeutic options, including
novel dressing products [4,5], growth factors [6,7], and bioengineered
skin grafts [8] are available. However, strategies for the regenerative
healing of the injured tissues, especially for chronic wounds, remain
elusive. This may be partly due to the fact that modulating the
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Skin injuries initiate a series of biological events, among which large
amounts of reactive oxygen species (ROS) are produced in the wound
microenvironment as a feature of the defense response to invading
pathogens [9]. Although this process is generally beneficial to healing,
unregulated overproduction of ROS can cause damage to DNA, proteins,
lipids, and even cells [9,10]. Furthermore, elevated ROS production in
injured tissues can trigger deleterious effects such as cellular senescence
[11], fibrotic scarring [12], and uncontrolled inflammation [13,14].
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Accordingly, the successful healing and regeneration of wounded tissues
relies on an optimal balance between the constructive and harmful roles
of ROS. Therefore, the use of biomaterials that manage ROS levels and
control oxidative damage in injured tissues shows promise as a thera-
peutic strategy for regenerative wound healing.

Numerous studies [15,16] including our own [17] have explored the
use of nanomaterials with ROS-scavenging properties for the repair of
injured tissues. Although these treatments achieved beneficial thera-
peutic effects, their success remains limited. These strategies focused on
the scavenging of ROS rather than preventing their persistent and
excessive production by controlling the level of inflammation.

It is difficult to remove ROS completely. Massive ROS production
initiates many pathological signaling pathways [13,14], especially the
nuclear factor kappa-light-chain-enhancer (NF-xB) pathway, resulting in
increased production of pro-inflammatory factors such as interleukin-8
(IL-8) and monocyte chemoattractant protein-1 (MCP-1). Furthermore,
MCP-1 and IL-8 promote the invasion of inflammatory mono-
cytes/macrophages and polymorphonuclear neutrophils (PMNs) into
the inflamed tissue [18,19]. These immune cells overproduce several
pro-inflammatory cytokines, such as IL-6 and tumor necrosis factor o
(TNF-a) as well as numerous ROS, thus perpetuating a feedback cycle
that leads to chronic non-healing wounds. To break this cycle
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completely, it is essential to disrupt the mutual interaction of the
different phenomena involved by scavenging ROS and capturing
pro-inflammatory factors, preventing damage from excessive ROS both
downstream and upstream simultaneously, thus accelerating wound
healing.

Accordingly, in the present study, Cus4O@Hep-PEG hydrogels
comprising star-shaped polyethylene glycol (starPEG), heparin, and
Cus 40 ultrasmall nanoparticles (USNPs) were developed and optimized
as a means to simultaneously suppress persistent pro-inflammatory
chemokine gradients and ameliorate high oxidative stress in inflam-
matory diseases (Fig. 1A). The Hep-PEG hydrogels effectively scavenge
the pro-inflammatory factors MCP-1 and IL-8 in wound fluids [20], thus
decreasing the migratory activity of polymorphonuclear neutrophils and
monocytes. In our previous work, Cus 40 USNPs were demonstrated to
exhibit superoxide dismutase (SOD), catalase, and glutathione peroxi-
dase and protect against ROS-related damage to wound tissue at very
low dosages simultaneously [17]. Hep-PEG gels can be customized to
incorporate Cus4O USNPs through coordination between the amine
groups and copper (Fig. 1A). These Cus 40@Hep-PEG hydrogels capture
chemokines from inflamed wound tissue, inhibiting the excessive infil-
tration of immune cells, while simultaneously mitigating ROS genera-
tion by sustained release of Cus 40 USNPs to the wound tissue, thus
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Fig. 1. Schematic of Cus40@Hep-PEG
hydrogels in the treatment of diabetic
wounds. (A) Preparation of Cus4O@Hep-PEG
hydrogels. I The Hep-PEG gel network is pre-
pared by covalent cross-linking between the
carboxyl groups in heparin sodium and the
amino groups in 4-arm PEG-NH,. II The
Cus 4O@Hep-PEG hydrogel is prepared by soak-
ing Hep-PEG hydrogel in a Cus 4O USNP solution
for 2 h. (B) In diabetic wounds, high levels of
inflammation generate intracellular ROS, which
modulates the production of chemokines associ-
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ated with inflammation. Furthermore, the pro-
inflammatory factors generated induce the
migration and infiltration of more inflammatory
cells. The infiltrated inflammatory cells produce
excessive ROS to further aggravate inflamma-
tion, leading to a feedback cycle. To break this
cycle completely, it is essential to disrupt their
mutual interaction by simultaneously scavenging
ROS and capturing pro-inflammatory factors.
Cus 4O@Hep-PEG can release Cus 4O USNPs to
scavenge ROS, capture pro-inflammatory factors,
improve the environment of wound sites, and
accelerate diabetic wound healing.
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preventing further inflammation-activation signaling (Fig. 1B). Our
approach is not to suppress inflammation completely but in parallel
maintaining the balance for fighting pathogens and avoiding unwanted
side effects. Models of acute normal wound healing and delayed diabetic
wound healing were used to assess the overall pro-regenerative effect of
Cus 40@Hep-PEG hydrogels.

2. Materials and methods
2.1. Chemicals and materials

Copper chloride (CuCly, 98%), r-ascorbic acid (AA, 99%) and N-
hydroxysuccinimide (NHS, 98%) were purchased from J&K Scientific
Co., Ltd. (Beijing, China). Acetate (>99.8%), anhydrous sodium acetate
(>99.0%), iodine (>99.8%), barium chloride dihydrate (99%), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), and sodium hydroxide (NaOH,
97%) were obtained from Aladdin biotechnology Co., Ltd. (Shanghai,
China). Phosphate buffered saline (PBS), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDAC), recombinant murine tumor
necrosis factor-alpha (TNF-a), interleukin 6 (IL-6), TNF-o ELISA Kits,
and IL-6 ELISA kits were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). Heparin sodium (Hep, M,, 14,000 Da) and Roswell
Park Memorial Institute (RPMI) medium 1640 were obtained from
Solarbio Science & Technology Co., Ltd. (Beijing, China). Fetal bovine
serum (FBS) was obtained from Gibco (New York, USA). 4-Arm PEG-
NH; (PEG, M, 10,000 Da) was purchased from Xian Ruixi Biological
Technology Co., Ltd. (Xian, China). Anhydrous ethanol (99.5%) and
Methylene Blue (MB, >98%) were obtained from Macklin biochemical
Co., Ltd. (Shanghai, China). Assay kits to assess scavenging capacity for
hydrogen peroxide (H503), hydroxyl radicals (-OH), and superoxide
anions (O3-") were purchased from Nanjing Jiancheng bioengineering
institute Co., Ltd. (Nanjing, China). Recombinant mouse MCP-1 and
recombinant human IL-8 were provided by Bioworld Technology, Inc.
(Minnesota, USA). ELISA Kits for mouse MCP-1 and human IL-8 were
purchased from Cloud-clone Corp. (Wuhan, China) and ELISA Kits for
mouse CXCL-1 (There is no IL-8 in the murine system, CXCL-1 in mouse
has similar function as IL-8 in human) were purchased from AMEKO Life
Science (Shanghai, China). Milli-Q water was used in all experiments.

2.2. Instrumentation

The morphologies of the hydrogels were defined using scanning
electron microscopy (SEM, Quanta FEG 250, Thermo Fisher, USA). En-
ergy dispersive spectroscopy (EDS) analysis was performed using a JSM-
7610F scanning electron microscope (JEOL, Japan). The concentration
of copper was determined using a 5110 inductively coupled plasma mass
spectrometer (ICP-MS, Agilent, USA). Optical absorption spectra were
obtained using a Hitachi U3010 spectrometer (Hitachi, Japan). Fourier-
transform infrared (FTIR) spectra in the range of 4000 to 400 cm ™! were
obtained using a Nicolet iS10 spectrometer (Thermo Fisher, USA). The
storage (G') moduli of the hydrogel networks were obtained using a HR-
1 Discovery hybrid rheometer (TA, USA). The crystal structures of the
Cus 40 USNPs and hydrogels were obtained using X-Ray diffractometry
(XRD, D8, Bruker Axs, Germany). X-Ray photoelectron spectroscopy
(XPS) was performed using an Escalab 250 Xi (Thermo Scientific, USA).
Gel cross-linking degree was measured by a VTMR20-010V-I NMR cross-
link density imaging analyzer (Shanghai Newmai, China).

2.3. Preparation of Cus 4O@Hep-PEG hydrogels

The heparin-PEG hydrogels (Hep-PEG gels) were obtained according
to previous methods with slight changes [21]. The formation of
Hep-PEG gels depends on the covalent cross-links between carboxyl
groups in heparin sodium and the amino groups in 4-arm PEG-NH,, [22,
23]. Briefly, a solution of heparin (0.025 g) was activated using NHS and
EDAC (molar ratio of NHS to EDAC = 1:2) in 0.5 mL MES solution (50
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mM) on ice with stirring for 15 min. Subsequently, amine
end-functionalized 4-arm star PEG was dissolved in water on ice, and
then added into the activated heparin solution dropwise at a series molar
ratios (heparin/PEG = 1:5, 1:7.5, 1:10, 1:12.5, and 1:15). After stirring
for another 15 min, the solution was spread on a clean glass culture dish.
After overnight polymerization, gels were swollen in PBS for 24 h to
remove unreacted molecules.

The Cus 40 USNPs were loaded into Hep-PEG gels by simple soaking
treatment to obtain Cus 4O@Hep-PEG hydrogels [24]. In brief, the gels
prepared above were immersed in PBS solutions containing Cus 40
USNPs at different concentrations (6-960 pg mL 1) for 0-12 h at room
temperature to determine the optimal soaking conditions. The excess
Cus 40 USNPs were removed by washing with PBS solution three to five
times.

2.4. Characterization

Swelling behavior To investigate the swelling behavior of the gels,
they were freeze-dried and immersed in PBS solution at 37 °C for 24 h
[21]. When equilibrium had been reached, the samples were drained
through a tissue and weighed again. Swelling ratios were calculated
using S (%) = (Wy — Wp)/Wy x 100, where W, is the weight of the
swollen gel at equilibrium and W is the weight of dry gel.

Rheological analysis The storage (G') moduli of the swollen gels
were determined by rheological analysis using a Modular Compact
Rheometer MCR 302 (Anton Paar Co., Austria) with a measuring gap
size of 1.5 mm. G’ was measured with the variation of the frequency
increasing from 0.1 to 100 rad s~ at 37 °C and a shear stress of 1 Pa.

Mesh size analysis The average pore size (&) of a purely elastic gel
can be estimated using rubber-elasticity theory (RET), which extends the
relationship between storage modulus (G') and the number of cross-
linkers [25,26]. RET is based on the assumptions that all covalent
bound chains of gels play a role in the retraction force after an affine
deformation ignoring end effects of the single chains of gels and
excluding any effects of physical entanglement. The mesh sizes (€) of the
gels were evaluated according to the following formula (the affine
network model) [26]:

G’ Ny
RT

£ = (G
where G’ is the storage modulus of the swollen gel, N4 is the Avogadro
constant, R is the molar gas constant, and T is the temperature.
Cross-linking degree analysis The degree of cross-linking in the
heparin-PEG hydrogels was estimated from the NH»-PEG and heparin
contents. Assuming that the carboxylic acid groups on heparin (28 per
heparin molecule) bind to three of the four amino groups on PEG, the
following equation was used to calculate the cross-linking degree (C%)
of a gel [21,27]:

3P
C% =230 x 100

where P is the molality of PEG in the final washed gel and H is the
molality of heparin in the final washed gel. The NH,-PEG and heparin
levels in the gels were obtained by dialysis and subsequent absorption
spectrophotometry analysis. More specifically, the gels (20 pL, 3.2 wt%)
were dialyzed against Milli-Q water (Mw cutoff: 100,000 Da) for 2 days,
and the water was changed every 4 h. The heparin was quantified by MB
bleaching assay with slight modifications [28]. A reaction mixture
containing 1.5 pM MB, sodium acetate (15 mM)/acetic acid (28 mM)
buffer (pH 4.6), and the free heparin solution obtained above was pre-
pared, and its absorbance at 664 nm was measured after 10 min. The
concentration of PEG was determined by measuring the absorbance of
the reaction mixture in Milli-Q water containing barium chloride (44
mM), iodine (1.5 mM in anhydrous ethanol), and the free PEG obtained
above at 456 nm after 10 min [29]. The free PEG and heparin molecules
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were quantified using standard absorbance curves (n = 3).

2.5. Adsorption and release behavior of Cus 40 USNPs from gels

In order to determine the saturation adsorption time of Cus4O
USNPs in Hep-PEG hydrogels, dry gels with a molar ratio of 1:7.5 were
immersed in PBS solutions containing Cus 4O USNPs (10 pg mL™}) for
different times (5, 10, 20, 30, 60, 120, 240, 480, and 720 min). In order
to study the effect of the concentration of the Cus 40 USNPs solution on
the amount of Cus 40 USNPs adsorbed, gels (molar ratio of 1:7.5) were
immersed in Cus 4O USNP solutions with different concentrations (6, 15,
30, 60, 120, 240, 480, and 960 pg mL™Y) for 2 h. To explore the Cus 40
USNP adsorption capacity of different molar ratio gels, gels prepared
with Hep/PEG molar ratios of 1:5, 1:7.5, 1:10, 1:12.5, and 1:15 were
immersed in PBS containing Cus 40 USNPs (30 pg mL™Y) for 2 h. The
release of Cus40 USNPs from gels after different durations was
measured at room temperature. Briefly, 20 puL Cus 4O@Hep-PEG gels
(3.2 wt%, Cu 16 ng pL~! in gel) were immersed in centrifuge tubes,
which contained 1 mL of PBS buffer, with shaking, and the Cus 4O@Hep-
PEG gels were removed from the solutions at various time points (3, 6,
12, 24, 48, 72, 96, 120, 240, and 360 h). The excess Cus 40 USNPs were
removed by washing the gels with PBS solution three times and the
concentration of Cu in the gels obtained were detected by ICP-MS using
the aqua regia ablation method (n = 3).

2.6. Pro-inflammatory factors binding to gels in vitro

The capability of Hep-PEG (1:7.5) gels to sequester wound-relevant
pro-inflammatory factors (MCP-1, IL-8, IL-6 and TNF-a) was quanti-
fied by ELISA. Briefly, a total volume of 1 mL RPMI medium with FBS
(2%, v/v) containing a Hep-PEG gel (3.2 wt%, 20 pL) and pro-
inflammatory factors (100 ng mL™! of mouse MCP-1, 100 ng mL™* of
human IL-8, 100 ng mL~! of mouse IL-6, 100 ng mL~! of mouse TNF-a)
were incubated together at 37 °C. The supernatant was sampled at
different time points (0, 0.5, 1, 2, 4, 6, 8, 12 and 24 h) and then directly
stored at —80 °C until analysis using the corresponding ELISA kit. To
explore the effect of the Cus 40 USNP content in the Cus 4O@Hep-PEG
gels on pro-inflammatory factor binding, Cus 4O0@Hep-PEG gels (3.2 wt
%, 20 pL) soaked in Cus 40 USNP solutions (0, 15, 30, and 60 pg mL™
were incubated separately with MCP-1 and IL-8 by the above mentioned
method. The concentration-dependent binding capacities of Cus 40@-
Hep-PEG gel to MCP-1 and IL-8 were assessed by quantifying the mouse
MCP-1 (0.4-850 pg mL™!) or human IL-8 (0.34-700 pg mL ™) after in-
cubation with the Cus 4O@Hep-PEG gel for 24 h. Then, the supernatant
concentrations of MCP-1 and IL-8 were determined by ELISA Kkits. All
experiments were performed with three independent samples. In addi-
tion, the dissociation constants (Kg) of MCP-1 and IL-8 for Cus 4O@Hep-
PEG gel were evaluated according to the Scatchard formula:

B BITIHX

F K,

B

Ky

where B is the molarity of heparin binding pro-inflammatory factors, F is
the molarity of the free pro-inflammatory factors, K, is the dissociation
constant, and Bpax is the maximum saturation binding molarity of
heparin to pro-inflammatory factors.

2.7. Free -radical-scavenging assays

To evaluate the free-radical-scavenging capacity of Cus40@ Hep-
PEG gels (1:7.5), 20 pL of Cus 4O@Hep-PEG gel (3.2 wt%, Cu 16 ng
pL~! in gel) was immersed in a centrifuge tube containing 10 mL PBS
solution and shaken at 50 rpm and room temperature. Then, 100 pL of
the above solution was removed from the tube at various time points (3,
6, 12, 24, 48, 72, 96, 120, 240, and 600 h) and stored at 4 °C and the
medium in the tube was replenished with the same volume of PBS. The
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radical-scavenging assay results for the Cus4O@Hep-PEG gels were
obtained by absorption spectrophotometry analysis of these Cus4O
USNP storage solutions.

DPPH assay The DPPH-scavenging capacity of Cus 4O@Hep-PEG gel
was evaluated by a previously published method with a slight change
[30]. Briefly, a total volume of 100 pL anhydrous ethanol containing 2
ng of DPPH and solutions of Cus4O USNPs released from 20 pL of
Cus 4O@Hep-PEG gel (3.2 wt%, Cu 16 ng pL ™! in gel) were incubated
together for 30 min in the dark. The same volume of DPPH anhydrous
ethanol solution without Cus 4O USNPs was defined as the control (n =
3). All the solutions used were freshly prepared.

H30; assay The Hy02-scavenging capacity of Cus 4O@Hep-PEG gel
was measured using a HyO5 assay kit. The Cus 4O USNP storage solution
from a specific time point was added to 2 mM of H;0; solution in the
dark. The absorbance at 550 nm was measured 2 h later. A mixture with
water instead of Cus 40O USNPs was used as a control (n = 3). All the
solutions used were freshly prepared.

-OH assay The -OH-scavenging capacities of Cus 40@Hep-PEG gels
were determined using an -OH assay kit. Briefly, a reaction mixture
containing the working solution from the kit and a Cus 40 USNPs storage
solution from a particular time point was incubated in the dark for 20
min. The same volume of water instead of Cus 40 USNP solution was
used as a control (n = 3). All the solutions used were freshly prepared.

Superoxide anion radical assay The O, -scavenging capacity of
Cus 40@Hep-PEG gel was evaluated using O,--scavenging capacity
assay kit. A mixture comprising the working solution from the kit and a
Cus 40 USNPs storage solution from a specific time point was incubated
in the dark. The same volume of water instead of Cus 4O USNP solution
was used as a control (n = 3). All the solutions used were freshly
prepared.

2.8. Cell culture

The NIH-3T3 mouse embryonic fibroblast cells (3T3) and human
umbilical vein endothelial cells (HUVEC) were purchased from the
American Type Culture Collection (ATCC). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), which contained 10%
fetal bovine serum (FBS), 100 pg mL ™! streptomycin, and 100 U mL ™
penicillin under a humidified 5% CO- atmosphere at 37 °C.

2.9. Evaluation of cytotoxicity in vitro and in vivo

The cytotoxicity of Cus4O0 USNPs was determined by the cell
counting kit-8 assay (CCK-8, Dojindo, Japan) in vitro [31]. 3T3 cells were
seeded in 96-well culture plates (1 x 10* cells per well). After 24 h,
Cus 40 USNPs at different concentrations (300 ng mL™!, 600 ng mL™Y)
were introduced. After co-incubation for a predetermined time (24 or
48 h), we carefully washed the cells for three times with sterile PBS,
treated them with 90 pL fresh culture medium and 10 pL CCK-8 solution,
and incubated the cells again at 37 °C for 2 h. Then, the absorbance at
450 nm was measured using a microplate reader (Thermo Varioskan
Flash, USA) to evaluate cell viability. Cell viability was calculated using
the formula below:

Cell viability (%) = [(As-Ap)/(Ac-Ap)] x 100

where Ay is the absorbance of the sample (CCK-8 solution with cells and
Cus 40 USNPs); A, is the absorbance of the control (CCK-8 solution with
cells, without Cus 40 USNPs); and Ay is the absorbance of the blank
(CCK-8 solution without cells or Cus 40 USNPs).

To further evaluate the biocompatibility of Cus 40 in vivo, BALB/c
mice (male, aged 8-10 weeks and weighing 20-25 g) were intravenously
administrated with Cus 40 USNPs at a dose of 16 pg kg™!. To evaluate
the biocompatibility of the hydrogels in vivo, 20 puL of Hep-PEG (3.2 wt
%) and Cus 4O@Hep-PEG (3.2 wt%, Cu 16 ng pL ! gel) were implanted
subcutaneously in BALB/c mice (male, aged 8-10 weeks and weighing
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20-25 g) and removed at 30 days. Untreated mice were employed as a
control group. At 30 days post-treatment, blood samples were taken and
subjected to complete blood panel and serum biochemistry analysis.
Serum biochemistry analysis focused on the indicators of hepatic func-
tion, aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) and the indicators of kidney function, blood urea nitrogen (BUN)
and creatinine (CRE). In addition, another five mice from each group
were sacrificed on day 30, and the heart, liver, spleen, lung, and kidney
tissues were subjected to hematoxylin and eosin (H&E) staining.

2.10. Pro-inflammatory factor absorption by Cus 4O@Hep-PEG in vitro

We assessed the absorption of pro-inflammatory factors by
Cus 4O@Hep-PEG in vitro by transmigration assay [20]. Mouse periph-
eral blood monocytes were isolated using a mouse peripheral blood
monocyte isolation kit (Solarbio, China) according to the manufac-
turer’s instructions. Briefly, 4 mL fresh mouse blood was collected into a
centrifuge tube and 3 mL reagent A and 2 mL reagent D were added to
the tube in sequence. The mixture was then centrifuged at 800 g and
room temperature for 30 min. The segment between the blood plasma
and reagent D was carefully removed and washed with 5 mL PBS. This
was then centrifuged at 250 g for 10 min. The cells were cultured in
RPMI medium 1640 (Solarbio, China) containing 10% FBS (Gibco,
USA), 100 pg mL~! streptomycin, and 100 U mL™! penicillin at 37 °C
under a humidified 5% CO, atmosphere. Cells were then supplemented
with 10 ng mL™! granulocyte-macrophage colony stimulating factor
(GM-CSF, Sigma, USA) to stimulate macrophage formation.

Mouse peripheral blood neutrophils were isolated using a mouse
peripheral blood neutrophil isolation kit (Solarbio, China) according to
the manufacturer’s instructions. Briefly, 4 mL fresh mouse blood was
collected in a centrifuge tube and 4 mL reagent A and 2 mL reagent C
were added to the centrifuge tube in sequence. The mixture was then
centrifuged at 1000 g and room temperature for 30 min. Then, the
segment between reagent A and reagent C (neutrophils) was carefully
collected and washed with 5 mL PBS followed by centrifuging at 250 g
centrifuge for 10 min. The cell culture medium and conditions were the
same as those used to isolate the monocytes.

Freshly mice macrophages and neutrophils were used for the trans-
migration assays. Mice macrophages and neutrophils were suspended in
culture medium and placed (2.5 x 10° cells per insert) in the upper
compartment of a transwell chamber (pore size 3 pm, Corning, USA).
Conditioned medium with recombinant human IL-8 (5 ng mL’l) and
recombinant mouse MCP-1 (10 ng mL 1) was added to the lower well
after incubation with 20 pL of Hep-PEG (3.2 wt%), Cus 40 (16 ng pL_l),
or Cus 4O@Hep-PEG (3.2 wt%, Cu 16 ng pL~! gel) for 2 h. Mice mac-
rophages and neutrophils were allowed to migrate for 2 h. Then, cell
migration to the lower well was quantified microscopically.

Next, we assessed pro-inflammatory secretion under high-level
oxidative stress. Mice macrophages were seeded in 24-well plates (15
x 10* cells per well) with 100 pM Hy0, and treated with 20 L of Hep-
PEG (3.2 wt%), Cus 40 (16 ng pL’l), or Cus 4O@Hep-PEG (3.2 wt%, Cu
16 ng pL ! gel). Cells without treatment were used as a control. After 2h
treatment, the cell medium was collected. For ELISA assay, the con-
centrations of MCP-1 and CXCL-1 (There is no IL-8 in the murine system,
CXCL-1 in mice has similar function like IL-8 in humans) in the condi-
tioned medium were quantified with the corresponding ELISA kits ac-
cording to the protocols provided by the manufacturer. For
transmigration assays, conditioned medium was added to the lower well
after incubation with 20 pL of Hep-PEG (3.2 wt%), Cus 40 (16 ng pL’l),
or Cus4O0@Hep-PEG (3.2 wt%, Cu 16 ng pL*I gel) for 2 h. Mice
monocytes and neutrophils were allowed to migrate for 2 h. Then, cell
migration to the lower well was quantified microscopically.

2.11. ROS-scavenging effects of Cus 4O@Hep-PEG hydrogels in vitro

To investigate the ROS-scavenging ability of Cus4O@Hep-PEG
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hydrogel in vitro, 3T3 fibroblasts were seeded into 24-wells plates at a
density of 5 x 10* cells per well for 24 h. Then, H,0, was supplemented
to a final concentration of 250 pM. After incubation for 1 h, 20 pL of
Hep-PEG (3.2 wt%), Cus 40 (16 ng uL’l), or Cus 4O@Hep-PEG hydrogel
(3.2 wt%, Cu 16 ng pL_l gel) was added to the well, which was incu-
bated at 37 °C for 24 h, respectively.

Cell-protecting effect assay The cell viabilities of 3T3 fibroblasts
following different treatments was detected by CCK-8 [31]. After 24 h
H0, incubation, 3T3 fibroblasts were carefully rinsed three times with
sterile PBS and treated them with 450 pL fresh culture medium and 50
pL CCK-8 solution. The fibroblasts were then incubated at 37 °C for a
further 2 h. The absorbance at 450 nm was measured using a microplate
reader (Thermo Varioskan Flash, USA) to quantify cell viability.

Cell apoptosis assay Cell apoptosis assays were performed using an
Annexin V-propidium iodide (PI) apoptosis detection kit (C1062,
Beyotime, China) according to the manufacturer’s protocol. Briefly, 3T3
cells were incubated with HyO, and hydrogels for 24 h in a 24-well plate
then collected carefully, rinsed with cold PBS, and resuspended in 195
pL binding buffer. Then, we added 5 pL Annexin V-FITC and 10 pL PIin
sequencewere sequentially added, and incubated the cell suspension
was incubated at room temperature in the dark for 15 min. Finally, the
percentage of apoptotic cells was determined by fluorescence-activated
cell sorting (FACS) using an Attune Acoustic Focusing Cytometer (Life
Technologies, USA). The data were analyzed using the FlowJo software
package (Tree Star Incorporation, USA).

Oxygen-free-radical quantitative measurement For oxygen free
radical assays, we used CellRox (CellRox Green Reagents, Invitrogen,
USA), a novel fluorogenic probe for measuring oxidative stress in live
cells [32]. Adherent 3T3 cells were harvested and stained with CellRox
(1:200) at 37 °C in the dark for 30 min. Finally, the fluorescence in-
tensity of cells was detected with FACS and the data were analyzed using
the FlowJo software package (Tree Star Incorporation, USA).

2.12. Effects of Cus 40 USNPs on endothelial cell proliferation in vitro

Immunofluorescence staining We used Ki67 antibody to determine
the promotion effect of Cus 40 on HUVECs [33]. HUVECs were seeded in
24-well plates (5 x 10* cells per well) and treated with 20 L of Hep-PEG
(3.2 wt%), Cus 40 (16 ng pL’l), or Cus 40@Hep-PEG (3.2 wt%, Cu 16
ng pL~! gel) for 24 h. Then, cells were permeabilized with Triton X-100
(Boster, China) and blocked with 10% goat serum (Boster, China). Cells
were incubated with rabbit anti-human Ki67 (1:200, Abcam, America)
at 4 °C overnight and then further incubated with goat anti-rabbit Alexa
488 (Abcam, America) diluted 1:1000 in PBS at room temperature for 1
h. Nuclei were stained with DAPI (1:1000, Thermo Fisher, America).
Then, the cells were imaged using a fluorescence microscope (Leica).

Cell migration assay To investigate the effect of Cus 4O@Hep-PEG
on HUVEC transmigration, cell scratch assays were performed. HUVECs
were seeded in 24-well plates (8 x 10* cells per well) until formation of a
confluent monolayer. After treatment with FBS-free medium for 24 h, an
incisional wound was simulated by scratching the cell monolayer in a
straight line using a 200 pL pipette tip. The cells were then rinsed with
PBS to remove debris and incubated with 20 pL of Hep-PEG (3.2 wt%),
Cus40 (16 ng pL’l), or Cus 4O@Hep-PEG (3.2 wt%, Cu 16 ng pol gel)
at 37 °C in medium containing 1% FBS. Cells were photographed at
regular intervals and cell migration (%) was calculated using:

Cell migration (%) = ((Ag-A¢) / Ag) x 100
where Ay is the area of the scratch at 0 h and Ay is the area of the scratch

without cell migration at time t.

2.13. Evaluation of wound healing using an impaired wound model

To assess the wound-healing effect of Cus 4O@Hep-PEG on impaired
wounds, a Type I diabetic mouse model was established following the
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procedure according to the literature [34]. In brief, after fasting for 24 h,
Balb/c mice (male, aged 8-10 weeks and weighing 20-25 g) were given
intraperitoneal injections of 10 mg kg! streptozocin (STZ,
Sigma-Aldrich, USA) (10 mg mL ™! in sodium citrate buffer, pH 4.0-4.5)
for 5 days. All mice were provided with normal food and water. Blood
glucose levels were monitored by taking tail-vein blood every day and
using a blood glucose meter (Roche Diagnostics, Shanghai, China).
STZ-treated mice with whole-blood glucose levels in excess of 16.7
mmol L~ that also showed symptoms of weight loss, polyuria, poly-
dipsia, and increased appetite were considered to be Type I diabetic.
Before wound-creating surgery, type I diabetic mice were fed a high-fat
and high-sugar diet for 2 weeks.

To build a full-thickness cutaneous wound model, diabetic mice were
anesthetized with 1% pentobarbital sodium (60 mg kg~!) and fixed on a
surgical corkboard. The backs of the mice were completely depilated 12
h before establishing the wound model. After anesthetization, two
rounds, full-thickness wounds 6 mm in diameter were created on the
back of each mouse. The mice were separated into four groups, which
were treated with 3 M Tegaderm™ wound dressing (3 M Health Care,
USA) (as control), 20 pL of Hep-PEG (3.2 wt%), Cus 40 (16 ng pL’l), or
Cus 4O@Hep-PEG (3.2 wt%, Cu 16 ng uL~! gel). The gels were fixed to
the wounds using 3 M Tegaderm™ wound dressing. During the study,
the hydrogels were not replaced. The wounds were photographed at
different time points (0, 7, and 14 days post-surgery) and wound closure
rates were determined using:

Wound closure rate (%) = (SO-St) / SO x 100

where Sy is the original wound area and S; is the area of the wound at a
time t.

At 3,7, and 14 days post-surgery, the wound site tissues were equally
cut into two sections. One section was homogenized for ELISA assay. The
other was fixed in 4% paraformaldehyde and embedded in paraffin for
macrophage staining. Furthermore, at these three time points, the
hydrogel covering the wound site was collected for ELISA assay with
mouse MCP-1, CXCL-1. On day 14 post-surgery, the wound site tissues
were equally cut into two sections. One was frozen and embedded in
optimum cutting temperature (OCT) matrix (Sakura, Leiden, The
Netherlands) for cryostat sectioning at —20 °C, while the other was fixed
with 4% paraformaldehyde and embedded in paraffin for H&E staining.

2.14. Quantitative evaluation of pro-inflammatory factors in wound
tissues and hydrogels

The whole wound tissue was excised, rinsed with cold PBS, and
homogenized at 4 °C for 5 min. The homogenates were mixed with
protease inhibitor and centrifuged at 12,000 rpm at 4 °C for 10 min. The
supernatants were collected and stored at —80 °C. The concentrations of
MCP-1, CXCL-1, TNF-a, SOD and VEGF in the supernatant were quan-
tified by the corresponding ELISA kits according to the protocols pro-
vided by the manufacturer.

Pro-inflammatory factors in the hydrogels were detected as previ-
ously described [20]. Briefly, hydrogels recovered from the wounds
were immersed in PBS and mechanically disrupted at 30 Hz for 30 s
using a bead mill (7-mm steel beads, TissueLyser LT, Qiagen). 1% Triton
X-100 was added 5 min before centrifugation for mediator displace-
ment. Concentrations of MCP-1 and CXCL-1 in the supernatant were
determined by the corresponding ELISA Kkit.

2.15. Histological examination

The whole wound tissue with a margin of around 2 mm of ambient
unwounded skin was excised, fixed with 4% paraformaldehyde for 24 h,
embedded in paraffin, and sectioned into 7-pm-thickness slices.

H&E staining Sections were deparaffinized in xylene for 30 min and
rehydrated using a descending-ethanol series (100%, 95%, and 80%),
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and distilled water for 5 min each. Then, the samples were immersed in
hematoxylin for 5 min then in PBS for 3 min to prevent background
staining. The sections were then immersed in eosin for 2 min, distilled
water for 5 min, and 5 min each in ethanol/water mixture solutions
(80%, 90%, and 100%) for dehydration, followed by 15 min in xylene.
Slides were mounted using neutral resin and coverslipped. The stained
sections were observed and digitally photographed using a Nikon mi-
croscope (Nikon, Tokyo, Japan). Based on these H&E staining sections,
the length of the regenerated epidermis was measured using Image J
software.

Masson’s trichrome staining Sections were deparaffinized and
rehydrated by the same method as that used for H&E staining and then
stained using a Masson’s trichrome staining kit (Solarbio, China)
following the manufacturer’s protocol. Briefly, the cell nuclei were
stained with Aj:A, (1:1) for 5 min before the sections were thoroughly
rinsed with water and then submerged in acid alcohol for 3 s to achieve
differentiation. Ponceau acid fuchsin solution treatment for 5 min was
used to stain fibrous tissue, followed by 2% acetic acid solution (1 min),
phosphomolybdic acid solution (30 s) for differentiation, and aniline
blue (20 s). Then, we dehydrated, mounted, and coverslipped the sec-
tions using the same method as that used for H&E staining. The stained
sections were observed and digitally photographed under a Nikon mi-
croscope (Nikon, Tokyo, Japan). Collagen index measurement was
performed using Image J software.

Immunofluorescence and immunohistochemistry staining Sections
were stained with CD31 to measure the number of micro-vessels in the
wound edge and with CD11b to evaluate the number of CD11b+ im-
mune cells in the wound site. Briefly, after deparaffinization and rehy-
dration, the nonspecific binding sites were blocked using 10% goat
serum at 37 °C for 30 min. The sections were then incubated with rabbit
anti-mouse CD31 and rabbit anti-mouse CD11b (Abcam, America),
respectively, diluted 1:200 in PBS containing 1% bovine serum albumin
(BSA) at 4 °C. The sections were then left overnight, washed with PBS,
and incubated with secondary antibodies of goat anti-rabbit Alexa Fluor
594 (Abcam, America) diluted 1:1000 in PBS at 37 °C for 60 min before
staining with DAPI (Sigma, America) and mounting using antifade
mounting medium (Thermo Fisher, America). Images of the sections
were obtained using a laser confocal microscope (Zeiss LSM780, Ger-
many) and analyzed using the Image J software package.

For immunohistochemistry (IHC) staining, each section was depar-
affinized with xylene, rehydrated, and the endogenous peroxidase in the
sections was inactivated in 3% Hy05 for 15 min at room temperature
before blocking with 10% goat serum. The sections were then incubated
with rabbit anti-mouse CD31 antibody (Abcam, America) diluted 1:200
in PBS containing 1% BSA. A horseradish peroxidase (HRP) detection
system (Beyotime, China) and a 3’-diaminobenzidine (DAB) reagent kit
(Beyotime, China) were used for IHC staining. A Nikon microscope
(Nikon, Tokyo, Japan) was used to observe and digitally photograph the
sections.

Tissue ROS measurement To detect the ROS levels in dermal
wounds, tissue samples were collected and frozen in liquid nitrogen.
Following sucrose cryoprotection, the tissue samples were embedded in
optimal cutting temperature (OCT) cryoembedding medium and sub-
sequently sectioned. The cyro-sections were stored at —20 °C until use.
After washing with PBS three times, the cyro-sections were incubated
with dihydroethidium (DHE, Sigma, USA) diluted to 1:200 at 37 °C for
30 min. DHE indicates the ROS level of the wound tissue, as previous
reported [35]. Images were captured using laser confocal microscopy
(Zeiss LSM780, Germany) and analyzed using the Image J software
package.

2.16. Tandem mass tag (TMT) technology for quantitative proteomic
analysis

Tissue samples for proteomic analysis were obtained from wounded
skin tissues on day 14 of treatment with Cus4O@Hep-PEG or 3 M
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Tegaderm™ wound dressing. The tissue samples were homogenized and
suspended in SDT lysis buffer (1 mM DTT, 100 mM Tris-HCl, 4% SDS, pH
7.6). Samples were stored at —80 °C prior to analysis. TMT-labeling
quantitative proteomic analysis was performed by Shanghai Applied
Protein Technology. The protocol was followed as previously described
[36]. MS/MS spectra were analyzed with Proteome Discoverer 1.4
running the MASCOT engine (version 2.2, Matrix Science, London, UK).

For bioinformatics analysis, we used the platform of Shanghai
Applied Protein Technology (http://cloud.aptbiotech.com/
#/main-page), and for analysis of protein-protein interactions, we
used the Search Tool for the Retrieval of Interacting Proteins (STRING)
algorithm (http://www.string-db.org/).

2.17. Statistical analysis

Statistical differences were established using GraphPad Prism 5
software (GraphPad Software Inc., La Jolla, CA, USA) by means of one-
way analysis of variance (ANOVA) followed by Tukey’s test. For all re-
sults *p < 0.05; **p < 0.01; n.s. no significance.

3. Results and discussion
3.1. Characterization of Hep-PEG hydrogels

StarPEG-heparin gels have been reported to bind numerous pro-
inflammatory factors, such as MCP-1 and IL-8 [20]. In the current
study, we designed a Hep-PEG gel as a depot for chemokine adsorption
from an inflamed wound based on the interaction between heparin and
pro-inflammatory factors in the wound fluids, avoiding further accu-
mulation of immune cells and thus modifying the inflammatory process
and facilitating wound healing [37,38]. To promote local skin wound
repair and remove pro-inflammatory factors as much as possible, the
network structure and physical properties of Hep-PEG gels should be
optimized [21]. Thus, Hep-PEG gels with different molar ratios of hep-
arin to PEG (1:5, 1:7.5, 1:10, 1:12.5, and 1:15) were prepared through
the conjugation of 4-arm PEG-NH; and heparin using EDC and NHS as
coupling agents. First, the chemical structure of a Hep-PEG gel with a
molar ratio of heparin to PEG of 1:5 was investigated by FT-IR. As shown
in Fig. S1A, the peaks for heparin at 3300-3600 cm ™! and 1648 cm™?
correspond to the hydroxyl and carboxyl groups of heparin, respectively
[21]. The reduction in amplitude of the above peaks for the Hep-PEG gel
indicates successful conjugation between the amide groups in PEG and
the carbonyl group in heparin. Compared with the spectrum of 4-arm
PEG-NH, alone, the new peak at 1564 cm™! for the Hep-PEG gel is
attributed to the N-H bending vibration of the amide groups (amide II)
[21], further indicating the successful cross-linking between PEG-NH;
and heparin. The degree of cross-linking in the gels was calculated based
on the hypothesis that the carboxylic acid groups on heparin (28 per
heparin molecule) bond to three of the four amino groups on PEG [21].
Increasing the molar ratio of heparin to PEG (ranging from 1:5 to 1:15)
leads to a similar increase in the cross-linking degree of these gels
(Fig. S1B), which is significantly related to the network structure and
physical properties of the gels. As expected, a reduced swelling ratio
(ranging from 13.2% to 10.5%) and increased storage moduli (ranging
from 0.2 kPa to 23.9 kPa) are obtained by increasing the cross-linking
degree of the gels (Fig. S1C-D). Assuming a Poisson ratio of 0.5, the
Young’s modulus of Hep-PEG gel is three-times the storage modulus
[20]. The corresponding Young’s moduli of the gels were calculated as
Fig. S1E. An increased cross-linking degree results in a denser network
structure that is more rigid (larger storage modulus) and a decrease in
water absorption due to greater contractility, which is caused by the
increase in the number of covalent bridges in the gels (smaller swelling)
[21,26]. The mesh sizes of the gels were estimated using RET [26] to be
in the nanoscale region. A diminishing mesh size (ranging from ~25.3 to
~5.6 nm) with increasing cross-linking degree is observed for the gels
(Fig. S1F).
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Accordingly, the Young’s moduli and mesh sizes of the gels meet the
requirements of local skin wound treatment and chemokine adsorption,
respectively. The Hep-PEG (1:7.5) gel has a Young’s modulus of 6.6 kPa,
which is similar to that of human skin (4.5-8 kPa) [20], and a mesh size
of ~12.3 nm, which allows the adsorption of wound-related chemokines
(MCP-1 and IL-8 have gyration radii of less than 2 nm) [39,40].
Consequently, the molar ratio of heparin to PEG was fixed at 1:7.5 for
subsequent studies, and the concentration was set at 3.2 wt% (heparin
1.2 wt% and PEG 2.0 wt%).

3.2. Characterizations of Cus 4O@ Hep-PEG hydrogels

First, we synthesized highly monodisperse Cus 40 USNPs via a green,
economic, simple, and quick approach according to our previous work
[17]. Then, Cus40@Hep-PEG hydrogels were prepared by a simple
soaking method. The pre-prepared Hep-PEG (1:7.5) gels were soaked in
Cus 40 USNPs (10 pg mL~1) solutions for different durations (5-720
min) to determine the time point of adsorption saturation. Quantitative
analysis revealed that gels with a mesh size of ~12.3 nm allow rapid
penetration of Cus 40 USNPs with a diameter of ~4.5 nm in just 30 min,
and the saturation time point is ~2 h (Fig. S2A). Then, the Hep-PEG gels
were immersed in Cus 4O USNP solutions with different concentrations
(6-960 pg mL 1) for 2 h to obtain functional gels with the highest Cus 40
USNPs loading amount (Fig. S2B). A linear relationship of initial con-
centration of Cus 40 USNPs solution and loading amount of Cus40
USNPs in observed, which indicates that the Hep-PEG gel has low uti-
lization rate for Cus 4O USNPs. According to the results of cytotoxicity in
vitro (Fig. S2C), we discovered a relatively safe concentration of Cus 40
USNPs for subsequently biological experiments. 300 ng mL™! and 600
ng mL™! Cus40 USNPs showed low cytotoxicity. The resulting
Cus 4O@Hep-PEG gels (3.2 wt%, 20 pL) contain 320 ng Cus 40 USNPs,
which is absolutely safe for cells.

Compared to the XRD pattern of Hep-PEG gel, that of Cus 4O@Hep-
PEG gel shows a new diffraction peak that corresponds to CuyO, which
provides strong evidence for the successful loading of Cus 40 into the
Hep-PEG gels (Fig. S3A). To further confirm the presence of Cus 4O
USNPs on the gels, XPS was used to characterize the surface of the
prepared gels. Compared with the Hep-PEG gel, the XPS survey spec-
trum of the Cus 4O@Hep-PEG gel shows an additional weak peak cor-
responding to Cu2p, which verifies the low content of Cus 40 USNPs in
the gel (Fig. S3B). TEM in combination with TEM-EDS elemental map-
ping of the Cus4O@Hep-PEG gel indicated that the content of Cu is
much lower than those of C and O in the matrix (Fig. 2A). After soaking
in Cus 40 USNPs solution, the fitted Cu2p peak shows two main signals
at binding energies of 952.4 and 932.5 eV, which correspond to the
binding energies of Cu2p;,» and Cu2p3,» in Cus40 USNPs [17]
(Fig. S3C), respectively. It is worth mentioning that two new satellite
peaks appear at binding energies of 951.1 and 931.6 eV, which are 1.3
eV and 0.9 eV lower than those for Cu2p;,» and Cu2ps,; in Cus40
USNPs, respectively. In addition, the corresponding N1s XPS peak for
Hep-PEG gel could be fitted to two peaks centered at 399.3 and 400.7
eV, which correspond to the N atoms in free amino groups and NH-acetyl
groups, respectively [41,42] (Fig. S3D). From the N1s XPS spectrum for
Cus 40@Hep-PEG gel, most of the N1s binding energies are unchanged
upon soaking, while a new weak signal at 401.7 eV is observed, indi-
cating the reduction of electron density for N atoms upon coordination
with Cu [43]. Furthermore, the O1s XPS spectrum for Cus 4O@Hep-PEG
gel shows almost no difference compared with that of Hep-PEG gel, so it
can be inferred that O atoms are not involved in the coordination re-
action (Fig. S3E). Therefore, it may be that the Cus 40 USNPs are bound
to Hep-PEG gels via coordination and physical adsorption interactions
(such as van der Waals and hydrogen-bonding interactions) [44-46].
The coordination process involves the lone-pair electrons of N being
transferred to vacant orbitals on Cu, thus forming N-Cu coordination
bonds [43]. The saturation adsorption of Cus 4O USNPs by Hep-PEG gels
with different molar ratios (1:5, 1:7.5, 1:10, 1:12.5, 1:15) was explored
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Fig. 2. (A) SEM and elemental mapping images of Cus 4O0@Hep-PEG hydrogel. (B) In vitro cumulative release of Cus 40 USNPs from Cus 4O@Hep-PEG over time.
(C) Young’s moduli and mesh sizes of Hep-PEG and Cus 40@Hep-PEG hydrogels. (D) Binding kinetics of MCP-1 and (E) IL-8 for hydrogels with different Cus 4O USNP
loading amounts over 24 h of co-incubation. (F) MCP-1 and (G) IL-8 binding amounts for Cus 4O@Hep-PEG hydrogels after co-incubation for 24 h at different
chemokine concentrations. (H) Chemokine saturation of Cus 4O@Hep-PEG and the binding sites required for chemokines in chronic wound sites. (I) In vitro DPPH,
H,0,, -OH, and O, scavenging capabilities of Cus 4O@Hep-PEG hydrogels over time.

by soaking them in Cus40 USNPs (30 pug mL™) solution for 2 h
(Fig. S2D). As expected, an increase of Cus 4O USNPs loading (8.5-30.7
ng pL~! gel) is obtained by increasing the molar ratio of Hep-PEG gels,
which may be attributed to the increase in NH»-PEG, which forms N-Cu
coordination bonds, with increasing cross-linking degree.

In vitro release of Cus40 USNPs from Cus 4O@Hep-PEG gel was
investigated by ICP-MS. A 20 pL sample of Cus4O@Hep-PEG gel con-
taining 320 ng Cus 40 USNPs was immersed in PBS buffer with slight
shaking. During incubation for 24 h, ~16% of the Cus 40 USNPs are
released from the Cus 4O@Hep-PEG gel (Fig. 2B). These Cus 40 USNPs
are held on the Hep-PEG gel by non-covalent forces, so they are easily
released from the gel. However, the Cus 40 USNPs that form N-Cu co-
ordination bonds are more difficult to release. Thus, only ~48% of the
Cus 40 USNPs are released from the Cus 4O@Hep-PEG gel during further
incubation for 9 d, whereupon equilibrium is reached.

In addition, special attention was paid to the effect of introducing
Cus 40 USNPs to a Cus 4O@Hep-PEG gel on its storage modulus. After
immersion in Cus 40 USNPs solution, the Hep-PEG gel exhibits the same
storage modulus, which is still similar to that of human skin (Fig. 2C).
Thus, the average mesh sizes were calculated for Cus 40 USNPs-loaded
gels and unloaded one according to the storage modulus of gels. The
Cus 40@Hep-PEG gel must have an average mesh size above 10 nm to
ensure that wound-relevant chemokines can enter (Fig. 2C). Further-
more, on the basis of SEM morphology observation, it is possible to state
that introduction of Cus 40 USNPs to the Hep-PEG gel does not lead to
noticeable changes in the micromorphology and structure of the gel
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(Fig. S3F).

3.3. Pro-inflammatory factors binding of gels in vitro

We studied the binding capacities of Hep-PEG and Cus 4O@Hep-PEG
gels for pro-inflammatory factors (MCP-1, IL-8, IL-6, TNF-a), which are
highly expressed in chronic wounds [39,40]. The kinetics of the binding
between pro-inflammatory factors and the gels were investigated
though co-incubation of one piece of gel (20 pL) and the
pro-inflammatory factors in 1 mL of solution. The rapid increase in the
binding amounts of MCP-1 and IL-8 at the beginning might be attributed
to the early swelling of the gel. After 24 h, nearly 89% of the MCP-1 and
77% of the IL-8 are bound to the Hep-PEG gel (Fig. 2D-E). Conversely,
only ~14% of the TNF-a is scavenged by the Hep-PEG gel, almost no IL-6
is bound to the Hep-PEG gel (Fig. S4A), which is consistent with pre-
vious reports [20]. The pro-inflammatory-factor-binding ability of
Hep-PEG gel is determined by the intense electrostatic interaction be-
tween negatively charged sulfate groups in the extracellular matrix
glycosaminoglycans (heparin, heparan sulfate) and positively charged
amino acid residues in the pro-inflammatory factors [47]. Because
heparin is the dominant functional part of the Hep-PEG network, it ex-
hibits strong binding to MCP-1 and IL-8, which has positively charged
amino acid residues [48]. In contrast, the ability of Hep-PEG gel to bind
TNF-a, IL-6, which have poor heparin affinity, is observed [20]. The
specific pro-inflammatory factors that bind to Hep-PEG gels are in line
with those identified previous reports [20]. It is also worth mentioning
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that the loading amount of Cus40 USNPs has no obvious effect on
adsorption capacity for MCP-1 and IL-8 (Fig. 2D-E). Thus, it may be
stated that the addition of Cus 4O USNPs to gels does not affect the
interaction between heparin and pro-inflammatory factors.

To further explore the binding capacity of Cus 4O@Hep-PEG gel for
pro-inflammatory factors, incubation experiments were performed with
increasing concentrations of MCP-1 (0-106 pg mL™}) and IL-8 (0-88 g
mL 1) for24 h (Fig. 2F-G). A positive correlation between the initial and
bound amounts of pro-inflammatory factors is observed discovered for
Cus 40@Hep-PEG gel, and the bound amount of chemokines reaches
saturation when the initial pro-inflammatory factors exceed a certain
concentration. Despite slight differences in the saturation amounts of
Cus 4O@Hep-PEG gel for MCP-1 (350 ng pL ! gel) and IL-8 (332 ng pL !
gel), the saturation amounts are far higher than chronic-wound-site
concentrations (0.9 ng mL ! for MCP-1, 702 ng mL ! for IL-8) [20].
At their wound-site concentrations, most of the MCP-1 (~89%) and IL-8
(~66%) are bound after 24 h (Fig. 2F-G), and fewer than 0.01% and
7.0% of the usable binding sites on the Cus 4O@Hep-PEG gel would be
occupied (Fig. 2H). The dissociation constants (K4) of MCP-1 and IL-8 for
Cus 40@Hep-PEG gel were calculated based on the Scatchard formula
(Fig. S4B-C), and the lower K4 values (75 nM for MCP-1 and 334 nM for
IL-8) may provide information on the intense electrostatic interaction
between the pro-inflammatory factors and the gel. In addition, the
saturation degree of heparin binding sites was calculated to be 79% for
MCP-1 and 73% for IL-8. Thus, the pure Hep-PEG gel network acts as an
efficient pro-inflammatory-factor trap, reducing their concentration and
ultimately eliminating inflammation.

3.4. ROS-scavenging ability of Cus 4O@Hep-PEG gel

Cus 40 USNPs exhibit a broad ability to scavenge ROS, including
H203, Oz, -OH, and other free radicals [17]. The ROS-scavenging
ability of the Cus4O@Hep-PEG gel for a period of 25 d in vitro was
measured. As shown in Fig. 2I, the Cus 40@Hep-PEG gel exhibits effi-
cient ROS scavenging in a time-dependent pattern. First, the DPPH
free-radical-scavenging ability of Cus4O@Hep-PEG gel was evaluated
[49]. It was found that the DPPH-scavenging capacity is proportional to
the amount of Cus 4O USNPs released (Fig. 2I). The cumulative release
amount of Cus 40 USNPs from gels is ~51 ng mL ! after 24 h, leading to
~73.4% elimination of DPPH radicals. The maximum scavenging
capability of Cus 4O0@Hep-PEG gel for DPPH exceeds 90% (Fig. S4D),
corresponding to a cumulative release of ~154 ng mL~! Cus 4O USNPs.
Then, the scavenging abilities of Cus 4O@Hep-PEG gels for Hy09, Oy,
and -OH were evaluated using commercially available kits. As expected,
time-dependent scavenging profiles were also observed for these radi-
cals (Fig. 2I). After release of Cus 4O USNPs for 24 h, the Ho05, O,-", and
-OH elimination rates are around 54.3%, 33.6%, and 33.9%, respec-
tively. As shown in Fig. S4D, Cus 4O0@Hep-PEG gels can scavenge up to
approximately 95.9% of HyO2, 68% of -OH, and 50% of the Oy-” with the
corresponding Cus 4O USNP concentration of ~154 ng mL~!. Thus,
Cus 40@Hep-PEG gel is a broad-spectrum ROS-scavenging agent that
can be obtained by simple soaking.

3.5. Cellular ROS scavenging and pro-inflammatory-factor capture in
vitro

The effect of scavenging ROS of Cus 40@Hep-PEG was examined by
quantitatively analyzing intracellular ROS levels via flow cytometry. As
shown in Fig. S5A, C, the ratio of fluorescence-positive cells after HyO4
treatment (with higher intracellular ROS levels) significantly decreases
from 58.4% to 17.8% and 18.0% when the cells are treated with Cus 40
(p < 0.01) and Cus 4O0@Hep-PEG (p < 0.01), respectively. This low ROS
ratio is comparable to that of normal cells (14.7%). However, for the
Hep-PEG group, the ROS ratio remains at a high level (57.3%). These
results demonstrate that the strong ROS-scavenging ability of
Cus 40@Hep-PEG hydrogel is due to the Cus40 nanozyme. We also
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examined the effects of Cus4O@Hep-PEG against HyO,-induced cell
apoptosis by flow cytometry. In Fig. S5B, D, the Annexin V-FITC" PI~
and Annexin V-FITC' PI" quadrants indicate apoptotic cells. Cus 40 (p
< 0.01) and Cus4O0@Hep-PEG (p < 0.01) significantly decrease the
occurrence of cell apoptosis and necrosis induced by HyO, treatment,
which further demonstrate the ROS-scavenging and cytoprotective
abilities of Cus4O@Hep-PEG at the cellular level. CCK-8 analysis
(Fig. S5E) show that Cus 40 and Cus 4O@Hep-PEG significantly increase
cell viability under high levels of oxidative stress compared to Hep-PEG
(p < 0.01) and a non-treated control (p < 0.01), demonstrating that
Cus 40 USNPs have a cytoprotective effect against ROS-induced dam-
age. The intracellular ROS levels clearly decrease when the cells are pre-
treated with Cus 40 and Cus 4O@Hep-PEG.

Moreover, the capture of pro-inflammatory factors by the hydrogels
was investigated by means of transmigration assays using primary
mouse macrophages and neutrophils (Fig. 3A), which are predominantly
attracted by MCP-1 and IL-8, respectively, and found abundantly in in-
flammatory tissue [50]. Medium conditioned with recombinant mouse
MCP-1 (10 ng mL™") and human IL-8 (5 ng mL™) was employed as a
chemoattractant stimulus to illicit the migration of macrophages and
neutrophils. Transmigration of both macrophages and neutrophils are
significantly reduced upon incubation with both Hep-PEG (macro-
phages: p < 0.01; neutrophils: p < 0.01) and Cus 4O@Hep-PEG (mac-
rophages: p < 0.01; neutrophils: p < 0.01) compared to those for Cus 40
alone and a non-treated control (Fig. 3B—C). Cus 40 exhibits no effect on
the chemoattractant activity of the conditioned medium compared to
the non-treated control (p > 0.05). Notably, we found that human IL-8
could also promote mouse neutrophils transmigration. These results
may also contribute to sufficient homology between human and murine
[51,52]. Human IL-8 is highly similar to mouse CXCL-1. For example,
human IL-8 could activate neutrophils migration through CXCR1 which
was involved in mouse neutrophils migration [53]. These results
demonstrate that Hep-PEG captures chemokines to reduce the trans-
migration of inflammatory cells. Moreover, high levels of oxidative
stress stimulate the secretion of pro-inflammatory factors in macro-
phages, which can result in massive inflammatory-cell infiltration. To
further examine the scavenging of ROS to inhibit inflammation levels,
macrophages were first incubated with 100 pM H30» under different
conditions for 2 h, and the cell medium was collected for ELISA and
transmigration analysis. As shown in Fig. 3D-E, after H,O5 treatment,
the concentrations of MCP-1 and CXCL-1 for the HoO4 group are 6.2 and
5.5 ng mL™}, respectively. Compared to the HyO5 group, the levels of
MCP-1 and CXCL-1 in the Cus 40 (MCP-1: p < 0.05; CXCL-1: p < 0.05),
Hep-PEG (MCP-1: p < 0.01; CXCL-1: p < 0.01), and Cus 4O@Hep-PEG
(MCP-1: p < 0.01; CXCL-1: p < 0.01) groups are significantly decreased.
Moreover, Hep-PEG (p < 0.01), Cus40 (p < 0.01), and Cus40@-
Hep-PEG (p < 0.01) significantly reduce the transmigration of macro-
phages (Fig. 3F) and neutrophils (Fig. 3G), while the HoO5-treated group
exhibits a high level of transmigration. Notably, we found that Cus 40
also decreases cell transmigration, demonstrating that scavenging ROS
can inhibit the secretion of MCP-1 and CXCL-1, thus decreasing the
consequent macrophage and neutrophil migration. Compared to Cus 40
(MCP-1: p < 0.05; CXCL-1: p < 0.05) and Hep-PEG (MCP-1: p < 0.05;
CXCL-1: p < 0.05), Cus 4O0@Hep-PEG shows more significant inhibition
of transmigration, indicating that scavenging ROS and capturing
pro-inflammatory factors simultaneously with Cus4O@Hep-PEG
significantly reduces macrophage and neutrophil infiltration and de-
creases inflammation levels.

3.6. Effects of Cus.4O@Hep-PEG on HUVEC proliferation in vitro

Enhanced proliferation and migration of vascular endothelial cells
are beneficial for angiogenesis. The angiogenesis effect of Cu has been
reported to stimulate the expression of platelet-derived growth factor
(PDGF), basic fibroblast growth factor (bFGF), and vascular endothelial
growth factor (VEGF) [54]. Accordingly, we investigated whether
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Fig. 3. Cellular pro-inflammatory-factor capture with Cus4O@Hep-PEG. (A) Schematic of the transmigration assay procedure used to evaluate pro-
inflammatory-factor capture by Cus 4O@Hep-PEG. A transwell is inserted into the well of cell culture plate. The small brown circles represent immune cells, the
small yellow dots represent pro-inflammatory factors, and the grey semi-ellipse at the bottom represents the hydrogel. (B) The number of macrophages and (C)
neutrophils in the lower chamber of the transwell incubated with human IL-8 (5 ng mL 1) and mouse MCP-1 (10 ng mL 1) under different treatment conditions. (D)
Concentrations of MCP-1 and (E) CXCL-1 incubated with 100 pM H»0, under different treatment conditions. (F) The number of macrophages and (G) neutrophils in
the lower chamber of a transwell incubated with conditioned medium collected after incubation with 100 pM H,0, under different treatment conditions. The data in
(B)-(G) are means =+ s.d. from six independent replicates. (*p < 0.05; **p < 0.01; n.s.: no significance, One-way ANOVA).

Cus 40 USNPs promote HUVEC proliferation and migration in vitro. We
stained HUVECs with Ki67, which reflects cells proliferation, after
treatment with 20 pL of Hep-PEG (3.2 wt%), Cus 40 (16 ng pL_l), or
Cus 4O@Hep-PEG (3.2 wt%, Cu: 16 ng pL ! gel) for 24 h. The expression
of Ki67 increases significantly for the Cus 40 and Cus4O@Hep-PEG
treated groups compared with that for the non-treated control (p < 0.05,
P < 0.05) and Hep-PEG-treated groups (p < 0.05, p < 0.05), respectively
(Fig. S6A-B). However, there is no obvious difference between the
Cus 40 and Cus 4O@Hep-PEG groups (p > 0.05). These results indicate
that Cus 4O@Hep-PEG promotes HUVEC proliferation, which is mainly
attributed to the action of Cus 40 USNPs.

Additionally, the ability of Cu to stimulate cell migration was
investigated using a scratch assay. The effect of Cus 4O0@Hep-PEG on
cell migration was evaluated (Fig. S6C). The migration speed of cells
exposed to Cus40 and Cus4O@Hep-PEG increase significantly when
compared to those for the non-treated control (p < 0.01, p < 0.01) and
Hep-PEG groups (p < 0.01, p < 0.01) (Fig. S6D). However, there is no
obvious difference between the Cus 40 and Cus 4O0@Hep-PEG groups (p
> 0.05), demonstrating that the migration promotion is due to the
Cus 40 USNPs. The higher cell migration speeds of cells treated with
Cus 40 and Cus 4O@Hep-PEG are attributed to the presence of Cu at
concentrations that are sufficiently low to avoid cytotoxicity but phys-
iologically relevant. Thus, Cus4O@Hep-PEG increases cell migration
speed and the expression of Ki67 protein relative to those for the non-
treated control and Hep-PEG groups, which may be attributed to the
release of Cus 40 and its angiogenic effects.

3.7. Cus.4O@Hep-PEG hydrogels enhance acute normal wound healing

The murine skin wound model was utilized to assess the effect of
Cus 40@Hep-PEG on wound healing. As shown in Fig. S7A, B, after 7
days of treatment, the wound for the Cus 4O@Hep-PEG group appears to
be healed, while the wounds for the wound-dressing, Hep-PEG, and
Cus 40 groups persist. We further observed that wounds treated with
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Hep-PEG, Cus 40, and Cus 40@Hep-PEG are absolutely healed at 12.4 +
1.0, 14.2 £ 1.2, and 10.2 + 0.7 days after surgery, respectively, while
the wound treated with the standard wound dressing is healed 16.6 +
1.3 days after surgery, demonstrating the excellent therapeutic efficacy
of the Cus 4O@Hep-PEG hydrogel for acute wounds (Fig. S7C).

We also assessed the inflammation levels of wound tissues after
treatment. First, the ROS level in the wound tissue of normal mice was
detected using DHE staining. As shown in (Fig. S8A-B), the fluorescence
intensities for the wound-dressing (p < 0.01), Hep-PEG (p < 0.05), and
Cus40 (p < 0.05) groups are significantly higher than that of the
Cus 40@Hep-PEG group. Interestingly, the fluorescence intensity for the
Cus 40@Hep-PEG group is much lower than that for the Cus 40 group (p
< 0.05). Similarly, although Hep-PEG and Cus 4O both increase SOD
activity compared to the standard wound dressing, the SOD activity for
the Cus 4O@Hep-PEG group is higher than those for the Hep-PEG (p <
0.05) and Cus40 groups (p < 0.05) (Fig. S8C). The overall results
indicate that Cus 4O@Hep-PEG significantly decreases ROS levels in
wound tissues by simultaneously scavenging ROS with Cus 40 directly
and sequestering pro-inflammatory factors with Hep-PEG to prevent
further recruitment of immune cells and subsequent ROS generation.

Furthermore, the pro-inflammatory factors MCP-1 (Fig. S8D), CXCL-
1 (Fig. S8E), and TNF-«a (Fig. S8F) are significantly decreased in the Hep-
PEG (MCP-1: p < 0.01; CXCL-1: p < 0.05; TNF-a: p < 0.05), Cus 40
(MCP-1: p < 0.01; CXCL-1: p < 0.05; TNF-a: p < 0.01), and Cus 40@Hep-
PEG groups (MCP-1: p < 0.01; CXCL-1: p < 0.01; TNF-o: p < 0.01)
compared with the wound-dressing group, indicating that either scav-
enging ROS by Cus 40 or capturing pro-inflammatory factors by Hep-
PEG could decrease the concentration of pro-inflammatory factors in
wounds. Notably, for the wound tissues from the Cus4O@Hep-PEG
group, the concentration of pro-inflammatory factors is significantly
lower than those in the Hep-PEG (p < 0.05) and Cus40 (p < 0.05)
groups. We also measured the concentrations of MCP-1 and CXCL-1 in
the hydrogel. As shown in Fig. S8G-H, the amounts of adsorbed MCP-1
and CXCL-1 for Cus 4O0@Hep-PEG are much lower compared to those for
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the Hep-PEG group (MCP-1: p < 0.01; CXCL-1: p < 0.01). These results
indicate that Cus4O@Hep-PEG has a more sustainable effect on
inflammation inhibition by simultaneously scavenging ROS through
Cus 40 and capturing pro-inflammatory factors through Hep-PEG.

To determine whether scavenging ROS using Cus 4O@Hep-PEG ag-
gravates wound infection, a mouse full-thickness infected wound model
was established. As shown in Fig. S9A, on day 2 post-infection, a yellow
puss was observed, indicating that wound infection was achieved. On
days 3, 5, and 7 post-infection, there was no significant difference be-
tween the bacterial loads of the wounds for the control and Cus 40@-
Hep-PEG groups (Fig. S9B-C). Therefore, scavenging ROS with
Cus 4O@Hep-PEG does not make the wound more prone to bacterial
infection.

3.8. Cus 4O@Hep-PEG hydrogels enhance impaired diabetic wound
healing

A type I diabetes mice model was employed to investigate the effect
of Cus 40@Hep-PEG on impaired wound healing. In our study, wound
dressing, Hep-PEG, Cus 40, and Cus 4O@Hep-PEG were applied imme-
diately after wounding. The hydrogels were not replaced during the
experiments so as to prevent discomfort to the mouse caused by frequent
dressing changes and anesthesia.

As shown in Fig. 4A, compared to the wound dressing, Hep-PEG,
Cus 40, and Cus 4O@Hep-PEG accelerate wound healing at different
levels. The percentage of closed-wound area for the Cus 4sO@Hep-PEG
group is higher than 90% on day 14 post-surgery, while for the wound-
dressing, Hep-PEG, and Cus 4O groups, the percentages of closed wound
area are 55.3%, 79.8%, and 70.5%, respectively (Fig. 4B). This dem-
onstrates that Cus 4O@Hep-PEG promotes diabetic cutaneous wound
healing.

We also measured the lengths of regenerated epidermis through
histological analysis, as it is an essential parameter used to evaluate
wound healing. As shown in Fig. 4C-D, the newly regenerated epidermis
length for the Cus4O@Hep-PEG group are significantly greater than
those for the wound dressing (p < 0.01), Hep-PEG (p < 0.05), and Cus 40
groups (p < 0.05), further demonstrating that Cus 4O@Hep-PEG pro-
motes diabetic wound healing by scavenging ROS and capturing pro-
inflammatory factors more efficiently than Hep-PEG (by only
capturing pro-inflammatory factors) and Cus4O (by only scavenging
ROS).

In addition, we evaluated the collagen contents of diabetic wound
sites by Masson trichrome staining. The collagen fibers are labeled blue
and the staining strength indicates the collagen content. As shown in
Fig. 4E-F, wounds treated with Hep-PEG, Cus 40, and Cus 4O@Hep-PEG
show higher collagen contents than that for the wound-dressing group.
Furthermore, the Cus4O@Hep-PEG group shows more collagen depo-
sition than the Hep-PEG and Cus 40 groups. Since we have demonstrated
that Cus40 promotes the proliferation and migration of vascular
endothelial cells, which are beneficial for wound healing, it is intriguing
to evaluate the in vivo angiogenic effects of Cus 4O@Hep-PEG. Blood
vessels carry nutrients to the wound site and promote wound healing. As
shown in Fig. 4G-I, CD31 immunofluorescence and IHC staining
demonstrated that the number of blood vessels for the Cus 40 (p < 0.01)
and Cus4O@Hep-PEG treated wounds (p < 0.01) are significantly
higher than that for the wound-dressing group, demonstrating that
Cus 40 and Cus 4O@Hep-PEG have angiogenic effects, as indicated by
the in vitro experiments. We also performed ELISA analysis to detect the
concentrations of VEGF in diabetic wound sites (Fig. S10). The wound
treated with Cus 4O@Hep-PEG shows a higher concentration of VEGF
than those treated with the standard wound dressing (p < 0.01), Hep-
PEG (p < 0.01), and Cus40 (p < 0.05). Cus40@Hep-PEG releases
Cus 40 to promote angiogenesis directly and also protects vascular
endothelial cells from high levels of inflammation and oxidative stress.
Notably, the Cus 40 group shows a higher concentration of VEGF in the
wound tissue than the wound-dressing (p < 0.01) and Hep-PEG (p <
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0.01) groups. This trend is similar to that observed for the results of
CD31 staining; further confirming that Cus4O@Hep-PEG has an
angiogenic effect.

3.9. Mechanisms of diabetic wound healing by Cus 4O@Hep-PEG

Next, we investigated the mechanism of this effect. First, to evaluate
the ROS-scavenging activities of Cus 4O0@Hep-PEG in diabetic wounds,
the wound tissue was harvested and frozen quickly in liquid nitrogen to
produce frozen sections, followed by staining with the fluorescent dye
DHE. As shown in Fig. 5A-B, the fluorescence intensities for the Hep-
PEG (p < 0.05), Cus 40 (p < 0.01), and Cus 40@Hep-PEG groups (p <
0.01) are significantly lower than that for the wound-dressing group.
The fluorescence intensity for Cus 4O@Hep-PEG is lower than those for
Hep-PEG (p < 0.05) and Cus 40 (p < 0.05) owing to its ROS-scavenging
and pro-inflammatory-factor-capturing effects. SOD is a natural enzyme
that scavenges ROS to keep the natural redox balance in the biological
system, but this enzyme is prone to inactivation in high-ROS environ-
ments. Antioxidants that scavenge ROS can maintain SOD activity, as
previously reported [55]. The results shown in Fig. S11A demonstrate
that the SOD activity for the Cus 4O0@Hep-PEG group remains at a high
level, whereas that for the wound dressing group is significantly lower
(p < 0.01). Both Hep-PEG and Cus 40 increase SOD activity to some
extent, but significantly less than Cus 4O@Hep-PEG (Hep-PEG: p < 0.01;
Cus40: p < 0.05) due to the synergistic effect of ROS scavenging and
pro-inflammatory-factor capture. The results demonstrate that
Cus 40@Hep-PEG protects cutaneous cells by scavenging ROS and
maintain SOD activity in vivo.

Moreover, CD11b staining was performed to quantify the CD11b+
immune cells in wound sites, which reflects the level of inflammation.
We chose 3, 7, and 14 days post-surgery as observation time points
representing the early, middle, and late periods of wound healing. As
shown in Fig. 5C-D, the number of CD11b+ immune cells in the wound
tissue is significantly lower for the Cus 40 (p < 0.05), Hep-PEG (p <
0.05), and Cus 40@Hep-PEG (p < 0.01) groups compared to that for the
wound-dressing group due to the inflammation inhibiting effects of
Cus 40, Hep-PEG, and Cus 4O@Hep-PEG. Furthermore, at 3, 7, and 14
days post-surgery, the number of CD11b+ immune cells for Hep-PEG is
lower than that for Cus 40 (p < 0.05) because of its pro-inflammatory-
factor capture. However, the number of CD11b+ immune cells for
Hep-PEG (p < 0.05) and Cus 40 (p < 0.05) are much more than that for
Cus 4O@Hep-PEG because scavenging pro-inflammatory factors or ROS
alone cannot inhibit inflammation sustainably. Importantly, the
Cus 40@Hep-PEG group maintains the lowest CD11b+ immune cell
level (p < 0.05) because Cus 4O@Hep-PEG scavenges ROS, captures pro-
inflammatory factors, and inhibits inflammatory cell migration
synergistically.

Additionally, we collected wound tissues at 3, 7, and 14 days post-
surgery as the early, middle, and late periods of wound healing to
detect the concentration of pro-inflammatory factors. The results of
ELISA assays (Fig. 5SE-F) show that the concentrations of MCP-1 and
CXCL-1 for the Hep-PEG (p < 0.01), Cus 40 (p < 0.01), and Cus 40@-
Hep-PEG (p < 0.01) groups are lower than those for the wound-dressing
group. This demonstrates that both scavenging ROS with Cus 4O and
capturing pro-inflammatory factors with Hep-PEG decrease the con-
centrations of pro-inflammatory factors in wounds. Interestingly, at 3, 7,
and 14 days post-surgery, the concentrations of MCP-1 and CXCL-1 for
the Hep-PEG group are lower than those for the Cus 40 group (MCP-1: p
< 0.05; CXCL-1: p < 0.05) owing to the chemokine-capturing effect of
Hep-PEG. Notably, for wound tissues treated with Cus 4O@Hep-PEG,
the concentrations of pro-inflammatory factors (MCP-1 and CXCL-1) are
significantly lower than those for the wound dressing (p < 0.01), Hep-
PEG (p < 0.05), and Cus40 (p < 0.05) groups at 3, 7, and 14 days
post-surgery. At these three time points, the concentrations of MCP-1
and CXCL-1 continuously decrease for the Hep-PEG, Cus40O, and
Cus 40@Hep-PEG groups. This is a similar trend to that observed for
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Fig. 4. Efficiency of Cus 4O@Hep-PEG for diabetic wound healing. (A) Representative images of diabetic wounds at different time points (blue 6-mm-diameter
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CD11b+ immune cell infiltration (Fig. 5D). Thus, Cus4O@Hep-PEG
exerts a sustainable and synergistic inflammation-inhibition effect by
slowly releasing Cus40 and simultaneously scavenging ROS and
capturing pro-inflammatory factors with Hep-PEG.

We also measured the concentrations of MCP-1 and CXCL-1 in the
gels to further investigate their pro-inflammatory-factor capturing ef-
fect. As shown in Fig. S11B-C, on day 3 (MCP-1: p < 0.01; CXCL-1:p <
0.01), day 7 (MCP-1: p < 0.01; CXCL-1: p < 0.01), and day 14 post-
surgery (MCP-1: p < 0.01; CXCL-1: p < 0.01), the MCP-1 and CXCL-1
levels for Hep-PEG are higher than those for Cus4O@Hep-PEG.
Furthermore, on day 14, the Cus 4O@Hep-PEG gel is still not saturated,
while the Hep-PEG gel is saturated with MCP-1 and CXCL-1 only 7 days
after surgery. This proves that scavenging ROS and capturing pro-
inflammatory factors decrease the secretion of MCP-1 and CXCL-1.

The pro-inflammatory factors in inflamed wound sites promote the
recruitment of immune cells into the wound to produce excessive ROS
and pro-inflammatory factors. In turn, the ROS further promote the
production of pro-inflammatory factors and aggravate inflammation.
Thus, simultaneous pro-inflammatory-factors capture by Hep-PEG and
ROS scavenging by Cus40 not only reduces the levels of pro-
inflammatory factors and ROS in wound tissues, they also synergisti-
cally disrupt the mutual interaction between ROS and inflammation,
thereby achieving a better therapeutic effect.

Macrophages play an important role in wound repair. After mono-
cytes are recruited to an inflamed wound site, macrophages are polar-
ized (M1 pro-inflammatory or M2 anti-inflammatory) and influence the
wound healing process [56]. The polarization of macropahges is affected
by the wound microenvironment. Uncontrolled and excessive inflam-
mation obstructs polarization from M1 to M2, leading to massive
accumulation of the M1 form. Moreover, ROS are important mediators
in pro-inflammatory signaling pathways, which lead to the induction of
pro-inflammatory (M1) macrophages [57]. A previous study demon-
strated that scavenging excess ROS promotes macrophage polarization
to M2 [58]. In our strategy, we used Cus4O@Hep-PEG hydrogels that
scavenge ROS, capture MCP-1 and IL-8 as well as preventing the infil-
tration of CD11b+ immune cells, thus inhibiting excessive inflammation
and ROS production. After Cus4O@Hep-PEG treatment, MCP-1
(Fig. 5E), CXCL-1 (Fig. 5F), and TNF-a (Fig. S11D), which are mainly
secreted by M1 macrophages [59], are significantly decreased, while
VEGF (Fig. S10), which is secreted by M2 macrophages [59], is
increased, indicating that the polarization from M1 to M2 macrophages
is promoted by Cus4O@Hep-PEG. Therefore, inhibiting uncontrolled
inflammation by simultaneously adsorbing chemokines and scavenging
ROS may promote macrophage polarization from M1 to M2. In our
future studies, we will investigate macrophage polarization in more
detail.

TMT technology was used to perform quantitative proteomic anal-
ysis as a means to explore the protein changes in wounds treated with
Cus 40@Hep-PEG and further investigate its effect on wound healing.
Volcano plots of the results reveal 1533 differentially expressed proteins
(p < 0.05) of which 452 are downregulated (based on a cutoff value of
0.83-fold) and 367 are upregulated (based on a cutoff value of 1.2-fold)
after Cus 4O@Hep-PEG treatment (Fig. 5G). Furthermore, Cus 4O@Hep-
PEG-treated and wound-dressing-treated diabetic mouse cutaneous
wounds show substantially different proteomics profiles (Fig. 5H), ac-
cording to unguided principal component analysis (PCA) of the data.

We also investigated the impact of Cus 4O@Hep-PEG on the proteins
related to oxidative stress and inflammation. Compared with the wound-
dressing group, several important antioxidant genes in the Cus 4O@Hep-
PEG treated group, including SOD1, CAT, Acox2, Ndufa3, NdufalO
Ndufal3, Ndufb2, Ndufb5, Ndufb8, and Ndufbll are significantly
upregulated upon Cus4O@Hep-PEG treatment, while MMP3, MMPS8,
and MMP9 are downregulated (Fig. 51-J). High levels of inflammation
increase the expression of matrix metalloproteinases (MMPs) [60].
MMPs induce an increase in cellular ROS, which causes oxidative
damage to DNA and thus genomic instability [61]. The trend in the
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expression of SOD genes observed here is consistent with the results for
SOD protein levels (Fig. S11A) in mouse wound tissue, further con-
firming that Cus 4O@Hep-PEG maintains the expression of antioxidant
genes by scavenging ROS. Furthermore, the TNF-« level in wound tissue
treated with Cus 4O@Hep-PEG is significantly lower than those for tis-
sues treated with the standard wound dressing (p < 0.01), Hep-PEG (p
< 0.05), and Cus40 (p < 0.05) (Fig. S11D), demonstrating that the
level of inflammation in the wound site is substantially decreased by
Cus 4O@Hep-PEG treatment and that it provides an improved environ-
ment for wound healing.

Moreover, we also found that several proteins related to collagen
synthesis are upregulated by Cus 40@Hep-PEG treatment. As shown in
Fig. S12A-C, Col4al, Col4a3, Col6al, Coll7al, Col24al, Colla2,
Col3al, Col5al, Col5a2, Collal, Col2al, Coll6al, Collla2, and
Col25al are significantly upregulated. These 14 proteins are crucial for
many biological processes, such as cell adhesion, migration, and dif-
ferentiation as well as skin development and wound healing [36].
Collagen is the most abundant extracellular protein and is an essential
component of connective tissues. It forms cross-striated fibrils that
provide support for cell growth and mechanical resilience to connective
tissue [62] and is also fundamental to cell-cell interactions and cell
attachment, which are vital for tissue repair [63]. Under high levels of
inflammation and oxidative stress, collagen synthesis can be obstructed
by excessive pro-inflammatory factors and DNA damage caused by ROS.
The upregulation of proteins related to collagen synthesis further dem-
onstrates that Cus 4O@Hep-PEG decreases inflammation and oxidative
stress, accelerating wound healing.

In diabetic wounds, uncontrolled inflammation causes inflammatory
cell infiltration and further induces ROS production [64]. Furthermore,
hyperglycemia-induced ROS overproduction is also caused by the
interaction of advanced glycation end-products (AGEs) with their re-
ceptors (RAGEs) [65]. This interaction generates intracellular ROS,
which modulates the expression of many genes associated with
inflammation and vascular remodeling, including IL-8, TNF-a, and
MCP-1 [66,67]. Meanwhile, the chemokines generated induce the
migration and infiltration of more inflammatory cells. The infiltrated
inflammatory cells then produce excessive ROS to further aggravate
inflammation, leading to a feedback cycle. To break this cycle
completely, it is essential to disrupt this interaction by simultaneously
scavenging ROS and decreasing pro-inflammatory factors.

3.10. Biocompatibility of Cus 4O@Hep-PEG in vivo

We evaluated the biocompatibility of Cus 4O@Hep-PEG with refer-
ence to the blood chemistry and organ histopathology of healthy mice.
As shown in Fig. S13A, at 30 days after treatment with Hep-PEG, Cus 40,
and Cus 4O@Hep-PEG, no necrosis, congestion, and hemorrhaging are
observed in the heart, liver, spleen, and lung tissues. Serum biochem-
istry analysis (Fig. S13B-D) revealed that the serum concentrations of
the liver-function indicators AST and ALT and the kidney-function in-
dicators BUN and CRE for the treatment groups are similar to those for
the control group (p > 0.05), demonstrating the biocompatibility of the
gels. Moreover, the complete blood panel analysis (Fig. S13E-I) revealed
no observable difference in the hematology of the treatment groups as
compared to that of the control group (p > 0.05), further demonstrating
the excellent biocompatibility of Cus 4O@Hep-PEG.

4. Conclusions

We have developed a Cus4O@Hep-PEG hydrogel as a means to
control the inflammation of wound sites and thus promote wound
healing. Cus 4O@Hep-PEG captures several inflammatory chemokines,
decreasing immune cell influx and inflammatory signaling in wound
sites. Moreover, Cus 4O@Hep-PEG gel has the ability to scavenge ROS
from wound sites, resulting in the decreased secretion of pro-
inflammatory factors and inflammatory cell infiltration. Furthermore,
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this treatment strategy will disrupt the feedback relationship between
ROS and inflammation and improve the wound-healing environment.
Thus, our findings provide a novel therapeutic strategy for the treatment
of conditions caused by uncontrolled inflammation.
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