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Multifunctional PtCuTe Nanosheets with Strong ROS
Scavenging and ROS-Independent Antibacterial Properties
Promote Diabetic Wound Healing

Yaru Guo, Shuai Ding, Changshuai Shang, Chenguang Zhang, Menggang Li,
Qinghua Zhang, Lin Gu, Boon Chin Heng, Shihan Zhang, Feng Mei, Ying Huang,
Xuehui Zhang, Mingming Xu, Jiuhui Jiang,* Shaojun Guo,* Xuliang Deng,* and Lili Chen*

Nanozymes, as one of the most efficient reactive oxygen species (ROS)-
scavenging biomaterials, are receiving wide attention in promoting diabetic
wound healing. Despite recent attempts at improving the catalytic efficiency
of Pt-based nanozymes (e.g., PtCu, one of the best systems), they still display
quite limited ROS scavenging capacity and ROS-dependent antibacterial
effects on bacteria or immunocytes, which leads to uncontrolled and poor dia-
betic wound healing. Hence, a new class of multifunctional PtCuTe nanosheets
with excellent catalytic, ROS-independent antibacterial, proangiogenic, anti-
inflammatory, and immuno-modulatory properties for boosting the diabetic
wound healing, is reported. The PtCuTe nanosheets show stronger ROS scav-
enging capacity and better antibacterial effects than PtCu. It is also revealed
that the PtCuTe can enhance vascular tube formation, stimulate macrophage
polarization toward the M2 phenotype and improve fibroblast mobility, out-
performing conventional PtCu. Moreover, PtCuTe promotes crosstalk between
different cell types to form a positive feedback loop. Consequently, PtCuTe
stimulates a proregenerative environment with relevant cell populations to en-
sure normal tissue repair. Utilizing a diabetic mouse model, it is demonstrated
that PtCuTe significantly facilitated the regeneration of highly vascularized
skin, with the percentage of wound closure being over 90% on the 8th day,
which is the best among the reported comparable multifunctional biomaterials.

1. Introduction

With rapidly aging populations and increasing prevalence of di-
abetes mellitus worldwide, impaired diabetic wound closure, the
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most common complication of diabetes,
has resulted in huge financial and social
burdens on elderly patients. The etiology
of chronic, nonhealing diabetic wounds
is multifaceted, including uncontrolled
accumulation of ROS, bacterial infection,
microcirculatory perturbations, and sus-
tained inflammation.[1,2] Among these,
high ROS levels usually cause local ir-
reversible oxidative damage, leading to
the elevated inflammation and increased
susceptibility to bacterial infection.[2] The
scavenging of excessive ROS in diabetic
wounds is a highly promising strategy
to overcome stalled wound healing.[3,4]

Various nanozymes have been developed
to scavenge the ROS for reducing oxidative
stress damage, due to their relatively easy
preparation, high durability, and good
physiochemical stability against harsh
environments.[5,6,7] Despite recent attempts
at improving the catalytic efficiency of
Pt-based nanozymes (e.g., PtCu, one of
the best systems), their ROS scavenging
capacity is still unsatisfactory.[8] Moreover,
ROS levels in different cell types are usually
spatially heterogeneous. Specifically, ROS

at physiological levels is pivotal to the healthy function-
ing of endothelial cells (ECs) and fibroblasts, while phago-
cytic macrophages and neutrophils destroy the invading mi-
crobes through high ROS concentrations.[9,10] The regional
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heterogeneity of ROS indicates that only scavenging ROS to the
physiological level would inevitably damage the ROS-dependent
antibacterial property.[11] Moreover, many nanozymes also exert
their antibacterial effects through ROS generation in bacteria,
which leads to the secondary damage of local tissues. Although
many antioxidative biomaterials are often incorporated with an-
tibiotics or other antibacterial molecules to enhance their an-
tibacterial properties, their biosafety and effectiveness are quite
limited.[12] Therefore, nanomaterials with both improved cat-
alytic efficiency and ROS-independent antibacterial properties
are highly desirable. However, searching for a new class of
biomedical materials for achieving such a comprehensive effect,
is still a formidable challenge.

Here, we report a new class of PtCuTe nanosheets with both
strong ROS-scavenging capacity and good ROS-independent an-
tibacterial properties for promoting diabetic wound healing. We
find that our fabricated PtCuTe can not only promote angiogen-
esis, macrophage polarization toward a proregenerative M2 phe-
notype and fibroblast mobility, without incorporation of addi-
tives, but also enhance the crosstalk between ECs, macrophage
and fibroblasts, thus forming a positive feedback loop to mitigate
the pathological microenvironment (Figure 1). With a diabetic
mice model and in vivo imaging system, the PtCuTe nanosheets
can effectively promote diabetic wound healing, attaining a per-
centage of wound closure of up to 91% on day 8, which has not
been achieved before by other comparable studies.

2. Results and Disscusion

The synthesis of PtCuTe nanosheets was achieved by a solvother-
mal method using Pt(acac)2, Cu(CH3COO)2, and H6TeO6 as
metal precursors and citric acid as reductant, with the assistance
of Mo(CO)6. The high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image (Figure 2a)
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and high-resolution transmission electron microscopy (HRTEM)
image (Figure S1, Supporting Information) of PtCuTe nanoma-
terials reveal that individual PtCuTe materials consists of sev-
eral nanosheets with a lateral size of about 148 nm. HAADF-
STEM images of the perpendicular and horizontal nanosheets
(Figure 2b–d) clearly show the lamellar morphology, and regu-
lar alternating dark and bright spots. Due to the introduction
of Cu with smaller radius, the lattice fringe spacings of (001)
(0.511 nm) and (110) (0.196 nm) planes of PtCuTe are smaller
than those of hexagonal-phase PtTe2 (001) planes (0.522 nm) and
(110) planes (0.201 nm).[13] These observations are in accordance
with the result that the X-ray powder diffraction (XRD) peak of
the (110) plane of PtCuTe is positively shifted (Figure 2f). Mean-
while, all the XRD peaks of PtCuTe are similar to those of PtTe2
(18-0977), and no extra peak can be found (Figure 2f).[14] These
pieces of evidence collectively confirm the successful embedding
of Cu atoms into the PtTe2 lattice. The elemental mapping dis-
closes that Pt, Cu, and Te are distributed evenly throughout the
nanomaterial (Figure 2g). The atomic ratio of Pt:Cu:Te is deter-
mined to be 28.5:10.8:60.7 by the inductively-coupled plasma-
atomic emission spectroscopy (ICP-AES) (Figure 2h). X-ray pho-
toelectron spectroscopy (XPS) of PtCuTe reveals that most Pt in
the PtCuTe nanosheets exist in the oxidized states (Figure 2i;
and Figure S2, Supporting Information) whereas that of PtCu
nanoparticles exist in metallic states and their oxidized Cu atom
amount is much lower (Figure S3, Supporting Information), re-
vealing the strong electronic interactions between Te and other
elements in PtCuTe nanosheets.

The ROS scavenging capacities of PtCuTe and PtCu nanomate-
rials were investigated, including •OH scavenging capacity, per-
oxidase (POD)-like, catalase (CAT)-like, and superoxide dismu-
tase (SOD)-like activity. First, the •OH scavenging capacities of
PtCuTe and PtCu were tested with electron paramagnetic res-
onance (EPR) technique. The peak intensities of •OH gradu-
ally decreased with increasing PtCuTe and PtCu dosages, while
relatively weaker intensities in the PtCuTe group were found
at all their selected same concentrations (Figure 2j,k), reveal-
ing the stronger catalytic scavenging activity of PtCuTe to •OH.
The POD-like activity was evaluated by the use of 3, 3′, 5, 5′-
tetramethylbenzidine (TMB) as the chromogenic substrate. As
shown in Figure 2l, the absorbance at 652 nm of the system with
PtCuTe is much higher than that of the PtCu system, indicat-
ing that PtCuTe nanosheets have the superior POD-like activity.
Moreover, PtCuTe exhibits efficient CAT-like and SOD-like activ-
ities (Figure S4, Supporting Information). The above results thus
indicate that the PtCuTe nanosheets show stronger ROS scaveng-
ing activity.

Diabetic wounds are more prone to bacterial infection, and
ROS plays a key role in host defense. Phagocytic macrophages
and neutrophils destroy invading microbes in their phagosomes
though the release of high-concentration ROS. Due to the excel-
lent ROS scavenging capacity of PtCuTe nanosheets, we next in-
vestigated whether PtCuTe exerted its antibacterial function in
a ROS-independent manner. For this purpose, SOD and CAT
were used throughout bacterial culture to maintain the ROS at
a low level. The coating dilution plate experiment and count-
ing of colony-forming units (CFUs) showed that the staphylo-
coccus aureus (S. aureus) colony units significantly decreased af-
ter the PtCuTe treatment for 24 h in a concentration-dependent
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Figure 1. Schematic illustration of using PtCuTe nanosheets for treatment of diabetic wounds.

manner (0.25–2 μg mL−1, Figure 3a,b). As a comparison, more
bacterial colony units were observed in the PtCu group. The
results revealed the superior antibacterial activity of PtCuTe
compared to the well-known PtCu nanoenzyme. Consistently,
with live/dead staining assay of S. aureus (Figure 3c), we also
found that the PtCuTe group had a significantly lower percent-
age of live bacteria (green fluorescence), whereas the bacte-
ria in the PtCu group were mostly viable, thus demonstrating
the better antibacterial ability of PtCuTe compared to that of
PtCu. Additionally, the SEM and TEM results showed that al-
most all S. aureus treated with PtCuTe lost their normal cell
membrane structures and began to rupture, while PtCu treat-
ment had a negligible impact on the integrity of bacterial cell
membranes (Figure 3d). Taken together, these results thus indi-
cated the excellent ROS-independent antibacterial performance
of PtCuTe. The superior antimicrobial properties of PtCuTe to
PtCu were further confirmed by the anti-Escherichia coli (E.
coli) assay (Figure S5, Supporting Information), showing the
strong E. coli killing ability of PtCuTe by disrupting bacterial
membrane integrity. Our results are consistent with previous
studies that the antibacterial activity of Te and telluride relies
mainly on membrane damage and flagellar movement inhibi-
tion, rather than ROS production and DNA damage.[15,16] Com-
pared to other current antibacterial agents, which eliminate bac-
teria via external physical stimuli (e.g., light, sound, microwaves),

PtCuTe nanosheets exhibits more flexibility in antibacterial
applications.

The biocompatibility of PtCuTe and its intracellular antioxi-
dant activity at selected concentrations were then investigated.
Live/dead staining, ethynyl-deoxyuridine , and cell counting kit-
8 assays (Figures S6–S8, Supporting Information) demonstrated
the superior biocompatibility of PtCuTe, exhibiting very mini-
mal detrimental effects on the survival and proliferation of hu-
man umbilical vein endothelial cells (hUVECs), THP-1, and fi-
broblasts. CellROX deep red reagent was used as the fluores-
cent probe to investigate the ROS-scavenging capacity of Pt-
CuTe against intracellular ROS. After incubating hUVECs with
D-glucose (25 mm), a strong red fluorescence signal can be ob-
served, indicating a high level of intracellular ROS under high
glucose (HG) conditions. By contrast, red fluorescence signals
were dramatically attenuated in a concentration-dependent man-
ner when hUVECs+D-glucose were treated with different con-
centrations of PtCuTe and PtCu. The quantitative analysis re-
vealed that the ROS signals in the PtCuTe group were lower than
those in the PtCu group at all selected concentrations (Figure
S9, Supporting Information). Similar tendencies were also found
by flow cytometry (Figure S10, Supporting Information), show-
ing that PtCuTe treatment significantly decreased the percent-
age of ROS-positive hUVECs. Taken together, PtCuTe exhibits
intracellular antioxidant capacity more strongly than PtCu, thus
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Figure 2. Characterization of PtCuTe nanosheets and their ROS scavenging capacity in vitro. a–i) Typical HAADF-STEM images (a–e), XRD pattern (f),
EDS mapping (g), SEM-EDS (h), and Pt 4f XPS spectrum (i) of PtCuTe nanosheets. j) EPR spectroscopy and k) quantitative analysis of •OH after PtCuTe
and PtCu treatment. l) The time-dependent absorbance curves of the oxidation of TMB by H2O2 catalyzed by different concentrations of PtCuTe and
PtCu. (Dashed lines in (e) were used to mark the irregular edges of PtCuTe nanosheets).

indicating its significant potential for reducing oxidative damage
in diabetic wounds.

Diabetes-induced endothelial dysfunction is a critical and ini-
tiating factor in the pathogenesis of diabetic vascular complica-
tions. After confirming excellent biocompatibility of PtCuTe and

its efficient ROS scavenging capacity, we then investigated the
effect of PtCuTe on endothelial functions. Through the tube for-
mation assay, we found that the vessel tube formation of hU-
VECs was significantly hindered in the HG group (Figure 4a),
which was accompanied by a decrease in the total tubule length,
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Figure 3. PtCuTe displayed strong antibacterial activity. a) Representative images of S. aureus colonies with different treatment. b) Quantitative analysis
of S. aureus colonies in (a). c) Live/dead staining of S. aureus in different treatment groups. d) Representative SEM and TEM images of S. aureus treated
by 1 μg mL−1 PtCuTe and PtCu.

number of junctions and tubules (Figure 4b). This impaired an-
giogenic phenotype was restored by PtCu and PtCuTe nanoma-
terials in a concentration-dependent manner, showing the best
proangiogenic effect at a dose of 0.5 μg mL−1 (Figure 4a,b). How-
ever, the hUVECs treated with PtCuTe displayed a significantly
stronger tube formation ability at all tested concentrations. At
0.5 μg mL−1, PtCuTe exhibited a 1.8-fold, 1.4-fold, and 1.3-fold in-
crease in lumen number, junction number, and lumen length, as
compared to the PtCu group, respectively. Hence, it can be seen
that PtCuTe promoted the angiogenic capacity of hUVECs to the
level of normal glucose (NG) group, while PtCu only partly miti-
gated the impaired angiogenesis within the HG environment.

To gain deeper insights, we investigated the underlying mech-
anism of the proangiogenic effects of PtCuTe. Revasculariza-
tion of the skin defect area requires functional specification of
ECs into leading tip cells.[17] Immunofluorescence staining and
flow cytometry analysis of the cell membrane protein CD34,
the canonical marker of tip cells,[18] showed that HG condition
significantly decreased CD34 expression and CD34+ phenotype,
while this decline was mitigated upon treatment with PtCuTe,
with optimal effects at a concentration of 0.25 and 0.5 μg mL−1

(Figure 4c,d; and Figures S11 and S12, Supporting Informa-
tion). In addition, reverse transcription polymerase chain reac-
tion (qRT-PCR) showed that the tip-cell-enriched gene transcripts
after PtCuTe treatment (1 μg mL−1), including Aplin, VEGFR2,
IGF2, EFNB2, and DLL4, displayed 48.6-folds, 23.5-folds, 14.6-
folds, 7.9-folds, and 6.4-folds increases, respectively, compared
with the HG group (Figure 4d; and Figure S13, Supporting Infor-
mation). These results thus demonstrate that PtCuTe promotes
the tip cell phenotype and specification, further confirmed by the
increased sprout number and invasion distance of PtCuTe in the
spheroid-based angiogenesis assay (Figure 4e,f; and Figure S14,
Supporting Information).

Besides tip cell specification, EC migration is also essential
for angiogenesis, and collective cell migration is a hallmark of
wound repair.[19] We found that the collective EC migration was

hindered under the HG environment. On the contrary, PtCuTe
treatment markedly enhanced the migration of collective ECs,
as manifested by increased migration areas and radius lengths,
as well as enhanced number of cells migrating from the 3D EC
spheroids (Figure S15, Supporting Information). Our results in-
dicate that PtCuTe promotes angiogenesis through enhancement
of tip cell formation and increased mobility of ECs. Although ex-
cessive ROS causes oxidative stress, ROS at physiological level is
pivotal in the normal wound-healing response, including angio-
genic sprouts, antimicrobial activity, and immunomodulation.[11]

The intracellular ROS levels with 2 μg mL−1 of PtCuTe treatment
were significantly lower than those in the control group (Figures
S9 and S10, Supporting Information). This excessive ROS clear-
ance might account for the decline in angiogenic performance at
elevated PtCuTe concentration.

Besides endothelial dysfunction, another important feature of
diabetic wound is the impaired transition of macrophages from
“pro-inflammatory” (M1) to “pro-healing” (M2) phenotypes,
resulting in a persistent proinflammatory environment.[20–22]

As a result, the persistent nonresolving inflammation in a
HG environment, characterized by increased M1 phenotype
macrophages and elevated levels of proinflammatory cytokines
(Figure 5a,b), contributes to impaired diabetic wound healing.
Upon treatment with PtCuTe (0.5 μg mL−1), the proportion of
M2 (CD206+) macrophages is increased, while the proportion
of M1 (CD86+) macrophages is decreased (Figure 5a), accompa-
nied with reduced secretion of IL-1𝛽, IL-6, and TNF-𝛼 to the lev-
els in the control group (Figure 5b). By contrast, PtCu exerted
minimal effects on the polarization and proinflammatory cy-
tokines expression of macrophages under the HG environment
(Figure 5a,b).

With normalization of angiogenesis and immune microen-
vironment in a HG environment, normal wound healing also
calls for the migration of fibroblasts.[23] Normally, fibroblasts
must migrate to the wound bed before they can exert their
functions effectively, including breaking down the fibrin clot,
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Figure 4. PtCuTe promoted angiogenesis and tip cell formation in vitro. a) Tube formation assay of hUVECs involving treatment with different-
concentrations PtCuTe and PtCu. b) Number of tubules, number of junctions, and total tube length in each group in (a). c) Immuno-fluorescence
staining of tip cell marker CD34 in the different groups. d) qRT-PCR results of tip cell-enriched gene expression in the different treatment groups. e)
Sprouting angiogenesis of hUVEC spheroids in the different treatment groups. f) Invasion distance and sprout number in each group in (e).

laying down new extracellular matrix, and providing the con-
tractile forces to bring the wound edges together.[24] To quan-
tify the cell migration speed, single cell tracking of fibrob-
lasts was performed. Figure 5c shows the representative field
of cell migration trajectories and centered trajectories of fi-

broblasts in every group with the cellular instantaneous ve-
locity in different colors (blue representing lower speed and
green to red representing higher speed). The short migra-
tion trajectories (64.39 ± 23.80 μm) and clustered blue speed
(0.085 ± 0.043 μm min−1) in the HG group indicate impaired
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Figure 5. PtCuTe inhibited inflammation and enhanced fibroblast mobility. a) Flow cytometry results of CD86 and CD206, indicating that PtCuTe upreg-
ulated M2 and downregulated M1 macrophage polarization. b) PtCuTe inhibited the expression of proinflammatory factors, including TNF-𝛼, IL-1𝛽, and
IL-6. c) Representative fields of cell migration trajectories and centered trajectories of fibroblasts in the different treatment groups. d) Quantification of
fibroblast mobility, showing that the track length and track speed of fibroblasts were improved by PtCuTe treatment to the level of the control group.

fibroblast mobility (Figure 5c,d). After PtCuTe treatment,
long migratory trajectories (124.95 ± 36.29 μm) and clustered
green to red speed (0.152 ± 0.042 μm min−1) were found, sim-
ilar to those of the control group (123.43 ± 44.92 μm and 0.151 ±
0.044 μm min−1 for migration length and instantaneous speed,
respectively). In contrast, PtCu exerted negligible effects on mi-
gration trajectories (91.63± 26.31 μm) and instantaneous velocity
(0.089 ± 0.032 μm min−1) of HG-treated fibroblasts. The same
phenomenon was also found in the scarification assay (Figure
S16, Supporting Information), showing that PtCuTe-treated fi-
broblasts (0.5 μg mL−1) migrated closer toward the middle of the
wound, as compared to the PtCu group and improved the wound
closure rate to the level of the control group. These results thus in-
dicate that fibroblast mobility impaired by the HG environment
was completely restored by PtCuTe instead of PtCu.

Having confirmed the functional improvements of hUVECs,
macrophages and fibroblasts by PtCuTe, we next explored the
crosstalk among these three types of wound healing-involved
cells. Tube formation assay with conditioned medium (CM) of
macrophages and fibroblasts in the different groups showed
that PtCuTe treatment increased the angiogenic capacity of HG-
treated ECs to the level of the control group, including the num-
ber of tubules and junctions as well as the length of tubules

(Figures S17a,b and S18a,b, Supporting Information), all of
which were better than those of macrophages treated with PtCu.
Previous studies have shown that prohealing macrophages can
stimulate angiogenesis, and thus bridge initial inflammation and
later tissue regeneration and repair.[25] Similarly, as the most
abundant and critical cell type in the wound healing process,[26]

fibroblasts are also capable of upregulating angiogenic fac-
tors, such as hepatocyte growth factor and vascular endothe-
lial growth factor (VEGF).[27] The enzyme-linked immunosor-
bent assay of CM shows that PtCuTe treatment mitigated the
decrease in VEGF secretion of HG-treated macrophages and fi-
broblasts, while PtCu exerted limited effects on mitigating de-
creased VEGF expression (Figures S14c and S15c, Supporting
Information). Conversely, newly-formed blood vessels transport
more macrophages and fibroblasts to the damaged area. There-
fore, PtCuTe enhanced the crosstalk between ECs, macrophages,
and fibroblasts, thus forming a positive feedback to promote di-
abetic wound healing.

Finally, we investigated whether PtCuTe could enhance in-
fected diabetic wound healing in vivo. Infected wounds were cre-
ated on diabetic mouse dorsal skin (Figure 6a). Representative
images of the infected wounds in different groups (Figure 6b)
demonstrated that diabetes delayed wound healing, and new
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Figure 6. PtCuTe enhanced infected diabetic wound healing in vivo. a) Establishment of mouse skin defect model and the following treatment schedule.
b) Representative images of the wound on day 0 and 8 postwounding. The wound healing boundary on day 0 and day 8 postwounding is overlaid on
the image. c) Quantification of the process of wound healing in all groups. d) Comparison of diabetic wound healing promoting capacity of PtCuTe with
other published materials.[2,3,28–43] e) Representative images of S. aureus colonies in the different groups. f) Quantitative analysis of S. aureus colonies
in (e).

tissue formation was significantly increased by the PtCuTe
nanosheets. As shown in Figure 6b,c, the wound healing in di-
abetic mice only achieved about 10% closure on day 6 and 15%
closure on day 8, significantly lower than that of the healthy mice
(40% and 45% on day 6 and 8, respectively). After treatment with
PtCuTe nanosheets, the wound closure percentage increased to
83% on day 6, 91% on day 8. However, 23% closure of skin wound
on day 8 in PtCu group indicated that the traditional PtCu showed

limited effects on infected diabetic wound healing. Similarly, the
wound closure percentage values of PtCuTe are also much higher
than those recently reported metals or metal-oxide-based ROS-
scavenging biocatalysts and other organic materials (Figure 6d),
including studies with and without bacterial infection.[2,3,28–43]

In order to evaluate the antibacterial effect of PtCuTe in vivo,
sterile swabs were used to collect S. aureus and E. coli around
the wounds on day 1, 3, 5, and 7, and the bacterial burden was
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Figure 7. Wound microenvironment changes induced by PtCuTe treatment. a) ROS immunofluorescence staining of skin wound tissue in different
groups. b) Quantitative analysis of ROS in (a). c) H&E staining(on day 7), MTS (on day 7), and IHC (TNF-𝛼 on day 3 and CD34 on day 7) of wound
tissues. Ultrasound and PA images of VD in (d) and BO in (e) in different groups. f) Quantitative analysis of VD in (d). g) Quantitative analysis of BO
in (e).

determined by enumerating the bacterial counts on Mannitol
Agar and MacConkey Salt Agar plates (Figure 6e; and Figure
S19, Supporting Information). As expected, the number of bac-
terial colonies in the PtCuTe group (145 CFUs for S. aureus
and 26 CFUs for E. coli on day 7) was slightly lower than NG
group (300 CFUs for S. aureus and 53 CFUs for E. coli on day
7), and much lower than that in the HG (4118 CFUs for S. au-
reus and 683 CFUs for E. coli on day 7) and PtCu (1276 CFUs
for S. aureus and 525 CFUs for E. coli on day 7) groups. Consis-
tent with the in vitro results, the animal studies demonstrated

that PtCuTe treatment exhibited excellent antibacterial activity
in vivo.

Then skin slice analysis was performed to evaluate antiox-
idative, anti-inflammatory, wound healing promotion (includ-
ing re-epithelialization and collagen deposition) and proangio-
genic abilities of PtCuTe nanosheets. The intracellular ROS levels
in vivo were monitored by fluorescence staining (Figure 7a,b).
A dramatically diminished red fluorescence was observed
as a result of dressing PtCuTe nanosheets compared with
HG and PtCu groups, indicating its stronger ROS clearance

Adv. Mater. 2023, 2306292 © 2023 Wiley-VCH GmbH2306292 (9 of 11)
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ability than PtCu. Immunohistochemical staining of IL-1𝛽, IL-
6, and TNF-𝛼 on day 3 after surgery showed that the expres-
sion levels of these inflammatory factors in the control and Pt-
CuTe group were significantly lower than those in the diabetic
and PtCu groups (Figure 7c; and Figure S20, Supporting In-
formation), thus revealing the anti-inflammatory effects of Pt-
CuTe during the process of diabetic mice wound healing. Im-
munohistofluorescence was also performed to explore the ef-
fects of PtCuTe on macrophage phenotype modulation, showing
that PtCuTe increased the macrophages with the M2 phenotype
(CD68+CD206+) and decreased the M1 phenotype macrophages
(CD68+CD86+) compared with the diabetic and PtCu groups
(Figure S21, Supporting Information). In addition, hematoxylin
and eosin (H&E) staining (Figure 7c; and Figure S22, Supporting
Information) and Masson’s trichrome staining (MTS, Figure 7c;
and Figure S23, Supporting Information) indicated that faster
re-epithelialization and better collagen deposition were achieved
with PtCuTe treatment, superior to the negative group.

Microvascularization is the only means to transport nutrients
and remove metabolic wastes in tissues, and thus is an important
indicator of the wound healing process.[44] Therefore, the stain-
ing of CD34 (a marker of newly-formed vessels), vascular den-
sity (VD), and the blood oxygenation level (an indicator of func-
tional blood vessel formation) were evaluated through immuno-
histochemistry (IHC) and photoacoustic (PA) imaging system to
examine proangiogenic performance of PtCuTe nanosheets. In-
tense positive CD34 staining was observed in the PtCuTe group,
and significantly higher than that in the HG and PtCu groups
(Figure 7c). Cross-sectional PA and ultrasound images on day
14 (Figure 7d,e) showed the blood flow and oxygen saturation
(sO2) around the wound site. Consistent with the IHC results,
wounds treated with PtCuTe showed improved recovery with
abundant blood perfusion and a markedly higher average blood
oxygen (BO) level. As illustrated in the quantitative analysis in
Figure 7f,g, diabetic environment decreased the VD average from
45.83% in control group to 14.61% and sO2 average from 41.66%
to 24.81%. After treated with PtCuTe, VD average and sO2 aver-
age were improved to 77.35% and 51.74%, respectively, signifi-
cantly higher than those in the PtCu group (30.58% for VD aver-
age and 34.49% for sO2 average). These results collectively reveal
that the PtCuTe nanosheets could effectively accelerate wound
healing, eliminate bacteria, reduce inflammation, and promote
angiogenesis, which are remarkably superior to traditional PtCu
nanoenzyme. All animal surgical procedures were approved by
the Institutional Animal Care and Use Committee of Peking
University (No. LA2022660).

3. Conclusion

We have developed a new class of PtCuTe nanosheets for the pro-
motion of diabetic wound healing. We found that PtCuTe showed
stronger ROS scavenging capacity and better ROS-independent
antibacterial properties than conventional PtCu-based materials.
It promoted endothelial tip cell formation, enhanced vascular
tube formation, stimulated macrophage polarization toward the
M2 phenotype and improved fibroblast mobility. Moreover, Pt-
CuTe enhanced the crosstalk between different cells, forming a
positive feedback loop to stimulate a proregenerative environ-
ment enriched with proangiogenic factors, with relevant cell pop-

ulations to facilitate normal tissue repair. Consequently, by using
a full-thickness skin defect model in diabetic mice, we found that
PtCuTe application achieved significant accelerated wound heal-
ing at a rate not reported before.
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