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A B S T R A C T   

Given multifunction of copper (Cu) contributing to all stages of the physiology of wound healing, Cu-based 
compounds have great therapeutic potentials to accelerate the wound healing, but they must be limited to a 
very low concentration range to avoid detrimental accumulation. Additionally, the cellular mechanism of Cu- 
based compounds participating the healing process remains elusive. In this study, copper oxide nanoparticles 
(CuONPs) were synthesized to mimic the multiple natural enzymes and trapped into PEG-b-PCL polymersomes 
(PS) to construct cupric-polymeric nanoreactors (CuO@PS) via a direct hydration method, thus allowing to 
compartmentalize Cu-based catalytic reactions in an isolated space to improve the efficiency, selectivity, recy-
clability as well as biocompatibility. While nanoreactors trafficked to lysosomes following endocytosis, the 
released Cu-based compounds in lysosomal lumen drove a cytosolic Cu+ influx to mobilize Cu metabolism mostly 
via Atox1-ATP7a/b-Lox axis, thereby activating the phosphorylation of mitogen-activated protein kinase 1 and 2 
(MEK1/2) to initiate downstream signaling events associated with cell proliferation, migration and angiogenesis. 
Moreover, to facilitate to lay on wounds, cupric-polymeric nanoreactors were finely dispersed into a thermo-
sensitive Pluronic F127 hydrogel to form a composite hydrogel sheet that promoted the healing of chronic 
wounds in diabetic rat models. Hence, cupric-polymeric nanoreactors represented an attractive translational 
strategy to harness cellular Cu metabolism for chronic wounds healing.   

1. Introduction 

Skin as the largest organ in the body provides the physical end border 
to protect internal tissues from extreme temperature, water loss, ultra-
violet radiation, microbial and chemical insults, and injury. Chronic 
non-healing wound is one of the most common diabetes complications, 
and about 20 % of diabetic patients develop a chronic non-healing 
wound, suffering long-term pain, limited mobility, infection, and even 
amputation [1,2]. The standard of cares in clinic are mostly conservative 

treatments, such as tissue debridement, management of ischemia, 
infection control, and appropriate wound bed preparation [3,4]. Due to 
the poor managements by patients or in the community as opposed to 
under hospital settings, it is normally difficult to achieve the favorable 
clinical outcomes [4]. Therefore, it is urgent to develop more effective 
and convenient therapeutic modalities with high patient compliance, on 
the base of understanding the pathophysiology of non-healing wound 
occurring in diabetes. 

Wound recovery is a complex process that can be divided into four 
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successive and overlapped stages, i.e., hemostasis, inflammation, pro-
liferation and remodeling [5,6]. However, many factors may impede or 
prolong the healing process, such as oxidative stress, inflammation and 
pathogenic infections [7]. Notably, the essential trace element copper 
(Cu) participates in all stages of the wound healing process [8,9]. Since 
Cu is a key cofactor to drive catalysis in microorganisms and mamma-
lian, manipulation of Cu-dependent signaling pathways may offer ben-
efits to accelerate wound healing [10–12]. Indeed, colloidal Cu particles 
as artificial nanozymes can mimic natural metalloenzymes, which not 
only promote angiogenesis and fibroblasts proliferation [13,14], but 
also exert the superior antioxidative and antimicrobial effects during 
healing [15,16]. Yet the underlying mechanism of Cu nanoparticles on 
wound repair remains to be elucidated. 

Intracellular Cu concentration is restricted within a relatively low 
range and tightly controlled by multiple Cu transporters and chaperones 
to maintain the Cu homeostasis [17]. After taken up by copper trans-
porter 1 (Ctr1) into cells, Cu is bound with various chaperones in 
cytosol, i.e., antioxidant-1 (Atox1), copper chaperone for superoxide 
dismutase (CCS), cytochrome c oxidases (Coxs), which further trans-
ferred Cu to the specific Cu-containing enzymes such as Cu, 
Zn-superoxide dismutase (SOD), or lysyl oxidase (Lox) via Cu trans-
porter ATPase copper-transporting alpha or beta (ATP7a/b). Excessive 
amounts of Cu trigger oxidative stress and cell damages, which is also 
defined as a new type of cell death, cuproptosis [18]. Although 
low-concentrations of Cu nanoparticles may contribute to wound repair 
process, caution should be taken while applying them to skin wounds. 
Particularly, Cu nanoparticles directly contact with the wound surface 
without intact skin protection, therefore, excessive and prolonged 
exposure may induce skin irritation and allergies, and even systemic 
adverse effects. Moreover, instability of Cu-based nanoparticles, such as 
aggregation, dissociation or oxidation in aqueous solution may also 
hinder their medical use [19–21]. 

Heavy metal nanoparticles can be absorbed into polymeric matrix to 
reduce the toxicity and improve their stability [22]. Due to the vesicular 
structure, tunable membrane permeability and colloidal stability, pol-
ymersomes (PS) have become a versatile system to encapsulate diverse 
therapeutic compounds either in the aqueous core or in the hydrophobic 
membrane bilayer [23,24]. Moreover, polymersomes have been also 
employed as preferrable candidates to formulate nanoreactors via 
incorporating a variety of catalysts including natural enzymes or arti-
ficial nanozymes [25–28] into a confined space to conduct catalytic 
reactions, thus avoiding the interferences from biological fluids, extra-
cellular matrix, or cell/tissue interactions [29]. Particularly, some pol-
ymersomes constructed by biodegradable polymers, i.e., poly 
(caprolactone) (PCL), poly (lactic acid) (PLA) intrinsically possess 
semi-permeability for small molecules substrates including gases, ions or 
reactive oxygen species (ROS) [30]. Therefore, polymersomes can be 
potentially transformed into nanoreactors via the incorporation of 
copper-based catalysts for wound healing. 

Hydrogel has been extensively investigated for wound dressing and 
also been exploited to deliver a diverse range of drugs, due to its high 
biocompatibility and biosafety [31]. Polymersomes-based drug delivery 
carriers can be combined with hydrogel not only to modulate the drug 
load and release by tuning the composition and/or ratio, but also to 
increase the adhesion of polymersomes with skin wounds [32]. Plur-
onics, as amphiphilic tri-block copolymers formed by poly (ethylene 
oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO), 
have been approved by the U.S. Food and Drug Administration (FDA) for 
pharmaceutical constituents, and are widely used in biomedical fields 
[33]. Amongst Pluronics, PF-127 has gained increasing attentions in 
wound dressing applications, due to its excellent properties such as 
thermo-sensitivity, injectability and biodegradability [34]. 

Herein, copper (II) oxide nanoparticles (CuONPs) with multi-enzyme 
activity were synthesized and enclosed into polymersomes in the 
concurrence with a self-assembly process of poly (ethylene glycol)- 
block-poly (ε-caprolactone) (PEG-b-PCL) via a direct hydration 

method, thus transforming them into cupric-polymeric nanoreactors. 
These newly generated nanoreactors can be further embedded into PF- 
127 hydrogel with an aim of wound management, which allowed not 
only to maintain the catalytic activity of CuONPs without toxic expo-
sures, but also to manipulate Cu-based signaling pathways for promot-
ing chronic wound healing. 

2. Materials and methods 

2.1. Materials 

Poly (ethylene glycol)-block-poly (ε-caprolactone) (PEG-b-PCL, PEG 
Mw = 2000, PCL Mw = 4300) was synthesized based on our previous 
work [35]; Copper (II) acetate, Poly (ethylene glycol) 550 (PEG 550), 
hydrogen peroxide (H2O2, 30 %), Ferrous chloride (FeCl2), Rhodamine B 
were purchased form Macklin, China; Sephadex G-50 was bought from 
Shanghai Yuanye Bio-Technology, China; phosphotungstic acid hydrate, 
lipopolysaccharide (LPS), Pluronic F-127, fluorescein isothiocyanate 
(FITC), Bis(cyclohexanone)oxaldihydrazone (BCO) and Streptozotocin 
(STZ) were purchased from Sigma Aldrich, USA. O2

.- scavenging assay kit 
(WST-8 method), cell counting kit-8 (CCK-8) were purchased from 
Abbkine Scientific, China. H2O2 scavenging assay kit, 2′,7′-Dichloro-
fluorescein diacetate (DCFH-DA) and BeyoClick™ EdU Cell Proliferation 
Kit were purchased from Beyotime Biotechnology, China. LysoTracker™ 
Red DND-99, LysoTracker™ Green DND-26 and 4′,6-Dia-
midino-2-phenylindole dihydrochloride (DAPI) were purchased from 
Thermo Fisher Scientific, USA. Long-chain carbocyanine dye DiD and 
Cu1+ probe Coppersensor-1 (CS-1) were from MedChemExpress, USA. 
Primary antibodies used in this study were Anti-TGF beta 1 Rabbit pAb 
(Proteintech, 21898-1-AP), Anti-alpha smooth muscle Actin Rabbit pAb 
(Servicebio, GB111364), Anti-VEGFA Rabbit pAb (Proteintech, 
19003-1-AP), MEK1/2 (L38C12) Mouse mAb (Cell signaling technology, 
4694S) and Phospho-MEK1/2 (Ser217/221) (41G9) Rabbit mAb (Cell 
signaling technology, 9154S). 

2.2. Synthesis of copper (II) oxide nanoparticles 

Copper (II) oxide nanoparticles (CuONPs) were synthesized using a 
rapid hydrolysis precipitation method [36]. Briefly, 0.1 mL of glacial 
acetic acid was added to 30 mL of 20 mM copper (II) acetate aqueous 
solution. The mix solution was heated to boiling under conditions of 
magnetic stirring. 2 mL of 1 M NaOH aqueous solution was quickly 
added into reaction, and then a large number of black precipitates were 
formed immediately. The precipitates were collected by centrifuge (12, 
000 rpm, 15 min) and washed three times with anhydrous ethanol to 
obtain the purified CuONPs. After drying, CuONPs were weighed and 
resuspended with ultrapure water to obtain a stock solution. The particle 
size and distribution were determined by using dynamic light scattering 
(DLS) and transmission electron microscopy (TEM), which were detailly 
described in supplementary materials. 

2.3. Preparation of cupric-polymeric nanoreactors 

The cupric-polymeric nanoreactors (CuO@PS) were prepared by a 
direct hydration method with some modifications [37]. 5 mg of 
PEG-b-PCL was dissolved into 50 μL of PEG 550 under stirring for 25 min 
at 60 ◦C. While the temperature adjusted to 50 ◦C, 50 μL of CuONPs (5 
mg/mL in water) was added dropwise into polymers solution, and 
allowed to stir another 30 min. Subsequently, 100 μL and 350 μL of 
water were successively added into the mixture at every 30 min. After 
adding water, the obtained solution was purified through a Sephadex 
G-50 column. CuO@PS was collected from the first eluted fraction with 
light brown color, while the following fraction with dark brown color 
was CuONPs with smaller particle size. The methods to measure the 
loading efficiency and encapsulation efficiency of CuONPs in polymer-
somes were present in supplementary materials. 
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2.4. Free radicals scavenging assay 

Scavenging abilities of CuONPs and CuO@PS to remove superoxide 
radicals (O2

.-), hydrogen peroxide (H2O2), and hydroxyl radicals (⋅OH) 
were determined by different colorimetry assays following the kit 
instructions. 

O2
.- concentration was determined using a WST-8 method that 20 μL 

of each sample was added with 5 μL of xanthine, 5 μL of WST-8, and 75 
μL of assay buffer, and mixed well to generate WST-8 formazan which 
quantitatively reflects the concentration of O2

.-. The absorbance of WST-8 
formazan in solution was measured with a microplate reader (Synergy 
H1, BioTek) at 450 nm every 10 s at 37 ◦C. 

H2O2 scavenging ability of CuONPs or CuO@PS was evaluated by 
mixing 10 μL of the samples with 75 μL of assay buffer, 5 μL of chro-
mogenic substrate, and 10 μL of 200 mM H2O2 for rapidly measuring 
absorbance at 520 nm every 10 s at 37 ◦C. The absorbance of benzo-
quinone monoamine derivative was positively correlated with the con-
centrations of H2O2 concentration. 

Prior to assess the scavenging activity of CuONPs or CuO@PS for 
⋅OH, 20 μL of 10 mM FeCl2 and 20 μL of 10 mM H2O2 were mixed well to 
freshly prepare ⋅OH. Then a mixture solution containing 10 μL of sample 
to be tested and 100 μL of rhodamine B (5 μM) were added and mixed 
well, and subjected to measure the absorbance of rhodamine B at 554 
nm every 10 s at 37 ◦C. The absorbance of rhodamine B was inversely 
proportional to ⋅OH concentration, since rhodamine B can be easily 
removed by ⋅OH. 

The changes in absorbance values of CuONPs or CuO@PS both at a 
CuONPs concentration of 1, 2.5, 5, 7.5, 10, 15 and 20 μg/mL were 
plotted over time, and analyzed using Graphpad (Version 8.0.2). For 
multiple cycle testing, CuONPs or CuO@PS were collected by centrifu-
gation after each cycle and further subjected to a new reaction solution 
for another round. 

2.5. In vitro scratch assay 

While the cell confluency reaching around 90 %, NIH-3T3 cells were 
stimulated with 500 μM of H2O2 and 500 ng/mL of LPS for 12 h. Af-
terwards, the cell monolayer was scraped with a 200-μL pipette tip prior 
to addition of CuONPs or CuO@PS at the same CuONPs concentrations 
of 1, 2.5, 5 and 10 μg/mL. The scratch areas were monitored over time 
by optical imaging (EVOS M7000, Thermo Fisher Scientific). The scratch 
healing rate was calculated using Image J (Version 1.53). 

2.6. Cellular reactive oxygen species detection 

After stimulated with H2O2 (500 μM) and LPS (500 ng/mL) for 12 h, 
NIH-3T3 cells were replaced with fresh medium containing CuONPs or 
CuO@PS (at the same CuONPs concentration of 5 μg/mL) for 12 h in-
cubation. Reactive oxygen species (ROS) from each group can be 
detected via a DCFH-DA assay. The cells were incubated with DCFH-DA 
(10 μM) for 30 min to generate fluorescent DCF in the presence of ROS, 
and further imaged with a confocal laser scanning microscope (CLSM, 
FV3000, Olympus). The fluorescent intensities of DCF were quantified 
by Image J (Version 1.53). 

2.7. EdU cell proliferation assay 

Upon exposed to H2O2 and LPS for 12 h, NIH-3T3 cells were further 
treated with CuONPs or CuO@PS at the same CuONPs concentration of 
5 μg/mL for another 24 h. Then the proliferative cells were detected 
using an Alexa Fluor 488 EdU detection kit according to manufacturer’s 
instructions. Briefly, NIH-3T3 cells were incubated with EdU (10 μM) for 
2 h at 37 ◦C, and were further fixed to detect with Alexa Fluor® 488 
azide. Cell nuclei were marked with DAPI prior to microscopic obser-
vations with a CLSM (FV3000, Olympus). EdU-positive cells from each 
group were analyzed using Image J (Version 1.53). 

2.8. Cellular uptake test 

After exposure to H2O2 and LPS for 12 h, NIH-3T3 cells were incu-
bated with DiD-labeled CuO@PS containing 5 μg/mL of CuONPs for 
varying time points. Then the cells were stained with LysoTracker Red 
(500 nM) for 20 min at 37 ◦C, and immediately observed using a CLSM 
(FV3000, Olympus). The images were analyzed and quantified with 
Image J (Version 1.53). 

2.9. Intracellular Cu (I) ion detection 

NIH-3T3 cells, pre-stimulated with H2O2 and LPS for 12 h, were 
added with CuONPs or CuO@PS at the same CuONPs concentration of 5 
μg/mL for 12 h incubation. After washing with cold 1 × PBS three times 
to remove the unbound particles, cells were incubated with 
Coppersensor-1 (5 μM) and LysoTracker green (500 nM) at pre-
determined time points for 20 min at 37 ◦C. Afterwards, the cells were 
immediately imaged using a CLSM (FV3000, Olympus). The images 
were analyzed with Image J (Version 1.53). 

2.10. Preparation of a thermosensitive hydrogel sheet 

Pluronic F-127 (PF-127) powder was slowly added into cold 1 × PBS 
(pH 7.4) and magnetically stirred for 12 h within ice-bath to obtain a 
homogeneous polymer solution containing 15 % (w/v) of PF-127, and 
stored at 4 ◦C. Then, CuONPs or CuO@PS solution both containing 250 
μg of CuONPs were resuspended into 5 mL of PF-127 solution in an ice 
bath under stirring to obtain the composite hydrogel sheets CuOφGEL or 
CuOPSφGEL, respectively. The methods to characterize the sol-gel 
transition temperatures, rheological, structural and morphological 
properties as well as dissociation rates of various hydrogel sheets were 
detailly described in supplementary methods. 

2.11. In vitro release profiling 

CuO@PS containing 500 μg of CuONPs were suspended into 20 mL of 
1 × PBS at pH 7.4 or pH 5.0, and placed in a shaker at 100 rpm at 37 ◦C. 
At predetermined intervals, 1 mL of sample was collected and were 
replenished with 1 mL of fresh buffer. Then the collected samples were 
centrifuged at 12,000 rpm for 15 min. Soluble Cu ions remained in the 
supernatant, while CuO@PS and CuONPs were precipitated. Then the 
obtained precipitates were resuspended into 1 × PBS and transferred to 
a Sephadex G-50 column to separate the intact CuO@PS and the released 
CuONPs. The amounts of different Cu compositions were quantified by a 
modified Bis(cyclohexanone)oxaldihydrazone (BCO) colorimetric 
method at a wavelength of 600 nm. 

The release of Cu ions, CuONPs or CuO@PS from CuOPSφGEL were 
evaluated following the same procedure described above. Briefly, 1 mL 
of CuOPSφGEL (containing 50 μg/mL of CuONPs) was immersed into 19 
mL of 1 × PBS. At predetermined time points, 1 mL of sample was 
collected and were replenished with 1 mL of fresh buffer. The collected 
release medium was firstly precipitated by high-speed centrifugation 
(12,000 rpm, 15 min) to obtain CuO@PS and CuONPs, while Cu ions 
remained in the supernatant ready to detect the concentration. After 
resuspending the precipitates, CuO@PS and CuONPs were further 
separated using a Sephadex G-50 column. The amounts of Cu ions, 
CuONPs or CuO@PS were also determined by a modified a modified Bis 
(cyclohexanone) oxaldihydrazone (BCO) colorimetric method at a 
wavelength of 600 nm. 

2.12. In vitro anti-bacterial assay 

Escherichia coli (E. coli, ATCC 25922) and Staphylococcus aureus 
(S. aureus, ATCC 25923) were used to evaluate the antimicrobial activity 
of GEL, Silvercel™ and CuOPSφGEL. First, 200 μL of bacterial suspen-
sions (1 × 106 CFU/mL) of E. coli or S. aureus were applied on the surface 
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of each hydrogel formulation. After incubated at 37 ◦C for 6 h, the 
surface of each sample was washed down thoroughly with 2 mL of 1 ×
PBS to obtain the bacterial suspensions, which were further inoculated 
on Luria-Bertani (LB) agar plates after 1 × 10− 5 times of diluting. The 
bacterial suspension without incubation with hydrogels were used as a 
control. CFU number of each plate was recorded after 24 h of incubation 
and the antibacterial rates as compared with the control group were 
calculated. 

2.13. In vivo evaluations 

2.13.1. Experimental animals 
Male SD rats (6–8 weeks old, 170–210 g) were purchased from the 

Laboratory Animal Center of Sun Yat-sen University (Guangzhou, 

China). Animal experiments were approved by the Institutional Animal 
Care and use Committee of Sun Yat-sen university (Approval Number: 
SYSU-IACUC-2022-000988). 

2.13.2. Establish of diabetic wound model in rat 
To establish the type I diabetic SD rat model, rats were fasted for 12 h 

and injected intraperitoneally with streptozotocin (STZ) for a single 
injection (60 mg/kg, dissolved in citrate buffer at pH 4.5). The blood 
glucose levels of the rats were monitored for 19 days using an electronic 
glucometer (model 580, Yuwell). While blood glucose level exceeding 
16.7 mM for 7 consecutive days which were deem diabetic, the back of 
rat was shaved and sterilized with alcohol under isoflurane anesthesia, 
and then a full-thickness round wound with a diameter of 10 mm was 
created on the dorsal skin. 

Table 1 
Characterization of CuONPs, PS and CuO@PS.   

Size (nm) PDI Zeta Potential (mV) Loading Efficiency (%) Encapsulation Efficiency (%) 

CuONPs 11.2 ± 1.5 0.09 ± 0.01 − 15.6 ± 1.4 / / 
PS 123.3 ± 8.2 0.12 ± 0.02 − 8.8 ± 0.4 / / 
CuO@PS 129.1 ± 9.6 0.16 ± 0.02 − 9.4 ± 0.6 2.72 ± 0.34 40.45 ± 3.82  

Fig. 1. CuONPs displayed multienzymatic activities but associated with high toxicity. (A) Size distribution of CuONPs was measured by dynamic light scattering 
(DLS), and the inset digital photograph showing dispersity of CuONPs in aqueous solution at concentrations of 1, 5, 25, 50, 75 and 100 μg/mL. (B) Representative 
transmission electron microscopy (TEM) image of CuONPs. Scale bar, 50 nm. (C) XRD powder diffraction pattern of CuONPs. (D) HAADF-STEM and EDS mapping 
images for CuONPs. Cu (cyan), O (magenta). Scale bar, 20 nm. (E–G) Survey XPS spectrum of CuONPs (E), and the high-resolution XPS spectra of Cu 2p (F) and O 1s 
(G). (H–J) The absorbance changes of CuONPs incubated with WST-8 formazan at 450 nm (H), benzoquinone monoamine derivative at 520 nm (I), or unoxidized 
rhodamine B at 554 nm (J), which quantitatively reflects the amounts of O2

•- H2O2, or •OH, respectively. (K) Schematic illustration of CuONPs exhibiting scavenging 
abilities to remove the main free radicals derived from oxygen. (L) The scavenging efficiency of CuONPs (5 μg/mL) for O2

•-, H2O2 and •OH. (M) Viability of NIH-3T3 
cells after incubated CuONPs at varying concentrations for 24 h. Three independent experiments were conducted for each result. All Data were presented as mean ±
SD (n = 3 independent samples). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Scheme 1. (A) Preparation of cupric-polymeric nanoreactors (CuO@PS) via a direct hydration method for in situ cascade catalytic reactions. (B) Cu+ released from 
lysosomal CuO@PS integrate into cytosolic Atox1-ATP7a/b-Lox axis, leading to direct and indirect activation of MEK1/2 signaling pathway. (C) Fabrication process 
of a thermosensitive hydrogel sheet CuOPSφGEL. (D) Multifunction of CuOPSφGEL contributing to the chronic wound healing. 
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2.13.3. Evaluations of diabetic wound healing 
For wound healing experiments, the animals were randomly divided 

into four groups (6 rats per group), and treated with 300 μL of PBS 
(Control), blank PF-127 hydrogel (GEL), PF-127 hydrogel embedded 
with CuONPs (CuOφGEL), PF-127 hydrogel loaded with CuO@PS 
(CuOPSφGEL), respectively. All hydrogel sheets based on CuONPs or 
CuO@PS contain 50 μg/mL of CuONPs. Various formulations were 
changed every 3 days, and the wounds were photographed at days 0, 3, 
7, 11 and 14 post-surgeries. After 14 days of treatments, all rats were 
sacrificed to collect the tissues at the wound sites for further examina-
tions, including hematoxylin and eosin (H&E) staining, Masson’s tri-
chrome staining, fluorescence staining with Coppersensor-1, 
immunocytochemistry/immunofluorescence staining for CD31, MEK1/ 
2 and p-MEK1/2. The immunostaining method was detailly described in 
supplementary methods. 

2.13.4. Infected wound healing assay 
Ten microliter of S. aureus suspension (~108 CFU/mL) was added to 

the wound sites in diabetic rats. One day after inoculation, the rats with 
visible pus in the wounds were selected for further treatments. The an-
imals were randomly divided into 3 groups (6 rats per group) and 
treated with 300 μL of PBS, CuOPSφGEL (containing 50 μg/mL of 
CuONPs), or applied with a commercially available antimicrobial dres-
sing (Silvercel™). All the treatments were changed every 3 days, and the 
photos of the wound site were taken at day 1, 4, 7, 11 and 15 post- 
inoculation. To evaluate the in vivo antibacterial effect of each group, 
secretion from the wound fluids were collected on day 4, 7 and 14, and 
spread on LB agar plates for CFUs analysis. 

2.14. Statistical analysis 

All data in this study were analyzed using one-way ANOVA followed 
by the t-test analysis and presented as mean ± standard deviation (SD). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered 
statistically significant. 

3. Results 

3.1. Synthesis and characterization of cupric-polymeric nanoreactors 

To mimic the catalytic activity of natural metalloenzymes against 
oxidized stress during wound healing process, copper oxide nano-
particles (CuONPs) were synthesized using a rapid precipitation 
method, achieving a considerable yield of 93.3 ± 3.8 % (Scheme S1) 
[36]. CuONPs showed a fine dispersibility in aqueous solution ranging 
from 1 to 100 μg/mL (Fig. 1A), probably because they displayed a 
narrow-distributed particle size lay in the range of 11.2 ± 1.5 nm 
(Fig. 1A–B, Table 1). To characterize the crystallite structure of CuONPs, 
the X-ray powder diffraction (XRD) analysis was applied to record the 
diffraction intensity in a 2θ range from 25◦ to 90◦ (Fig. 1C). It showed 
the crystal planes and the 2θ values of CuONPs highly matched to the 
standard (JCPDS card No. 45–0937). Additionally, high angle annular 

dark field scanning transmission electron microscope (HAADF-STEM) 
and energy dispersive spectrometry (EDS) mapping images further 
confirmed the formation of CuONPs which were composed of Cu and 
oxygen (O) (Fig. 1D). Consistently, the full X-ray photoelectron spec-
troscopy (XPS) spectrum also demonstrated that major components of 
the samples were Cu and O (Fig. 1E–G). Collectively, these results 
demonstrated CuONPs were successfully synthesized. 

To evaluate the scavenging activity of CuONPs on three primary 
ROS, i.e., superoxide radical anion (O2

•− ), hydrogen peroxide (H2O2) and 
hydroxyl radical (•OH), different colorimetric methods were applied. 
The changes in absorbances of WST-8 formazan at 450 nm, benzoqui-
none monoamine derivative at 520 nm, and Rhodamine B at 554 nm 
after incubation with CuONPs were monitored to determine the scav-
enging activity of CuONPs on O2

•− , H2O2, and •OH, respectively 
(Fig. 1H–J). CuONPs by increasing concentrations strongly reduced the 
changes in absorbance (ΔA) of each indicator, which were positively 
correlated with ROS contents, demonstrating an extensive scavenging 
activity of CuONPs for O2

•− , H2O2 and extremely active •OH. However, 
there was no catalytic activities observe in copper (II) chloride (Fig. S1). 
Since O2

•− , H2O2 and •OH are main toxic byproducts of various cellular 
O2-consuming redox processes [38], CuONPs displayed multi-enzymic 
activities to remove the most of ROS, thereby having the capability to 
recover the redox balance (Fig. 1K). Notably, CuONPs at the same 
CuONPs concentration (5 μg/mL) showed a superior catalytic efficiency 
to remove the highly toxic •OH in comparison with O2

•− and H2O2 
(Fig. 1L). In consistent with previous evidences concerning copper ions 
limited to a narrow therapeutic concentration range [39], CuONPs 
generated high toxicity in murine embryonic fibroblast cells NIH-3T3 
while its concentrations exceeded above 10 μg/mL (Fig. 1M). There-
fore, CuONPs-induced cytotoxicity appeared to impede its further 
medical applications. 

To address the overexposure risks induced by CuONPs, polymer-
somes fabricated by an amphiphilic block copolymer PEG-b-PCL, were 
employed to incorporate CuONPs to form cupric-polymeric nano-
reactors (CuO@PS) via a modified direct hydration method [35,37], by 
which block polymers and payloads self-assembled into a polymersome 
in aqueous solution under benign conditions (50 ◦C, 2 h). In contrast to 
classical methods such as solvent-exchange or thin film hydration [40], 
the direct hydration method would allow CuONPs to directly load into 
the hydrophilic core of polymersomes without any organic solvents 
contaminated (Scheme 1A). The newly generated CuO@PS could be 
separated from unentrapped CuONPs by chromatography on a Sephadex 
G-50 column (Fig. S2), and Cu (II) concentrations in each fraction were 
determined based on a standard curve (Fig. S3). Through particle size 
measurement and transmission electron microscopy (TEM) observation, 
we found colloidal CuONPs were finely packed into the aqueous core of 
polymersomes, while achieving a loading efficiency (LE) of 2.72 ± 0.34 
% and an encapsulation efficiency (EE) of 40.45 ± 3.82 % (Fig. 2A and 
Table 1). Moreover, CuONPs encapsulation seemed unlikely to disturb 
the core-shell structure, nanometer size, surface charge and integrality 
of polymersomes (Fig. 2A–B and Table 1), but enlarged the core diam-
eter and reduced the membrane thickness (Fig. 2C–D). By XRD analysis, 

Fig. 2. Characterization of cupric-polymeric nanoreactors. (A) Representative TEM images of PEG-b-PCL polymersomes (PS) and CuONPs-encapsulated polymer-
somes (CuO@PS), and blue arrows indicating the thickness of polymeric membranes. Scale bar, 100 nm. (B) Size distribution of PS and CuO@PS. (C–D) Quanti-
fication of core diameter (C) and membrane thickness (D) from eight polymersomes randomly selected from TEM images. (E) XRD powder diffraction pattern of 
CuO@PS and PS in wide range. The inset figures indicated the high-resolution XRD patterns at 2θ range from 32◦ to 40◦. (F) HAADF-STEM and EDS mapping images 
for CuO@PS. Cyan represents Cu signals, while magenta indicates O signals. White dash line shows the area of polymeric membrane in the merged image. Scale bar, 
100 nm. (G) Survey XPS spectra of PS and CuO@PS. The inset figures show the high-resolution XPS spectrum of Cu 2p. (H) Cytotoxicity of NIH-3T3 cells after treated 
with different concentrations of CuONPs or CuO@PS for 24 h. At each concentration point, CuO@PS and unencapsulated CuONPs had equal weight concentrations of 
CuONPs. (I) In vitro copper release profile of CuO@PS at pH 7.4 or pH 5.0. (J) The amounts of CuONPs and Cu ions released from CuO@PS over 48 h at pH 7.4 or pH 
5.0, respectively. (K–M) Time-dependent absorbance changes of WST-8 formazan at 450 nm (K), benzoquinone monoamine derivative at 520 nm (L), or unoxidized 
rhodamine B at 554 nm (M) in the presence of CuONPs or CuO@PS both at a CuONPs concentration of 5 μg/mL to quantify the unreacted O2

•-, H2O2 and •OH. (N, O) 
Cycling performance of CuONPs or CuO@PS to remove •OH both at a CuONPs concentration of 5 μg/mL at pH 7.4 (N) or pH 5.0 (O). Black arrows indicate the time 
points to introduce •OH into reactions and each cycle lasts for 200 s. Three independent experiments were conducted for each result. Data represent mean ± SD. *p 
< 0.05, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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both CuO@PS and PS exhibited multiple strong peaks at 18◦–25◦, which 
were identified as characteristic peaks of the block copolymer 
PEG-b-PCL [41] (Fig. 2E). Moreover, CuO@PS also exhibited two peaks 
at similar positions between 32◦–40◦ as CuONPs (Figs. 1C and 2E), 
suggesting the presence of CuONPs in CuO@PS. Additionally, 
HAADF-STEM image and EDS elemental maps indicated Cu signals were 
mainly confined into an isolated space surrounding by a round shape of 
O signals probably attributed by CuO and PEG-b-PCL (Fig. 2F), which 
was in line with the core-shell morphological structure observed by TEM 
(Fig. 2A). Likewise, both PS and CuO@PS contained strong C and O 
signals in XPS spectra, however, only CuO@PS displayed a Cu 2p 
characteristic peak at almost the same binding energy as CuONPs 
(Figs. 1E and 2G). Together, those data indicated CuONPs have been 
successfully encapsulated into PS, and been transformed to 
cupric-polymeric nanoreactors. 

Notably, the cytotoxicity of CuONPs was reduced when the same 
amounts of CuONPs were encapsulated into polymersomes (Fig. 2H), 
probably because CuONPs with the smaller size and the greater surface 
area were more easily to cause severe cell damages in relative to 
CuO@PS [42]. Next, the cargo released from CuO@PS was profiled, 
illustrating CuO@PS did not show an initial burst release but exhibit a 
continuous slow release over 7 days (Fig. 2I). Moreover, the release rate 
of CuO@PS was moderately enhanced at acidic pH (pH 5.0) as compared 
to physiological pH (pH 7.4) (Fig. 2I). In release medium, most of copper 
element were detected in the form of colloid CuONPs, rather than free 
Cu ions (Fig. 2J). Significantly, the similar absorbance differences sug-
gested CuO@PS still exerted the comparable abilities to scavenge free 
radicals including O2

•− , H2O2 and •OH as CuONPs group (Fig. 2K–M). 
Additionally, there was no ROS scavenging ability observed in blank 
polymersomes (Fig. S1). Since most of CuONPs were shielded in the 
polymersome cavities from external environment, it could be inferred 
that CuO@PS enabled to conduct the tandem catalytic reactions in an 
isolated space with the permeable ROS across polymeric membrane. 
Therefore, it did not only preserve the activity and selectivity of 
CuONPs, but also enhanced their biocompatibility with cells. Strikingly, 
in contrast to CuONPs, CuO@PS persisted the comparable scavenging 
activity of ROS, e.g., upon repetitive cycles of •OH adding, either at pH 
7.4 or at pH 5.0 (Fig. 2N–O). 

Together, our results demonstrated that cupric-polymeric nano-
reactors CuO@PS wherein artificial metalloenzyme based on CuONPs 
were effectively incorporated into polymersomes, exhibited superoxide 
dismutase- and catalase-like activities, and more remarkable hydroxyl 
radical scavenging abilities to complete cascade catalytic reactions 
without producing toxic radical intermediates (Scheme 1A). Strikingly, 
CuO@PS as an intact nanoreactor enabled not only to selectively react 
with ROS in a separate space to circumvent the cytotoxicity of CuONPs, 
but also to achieve the recycling of CuONPs. 

3.2. Cupric-polymeric nanoreactors exerted antioxidant, anti- 
inflammatory, proliferative, and angiogenic effects in vitro 

To select the optimal concentrations of CuONPs and CuO@PS in 
vitro, a scratch-wound assay was applied based on a fibroblast cell line 
NIH-3T3 following stimulation of 500 μM of H2O2 and 500 ng/mL of 
lipopolysaccharide (LPS) for 12 h. Either CuONPs or CuO@PS at the 

weight concentration of CuONPs (5 μg/mL) showed the most significant 
cell migration ability, therefore, 5 μg/mL was selected for further 
investigation (Fig. S4). Notably, CuO@PS remarkably heal the scratch 
area over 36 h, as compared to those H2O2/LPS (HL) stimulated cells 
without any treatment or treated with equal amounts of free CuONPs, 
and close to the extent of uninjured cells (Fig. 3A–B). Additionally, HL 
treatment may induce the ROS production, initiate the inflammatory 
response, and impair cell growth and proliferation in fibroblasts [43]. In 
consistent with the observations in free radical scavenging tests without 
cells, addition of CuONPs to HL injured cells moderately alleviated ROS 
productions, which could be detected using DCFH-DA assay (Fig. 3C–D). 
By contrast, CuO@PS strongly boosted the antioxidant properties of 
CuONPs, and the ROS levels were recovered to the unstimulated level 
(Fig. 3C–D). In addition, NIH-3T3 pre-treated with HL strongly 
increased the mRNA production of proinflammatory cytokines, i.e., 
IL-1β, IL-6 and TNF-α, however, CuO@PS and to a less extent CuONPs 
significantly attenuated the expression of those proinflammatory genes, 
showing the superior anti-inflammatory effects (Fig. 3E). Furthermore, 
the fibroblast proliferations in the presence of various formulations were 
determined utilizing EdU assay to assess the healing potential. As shown 
in Fig. 3F–G, EdU-positive 3T3 cells were significantly decreased upon 
exposure of HL for 12 h, however, the stimulated cells further processing 
with CuO@PS remarkably promoted cell proliferation as evidenced by 
the most EdU-positive cell percentages (approx. 55 %), although 
CuONPs were also able to mildly activate the proliferation. Except for 
the lack of redox activity (Fig. S1), in contrast, either free Cu2+ (63 μM, 
equal to the molar concentration of 5 μg/mL of CuONPs) or blank pol-
ymersomes (PS) showed no effects on cell migration and proliferation 
(Figs. S5–S6). Thereby, the results suggested that copper nanoparticles, 
rather than cupric ions or polymeric vesicles, exerted biological activ-
ities in fibroblasts. 

Moreover, CuO@PS, significantly activated the expressions of 
growth factors in fibroblasts, including transforming growth factor-β 
(TGF-β) and vascular endothelial growth factor A (VEGFA), and further 
stimulated the production of alpha-smooth muscle actin (α-SMA) for 
accelerating the wound healing as compared to HL stimulated group 
(Fig. 3H–I). Correspondingly, we also found CuO@PS elevated VEGF 
expressions in an endothelial cell line HUVECs, validating the potent 
effects of CuO@PS in angiogenesis (Fig. 3J). However, the expressions of 
TGF-β, α-SMA and VEGFA induced by CuONPs were insignificantly 
lower than those in CuO@PS-treated cells under the same conditions. 
Thus, in comparison with CuONPs, cupric-polymeric nanoreactors 
CuO@PS promoted wound closure via in vitro scratch assay, and dis-
played remarkable antioxidant, anti-inflammatory, proliferative and 
angiogenic properties that might contribute to accelerate the healing 
process in vivo, however, it was unlikely to fully explain by the acti-
vation of TGF-β or VEGFA associated signaling pathways. 

3.3. Cupric-polymeric nanoreactors integrated into copper metabolism to 
activate MEK1/2 phosphorylation 

To elucidate the mechanisms underlying the therapeutic differences 
among cupric ions, CuONPs and CuO@PS, cellular uptake and copper 
distribution were further assessed. Firstly, cellular entry of cupric- 
polymeric nanoreactors in NIH-3T3 cells was tracked over time by 

Fig. 3. Cupric-polymeric nanoreactors promoted cell migration and exerted antioxidant, anti-inflammatory, proliferative, and angiogenic effects in cells. NIH-3T3 
cells were stimulated with 500 μM of H2O2 and 500 ng/mL of LPS (HL) for 12 h, and further treated with CuONPs or CuO@PS both containing 5 μg/mL of CuONPs 
followed by different measurements. (A) Cell migration of NIH-3T3 cells affected by different treatments was monitored within 36 h. Scale bar, 400 μm. (B) The 
scratch healing rates were calculated by the changes in the scratch areas from each group (A) over time. (C) Intracellular ROS levels in cells detected by DCFH-DA 
assay with a confocal laser scanning microscopy (CLSM). Scale bar, 200 μm. (D) Quantitative analysis of intracellular ROS based on DCF fluorescence intensities. (E) 
mRNA expressions of IL-1β, IL-6 and TNF-α after various treatments. (F) EdU cell proliferation assay on NIH-3T3 cells with various treatments as described above. 
Scale bar, 200 μm. (G) EdU positive cell percentages representing proliferative cell rate under different treatments. (H–I) Western blot and quantification analysis of 
TGF-β1, VEGFA and α-SMA expressions in NIH-3T3 cells. β-tubulin was used as a loading control. (J) Immunofluorescence staining of VEGFA in HUVEC cells after 
different treatments. Scale bar, 60 μm. All data were shown as means ± SD. Three independent experiments were conducted for each result. ns, not significant, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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fluorescent dye DiD labeling CuO@PS. Although CuONPs entered cells 
possibly through the processes of endocytosis or membrane diffusion 
[44], CuO@PS seemed to be internalized by cells via endocytosis, and 
continuously trafficked into the lysosomes marked by lysotracker 
probes, reaching an uptake peak at 12 h and followed by a gradual 
decline (Fig. 4A–B). Consistently, TEM analysis further confirmed 
CuO@PS extensively accumulated into the lysosomes (Fig. 4C, yellow 
arrows), that located close to the Golgi apparatus (Fig. 4C, magenta 
arrows), yet few CuONPs were detected in whole cells. Moreover, 
swelling cristae and vacuole-like mitochondria were present in NIH-3T3 
cells that were damaged by H2O2/LPS (Fig. 4C, blue arrows), but this 
phenomenon was largely improved by the addition of CuONPs and 
CuO@PS. 

Since copper ions primarily existed in a reduced state (Cu+) in the 
cell, a specific Cu+ probe coppersensor-1 was used to monitor Cu+ dis-
tribution after 12 h of CuONPs or CuO@PS incubation with NIH-3T3 
cells. In healthy cells, Cu+ ions were mostly diffused throughout cyto-
plasm and merely detected in the lysosomes, however, the Cu+ levels 
were clearly decreased in the whole cells after H2O2/LPS treatment 
(Fig. 4D–F). Although supplementing of CuONPs moderately elevated 
the Cu+ levels in injured cells, CuO@PS seemed to significantly increase 
cellular Cu+ signals, especially in lysosomes, probably because poly-
meric coating facilitated the transport of inorganic nanoparticles into 
the lysosomes [45]. With time increasing, lysosomal Cu+ derived from 
CuO@PS were constantly exported into cytosol to provide an intracel-
lular Cu pool (Fig. 4D–F). Conversely, the Cu+ efflux driven by CuONPs 
in lysosomes was moderately detected in cells, as similar to the level of 
normal cells. 

Given Cu as a key modulator of cell signal transduction pathways, 
cellular Cu+ concentrations increased by CuO@PS, not by CuONPs, 
stimulated the gene expressions of Cu-dependent transporters, including 
Cu cell importer Ctr1 and exporter ATP7a/b, while cytosolic Cu chap-
erones such as CCS, Cox17, Atox1 were also elevated to bind the free Cu 
ions assuring the appropriate Cu level (Fig. 4G). Additionally, Cu 
cellular chelator metallothionein 1 and 2 (MT1/2), rather than another 
copper reservoir glutathione (GSH), were also enhanced by CuO@PS, 
which might explain CuO@PS did not induce the cytotoxicity by 
excessive copper. Since CuO@PS were directly endocytosed by cells, the 
expression of metalloreductases six-transmembrane epithelial antigen of 
the prostate 1 (Steap1), which was responsible for reducing divalent 
Cu2+ to monovalent Cu+ available for cellular uptake, was not affected. 
Remarkably, the gene expression levels of Atox1, ATP7a/b and Lox were 
the most significantly elevated. Previous study [46] demonstrated that 
Atox1 might promote cell migration via ATP7a/b-Lox axis, where Atox1 
shuttled Cu via ATP7a/b to the trans-Golgi network (TGN) for the 
secretory of Cu-containing enzymes Lox. Lox plays important roles in 
extracellular matrix formation for healing process [47]. Additionally, 
cytosol Cu+ directly binds with mitogen-activated protein kinase (MEK) 
to initiate the cell proliferation and angiogenesis [48], therefore, phos-
phorylation levels of MEK1/2 were measured to evaluate the MEK1/2 
activation. In compared with CuONPs, CuO@PS strongly 

phosphorylated MEK1/2 in LPS/H2O2 treated 3T3 cells and HUVEC cells 
(Fig. 4H–I), which presumably activated the downstream extracellular 
signal-regulated kinase (ERK) [49]. Therefore, CuO@PS localized in 
lysosomes might serve as a Cu+ depot to drive a copper influx into 
cytoplasm, leading to the transmission of growth signals to 
Atox1–ATP7a/b–Lox and MEK1/2 pathways (Fig. 4J). 

3.4. Cupric-polymeric nanoreactors dispersed into a thermo-responsive 
hydrogel to form a composite hydrogel sheet 

In order to precisely lay copper catalysts at the skin injury cite, 
CuONPs or CuO@PS can be loaded into 15 wt% of Pluronic F-127 (PF- 
127) hydrogel by a simple dispersion method to form the hydrogel 
sheets CuOPSφGEL or CuOφGEL both containing of 50 μg/mL CuONPs 
(Scheme 1C). Addition of CuO@PS did not affect the solution-to-gel 
transition property of PF-127, i.e., solution phase at 4 ◦C and gel 
phase at 37 ◦C (Fig. S7A). Moreover, CuOPSφGEL, similar as blank PF- 
127 (GEL), can be kept in syringes at 4 ◦C and injected into the wound 
site to form a fully-fitted hydrogel in 20 s (Fig. S7B). Surprisingly, 
gelation temperature (GT) of PF-127 hydrogel was visibly increase from 
30 ◦C to 37 ◦C while mixing with CuO@PS, not with CuONPs (Fig. S8). 
Since the skin wound temperature maintains around 32–37 ◦C [50], 
CuOPSφGEL seemed to fit for topical administration. Moreover, rheo-
logical measurements including temperature sweep and frequency 
sweep, were conducted to estimate the thermo-responsive gelation 
behavior and mechanical properties of hydrogels. As shown in Fig. S9A, 
the storage modulus (G′) exhibited a significant rise with increasing 
temperature, while the loss modulus (G″) did not change with temper-
ature, implying a clear temperature-dependent sol-gel transition prop-
erty. Additionally, G′ exceeded G″ over the whole range of measured 
frequency, thus establishing the stability of all gel formulations 
(Fig. S9B). Additionally, Young’s modulus and cytotoxicity were not 
markedly changed after dispersion of nanoparticles into PF-127 
(Figs. S10 and S11). Moreover, we found hydrophobic dye DiD 
labeled-nanoreactors (red) remained homogeneous dispersion in the 
PF-127 gel labeled by hydrophilic dye fluorescein isothiocyanate (FITC, 
green) after 7 days storage at 37 ◦C (Fig. 5A). The hydrogel sheets 
exhibited a porous structure evaluated by scanning electron microscopy 
(SEM) (Fig. 5B). Then, the elemental composition of CuOPSφGEL was 
analyzed using EDS. Carbon (C) and Oxygen (O) signals were contrib-
uted by PF-127 and PEG-b-PCL, while Cu signals indicated 
cupric-polymeric nanoreactors, which further verified that 
cupric-polymeric nanoreactors homogeneously distributed throughout 
PF-127 hydrogel matrix (Fig. 5C). Correspondingly, the release of cop-
per was more greatly impeded from CuOPSφGEL as compared to those 
from CuO@PS (Figs. 2I and 5D). Additionally, most of CuONPs pre-
served in the polymersomes were released from CuOPSφGEL (Fig. 5E), 
probably because PF-127 hydrogel matrix can sustainably dissociate 
within 14 days (Fig. 5F). Thus, cupric-polymeric nanoreactor CuO@PS 
can be evenly dispersed into a thermosensitive PF-127 hydrogel to 
become a composite hydrogel sheet as a wound dressing, which might 

Fig. 4. Cupric-polymeric nanoreactors influenced intracellular copper metabolism after endocytosis. (A) Representative CLSM images of H2O2 and LPS (HL) 
stimulated NIH-3T3 cells incubating with CuO@PS labeled by DiD (green) for varying time points. At predetermined time points, the lysosomes were stained with 
lysotracker (red) and immediately for image acquisition. Scale bar, 10 μm. (B) Quantitative analysis of fluorescence intensities of fluorescently labeled CuO@PS over 
time. 50–100 individual cells were randomly selected from each sample. (C) Representative TEM images of the ultrastructure of NIH-3T3 cells followed by different 
treatments for 12 h (yellow arrows: Cu-based nanoparticles in lysosomes; blue arrows: mitochondria; magenta arrows: trans-Golgi network). Scale bar, 1 μm. (D) 
Representative fluorescent images of intracellular Cu+ distribution. Upon exposure to HL stimulation for 12 h, NIH-3T3 cells were treated with CuONPs or CuO@PS 
both containing CuONPs concentrations of 5 μg/mL for 12 h, and then the cells were washed and detected with Cu+ probe Coppersensor-1 (CS-1, red) at different 
time points. Lysosomes were stained with lysotracker (green). Scale bar, 10 μm. (E–F) Quantitative analysis of fluorescent intensities of Cu1+ in lysosomes and cytosol 
based on time-lapse images. For each sample, 50–100 individual cells were imaged and analyzed. (G) Heat map of the real-time quantitative PCR (qRT-PCR) analysis 
results of copper metabolism-related genes in NIH-3T3 cells after different treatments. (H) Western blot of MEK1/2 and phospho-MEK1/2 (p-MEK1/2) proteins in 
NIH-3T3 cells under different treatments. β-tubulin was used as a logading control. (I) Immunofluorescence staining of MEK1/2 and p-MEK1/2 in HUVEC cells after 
different treatments. Scale bar, 30 μm. (J) Schematic illustration of Cu+ derived from CuO@PS activating Atox1–ATP7a/b–Lox and MEK1/2 pathways involved in Cu 
metabolism. All experiments were performed in biological triplicates Results were presented as means ± SD. *p < 0.05. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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facilitate the topical application and sustainable release of CuO@PS for 
chronic wounds. 

3.5. Cupric-polymeric nanoreactors accelerated chronic wound healing in 
diabetic rats 

Streptozotocin (STZ)-induced type I diabetic rats were employed to 
assess the pro-reparative effects of various formulations in vivo [51]. 
Rats were considered diabetic if their blood glucose levels exceeded 
16.7 mM for 7 consecutive days after STZ injection (Fig. S12), then a 
full-thickness round excision wound with a diameter of 10 mm was 
established on the back of rats to mimic the diabetic foot ulcer [52] 
(Fig. 6A–B). All animals were randomly divided into four groups and 
further treated with 300 μL of PBS (control) and different hydrogel 
sheets. The administrated gels formed a transparent sheet with 3–4 mm 
thickness, and the gel dressings were changed to fresh every 3 days 
(Fig. 6A–B). The wound closure areas were monitored over time 
(Fig. 6C), demonstrating CuOPSφGEL strongly accelerated the early 
recovery process of wounds with the highest wound closure rate, as 
compared with other groups within 14 days of treatments (Fig. 6D). To 
be note, the regenerated skin by CuOPSφGEL treatment was smoother 
and flatter without scar hyperplasia by visual observation and touching 
than those in CuOφGEL group. 

In the process of re-epithelialization, the thick immature epidermis 
will gradually transition to thin mature epidermis, therefore, epidermal 
thickness is an important indicator for wound healing [53]. In consistent 
with visual and touching evaluations, hematoxylin and eosin (H&E) 
pathological staining demonstrated that CuOPSφGEL significantly 
decreased the epidermis thickness, and promoted immature granulation 
tissue to transform into mature dermal tissue as compared with other 
groups, being the closest ones to the normal skin (Fig. 6E, G and H). 
Moreover, the wounds treated with CuOPSφGEL and CuOφGEL showed 
the remarkable collagen deposition evaluated by Masson’s trichrome 
staining, and their collagen fibers were better arranged and denser, 
especially in the CuOPSφGEL group (Fig. 6E and I). In addition to the 
obvious enhancements on the density of skin appendages including 
sweat glands, sebaceous glands and hair follicles (Fig. 6E and J), the 
newly formed blood vessels labeled with endothelial markers CD31 were 
also strongly increased in CuOPSφGEL group (Fig. 6E, F, K and L). 
Additionally, CuOPSφGEL and CuOφGEL did not cause any observed 
harm to rats according to body weights and the H&E staining of different 
organs (Figs. S13A and S14). 

Moreover, after laid with various gel sheets for 24 h, the skins were 
excised to detect the Cu+ distribution by fluorescence staining. The 
strongest Cu+ signals were detected both in epidermis and dermis from 
the rats treated with CuOPSφGEL as compared to those rats treated with 
CuOφGEL or without treatments (Fig. 7A–B). Most significantly, we also 
found that MEK phosphorylation levels were remarkably enhanced in 
the wound area with abundant Cu+. These data might suggest accu-
mulating Cu+ that were derived from CuOPSφGEL can positively impact 
on MEK activation to promote chronic wound healing in vivo 
(Fig. 7C–D). Therefore, CuOPSφGEL treatment accelerated would repair 
by enhancing re-epithelialization, collagen deposition, angiogenesis, 
which is driven by a Cu+ mild elevation to stimulate MEK 
phosphorylation. 

3.6. Cupric-polymeric nanoreactors promoted the healing of infected 
diabetic wounds 

Since chronic open wounds are highly susceptible to bacterial in-
fections, antibacterial experiments were further conducted to assess the 
clearance efficiency of CuOPSφGEL on Escherichia coli (E. coli) or 
Staphylococcus aureus (S. aureus) bacteria, which predominate in wound 
infections [54]. CuOPSφGEL containing CuONPs (50 μg/mL) strongly 
killed the bacterial approaching 100 % of inhibitions against both E. coli 
and S. aureus, as similar to those of the commercial alginate-silver ion 
(Ag+) antimicrobial wound dressing, Silvercel™ (Fig. 8A–C). Next, the 
infected wounds on diabetic rats were treated with PBS (control), Sil-
vercel™ and CuOPSφGEL to assess the antibacterial efficiency in vivo, 
while a large amount of pus being present in the wounds after one day of 
infection (Fig. 8D and E, yellow arrows). While monitoring wound 
closure, the bacterial dispersal at varying times post inoculation was 
assessed as a number of colony-forming units (CFUs). With the extension 
of time, CuOPSφGEL group showed a significant higher antibacterial 
rate and body weight gain than those of Silvercel™ or PBS Control, as 
well as decreasing the bacterial load of wound fluid (Fig. 8D, F–H, 
S13B). Upon exposure to CuOPSφGEL for 14 days, significantly, there 
was barely few CFU detected in the wound exudates (Fig. 8G and H). 
Therefore, CuO@PS dispersed into a thermo-sensitive PF-127 hydrogel 
exhibited remarkable antibacterial capacity than commercial 
Ag-containing wound dressing. 

4. Discussion 

As far as 2600 BC, the Egyptians have discovered that Cu can sterilize 
wounds and water. Currently, a vast of biological activities of Cu-based 
compounds are increasingly being identified, i.e., antioxidant, anti- 
inflammatory, proliferative, antimicrobial, angiogenesis properties 
which are beneficial to chronic wound healing. In contrast to silver (Ag)- 
containing commercial wound dressings only useful to prevent or treat 
infections, Cu nanoparticles are cheap and easily prepared, and confer 
many benefits in each stage of wound healing. Due to high toxicity and 
low stability, e.g., oxidation or aggregation, however, the applications of 
Cu nanoparticle in medicine are still under debate. Cu nanoparticle can 
impair the cell membrane integrity or organelles functions by direct 
contact, or produce excessive ROS to indirectly damage bio-
macromolecules including lipids, proteins, or nucleic acids [55–58]. 
Therefore, how to expand the therapeutic window of Cu nanoparticle 
but avoid its detrimental accumulation in the cells remains a major 
challenge. In this study, CuONP are efficiently encapsulated into the 
lumen of PEG-b-PCL polymersomes to form cupric-polymeric nano-
reactors (CuO@PS), which ensures Cu-assisted catalytic reactions more 
benign and specific in a favorable space that reduces the toxic over-
exposure, leading to an extended therapeutic concentration range 
(Scheme 1). Additionally, CuO@PS can be recycled with persistent 
catalytic activity for multiple times. As results, CuO@PS strongly alle-
viated the cellular oxidative stress induced by LPS/H2O2, in turn pro-
moting fibroblast cell proliferation and migration as compared to 
CuONPs, free cupric ions or blank polymersomes. After CuO@PS 
dispersed into a thermosensitive hydrogel based on PF-127 to obtain a 
composite hydrogel sheet, CuOPSφGEL exerted pro-healing and 
anti-bacterial effects in diabetic chronic wounds, in comparison with a 
commercial wound dressing Silvercel™ containing Ag nanoparticles 

Fig. 5. Characterization of a composite hydrogel sheet (CuOPSφGEL) for chronic wound healing. CuOPSφGEL was formed by CuO@PS dispersed into 15 wt% of 
Pluronic F-127 (PF-127) hydrogel with a final CuONPs concentration of 50 μg/mL. (A) Three-dimensional fluorescent imaging of CuOPSφGEL after 7 days of storage 
at 37 ◦C by using CLSM. FITC (green) was used to label hydrophilic gel networks, while DiD (red) was used to label CuO@PS. Scale bar, 100 μm. (B) Morphological 
characterization of GEL and CuOPSφGEL by scanning electron microscopy (SEM). Scale bar, 40 μm. (C) Elemental distribution analysis of carbon (C), oxygen (O) and 
copper (Cu) in CuOPSφGEL using EDS mapping. Scale bar, 40 μm. (D) In vitro release profile of CuOPSφGEL within 14 days. (E) Pie chart showing the percentages of 
the amounts of CuO@PS, CuONPs and Cu ions released from CuOPSφGEL at day 2 and day 7. (F) Weight loss of 1 mL of GEL or CuOPSφGEL samples after immersion 
in 19 mL PBS at 37 ◦C over time. Results were shown as means ± SD. Three independent experiments were conducted for each result. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Scheme 1). Although many polymeric compositions [59–63] are used to 
stabilize CuONPs, and prevent them from oxidation and aggregations, 
our study showed that CuONPs simply distributed into PF127 hydrogel 
matrix (CuOφGEL) displayed less efficient in healing than CuOPSφGEL, 
probably because cupric-polymeric nanoreactors prevent the rapid 
release of free CuONPs, but enable an in-situ control of Cu-based cata-
lytic reactions. 

Strikingly, although CuO@PS increased the expressions of TGF-β, 
α-SMA or VEGFA in fibroblasts and endothelial cells, the mechanisms of 
CuO@PS behind pro-healing functions could not be simply attributed to 
the activations of TGF-β or VEGFA. In addition to being a nanoreactor 

for scavenging ROS in extracellular space, nanosized CuO@PS can enter 
cells via endocytosis and accumulate in the lysosomes. Acidic environ-
ments in lysosomes (pH 5.0) may not influence the catalytic activities of 
CuO@PS, but slightly accelerated the release of CuONPs release and the 
dissociation of copper ions as compared to those at pH 7.4, which drives 
a relatively flat gradient concentration of Cu+ from lysosomes into 
cytoplasm. We also found LPS/H2O2 stimulated cells underwent Cu 
deficiency, consistently, some researchers suspected that chronic 
wounds with vascular compromise failed to heal probably due to low 
levels of copper supply at the wound site [64]. Although this viewpoint 
remains controversial, supplements of Cu nanoparticles in our study, 

Fig. 6. CuOPSφGEL promoted the chronic wound healing in diabetic rat models. (A) Scheme illustrating the establishments of excisional wounds on diabetic rats 
induced by streptozotocin (STZ), and the treatments of various hydrogel sheets for 14 days. (B) Photographs showing the full-thickness round excision wounds 
covered with CuOPSφGEL. (C) Representative photographs of the wounds following different treatments at varying days. (D) Wound closure rates from each group 
were measured at different days. (n = 6). (E) Representative 0.8 × and 4 × magnification of hematoxylin and eosin (H&E) and Masson’s trichrome (Masson) staining 
of wound tissues after 14 days of different treatments. Black arrows in H&E images indicate the length of immature tissue. Scale bar, 500 μm. (F) Expressions of CD31 
in wound tissues from different groups at day 14 detected by immunohistochemistry (IHC) staining. Scale bar, 100 μm. (G–I) Quantitative analysis of epidermis 
thickness (G), length of immature tissue (H), collagen deposition rate (I), number of skin appendages (J), blood vessels formation rate (K) and CD31 expressions (L) of 
each group based on H&E staining (E) and IHC staining (F). Areas of 1 mm2 randomly selected from each group (n = 6) were used for analysis. Results were presented 
as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Fig. 7. Cu+ distribution and MEK1/2 expressions in wound tissues after various treatments. (A) Tissue distribution of Cu+ in wound tissues were probed by 
Coppersensor-1 (CS-1, red) after 24 h of treatments with different hydrogel sheets. White dashed lines indicate a boundary between epidermis and dermis. Scale bar, 
200 μm. (B) Mean fluorescence intensities of CS-1 in the stained skins from each group (A) were determined by the analysis software (Image J). (C) Fluorescent 
staining of MEK1/2 (green) and p-MEK1/2 (red) in skin tissue sections of diabetic rats from each group. White dashed lines show a boundary between epidermis and 
dermis. Scale bar, 400 μm. (D) The relative expression levels of MEK1/2 (upper panel) and p-MEK1/2 (lower panel) were quantified based on fluorescent intensity 
analysis of (C). Cell nuclei were stained with DAPI (blue). Areas of 1 mm2 randomly selected from each group (n = 6) were used for quantitative analysis. Results 
were shown as means ± SD. ns, not significant, *p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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especially CuO@PS, appeared to provide the adequate cytosolic Cu+ to 
mobilize a complex Cu metabolic network including various Cu trans-
porters and chaperones (Scheme 1). Most significantly, CuO@PS acti-
vated Atox1–ATP7a/b–Lox signaling axis, which may allow not only to 
export free Cu+ via secretory pathways mediated by trans-Golgi network 
(TGN) nearby lysosomes to maintain the Cu homeostasis, but also Atox1 
served as transcription factors to promote cell proliferation and migra-
tion [65]. Although Atox1–ATP7a/b–Lox axis plays a critical role in 
tumorigenesis and progression [66], there were no abnormal wound 
healing or hyperplasia observed in the regenerated skins treated with 
CuOPSφGEL. Additionally, upregulation of Atox1 can potently phos-
phorylate and activate cytoplasmic proteins ERK [67,68], which enables 
to initiate a wide variety of cellular processes, including cell prolifera-
tion, migration, angiogenesis (Scheme 1) [69,70] Furthermore, Cu+

derived from CuO@PS may also directly interacts with MEK1/2 to 
promote the phosphorylation and activation of MEK1/2 and its down-
stream effector ERK. Taken together, intracellular CuO@PS deposited in 
lysosomes continuously and conservatively transmitted Cu signals to 
directly or indirectly activate MEK signaling pathway. 

5. Conclusions 

In conclusions, CuONPs can be embedded into polymersomes via a 
direct hydration method to form cupric-polymeric nanoreactors, which 
not only possess the multienzyme-like activities, but also create a 
nanoscale space isolated from the surrounding environment to ensure 
the selectivity, sustainability, cyclicity and safety of CuONPs-based 
catalytic reactions. Moreover, cupric-polymeric nanoreactors stimu-
lated a complex Cu-dependent signaling pathway in cells, and exhibited 
antioxidant, proliferative, angiogenic and antibacterial activities to 
promote chronic diabetic wounds healing. 
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