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Abstract

Background The complex hyperglycemic, hypoxic, and reactive oxygen species microenvironment of diabetic
wound leads to vascular defects and bacterial growth and current treatment options are relatively limited by their
poor efficacy.

Results Herein, a functional molecule-mediated copper ions co-assembled strategy was constructed for
collaborative treatment of diabetic wounds. Firstly, a functional small molecule 2,5-dimercaptoterephthalic acid
(DCA) which has symmetrical carboxyl and sulfhydryl structure, was selected for the first time to assisted co-assembly
of copper ions to produce multifunctional nanozymes (Cu-DCA NZs). Secondly, the Cu-DCA NZs have excellent
multicatalytic activity, and photothermal response under 808 nm irradiation. In vitro and in vivo experiments showed
that it not only could efficiently inhibit bacterial growth though photothermal therapy, but also could catalyze the
conversion of intracellular hydrogen peroxide to oxygen which relieves wound hypoxia and improving inflammatory
accumulation. More importantly, the slow release of copper ions could accelerate cellular proliferation, migration and
angiogenesis, synergistically promote the healing of diabetic wound furtherly.

Conclusions The above results indicate that this multifunctional nanozymes Cu-DCA NZs may be a potential
nanotherapeutic strategy for diabetic wound healing.
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Background

Diabetes is a common chronic endocrine disease and
the number of people affected is still on the rise [1-3].
Although the early acute hypoxic microenvironment due
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key to diabetic wound healing. Currently, conventional
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approach to the management of diabetic wound includes
surgical debridement, dressing, infection control [11, 12],
vascular assessment and glycaemic control. However, due
to the complex microenvironment of diabetic wound,
the prognosis of current therapies used to treat dia-
betic wound is not satisfactory. Thus, the efficient treat-
ment strategies are essential to promote diabetic wound
healing.

At present, some metal ions have attracted increasing
research interest due to their vascularization effects [13,
14]. Especially for copper, as an essential trace element
in human body [15], plays an important role in many
enzymes, such as tyrosinase and Cu-Zn superoxide dis-
mutase [16—18]. Besides, copper ions have been reported
that could promote angiogenesis by inducing the produc-
tion of vascular endothelial growth factor (VEGF) and
thus accelerating wound healing [19-21]. However, cop-
per ions alone have the disadvantage of sudden release
as well as high local release concentrations, which could
instead have side effects on the organism [22]. Recently,
copper-based metal-organic framework (Cu-MOF)
nanoparticles have been widely used in the study of
chronic wound healing, which not only effectively pro-
motes the healing of wound but also reduces the side
effects of copper ions [22, 23]. However, the large and
unstable particle sizes, and easily damaged structures of
Cu-MOF making it difficult to ensure the controllability
and reproducibility in the treatment process and lacks
the regulation ability for the complex microenvironment
of diabetic wound [24-26]. The above limitations require
the development of a functional strategy to synergisti-
cally promote diabetic wound healing.

In recent years, nanozymes have attracted increasing
interests from researchers due to their low cost, high sta-
bility, and catalytic activity [27, 28]. Especially for copper
nanozymes, which have been used to treatment of oxida-
tive stress and inflammatory diseases (for example par-
kinson’s, nephritis [29]) due to its unique and numerous
enzyme activities. Although Cu-MOF has the potential to
promote wound healing, it is difficult to obtain effective
mimic enzyme activity due to its relatively large size and
fragile structure. Therefore, there are few reports on dia-
betic wound repair based on copper nanozymes [30]. In
addition, if we can give more functions to copper nano-
zymes while maintaining its intrinsic enzymatic activity,
it may be more beneficial to the synergistic repair treat-
ment of diabetic wound.

Inspired by the development of co-assembly technol-
ogy [31], especially for small molecules coordinate with
metal ions through their functional groups for construct-
ing functional nanostructures which has potential bio-
medical application value. There are some studies found
that the dual ligand combination of carboxyl and sulf-
hydryl groups provides a potentially powerful strategy
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for the formation of new ligand network structures [32,
33]. The potential advantages of this dual ligand binding
come from the different characteristics of the carboxyl
and sulfthydryl groups [34]: the ionic, chemically hard
carboxyl group tends to bind the metal ion for network
formation, while the softer sulfhydryl group could act as
an independent secondary donor group. More impor-
tantly, small molecules containing sulthydryl groups can
act as functional assembly linkers and act as antioxidant
drugs themselves at the same time [35]. Therefore, the
development of a nanozyme based on the co-assembly of
special small molecule containing sulfhydryl groups with
copper ions will broaden the treatment of oxidative stress
and inflammatory diseases, especially the treatment of
diabetic wounds.

Based on the above considerations, we designed a cop-
per ions-mediated multifunctional nanozymes platform
based on a co-assembly strategy for diabetic wound treat-
ment. As shown in Scheme 1., a multifunctional nano-
zymes (Cu-DCA NZs) was prepared by simple and rapid
co-assembly of a dual ligand molecule DCA which pos-
sess symmetric carboxyl and sulfhydryl groups with cop-
per ions for the first time. The Cu-DCA NZs not only
have the potential for drug delivery, but also could effec-
tively inhibit bacterial growth by photothermal therapy
under NIR irradiation. It also exerts efficient mimiced
the activities of superoxide dismutase (SOD) and catalase
(CAT) to catalyze the conversion of intracellular hydro-
gen peroxide (H,0,) to oxygen, thereby alleviating wound
hypoxia and improving inflammation accumulation.

More importantly, the combination of copper ions
accelerates cell proliferation, migration, and angiogen-
esis, further effectively promoting diabetic wound heal-
ing. In conclusion, Cu-DCA NZs accelerated the healing
of diabetic wound effectively by synergistic therapeutic
effects might shed light for future clinical translation on
chronic wound reparation.

Results

Synthesis and characterization of Cu-DCA NZs

The Cu-DCA NZs were synthesized by a green, simple
and fast method (Fig. 1A). The Cu(NO,),-3H,0 solu-
tion was slowly added dropwise to the DCA solution
under alkaline conditions and stirred for 4 h until the
color of the solution changed from brownish black to a
clear blue-purple. The AFM (Fig. 1B) and TEM images
(Fig. 1C) showed that these Cu-DCA NZs were spheri-
cal particles with uniform dispersion of approximately
20.0-25.0 nm in the dry state. Then, the element distri-
bution of Cu-DCA NZs was characterized by TEM in
conjunction with energy-dispersive X-ray spectroscopy
(TEM-EDS). As shown in the images of elemental map-
ping (Fig. 1D, S1), the distribution of sulthydryl and
copper preliminarily testified that Cu-DCA NZs were
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Scheme 1 Schematic illustration of the preparation and application of Cu-DCA NZs for diabetic wound healing

successfully synthesized. As shown in (Fig. 1E), the aver-
age hydrated particle size of Cu-DCA NZs were around
20.0 nm and no significant difference compared with
AFM and TEM in particle size (polydisperse index 0.232).
The physisorption experiments (Fig. S2) showed that the
obtained Cu-DCA NZs displayed a Brunauer-Emmett-
Teller (BET) surface area of 0.8500 m®*/g and an average
pore size of 4.3284 nm, which proved to be a mesoporous
material and possessed potential drug loading capability.
Moreover, the results of the zeta potential (Fig. 1F) indi-
cated that the originally negatively charged DCA (-35.3
mV) has an improved negative potential in Cu-DCA NZs
(-12.6 mV) obtained after reaction with copper ions
(—6.78 mV), further indicating the nanozymes were suc-
cessfully synthesized. The DCA and copper ions bind
way was initially verified by FTIR spectra (Fig. 1G). The
band of approximately 2558 cm™! was observed in DCA,
which is appointed as the existence of the v(S-H) vibra-
tion. However, the v(S-H) vibration disappeared in the
Cu-DCA NZs, which could be caused by the coordina-
tion between sulfhydryl atoms in sulfhydryl groups and
copper ions. In addition, the X-ray Powder diffractometer
(XRD) pattern (Fig. S3) indicated that the Cu-DCA NZs
were non-crystalline. Then, the original concentration
of copper ions of Cu-DCA NZs was measured by ICP—
MS to be 0.48mM (Table S1), and subsequent Cu-DCA
NZs was quantified by copper ions concentration. Subse-
quently, to further understand the interactions between
Cu-DCA NZs, XPS (Fig. 1H- J) had been used to inves-
tigate the surface properties and oxidation state of cop-
per in nanozymes. The binding energy (BE) of the surface
charge was corrected at 284.5 eV using the C1S peak of

the contaminant carbon as a reference (Fig. 1H). The XPS
spectra (Fig. 1I) of Cu2p showed BE peaks at ~932 eV
and ~953 eV, corresponding to Cu2p3/2 and Cu2pl/2
respectively [36, 37]. In addition, Cu 2p3/2 has two con-
tributions at ~934 and ~932 eV. The higher BE peak at
~934 eV is attributed to Cu?" in Cu-DCA NZs accompa-
nied by characteristic Cu®* satellite peaks (938—948 eV)
and 963 eV. The lower BE peak at ~932 eV suggests the
presence of Cut or Cu’. However, the Cu2p spectra could
not distinguish between Cu* and Cu°, Auger Cu LMM
spectra (Fig. 1) were used to further confirm the pres-
ence of Cut at BE~571 eV [38]. In summary, Cu-DCA
NZs were confirmed to successfully synthesized, and the
valence changes of copper ions may bring some potential
biological activity.

Photothermal performance of Cu-DCA NZs

The change of reaction color had attracted our interests
and we speculated that Cu-DCA NZs may possess some
photothermal effect, then the photothermal properties of
Cu-DCA NZs was comprehensively evaluated. Normally,
the molar ratio of reactants would influence the produc-
tion of final nanoparticles. Therefore, we optimized reac-
tion molar ratio to adjust the physiochemical properties
and catalytic activity of Cu-DCA NZs.

As shown in Fig. 2A, Cu-DCA NZs solutions with
reaction molar ratios of 1: 3, 1: 1 and 3: 1 (DCA:
Cu(NO,),-3H,0) displayed proportionally different tem-
perature changes upon NIR irradiation (1.0 W cm™2) at
room temperature. The molar ratio of 1:3 was the most
significant, with the temperature rising rapidly from
26.8 to 54.9 °C with 15 min of NIR irradiation, while the
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Fig. 1 Characterization of Cu-DCA NZs. (A) Schematic of the preparation of Cu-DCA NZs. (B) AFM images of Cu-DCA NZs. (C) TEM images and (D) corre-
sponding element mapping of Cu-DCA NZs. (E) The hydrated particle size of Cu-DCA NZs. Inset is the UV-vis absorption spectra and solution photograph
of Cu-DCA NZs. (F) Zeta potential of Cu(NO;),-3H,0, DCA and Cu-DCA NZs. (G) FTIR spectrum of DCA and Cu-DCA NZs. (H-J) XPS analysis of Cu-DCA NZs.
(H) XPS spectra, (I) Cu 2p and (J) Cu LMM. Data are presented as the mean+SD (n=3)

temperature of the deionized water rose only slightly to
30.4 °C. Therefore, the molar ratio of 1: 3 was chosen for
the subsequent studies. At the same time, the images col-
lected from the infrared thermal imager show the tem-
perature changes of the groups intuitively (Fig. 2B). In
addition, we compared the temperature changes at dif-
ferent irradiation powers (0.5, 1.0, 2.0 W cm™2), higher

temperature at the same point in time as the power
increased (Fig. 2C). However, at irradiation powers of
2.0 W cm™2 with 15 min, the temperature of the Cu-DCA
NZs solution began to drop after warming up to 72.2 °C
and the color of the solution became lighter, suggest-
ing that the thermal tolerance of the Cu-DCA NZs may
be lower than 70.0 °C. Moreover, we evaluated both the



Huang et al. Journal of Nanobiotechnology (2023) 21:294

Page 5 of 18

Time (min)

A —=— H,0 L 2
'3 1 . R
551 —— 31 /’,V”H 80 s 22 3:,::—1
504 ::: : ,1‘ /o/“‘. 70 4—— 20 W-em? ././.".\.\.\
@] o« o K,
< 4 ¥ o N
© 454 " P& :60 / .
= -
E40- o/ A ‘E 50
g / ‘/‘/‘-A —e ) 5 —u—a—8—0
?3;_ . /‘/ _a—t—e—0—" & /./ i ,.—l-"—‘ i
535 / Ll 540 A 05 W 10 Weem 220 W
o Lo . = /- (Rl
1 / T 30
2 g—u—0
25— 5 p : 4 9 ; - 20— T T T r T T T
bz 4 8 8 I 43 18 Za 0 2 4 6 8 10 12 14 16
D Time (min) F Time (min)
250 {—H,0 _ 161 ns 390
~ ——H,0+H,0, = 144 ”[ ll bites = 80-
S Cu-DCANZs & =
= CuDCA NZs+H,0, 2124 2 70
.2 200 'z £ 604
i fu £
g = 3 =T é 50
g b Bl =
2 150+ g 6. uh’; = 401
?n 2 LR AN E30
43 e 44 — 2
9 = 5
°© 3 = 20-
100 2 2] &
2 10+
nl Lo : : £
0 100 200 300 400 500 600 o DCA _ Cu-DCANZs 24 3 6 12 24
Time (S) +H,0 Concentration of Copper (uM)
G . H 0 I
Dyes loading 101 CuDCANZs@IR783 * 104 Cu—D_C_ALI.\IZs@ICG A;_; )
M . |_ % =4
r 1 ;
1CG " = I. ~ 81 L =as
°\° =\° 0.
E' 6 : 64 W (am)
* =Y ="
IR783 24 24 ”
0- 04 : ] ” O —
0 100 200 300 400 0 100 200 300 400
Size (nm) Size (nm)

Fig. 2 Performances of Cu-DCA NZs. (A) Proportion-dependent temperature change curves of Cu-DCA NZs under NIR irradiation (1.0 W cm™?). (B)
Infrared thermal imaging data of different proportion of Cu-DCA NZs with NIR irradiation (1.0 W cm™?). (C) Temperature change of Cu-DCA NZs with
NIR irradiation (0.5, 1.0, and 2.0 W cm™2). Inset are different NIR irradiation power solution photographs of Cu-DCA NZs. (D) oxygen generation, (E) RDPP
fluorescence intensity and (F) Superoxide anion scavenging ability of Cu-DCA NZs. (G-J) Drugs loading of Cu-DCA NZs. (G) Schematic of drugs loading
of Cu-DCA NZs. (H-J) Size distribution after different drugs loading. Inset are the UV-vis absorption spectra and solution photographs of different drugs.
Data are presented as the mean+SD (n=3). * p<0.05, ** p<0.01,*** p<0.001 and ns>0.05

photothermal stability and photothermal conversion effi-
ciency (n) of Cu-DCA NZs by multiple NIR irradiation,
Cu-DCA NZs were irradiated with three cycles (1.0 W
cm™?, 15 min per cycle). The results shown that the Cu-
DCA NZs has good photothermal stability (Fig. S4) and
the photothermal conversion efficiency was determined
to be 34.49% according to the corresponding calculation
equation (Fig. S5). Besides, considering the side-effect of
high temperature on cells (50.0 °C) [39, 40], the final con-
dition chosen was power of 1.0 W c¢cm™2 and irradiation
for 5 min (45.6 °C). The results reflected that Cu-DCA
NZs has a good photothermal effect and could be used
for subsequent related applications.

Multienzyme-like activities of Cu-DCA NZs

Since the strong reducing properties of sulfthydryl groups
and could interact with harmful reactive oxygen species
(ROS) to achieve a scavenging effect. At the same time,
the change in valence of the copper may also confer some
biological activity to Cu-DCA NZs. Therefore, we specu-
late that Cu-DCA NZs possess some enzymatic activ-
ity. There is a balance of oxidation and anti-oxidation in
living organisms. Among the biologically relevant ROS,
H,0, is the most important and common. Therefore,
we first investigated the CAT-like activity of Cu-DCA
NZs that catalyze the decomposition of H,O, (Fig. 2D).
A portable oxygen detector was used to measure the
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oxygen saturation produced by deionized water, DCA
(Fig. S6) and Cu-DCA NZs before and after the interac-
tion with H,O,. From the results shown that Cu-DCA
NZs were significantly increasing in oxygen saturation
after the addition of H,0O, compared to the other groups,
which indicated that the oxygen content also increased.
Whereas there was no significant change in the deion-
ized water group before and after the addition of H,0,,
the DCA group showed a sharp drop after the addition
of H,0,, speculating it was possible that the sulfhydryl
groups reacted with the H,O,. Moreover, the activity of
CAT-like activity was measured for different molar ratios
of Cu-DCA NZs (Fig. S7) and found that the 1:3 group
had the best catalytic activity, further demonstrating the
effect of the previously mentioned reaction molar ratio
on Cu-DCA NZs. Meanwhile, a comparison of classical
Cu-MOF with Cu-DCA (Fig. S8) showed no significant
change in oxygen saturation at the same H,O, concen-
tration, indicating that Cu-DCA had superior CAT-like
activity than classical Cu-MOF. In addition, the genera-
tion of oxygen by Cu-DCA NZs with H,0, was further
verified by the RDPP probe (Fig. 2E). RDPP probes are
susceptible to quenching by oxygen, resulting in reduced
fluorescence intensity. The results indicating that DCA
did not decompose H,0,, therefore its fluorescence value
was not different from that of H,O. In contrast, Cu-DCA
NZs were able to decompose H,0, and production of
oxygen to quench the RDPP probe, reducing the fluores-
cence value.

Furthermore, we further evaluated the SOD-like
activity of Cu-DCA NZs using the NBT method [41].
As shown in Fig. 2F, Cu-DCA NZs not only has a good
inhibitory effect on superoxide anion (+O?7), but also has
a concentration dependence. When the concentration is
24 pM, the inhibitory rate is as high as 80.0%. Therefore,
Cu-DCA NZs combined simulated SOD and CAT activ-
ity in scavenging ROS to achieved the effect of scaveng-
ing ROS better.

Dyes loading properties of Cu-DCA NZs

Based on physisorption experiments confirming the
drug loading potential of Cu-DCA NZs, several common
fluorescent dyes were selected to co-assembled with Cu-
DCA NZs as a means of verifying the drug loading prop-
erties of Cu-DCA NZs.

As shown in the scheme Fig. 2G, we loaded with seven
different drugs in the Cu-DCA NZs system in sequence,
namely four fluorescent dyes IR783, ICG, Ce6 and IR808.
As shown in Fig. 2H, I and Fig. S9, the average hydrody-
namic sizes of Cu-DCA NZs were increase in particle size
from around 20.0 nm to 52.2-72.8 nm from the unloaded
after the addition of dyes. Besides, Cu-DCA NZs@IR783/
ICG/Ce6/IR808 NPs were found to have the characteris-
tic absorption peaks of each fluorescent dye by UV-vis
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absorption spectra. And the polymer dispersity index of
Cu-DCA NZs was good after loading of different dyes
(Fig. S10). The above results reflect the potential of Cu-
DCA NZs as MOF-like to be drug-loaded, providing a
powerful tool for research and development of treat-
ments for other potential diseases.

Cytotoxicity and cellular uptake of Cu-DCA NZs in vitro

At present, research on nanomaterials has reached a
consensus to ensure excellent biocompatibility. First,
the toxicity of different concentrations of Cu-DCA NZs
with or without NIR irradiation for 24 h incubation with
HUVECs was assessed. The results of CCK-8 (Fig. 3A)
showed that Cu-DCA NZs at different concentrations
with or without NIR irradiation did not exhibit signifi-
cant cytotoxicity and cell survival rates were maintained
above 90.0%. Then, Cu-DCA NZs at a concentration of
24 pM were finally selected for the subsequent studies.
In addition, fluorescence images of Calcein/PI cell viabil-
ity (Fig. 3B) also confirmed that HUVECs maintained
good cell viability after co-incubation with Cu-DCA NZs
(24 pM), consistent with the results of previous experi-
ments. The results show that Cu-DCA NZs have good
biocompatibility.

The level of nanomaterials in cells was noteworthy.
For this purpose, the cells uptake of Cu-DCA NZs in
HUVEC:s were investigated by flow cytometry at different
time points (0, 3, 6, 12, 24 and 48 h). The HUVECs were
treated with Cu-DCA NZs@IR783, and since IR783 was
both a photosensitizer and fluorescent substance, Cu-
DCA NZs@IR783 required no additional labeling. The
results showed that (Fig. 3C and S11) the intracellular flu-
orescence intensity increased with the extension incuba-
tion, which reached highest at 24 h and then went down.
Therefore, the optimal incubation time of Cu-DCA NZs
was determined to be 24 h, so as to obtain the optimal
results in the subsequent experiments.

ROS scavenging effect of Cu-DCA NZs in vitro

Given the practicalities of using, we chose HUVECs to
evaluate their in vitro ROS scavenging effect and to lay
the groundwork for subsequent work. Related experi-
ments based on the chemical part demonstrated that
Cu-DCA NZs have a strong ROS scavenging effect. To
demonstrate that the corresponding activity was main-
tained on the cells, we first explored whether Cu-DCA
NZs are able to regulate intracellular oxygen levels in the
presence of cellular hypoxia. After HUVECs were incu-
bated in a hypoxic (1% O,) environment and subjected to
different treatments, the intracellular oxygen status was
verified using RDPP as an oxygen-sensitive probe, whose
fluorescence was specifically burst by oxygen molecules,
making the fluorescence intensity inversely proportional
to the oxygen content. The results of the fluorescence
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Fig. 3 In vitro biocompatibility and antibacterial activity of Cu-DCA NZs. (A) The viability of HUVECs after different treatments (1.0 W cm™2, 5 min). (B)
Calcein/PI cell viability fluorescence images of HUVECs with different treatments (1.0 W cm~2, 5 min). (C) Cells uptake of Cu-DCA NZs with different times.
(D) RDPP probe detecting intracellular oxygen generation level of HUVECs after different treatments. (E) DCFH-DA assay detecting intracellular ROS level
of HUVECs after different treatments. (F) Fluorescence intensity of intracellular oxygen generation level. (G) Fluorescence intensity of intracellular ROS
level. (I: PBS, II: H,O,, lll: DCA+H,0,, IV: Cu-DCA NZs + H,0,, V: Cu-DCA NZs +H,0, + NIR). (H) The viability of bacterial with different treatments (1.0W cm?,

5 min). Data are presented as the mean+5SD (n=3).

images (Fig. 3D and F) showed a significant decrease in
fluorescence intensity in Cu-DCA NZs+H,O, group
compared to PBS and DCA+H,0, groups, indicating
that Cu-DCA NZs regulate intracellular oxygen levels
and improve cellular hypoxia in the presence of cellular
hypoxia. This is further proving that Cu-DCA NZs still
have good CAT-like activity in the cells.

* p<0.05,** p<001,and *** p<0.001

Meanwhile, we also chose the DCFH-DA method to
determine the changes in ROS levels in each group under
co-incubation with H,O, (Fig. 3E and G). The addition
of H,0O, stimulates ROS production resulting in a sig-
nificant increase in fluorescence intensity, whereas the
Cu-DCA NZs+H,0, Cu-DCA NZs+H,0,+NIR and
DCA+H,0, groups showed a decrease in fluorescence
due to SOD-like activity, which resulted in the removal of
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the ROS produced. It is speculated that it may be the easy
oxidation of the sulfhydryl group that confers this excel-
lent ability to scavenge ROS, which is consistent with the
phenomenon in chemical experiments.

Antibacterial effect of Cu-DCA NZs in vitro

Furthermore, there are many reports in the literature on
the inhibition of bacterial growth by photothermal ther-
apy, and considering the effect of bacteria on the healing
of diabetic wound, Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) as the most common bacteria in
wound infections were chosen for antibacterial experi-
ments [42]. The antibacterial effect was initially verified
by measuring the absorbance at 600 nm of bacterial sus-
pensions. As shown in Fig. 3H, compared to the PBS, the
Cu-DCA NZs had some antibacterial effect, probably
stemming from the copper ions present. However, the
bacterial survival rate was still as high as 50.0% before
NIR irradiation. After NIR irradiation (1.0 W cm™2
5 min), the bacterial survival rate of S. aureus and E. coli
could be reduced to 30.1% and 36.6% respectively. This
suggests that the photothermal effect produced by Cu-
DCA NZs after NIR irradiation induces bacterial death
and thus inhibiting bacterial growth, but the principle of
inhibition remains to be explored. The antibacterial effect
shown by Cu-DCA NZs in vitro has potential for subse-
quent application in vivo.

Evaluation of angiogenesis effects of Cu-DCA NZs in vitro
Angiogenesis is a key factor in wound healing. It has been
reported that copper ions can promote angiogenesis by
inducing the production of VEGEF, thereby promoting
wound healing. Thus, we validated the ability of Cu-DCA
NZs to induce angiogenesis in vitro. Considering that
copper ions are a major factor in promoting cell migra-
tion and angiogenesis, three experimental groups were
set up for follow-up experiments: PBS, DCA, Cu-DCA
NZs. First, scratch experiments (Fig. 4A and E) showed
the cell migration of HUVECs after different treatments.
As shown, after 12 and 24 h of incubation, the Cu-DCA
NZs group significantly promoted cell migration com-
pared to the PBS and DCA groups, which also indicated
that the release of copper ions was the main reason for
promoting cell migration. Then, the transwell migra-
tion assay showed (Fig. 4B and F) that there was a clear
tendency for the cells to across the membrane after the
treatment of Cu-DCA NZs, which is consistent with the
results of the scratch assay.

Afterwards, the in vitro tube formation ability of
Cu-DCA NZs was then further evaluated (Fig. 4C, G
and S12). As shown, the Cu-DCA NZs group signifi-
cantly promoted a marked increase in tubule length and
increased tubule connectivity compared to the PBS and
DCA groups. In contrast, the PBS and DCA groups did
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not show much more differences in tubule network for-
mation. To further reveal the role of Cu-DCA NZs on
angiogenesis, we assessed the expression of VEGF in
HUVEC: after different treatments. As shown in Fig. 3D
and S13, the expression levels of VEGF in the Cu-DCA
NZs group were notably higher than the PBS and DCA
groups. Taken together, the above results suggest that
promoting the migration of HUVECs as well as angio-
genesis in vitro by upregulating the expression of VEGF
by Cu-DCA NZs, which is beneficial to the angiogenesis
and recovery of diabetic wound.

Diabetic wound therapeutic effect of Cu-DCA NZs in vivo
Encouraged by the in vitro effects of Cu-DCA NZs on
ROS scavenging and cell migration, we tested the heal-
ing effect of in vivo treatment by treating total excisional
wound in diabetic mice. The treatment strategy was
shown in Fig. 5A, diabetes was induced by intraperito-
neal injection of streptozotocin (STZ) into Balb/c mice,
and the blood glucose levels were monitored for a fort-
night until they exceeded 16.7 mmol/L to confirm suc-
cessful molding. Then a diabetic mouse model of total
dorsal excision wound was further established and the
mice were randomly divided into 4 groups (PBS, DCA,
Cu-DCA NZs and Cu-DCA NZs+NIR) to observe the
effect of different treatments on the healing of diabetic
wound. At the end of the treatment, the wound area was
quantified using Image] software and the wound heal-
ing in each group at different times is shown in Fig. 5B
and C. During the first 3 days of treatment, there was no
significant change in the size of the wound in each group
for the time being. By day 7 of treatment, the Cu-DCA
NZs+NIR group had a more intact scab and a signifi-
cant reduction of 31.9% in the area of the healed wound
compared to the PBS and DCA groups where infection
and bleeding were still present (Fig. 5D). And the Cu-
DCA NZs+NIR group continued to have a good thera-
peutic effect in the follow-up treatment. The quantitative
results further showed that at the end of 14 days of treat-
ment, the wound in the Cu-DCA NZs+NIR group were
largely healed, with a reduction in wound area to 3.40%,
while the control group wound remained unhealed,
with a wound area of 20.8%. The above results indicate
that the Cu-DCA NZs+NIR group could significantly
promote the healing of diabetic wound. In addition, the
body weight and blood glucose levels of the mice in each
group were continuously monitored during the treat-
ment period, and there was no significant change in body
weight (Fig. 5E), and the blood glucose level remained
above 16.7 mmol/L throughout the treatment period,
indicating that the mice were always in a diabetic state
(Fig. 5F).

Simultaneously we evaluated the temperature trends of
Cu-DCA NZs in vivo under NIR irradiation. As shown in



Huang et al. Journal of Nanobiotechnology (2023) 21:294

Fig. 5G, the thermal imaging camera monitored the tem-
perature changes of PBS and Cu-DCA NZs under NIR
irradiation (1.0 W c¢cm™2, 5 min). the temperature of Cu-
DCA NZs group gradually increased from 36.6 to 46.3 °C
after 5 min of irradiation, while the temperature of the
PBS group only changed slightly from 36.5 to 36.8 °C
(Fig. 5H). This indicated that Cu-DCA NZs also had a sig-
nificant photothermal effect in vivo. In addition, consid-
ering the highly efficient antibacterial effect of Cu-DCA

DCA

A PBS

24 h

Number of cells

Page 9 of 18

NZs in vitro under NIR irradiation, we supplemented a
mouse model of diabetic infected wound to assess the
antibacterial ability in vivo. And antibacterial effect was
further observed by photographic recording as well as
agar plates coating. The results (Fig. S14) showed that the
Cu-DCA NZs+NIR group had the highest antibacterial
effect compared to the other groups, which was consis-
tent with the in vitro results and also provided a protec-
tion for wound healing. The above results suggested that
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Fig. 4 In vitro angiogenesis study of Cu-DCA NZs. (A) Images of HUVECs migration with different treatments for 0, 12, and 24 h. (B) Images of HUVECs
migration with different treatments in transwell migration assay. (C) Images of tube formation with different treatments. (D) Western blot analysis of VEGF
expression levels. GAPDH served as an internal reference. (E) The HUVECs migration ratio with different treatments. (F) Number of cells passing through
the membrane in the transwell migration assay. (G) Total length of the tube network in tube formation assay. Data are presented as the mean+SD (n=3).
*p<0.05,** p<0.01,and *** p<0.001
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Fig. 5 Invivo diabetic wound treatment studies. (A) Schematic of diabetic wound treatment. (B) Representative photographs of the wound treated with
different treatments for 14 days. (C) Simulated images of wound healing in different treatment groups. (D) Wound size change during 14 days. Wound size
at each time point was normalized to day 0. (E) Body weight of diabetic mice in different groups during treatments. (F) Blood glucose of diabetic mice in
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photothermal heating curves. Data are presented as the mean+5SD (n=3).
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Cu-DCA NZs exert photothermal effects under NIR irra-
diation to inhibit bacterial growth on wound for acceler-
ating the wound healing.

Histological and immunohistochemical analysis

To further assess the wound healing in diabetic mice,
H&E staining was performed on each group (Fig. 6A).
After 3 days of treatment, granulation tissue started to
form in the Cu-DCA NZs+NIR group, while the wound
border between the wound and normal tissue was clear
and well defined in the other treatment groups. As shown
in Fig. 6A, new epithelial structures were evident in the
wound of mice treated with Cu-DCA NZs+NIR at 7 days
after treatment, and the size of the wound was reduced.
In contrast, the PBS and DCA groups still had some
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degree of infection and abscesses at the end of 14 days
of treatment, with delayed healing progress. Collagen
fiber deposition was also assessed by Masson’s trichrome
staining of the tissue. As shown in Fig. 6B, the filamen-
tous collagen fibers were stained blue-purple. In the early
stage of wound healing, the wound collagen fiber in the
Cu-DCA NZs+NIR group started to form and gradu-
ally matured and precipitated in a more tightly ordered
arrangement 14 days after treatment, which was con-
sistent with the trend of H&E staining. In addition, we
assessed the deposition of collagen fibers on the wound
by Sirius red staining (Fig. 6C). Under a cross-polarized
optical microscope, the orange-red, tightly arranged were
mature collagen type I fibers. While the blue-green, fila-
mentous and sparsely distributing were new collagen

Cu-DCA
DCA NZs NZs+NIR

Cu-DCA
NZs +NIR

D Cu-DCA
PBS NZs

A Cu-DCA
NZs+NIR

Fig. 6 Histological analysis in wound healing. (A, B) Representative H&E staining and Masson'’s trichrome staining images of skin tissues after different
treatments. (C) Representative Picrosirius Red and cross-polarized optical microscope images of wounded tissue after different treatments at days 7
and 14. (D-F) Representative images of VEGF, a-SAM and CD31after different treatments at days 14. (The black arrow indicates the region of positive
expression.)
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type 111 fibers [43]. As shown in Fig. 6C, on day 7 of treat-
ment, mature type I collagen fibers began to establish on
the wound and gradually replaced the new type III col-
lagen fibers in the Cu-DCA NZs+NIR group, suggesting
an accelerated repair process. After 14 days of treatment,
it was observed that the mature type I collagen fibers in
the Cu-DCA NZs+NIR group were more widely dis-
tributed and more closely aligned compared to the other
treatment groups, indicating a better healing effect. The
above results shown that the Cu-DCA NZs+NIR group
could promote the growth of wound epidermis and the
deposition of collagen to promote healing.

As angiogenesis is critical to the repair of diabetic
wound, to further explore its effect on healing, VEGF
expression levels were evaluated by immunohistochemi-
cal staining for assessing the density of vessels (Fig. 6D
and S15). VEGF expression is low in normal skin tissue
and rises in response to tissue damage, gradually return-
ing to normal levels as healing progresses. On day 14,
VEGEF expression was significantly lower in the Cu-DCA
NZs+NIR group than other treatment groups [44], which
may be due to the completion of the growth of new blood
vessels in the wound treated in the Cu-DCA NZs+NIR
group. In contrast, the other treatment groups had higher
VEGF expression levels as the vessels were still in the
process of regeneration, suggesting that the wound in
the Cu-DCA NZs+NIR group have gradually returned
to normal in the later stages of wound repair. Meanwhile,
immunohistochemical staining for the vascular smooth
muscle marker alpha-smooth muscle actin (a-SMA)
showed the lower expression in the Cu-DCA NZs+NIR
group than other treatment groups on day 14 (Fig. 6E
and S16), indicating that no proliferating scar tissue in
the wound and the healing progress was well [45]. Then,
as platelet endothelial cell adhesion molecule-1 (CD31)
could probe the degree of vascularisation of wound tis-
sue, its positive expression rate is one of the most vital
markers of wound vascular microcirculation. The expres-
sion levels of the angiogenic marker CD31 were contin-
ued to be evaluated by immunohistochemical staining,
further validating the pro-angiogenic effect of Cu-DCA
NZs+NIR in vivo. The immunohistochemical stain-
ing images of CD31 in Fig. 6F and S17 showed that the
Cu-DCA NZs+NIR group had more neovascularisation
while the other treatment groups had less neovasculari-
sation. And after quantifying the positive expression of
CD31 in each group, it was found that CD31 expression
was significantly increased in the Cu-DCA NZs+NIR
group compared to the PBS group. The above results sug-
gested that Cu-DCA NZs+NIR could accelerate wound
healing by promoting angiogenesis and reducing scar
proliferation.

Moreover, based on Cu-DCA NZs with CAT and SOD-
like activities and in photothermal effects of antibacterial,
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we assessed the inflammatory profile of the wound by
immunohistochemical staining for a number of com-
mon pro-inflammatory cytokines, including interleu-
kin 6 (IL-6), interleukin 1B (IL-1p) and tumor necrosis
factor-a (TNF-a). As shown in the Fig. S18, the Cu-DCA
NZs+NIR group had the lowest inflammation expres-
sion, indicating its significant anti-inflammatory effect.
The above results indicate that the Cu-DCA NZs+NIR
group can effectively reduce the accumulation of wound
inflammation and have a positive effect on wound repair.
Taken together, these histological and immunostaining
results suggest that Cu-DCA NZs can effectively promote
diabetic wound healing by promoting wound angiogen-
esis and collagen fibers deposition under NIR irradiation,
while scavenging ROS to reduce inflammation levels.

To assess the in vivo toxicology of Cu-DCA NZs+NIR,
H&E staining was performed on the major organs of
mice, including heart, liver, kidney, lung and spleen (Fig.
S19). After comparison with the PBS group, no dam-
age or pathological changes were observed in the major
organs in the Cu-DCA NZs+NIR group. In addition, the
results of blood routine examination and biochemical
indicators showed that the values of each indicator were
within the normal range (Fig. S20 and S21). All the above
results indicated that Cu-DCA NZs have good biosafety.

Discussion

Chronic poor skin wound healing due to persistent
hyperglycaemia is a serious complication of diabetes [46].
Compared to the healing process of normal wounds, dia-
betic wounds are marked by impaired healing, limited
oxygen supply to the wound, neovascular obstruction,
slow and persistent inflammation, and acute bacterial
infection [47]. However, due to the complex pathological
microenvironment of diabetic wounds, the lack of syn-
ergistic treatment or versatile strategies in clinical prac-
tice leads to increased mortality and disability rates [48].
Therefore, there is an urgent need to develop new multi-
functional treatment strategies to promote the healing of
diabetic wounds.

In previous studies, copper ions have been shown to
have great potential in promoting cellular angiogenesis.
However, the concentrated release of copper ions may
lead to excessive local concentrations and cause tox-
icity. In recent years, several studies have shown that
metal-based organic complexes may exhibit better bio-
logical properties [49] and Cu-MOF nanoparticles have
been widely used in studies of chronic wound healing.
But, the large and unstable size of Cu-MOF particles
and their easily damaged structure maked it difficult to
ensure controllability during treatment and lack the abil-
ity to regulate the complex microenvironment of diabetic
wounds. Meanwhile, the emergence of nanozymes has
become a research hotspot in recent years. Due to their
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high structural stability, adjustable catalytic activity and
diverse functions, nanozymes confer great demand for
applications in biomedicine and industrial catalysis [50].
For example, inspired by glucose metabolism, Shan et al.
[51] proposed a microneedle patch with dual nanozyme
activity to achieve in situ oxygen generation and alleviate
traumatic hypoxia by mimicking CAT activity. Abhishek
Sahu et al. [52] found that prussian blue nanozymes not
only degrade hydrogen peroxide but also have a powerful
superoxide scavenging capacity as a means of reducing
excess ROS and regulating inflammation for wound heal-
ing. Benefit from the development of nanozymes, there is
a greater variety of materials used for wound repair, while
there are few reports of diabetic wounds healing based
on the copper nanozymes. Therefore, it may be more
beneficial for the synergistic repair treatment of dia-
betic wounds if more functions may be given to copper
nanozymes while maintaining their intrinsic enzymatic
activity.

Based on the above considerations, inspired by the
co-assembly strategy, we have prepared a multifunc-
tional nanozyme for the synergistic treatment of diabetic
wounds. In this study, we prepared uniformly size-con-
trollable nanozymes Cu-DCA NZs by simple co-assem-
bly of the antioxidant organic dual ligand molecules DCA
and copper ions. Under NIR irradiation, Cu-DCA NZs
could effectively inhibit the growth of wounds bacteria
and reduce the extent of infection through photothermal
therapy. At the same time, due to Cu®>*/Cu* doping on
the surface of Cu-DCA NZs, it exerts an effective mim-
icry of SOD and CAT activities, which not only catalyzed
the conversion of intracellular H,O, to oxygen thereby
alleviating wound hypoxia, but also improved inflamma-
tion accumulation. Furthermore, the sustained release
of copper ions accelerates cell proliferation, migration
and angiogenesis, further effectively promoting diabetic
wound healing. More importantly, in addition to the
above multiple properties, Cu-DCA NZs also have the
potential to be loaded with other drugs and may play a
greater role in the future in areas related to skin regen-
eration and other oxidative stress diseases.

Conclusion

In summary, we have developed a multifunctional Cu-
DCA NZs for diabetic wound healing. On the basis of
multitopic carboxylic acids used to construct metal-
organic frameworks, a dual ligand molecule DCA
containing both carboxyl and sulfhydryl groups were
co-assembled with copper ions to take multifunctional
Cu-DCA NZs with uniform size and multiple enzyme-
mimetic activities. Meanwhile, Cu-DCA NZs have
potential for drug delivery under simple co-assembly
the dye molecules. In addition, in the process of wound
healing, Cu-DCA NZs can inhibit bacterial growth under
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NIR irradiation, reduce inflammation and regulate oxy-
gen balance by promoting blood vessel growth, collagen
fiber deposition, and jointly significantly promote wound
healing of diabetes. In vitro and in vivo experiments
have shown that Cu-DCA NZs display good safety pro-
files. Thus, the developed Cu-DCA NZs has considerable
potential for the future development of chronic wound
repair.

Methods

Materials

Copper(Il) nitrate hydrate (Cu(NO,),-3H,0), 2,5-dimer-
captoterephthalic acid (DCA), IR 783, IR 808, Chlorin
e6 (Ce6), Indocyanine green (ICG), Tris(2,2-bipyridine)
ruthenium chloride (RDPP), H,O, (technical grade,
30%) were provided by Sigma—Aldrich (USA). Nitrotet-
razolium blue chloride (NBT) were purchased from TCI
(Japan). The CCK-8 kit was purchasedfrom MCE (USA).
A Tris-HCl (pH=8.8, 1 M), anhydrous (NaCO;), BCA
protein concentration determination kit, Calcein/PI cell
viability/cytotoxicity assay kit, reactive oxygen detection
kit, crystal violet were obtained from Beyotime (China).
Matrigel® Matrix was purchased from Corning (USA).
Penicillin—streptomycin solution (100X), foetal bovine
serum (FBS), trypsin, Dulbecco’s modified Eagle’s447
medium (DMEM) were obtained from Gibco (USA).
Phosphate-buffered saline (PBS, pH=7.4) solution was
prepared in the laboratory. All chemicals and reagents
were of analytical grade and used as received without fur-
ther purification. Millipore deionized water (18.2 MQ -
cm) was used for all experiments.

Synthesis of Cu-DCA NZs

The Cu-DCA NZs were prepared by a one-pot synthe-
sis method. Briefly, Cu(NO;),-3H,0 (15 mg) and DCA
(5 mg) were dissolved in 1 mL 0.2 M Tris-HCI separately.
Then, Cu(NO;),-3H,0 solution was added slowly to the
above DCA solution. The reaction mixture was at room
temperature for 4 h with constantly stirring. After the
reaction, the product was purified by dialysis with deion-
ized water for 24 h.

Characterization of Cu-DCA NZs

The micromorphology of Cu-DCA NZs was observed
through Atomic force microscope (AFM) (SPM-9700,
SHIMADZU, Japan) and Transmission electron micro-
scope (TEM) (Talos F200S, FEI, USA). Dynamic light
scattering (DLS) was used to characterize the particle
size, polydispersity index (PDI) and surface zeta poten-
tial of the relevant samples by Malvern Instruments
(ZEN3600, Zetasizer Nano ZS, UK). Automated Sur-
face Area and Porosity Analyzer (BET) was used to
detected nitrogen sorption isotherm and the correspond-
ing pore size distribution (ASAP 2460/ TriStar2 3020/
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3flex, Micromeritics, USA). Ultraviolet-visible (UV-Vis)
absorption spectra was detected by UV-Vis spectropho-
tometer (Nicolet iS5, Thermo Fisher Scientific, USA).
Fourier transform infrared (FTIR) spectra was detected
by FTIR spectrometer (Nicolet iS5, Thermo Fisher Scien-
tific, USA). X-ray Powder diffractometer (XRD) pattern
was detected by XRD (D8 ADVANCE, Bruker, GER).
X-ray Auger electron spectroscopy (XPS) measurement
were performed by an ESCALAB 250 Xi (Thermo Scien-
tific, USA) X-ray resource. The concentration of Cu was
detected by inductively coupled plasma-atomic emission
spectrometry (ICP-OES, Agilent 730, USA). The concen-
tration of Cu-DCA NZs used in following studies is cal-
culated based on Cu element.

Photothermal properties measurement

The photothermal conversion ability of Cu-DCA NZs
was investigated by monitoring the temperature rise with
a NIR irradiation. The 1.5 mL eppendorf tubes was filled
with 1 mL water or Cu-DCA NZs solution with different
rates (DCA: Cu(NO;),-3H,0=3:1/ 1:1/ 1:3) and exposed
to laser for 15 min (808 nm, 1 W-cm™2). Specifically,
the photothermal stability was implemented by plac-
ing Cu-DCA NZs solution (DCA: Cu(NO3),-3H,0=3:1)
under irradiation with three repeated cycles of 15 min
irradiation ON and 15 min OFF. In addition, an infra-
red thermal imager (FOTRIC 268D, China) was used to
take images of the above solutions under NIR irradia-
tion (808 nm, 1 W.cm™2). The photothermal conversion
efficiency () was calculated from (1), (2), and (3). TS is
the time constant of thermal performance. Cd and Md
represented the heat capacity and quality of the solution
system, respectively. Q, is the background energy. T, ...
and T, represent the highest rising temperature of the
water and the current ambient temperature, respectively.
T ax is the maximum temperature of Cu-DCA NZs. I and
A808 nm are the power of 808 nm laser and the absor-
bance of Cu-DCA NZs, respectively. At last, the value of
photothermal conversion efficiency () can be obtained
by the (1) Equation.

(1) n= [hS(Twuter— ]—;urr)'Qg]/I(] -1 0‘4808)
(2) TS=MdCa/hS.

(3) QO = hS(Twater' T;urr) .

Oxygen generating activity study

The ability of Cu-DCA NZs to catalyse H,O, mimick-
ing CAT was investigated by monitoring the produc-
tion of oxygen. A portable oxygen detector (JPBJ-608,
INESA, China) was utilized to measure the real-time
oxygen level. The deionized water (2ml) or Cu-DCA NZs
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solution was poured into a 10 ml centrifugal tubes and
constantly stirred at room temperature. The deionized
water was used in the control group. Then H,O, (100
mM, 20 pL) was added and monitors oxygen production
at 10 s intervals.

The RDPP probe experiment was according to the
reported method [53]. First, 200 pL H202 (0.8 M) was
mixed well with 200 uL of different groups (H,0O, DCA
and Cu-DCA NZs). Then, 2 uL RDPP probe (2.0 mM)
was added to the solution. The mixture was shaken at 37
C for 30 min and finally measured by Varioskan LUX
microplate reader. Ex=455 nm, Em=613 nm.

SOD-like activity study

The SOD-like activity of Cu-DCA NZs was determined
by Nitrotetrazolium Blue chloride (NBT) method. The
detection solution was prepared according to the litera-
ture: NBT (2.0 mM), ethylene diamine tetraacetic acid
(EDTA, 0.1 M) and riboflavin (1.2 mM) were dissoived
in PBS (pH 7.8, 10 mM). Then, 100 pL riboflavin was
added into the solution which containing 150 pL NBT,
400 pL EDTA and 5.8 mL PBS, and the mixture was used
as detection solution. Cu-DCA NZs solution with dif-
ferent concentrations (50 puL) was mixed with 100 pL of
detection solution (n=6) in 96-well plates. The mixture
was shaken at 37 °C for 5 min followed by illumination
for 3 min using a 0.2 W light tube. The excessive superox-
ide free radical which could not be inhibited by Cu-DCA
NZs would react with nitroblue tetrazolium to generate
a blue product, which could be detected at 560 nm. The
inhibition rate was calculated by the decrease of absor-
bance at 560 nm.

Dyes loading properties study

The adding procedure is as described above. After slowly
adding Cu(NO;),-3H,0 to the system and mixing uni-
formly, Ce6/ IR 783/ ICG/ IR 808 solution (dissolved in
DMSO respectively, 10 mM, 100 uL) was added dropwise
to the mixture solution. Then the mixture was constantly
stirring at room temperature for 4 h. After the reaction,
the purification procedure was the same as for Cu-DCA
NZs. The products were collected and dialyzed in deion-
ized water for 24 h for purification, and the particle size
was characterized by DLS.

Cell culture

For cell culture experiments, human umbilical vein endo-
thelial cells (HUVECsS, Sciencell, USA) were cultured in
DMEM medium supplemented with FBS (10%), penicil-
lin (100 UmL™!) and streptomycin (100 U-mL™') in a
humidified incubator supplied with 5% CO,.
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Cytotoxicity study

The cytotoxicity of Cu-DCA NZs was determined with
CCK-8. Classified as dark and phototoxic. The cultured
HUVECs were seeded into each well of 96-well plates
with density of 5x10 cells in 100 uL of DMEM medium
24 h prior to the experiment. Then, 5 pL of solution con-
taining Cu-DCA NZs at a copper concentration varying
from 2.4 to 24 puM was added (n=6) and incubated with
cells for another 24 h. (Phototoxic of Cu-DCA NZs was
irradiated under a laser (808 nm, 1.0 W-cm™2, 5 min)
before 24 h of incubation). The cells added with PBS were
used as a control group. At the end of the incubation, 10
uL of CCK-8 was added to each well and the plates were
incubated for 1 h at 37 °C. Finally, the absorbance at
450 nm was measured using a Varioskan LUX microplate
reader for viability analysis. Meanwhile, the viability of
group PBS, DCA, Cu-DCA NZs and Cu-DCA NZs+NIR
were evaluated using Calcein/PI cell viability/cytotoxicity
assay kit.

Cell uptake study

To assess the cellular uptake of Cu-DCA NZs, HUVECs
were seeded onto 6-well plates with a density of 5x10*
cells per well. and incubated in a cell incubator for 24 h.
Then, Cu-DCANZs@IR783 was added to each well at dif-
ferent times (0, 3, 6, 12, 24, 48 h), and the cells in each
well were uniformly washed with PBS. The cells were
resuspended in 200uL of PBS after trypsin digestion, and
their fluorescence intensity was measured by flow cytom-
etry (Thermo Fisher Scientific, USA).

In vitro antibacterial experiments
Gram-positive bacteria Staphylococcus aureus (S. aureus)
and Gram-negative bacteria Escherichia coli (E. coli) were
purchased from the Agricultural Re- sources Planning
Institute of the Chinese Academy of Agricultural Sci-
ences. The bacteria were cultured overnight in a Luria-
Bertani (LB) medium at 37 °C. The antibacterial effect of
Cu-DCA NZs was evaluated by absorbance detection.
Firstly, 50 puL of samples (PBS, DCA and Cu-DCA NZs
solution) was added to 1mL of bacterial suspension (10
CFU-mL™}Y) and incubated at 37 °C for 24 h. Then, the
absorbances of the bacterial suspensions containing the
different samples were detected at 600 nm. The relative
viability of bacteria is calculated by the following formula:
Relative viability (%) = (Sample - blank) / (PBS - blank)
%100%. (Blank is the absorbance values of LB medium).

In vitro ROS scavenging experiments

Briefly, HUVECs were seeded onto 6-well plates with a
density of 5x10* cells per well. After 24 h incubation,
except of the control group and Cu-DCA NZs group,
H,0, (150 uM) was added to the wells. Subsequently, the
samples (PBS, DCA and Cu-DCA NZs solution) were
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immediately added for incubation of 24 h. Then, the
group of Cu-DCA NZs+H,0,+NIR wells was exposed
to laser irradiation (808 nm, 1 W-cm~2, 5 min). After
irradiation, the DCFH-DA probe was added according to
the instructions of the reactive oxygen detection kit and
incubated for 30 min. Finally, the fluorescence images
were taken by a Nikon Eclipse Ti-S inverted fluorescence
microscope (Nikon Corporation, Japan).

In vitro oxygen generating activity experiments

To demonstrate the production of oxygen in cells, the
oxygen probe RDPP was used to detect the amount of
oxygen in the cells. Firstly, HUVECs were seeded onto
6-well plates with a density of 5x10% cells per well and
incubated 24 h, followed by the addition of RDPP dye
(2 uM) and co-incubation with the cells for 4 h. Then,
the samples (PBS, DCA and Cu-DCA NZs solution)
were further incubated for 24 h. After 24 h incubation,
H,0, (150 puM) was added to per wells for incubation
of 0.5 h. Finally, the fluorescence images were taken by
a Nikon Eclipse Ti-S inverted fluorescence microscope
(Ex=455 nm, Em=613 nm). According to the instruc-
tions, RDPP is a fluorescent dye with green fluorescence
and quenched by oxygen, and the stronger of fluores-
cence the lower of oxygen content in the cells.

Scratch and migration assays

Firstly, HUVECs were seeded onto 6-well plates with a
density of 8x10* cells per well and incubated with the
samples (PBS, DCA and Cu-DCA NZs solution) for 24 h.
After 24 h incubation, the cell layer formed in the well
plate was scratched with a pipette tip, and the crawling of
cells was taken by inverted fluorescence microscope at 0,
12 and 24 h.

For the migration assay, HUVECs were inoculated
into the upper chamber of transwell chambers (Corn-
ing, USA) and the lower chamber was added to different
groups of samples (PBS, DCA and Cu-DCA NZs solu-
tion). After 24 h incubation, the chambers were removed
and washed. Then fixed with paraformaldehyde for
15 min, then stained with crystal violet for 40 min. Finally
the migration of cells were observed under an orthomo-
saic microscope (Jnnovel, China).

Tube formation assays

HUVECs were added into 24-well plates with a density
of 2x10* cells per well and incubated with the samples
(PBS, DCA and Cu-DCA NZs solution) for 24 h. After-
wards, Matrigel (Corning, USA) was slowly added onto
the 48-well plates of 150 pL per well, and solidified at 37
‘C for 30 min. The above treated cells were then collected
and plated on the 48-well plate and incubated at 37 C.
Finally, the enclosed mesh of complete microtubes were
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taken by the inverted fluorescence microscope and quan-
tified by Image J software.

Western blotting analysis of VEGF

A western blot assay (WB) was selected to evaluate the in
vitro angiogenesis effects of Cu-DCA NZs in HUVECs.
In brief, HUVECs were seeded onto 6-well plates with
a density of 8x10* cells per well and incubated with
the samples (PBS, DCA and Cu-DCA NZs solution)
for 24 h. HUVECs were collected after different treat-
ments, and intracellular proteins were extracted with
RIPA lysis buffer on ice. The protein concentration was
determined using a bicinchoninic acid protein detection
kit (Biosharp, China). The proteins were separated by
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and transferred to a polyvinylidene fluoride mem-
brane. After blocking with 5% BSA in TBST for 2 h, the
membrane was incubated overnight with anti-VEGF anti-
body (ab1316, Abcam) and GAPDH (AF0006, Beyotime)
on a shaker at 4 °C and then for 2 h at room temperature
with the corresponding secondary antibody. After wash-
ing three times with TBST and incubating with enhanced
chemiluminescence reagent (SEP100, WSHTBio), the
membrane was visualized using achemiluminescent
imaging system (Tanon-5200, China).

Full-thickness diabetic wound model
All procedures on animals were conducted in accor-
dance with the National Institute of Health’s Guide-
lines for the Care and Use of Laboratory Animals. Male
Balb/c mice (20-25 g, 8 weeks) were provided by the
Experimental Animal Center of Chongqing Medical
University (SCXK2018-0003). All animal experiments
were approved by the Animal Ethics Committee of the
Chongging Medical University (Chongging, China).
These mice were fed a high-fat diet (HFD, MD12033,
Jiangsu, China) and given streptozotocin solution (STZ,
50 mg/kg) intraperitoneally for 5 days. After 2 weeks, the
blood glucose levels of mice were measured via the tail
vein. Mice with blood glucose levels above 16.7 mmol/L
on three consecutive occasions were judged to model
as type I diabetic mice successfully. Next, the mice were
randomly divided into 4 groups (PBS, DCA, Cu-DCA
NZs, Cu-DCA NZs+NIR, n=8). The mice were then
anesthetized by the intraperitoneal injection of sodium
pentobarbital (0.3% /100 g) to create a circular and full-
thickness wound with a diameter of 0.8 cm on the back
of the mice. Thereafter, different samples solution were
applied to the wound for treatment. The wounds were
photographed with a digital camera at 0, 3, 7, 11 and 14
days after the start of treatment, and the images were
analyzed by Image ] software. The temperature changes
of circular wound were monitored using the infrared
thermal imager. Also, the body weight and blood glucose
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of the mice were recorded every two days during the
treatment. At the end of the treatment after 14 days, the
wound tissue was collected for histological and immuno-
fluorescence analysis.

S. aureus- infected wound model

The S. aureus was selected as bacterial strain for mouse
infection. Four groups (PBS, DCA, Cu-DCA NZs, Cu-
DCA NZs+NIR, n=3), a circular full-thickness wound
was created on the back of the mice as described above.
Subsequently, 50 L of S. aureus (108 CFU-mL™!) suspen-
sion was added on circular wound to infect all mice. After
infection for 24 h, different samples solution were applied
to the wound for 3 days. The wound were photographed
with a digital camera at 3 days, and agar plate was used to
compare the antibacterial activity of each group.

Histological analysis

The wound tissues were fixed in 4% paraformaldehyde
overnight, embedded in paraffin, and serially sectioned at
5 um. To evaluate the healing process, hematoxylin-eosin
(H&E) staining, Masson staining and Picrosirius red
staining methods were used. For immunofluorescence
analysis, following deparaffinization, antigen retrieval,
and blocking, the sections were incubated with primary
antibodies. The primary antibodies used were anti-CD31
antibody (ab199012, Abcam), anti-alpha smooth muscle
actin antibody (ab7817, Abcam,), anti-TNF alpha anti-
body (ab183218, Abcam), anti-IL-6 antibody (ab214419,
Abcam) and anti-VEGF antibody (ab1316, Abcam). The
tissue sections were then washed three times with PBS
(pH 7.4) for 5 min each. The sections were then incu-
bated with corresponding secondary antibodies. The
nuclei were stained with hematoxylin or DAPI dihydro-
chloride (C1006, Beyotime), and the slices were observed
under an optical microscope. Quantification of the stain-
ings was performed using Image] software.

Statistical analysis

Each experiment was repeated at least three times. The
experimental data were statistically analyzed, and the
results were expressed as meantstandard error (SD).
One-way analysis of variance (ANOVA) was used for the
significant difference analysis of the experimental data.
The data were indicated with * p<0.05, ** p<0.01, and ***
»<0.001.

List of abbreviations

DCA 2,5-dimercaptoterephthalic acid
ROS Reactive oxygen species
MOF Metal-organic frameworks SOD:Superoxide dismutase

CAT Catalase

HUVECs  Human umbilical vein endothelial cells
CCK-8 Cell counting kit-8
VEGF Vascular endothelial growth factor
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