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A B S T R A C T   

New materials for combating bacteria-caused infection and promoting the formation of microvascular networks 
during wound healing are of vital importance. Although antibiotics can be used to prevent infection, treatments 
that can disinfect and accelerate wound healing are scarce. Herein, we engineer a coating that is both highly 
compatible with current wound dressing substrates and capable of simultaneously disinfecting and revascula
rizing wounds using a metal-phenolic nanoplatform containing an alloyed nanostructured architecture (Ag@Cu- 
MPNNC). The alloyed nanostructure is formed by the spontaneous co-reduction and catalytic disproportionation 
reaction of multiple metal ions on a foundation metal-phenolic supramolecular layer. This synergistic presence of 
metals greatly improves the antibacterial activity against both Gram-negative and Gram-positive pathogenic 
bacteria, while demonstrating negligible cytotoxicity to normal tissue. In infected rat models, the Ag@Cu-MPNNC 
could kill bacteria efficiently, promoting revascularization and accelerate wound closure with no adverse side 
effects in infected in vivo models. In other words, this material acts as a combination therapy by inhibiting 
bacterial invasion and modulating bio-nano interactions in the wound.   

1. Introduction 

Impaired wound healing and its medical complications result in a 
large morbidity and mortality burden worldwide [1–6]. Various factors 
influence wound healing, and therefore materials capable of promoting 
regeneration in real-world setting need to interact with different bio
logical agents simultaneously [7–11]. For example, the regeneration of 
injured tissue during wound healing requires the proliferation and 
migration of fibroblasts and keratinocytes [12,13], which collectively 
re-establish the normal cellular and extracellular matrix composition of 
the skin and facilitate the growth of vascular endothelial cells (i.e., new 

blood vessels) [14–16]. However, the presence of bacteria can impair 
the differentiation of fibroblasts, thereby inhibiting normal wound 
healing while simultaneously compromising the immune system [17]. 
Bacterial infection is one of the most frequent and severe complications 
for wound healing [18,19], and the treatment with antibiotics is the 
gold-standard protocol used in the clinic [20]. However, antibiotics by 
themselves do not promote would healing, and the excessive use of 
antibiotics leads to drug resistant bacteria and can also cause various 
side effects [21–24]. Moreover, there is a dearth of new antibiotics in the 
clinical pipeline. Therefore, substantial efforts have been dedicated to 
developing new antimicrobial materials in the lab, including nanozymes 
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[1,25–27], metal or metal oxide nanoparticles [28–36], metal-organic 
networks [3,37], cationic polymers [38–40], dendrimeric peptides 
[41–44], carbon-based nanostructures [45], nanocellulose-based mate
rials [46], and supramolecular complexes [47–50]. 

Antimicrobial metals, instead of antibiotic small molecules, were 
historically used to treat infection and have recently re-emerged as a 
promising strategy to inhibit the growth of bacteria and promote wound 
healing [51–53]. Among the most promising metals, silver nanoparticles 
(AgNPs) have been intensively studied and shown high efficiency and 
broad-spectrum antimicrobial activity [54–56]. Nevertheless, growing 
evidence shows that AgNPs can also cause undesirable cytotoxic and 
genotoxic effects, and bimetallic antimicrobial systems (e.g., Fe–Ag, 
Pt–Pd, Co–Au, etc.) have recently been developed with significantly 
enhanced antibacterial efficacy and lower side effects due to the syn
ergism of the two metallic components [57–65]. However, the synthesis 
of bimetallic alloys capable of being integrated with conventional 
wound dressings is generally complicated and often involves the use of 
organic solvents or potentially toxic substrates, and the in vivo biosafety 

profiles of these materials are generally neglected in the previous studies 
[66]. An ideal platform for enhancing wound healing in clinical settings 
would therefore allow for any wound dressing material to be readily 
endowed with antimicrobial and tissue revascularization properties, 
simultaneously [67,68]. 

Metal-phenolic networks (MPNs) are a versatile class of biocompat
ible materials constructed from natural polyphenols and metal ions 
through coordination bonds [69]. In our previous studies, we demon
strated that the functionality of MPNs can be tuned by varying the 
incorporated metal ions (Fe3+, Al3+, Sm3+, etc.) [70], which has allowed 
for the rational design of diverse MPN-based materials for biomedical 
and energy applications [71–74]. Importantly, the ability of MPNs to 
incorporate multiple metals into a single coating inspires that they could 
be used to combine antibacterial and tissue regeneration properties, and 
currently no previous studies have shown the ability of MPNs to inte
grate alloyed nanostructures in situ during the surface functionalization 
process. Herein, we engineer various medical substrates with the syn
ergistic effects of disinfection and revascularization using a bimetallic 

Fig. 1. Metal-phenolic nanoplatform with bimetallic alloyed nanostructures and their synergistic effects on disinfection and vascular regeneration. (A) Surface- 
adaptive functionalization property of the MPN-based coating on various clinical wound healing substrates. (B) The surface functionalization of FeIII-TA enables 
a rapid and robust platform for the engineering of multifunctional coating surfaces. (C) Zwitterionic polymers can be assembled on the FeIII-TA surface, imparting 
low-fouling to the surface. (D) Molecular structure of zwitterionic PEI. The colors indicate the separate positively and negatively charged groups. (E) Schematic 
illustration of the multiple domains of the MPN-based system. The FeIII-TA network anchors the foundation layer of the coating on medical substrates due to its 
versatile coating capability. The free catechol/galloyl groups of the FeIII-TA network can further chelate Ag+ and Cu2+ ions. (F) The redox potential of the phenolic 
groups enables the self-reduction of Ag+ to metallic Ag, while the Cu2+ can be reduced to Cu+, followed by a disproportionation reaction. These reactions lead to the 
formation of MPN-supported Ag@Cu alloyed nanostructures on the FeIII-TA network coating. (G) Schematic illustration of the therapeutic effects of the multi
functional MPN-based coating on medical substrates, which involve the ROS-mediated killing of bacteria and the stimulation of revascularization. The bimetallic 
alloyed nanostructure (magnified boxes) provides a high cytocompatibility compared with traditional bimetallic antibacterial materials. 
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and nanostructured MPN coating (Fig. 1). An initial iron (III)-tannic acid 
(FeIII-TA) layer capped with zwitterionic low-fouling polymer (ZwPEI) is 
used to engineer bimetallic nanoparticles, thereby leading to a MPN 
coating integrated with alloyed nanostructures (referred as 
Ag@Cu-MPNNC). The Ag@Cu-MPNNC-modified surfaces demonstrated 
efficient antimicrobial activity to both Gram-positive and 
Gram-negative bacteria, without any off-target effects on mammalian 
cells. Importantly, the Ag@Cu-MPNNC showed a remarkable therapeutic 
effect on accelerating wound healing in animals with infected skin 
wounds by reducing inflammation and promoting revascularization of 
the injured tissue. 

2. Experiment section 

2.1. Preparation of metal-phenolic nanoplatform of Ag@Cu-MPNNC 

PES ultrafiltration membranes (PES), commercial PES micro
filtration (MF) membranes, polycaprolactone (PCL) electrospinning 
nanofiber membranes (NFM), and gauze were chosen as substrates for 
conducting the preparation of surface-adaptive Ag@Cu-MPNNC. The 
standard coating process can be described as: PES membranes were first 
incubated with an aqueous TA solution (1 mg mL− 1) for 5 min under 
gentle shaking. Then, the membranes were transferred into aqueous 
FeCl3 solution (0.5 mg mL− 1) for 5 min. After that, obtained FeIII-TA- 
functionalized PES were washed for 2–3 times with DI water. Then, FeIII- 
TA-functionalized PES were incubated with pre-prepared zwitterionic 
polymer (ZwPEI) solution (1 mg mL− 1) and TA solution (1 mg mL− 1) for 
10 min respectively with five times repeats to obtain the MPNNC-PES. 
After that, the MPNNC-PES were incubated with AgNO3 solution, Cu 
(NO3)2 solution, or AgNO3/Cu(NO3)2 mixture solutions with 0.1 mol 
mL− 1 Ag+ and Cu2+ to construct metal-phenolic nanoplatforms which 
were termed as Ag-MPNNC-PES, Cu-MPNNC-PES, and Ag@Cu-MPNNC- 
PES, respectively. 

2.2. Antibacterial activity evaluation 

The antibacterial activity of the Ag@Cu-MPNNC-PES was measured 
by optical density (OD) monitoring and blood agar (SBA) plate counting. 
After 106 CFU mL− 1 bacterial liquid was co-cultured with the mem
brane, the membrane was removed out and the optical density at 600 
nm (OD600) for bacterial liquid was measured by UV–vis spectra to study 
the bacterial inhibition efficiency of the membranes. For SBA plate 
counting, the co-cultured solution was diluted in series with saline at a 
proper scale and then 100 μL bacterial suspension added on an SBA plate 
for counting the number of living bacterial cells. The bactericidal ratio 
can be quantified by counting the number of colonies on the plates 
recorded by the digital camera according to the following equation:  

Antibacterial efficiency (%) = (CFUcontrol – CFUsample)/(CFUcontrol) × 100%   

As for bacterial attachment on the membranes, the LIVE/DEAD 
bacteria staining was applied after 12 h of incubation using Bac-Light 
viability kit (SYTO-9 for live bacteria and propidium iodide (PI) for 
dead bacteria) and then the adhered bacteria were observed by fluo
rescence microscopy (DMI8, Leica). Meanwhile, the adhered bacteria 
were visualized using SEM after being fixed by fresh prepared glutar
aldehyde (2.5 wt %) and dehydrated by ethanol solutions with a series of 
concentrations. 

2.3. Cytotoxicity assay 

Cytotoxicity test of the membranes were carried with CCK-8 assay 
with L929 cells. L929 cells were grown in complete medium containing 
DMEM. 100 μL of the cells was seeded on a 24-well tissue culture 
polystyrene plate (control) or membranes at a density of 0.7 × 104 cells/ 
cm2. After 1 h, another 400 μL of the culture medium was added. A series 

of incubation time scale was set up for this cytotoxicity test: 1, 3, 5 and 7 
days. At each time point, 50 μL of CCK-8 assay solution was added to 
each well and incubated at 37 ◦C for 1 h, and then the optical density 
(OD) of each well was determined with a Microplate reader (Multiskan 
Sky, Thermo Fisher, USA) at 450 nm. 

2.4. Hemolysis assay 

5 mL of whole blood was added to 10 mL of calcium- and 
magnesium-free PBS solution, and then red blood cells (RBCs) were 
isolated from plasma by 5 times centrifuging. The obtained RBCs were 
diluted in PBS to a volume of 100 mL for further use. For the hemolysis 
test, 0.2 mL of the diluted RBCs suspension (around 5 × 108 cells/mL) 
was added to 0.8 mL of normal saline which containing one piece of 
membrane. The RBCs solution dispersed in normal saline was selected as 
a negative control and RBCs solution dispersed in DI water was used as a 
positive control. All the suspensions were centrifuged at 1000 rpm for 3 
min after being incubated in a rocking shaker at 37 ◦C for 3 h. The 
absorbance of the released hemoglobin was measured at 540 nm by a 
UV–vis spectrometer (UV-1750, Shimadzu Co., Ltd, Japan), and then the 
hemolysis ratio was calculated according to the following equation:  

Hemolysis ratio (%) = (As-An) / (Ap-An) × 100%                                       

where As is the absorbance of the suspensions in the presence of the 
sample, Ap and An are the absorbance of positive and negative controls, 
respectively. 

2.5. Mechanistic study of reactive oxygen species (ROS) generation 

The antibacterial efficacy of Ag@Cu-MPNNC-PES might be associated 
with the generation of ROS, which could be detected by the electron 
paramagnetic resonance (EPR, Bruker EMX Plus, Billerica, Massachu
setts, USA). Briefly, a piece (1 × 1 cm2) of membrane was immersed in 1 
mL normal saline and 50 μL 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) 
was added to the solution for 5 min to trap •OH in the form of the spin 
adduct DMPO/•OH. Then, the EPR spectrum was recorded. Meanwhile, 
1O2 was also detected and 2,2,6,6-tetramethylpiperidine (TEMP) was 
used to trap 1O2. 50 mM TEMP was added to the solution and the EPR 
spectrum was recorded. To detect the level of bacterial intracellular 
ROS, 2’,7’-dichlorofluorescin diacetate (DCFH-DA) was employed. 
S. aureus cells were respectively inoculated with a piece (1 × 1 cm2) of 
membranes at 37 ◦C for 4 h. Then, the bacterial incubating with 10 μM 
DCFH-DA at 37 ◦C for 30 min. After that, the fluorescence intensity was 
detected at excitation/emission wavelength of 488/525 nm. 

2.6. Experimental rat wound mode 

Sprague dawley (SD) mice (220–250 g, male, 6–8 weeks) were pur
chased from Chengdu Dossy Biological Technology Co. Ltd. (China) and 
used for in vivo studies. All animal experimental procedures were 
approved by Sichuan University Animal Ethics Committee in concor
dance with the Principles of Laboratory Animal Care formulated by the 
National Society for Medical Research. The SD mice were firstly anes
thetized using 2% sodium pentobarbital. After shaving and disinfecting 
with iodophor, 8 mm round skin injuries were made on the back of mice 
and then 100 μL of S. aureus dispersion (108 CFU/mL) was injected onto 
the wound. 

After injection of bacteria and cultured for 24 h, the PCL-based NFMs 
and metal-phenolic nanoplatform decorated NFMs were directly 
employed to treat the wound as wound dressing. Mice with established 
infection wounds were then randomly assigned to the following groups 
(three mice per group): (1) untreated control, (2) NFM treated, (3) 
MPNNC-NFM, (4) Ag-MPNNC-NFM and (5) Ag@Cu-MPNNC-NFM. 

After 2, 6, 10, and 14 days of supervision, the wound area was 
imaged by a digital camera and the wound healing ratio was measured 

Y. Xie et al.                                                                                                                                                                                                                                      



Bioactive Materials 16 (2022) 95–106

98

based on the following equation:  

Wound healing ratio (%) = [W0 - Wound(2,6,10,14 days) /W0] × 100%              

where Wound(2,6,10,14 days) represents the wound area (mm2) after 2, 6, 
10, and 14 days, respectively, and W0 represents the initial wound area. 
After 14 days, these treated wound skin tissues and internal organs were 
gathered for immunohistochemical and immunofluorescence staining, 
and histological analysis. 

2.7. Experimental pig skin disinfection mode 

In vitro sterile pig skin was used as a model skin, and then the skin 
disinfection test was performed. The pig skins were first cut into small 
pieces (3 cm × 3 cm). Subsequently, for each skin, a groove-shape 
rectangle portion was removed by skin graft blade to afford wounds 
with a consistent size of 1 cm × 0.5 cm. Each wound was inoculated with 
100 μL of bacterial dispersion in Mueller-Hinton Broth (MHB, the con
centration was fixed to ~108 CFU mL− 1) and then treated with different 
membranes after incubation at 37 ◦C for 30 min. After 16 h, each wound 
was rinsed with saline for 3 times, and the pictures of wound were 
captured by digital camera. The adhered S. aureus on pig skins were 
visualized using SEM (JSM-7500F, Japan) after being fixed by fresh 
prepared glutaraldehyde (2.5 wt %) and dehydrated by ethanol solutions 

with a series of concentrations. 

3. Results and discussion 

3.1. Design strategy and structural characterization of Ag@Cu-MPNNC 

The synthesis of Ag@Cu-MPNNC nanoplatform on different sub
strates was inspired by classic MPN chemistry (Fig. 1) [70,75]. A poly
ethersulfone (PES) membrane, a typical biomaterial used in blood 
purification, was first employed as a substrate for the demonstration of 
Ag@Cu-MPNNC synthesis. The PES was first functionalized with a 
FeIII-TA coating layer yielding MPNNC (Fig. 1A,B, Fig. S1), followed by 
the adsorption of zwitterionic polymer ZwPEI to construct an antifouling 
surface (Fig. 1C and D) [76,77]. Fourier-transform infrared spectroscopy 
(FTIR) spectra showed the corresponding characteristic peaks at 1205 
cm− 1 (C–O vibration of TA), 1740 cm− 1 (C––O vibration of TA), and 
1030 cm− 1 (S(=O)2–OH vibration of ZwPEI) (Fig. S2) [59]. 
High-resolution N1s spectrum showed two characteristic peaks located 
at 398.1 eV and 401.2 eV, which further agrees with the functionali
zation of zwitterionic polymers on the FeIII-TA surface (Fig. 2A, C). 
Meanwhile, the elemental compositions of the membrane surfaces 
determined by XPS analysis are also indicates the contents of zwitter
ionic polymers on the FeIII-TA surface. 

Fig. 2. Characterization of the metal-phenolic-functionalized surface integrated with the bimetallic alloyed nanostructures. (A) SEM images of MPNNC integrated 
with different species of metallic systems. The insets are photographs of the coatings on the PES, where distinct colors are corresponded to the incorporated metals. 
(B) XPS survey scan spectra for native PES, MPNNC, and Ag@Cu-MPNNC-PES. In the Ag@Cu-MPNNC-PES spectrum, the peaks of Ag3d and Cu2p indicate the formation 
of bimetallic nanostructures. The peak of N1s supports the assembly of ZwPEI polymers on FeIII-TA foundation layer. (C–E) High-resolution XPS spectra of N1s, Ag3d, 
and Cu2p, showing the element states of each functional domain. (F) XRD patterns of Ag@Cu-MPNNC-PES and the corresponding controls. Ag@Cu-MPNNC-PES and 
Ag-MPNNC-PES samples show distinct crystalline peaks, and in contrast, MPNNC only presents amorphous structure (only FeIII-TA foundation layer). (G) Comparison 
of Ag@Cu-MPNNC-PES with the standard peaks of metallic silver and copper. (H–I) XRD spectra of Ag (111) and (200) peaks of Ag@Cu-MPNNC-PES and Ag -MPNNC- 
PES with the post-addition of Cu2+ ions. The shifts of the XRD peaks were ascribed to the formation of alloyed Ag@Cu nanostructures. 
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To synthesize the alloyed nanostructures, Ag+ and Cu2+ ions were 
added and incorporated onto PES membrane via the coordination 
interaction between the catechol/galloyl groups of the MPNNC layer to 
form AgI/CuII-TA (Fig. 1E). During this alloying process, Ag+ ions can be 
self-reduced to AgNPs due to the reduction ability of catechol or galloyl 
groups [78], and scanning electron microscopy (SEM) images showed a 
slight increase in particle size between the bimetallic Ag@Cu-MPNNC 
system (34.1 ± 6.2 nm) compared to the monometallic Ag-MPNNC sys
tem (32.0 ± 4.8 nm) (Fig. 2B, Fig. S3). Interestingly, the incorporated 
Cu2+ ions can be also co-reduced to Cu+, spontaneously progressing a 
disproportionation reaction of 2Cu+ (aq) → Cu0 (s) + Cu2+ (aq) (E0

cell =

0.37) (Fig. 1F). High-resolution XPS spectra of Cu2p indicated the 
presence of Cu0 and Cu2+ at 933.2 and 935.0 eV, respectively (Fig. 2E) 
[79–81]. Meanwhile, energy dispersive X-ray spectroscopy (EDS) map
ping images further confirmed the presence and high distribution of Cu 
and Ag in the microstructure of Ag@Cu-MPNNC while still retaining the 
N signal from ZwPEI (Fig. 2A, Fig. S4). X-ray powder diffraction (XRD) 
patterns of the Ag@Cu-MPNNC exhibited several peaks located at 2θ =
38.0, 44.2, 64.4, 77.3, and 81.4◦ (Fig. 2F). Notably, when compared 
against the typical Ag patterns [ICDD 04–0783] for the (111) plane of 
monometallic Ag (2θ = 38.2◦) and Ag-MPNNC with the post-addition of 
Cu2+ ions (2θ = 38.18◦), the Ag (111) peak of Ag@Cu-MPNNC shifted 
slightly to a lower angle at 2θ = 38.0◦ (Fig. 2G and H). Similar shifts 

could also be observed on the Ag (200) peak of Ag@Cu-MPNNC (2θ =
44.19◦) in comparison to monometallic Ag-MPNNC with the 
post-addition of Cu2+ ions (2θ = 44.28◦) (Fig. 2I). These results support 
the formation of Ag–Cu alloys on the MPNNC foundation layer via the 
catechol/galloyl-facilitated co-reduction process. 

The anti-fouling surface/interface is very important for biomaterials 
to resist protein adsorption as candidates for preventing bacterial 
adhesion. The hydrophilicity of the bio-materials surface would induce a 
strong hydration layer formation at the interface, which plays a key role 
for antifouling performance to resist the nonspecific protein adsorption 
and bacterial adhesion. In addition, the water contact angles (WCAs) for 
pristine PES and Ag@Cu-MPNNC-functionalized membranes (Ag@Cu- 
MPNNC-PES) were measured, as the hydrophilicity of bandages is a po
tential indicator for biocompatibility and beneficial to wound healing 
(Fig. S5) [25,82]. The bare PES had a WCA of ~80◦, while the MPNNC 
had a WCA of ~39◦, indicating a significant improvement of surface 
hydrophilicity, which was ascribed to both the hydrophilic phenolic 
building blocks and hydrophilic ZwPEI. After the integration of the 
bimetallic nanostructures, the Ag@Cu-MPNNC-functionalized surface 
exhibited significantly lowered WCA values (~30◦) due to the intro
duction of the hydrophilic Ag–Cu alloyed NPs. Overall, the integration 
of these three building blocks (natural polyphenols, zwitterionic poly
mers, and metal nanoparticles) improve the hydrophilicity of the 

Fig. 3. Antibacterial properties against both Gram-negative and Gram-positive pathogenic strains. (A) Representative fluorescence and SEM microscopy images for 
pristine PES and the Ag@Cu-MPNNC after being cultured with E. coli and S. aureus for 12h. Bacteria were stained with SYTO 9 green fluorescent nucleic acid stain for 
the observation under fluorescence microscopy. Orange arrows indicate the deformed and destroyed bacteria. (B) Representative photographs of bacterial colonies 
formed on sheep blood agar (SBA) plates treated with different membranes. The values show the numbers of counted colonies (X 104 CFU). (C–D) OD600 values of 
E. coli and S. aureus samples after 12h- and 24h-incubation with different membranes. Variation is represented by SE (error bars) from three independent replicates 
for all data points, *** (p-value < 0.05). The cell density of the group treated with Ag@Cu-MPNNC-PES showed a significant difference compared with the 
other groups. 
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surface, which is beneficial to the crucial bio-material interactions for 
wound healing [25]. 

3.2. Antibacterial performance and mechanistic study of Ag@Cu-MPNNC 

To estimate the antibacterial performance of Ag@Cu-MPNNC, 
Escherichia coli (Gram negative, E. coli: ATCC, 25922) and Staphylococcus 
aureus (Gram positive, S. aureus: ATCC, 6538) were chosen as model 
pathogenic bacteria and incubated with the membranes for 12 h before 
imaging the bacteria proliferation. Pristine PES showed no antibacterial 
property to these pathogenic strains, as a significant amount of aggres
sively growing bacteria could be seen (Fig. 3A, Fig. S6, Fig. S7). How
ever, the amounts of both E. coli and S. aureus on the Ag@Cu-MPNNC- 
functionalized membrane (Ag@Cu-MPNNC-PES) surfaces were signifi
cantly decreased. Moreover, an obvious deformation of the microbes 
was observed due to the combined effects of the anti-fouling ZwPEI 
layers and the antibacterial alloyed nanostructures. To quantitatively 
evaluate the antibacterial capabilities, bacterial suspensions were co- 
cultured with different membranes and the numbers of colony-forming 
units (CFUs) were determined (Fig. 3B). The membranes functional
ized with monometallic Cu (Cu-MPNNC-PES) had moderate antibacterial 
activity (58.9% for E. coli and 56.9% for S. aureus, Fig. S8), while the 
monometallic Ag-MPNNC-PES exhibited a slightly increased antibacte
rial activity (89.6% for E. coli and 70.2% for S. aureus). Notably, only few 
bacteria were observed on the surface of Ag@Cu-MPNNC-PES, and the 
antibacterial ratios were ~100% against both strains. The optical den
sity at 600 nm (OD600) showed similar antibacterial performance on 
each sample (Fig. 3C and D). These results demonstrated that the alloyed 
nanoarchitectures engineered on the MPNNC surface endowed the 
membranes with enhanced killing efficiency in comparison to the 
monometallic systems. 

The superior antibacterial properties of the Ag@Cu-MPNNC against 
both Gram-positive and Gram-negative pathogenic strains motivated us 
to understand the mechanism for the enhanced antibacterial activity. 
Electron paramagnetic resonance (EPR) measurement was applied to 
probe the generation of reactive oxygen species (ROS) [83]. 5,5-dime
thyl-1-pyrroline-N-oxide (DMPO) was selected as spin traps for hy
droxyl radical (⋅OH) detection. After the incubation with monometallic 
Ag-MPNNC, a weak EPR signal was observed, while an intense EPR signal 
was exhibited after 10 min incubation with bimetallic Ag@Cu-MPNNC 
membrane (Fig. 4A). Interestingly, a similar level of strong EPR signals 

was also observed after the incubation with Cu-MPNNC, suggesting that 
the generation of ROS can be mainly ascribed to the Cu domain of the 
alloyed system. Meanwhile, the representative DMPO-OH adduct was 
not observed in the Cu-MPNNC, which could result from the interaction 
of Cu with DMPO and the formation of DMPO-dimers and 
carbon-centered radical adducts. 

To further verify the species of the radicals, Dimethyl sulfoxide 
(DMSO) was added (a specific scavenger for ⋅OH) to investigate whether 
⋅OH was involved in the EPR signal. After the addition of 40 wt% DMSO, 
the intensity of the EPR signal dramatically decreased, indicating the 
generation of ⋅OH in the reaction process (Fig. 4B). In addition, 2,2,6,6- 
tetramethylpiperidine (TEMP) was also selected as a spin trap for ROS 
detection. The EPR signals displayed a 1:1:1 triplet spectrum charac
teristic, demonstrating the generation of singlet oxygen (1O2) when 
encountering the Ag@Cu-MPNNC surface (Fig. 4C). A similar EPR signal 
was detected in the presence of free Cu2+ ions which further supported 
the generation of ROS due to the engineered Cu domain (Fig. S9). In 
addition, when NaN3 (a specific scavenger for 1O2) was added, the in
tensity of the EPR signal decreased dramatically. These results further 
confirmed that the active species generated by the Ag@Cu-MPNNC can 
be ascribed to 1O2. These studies of ROS generation demonstrate that the 
Ag@Cu-MPNNC could accelerate the generation of two types of ROS 
(⋅OH and 1O2) to kill pathogenic bacteria [84]. 

Although the monometallic Cu-MPNNC generated a similar level of 
ROS compared with Ag@Cu-MPNNC, the coating engineered with the 
bimetallic alloyed nanostructures showed significantly higher antibac
terial abilities. We rationalized that the intracellular oxidative stress in 
bacteria was different when encountering these two types of coatings 
[85]. Thus, 2′,7′-dichlorofluorescin diacetate (DCFH-DA) was used as a 
molecular probe to detect the level of intracellular oxidative stress. 
DCFH can penetrate into the cytosol of bacterial cells and be oxidized to 
DCF in the presence of ROS. Ag@Cu-MPNNC caused more than twice as 
much intracellular oxidative stress compared with those of mono
metallic Cu-MPNNC and Ag-MPNNC (Fig. 4D). These results revealed that 
the possible mechanism of the enhanced antibacterial ability of the 
Ag@Cu-MPNNC involves the generation of ROS ascribed to the Cu 
domain of the alloyed nanostructure. Synergistically, Ag is known to 
cause the disruption of cell membranes [86], leading to an efficient 
penetration of the generated ROS into the cytosol, which is known to 
oxidize intracellular proteins and disturb bacterial homeostasis. It is 
further demonstrated that the excellent antibacterial activity is not only 

Fig. 4. Mechanistic study of the antibacterial prop
erties for the bimetallic alloyed Ag@Cu-MPNNC 
coatings. (A) EPR spectra of DMPO/⋅OH adducts 
collected after 10 min-incubation of a 1 × 1 cm2 

membrane and 50 μL DMPO; (B) EPR spectra of 
DMPO/⋅OH adducts with different amounts of DMSO; 
(C) EPR spectra of 1O2 after 20 min-incubation with 
Ag@Cu-MPNNC-PES in the presence of TEMP; (D) 
Fluorescence spectra of bacteria treated with different 
membranes. The cells were stained with 2′,7′- 
dichlorodihydrofluorescein diacetate to indicate the 
generation of intracellular ROS levels.   
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original from the generated ROS, and the synergistic presence of metals 
plays a vital role for the antibacterial activity. 

3.3. Biocompatibility and surface adaptability of Ag@Cu-MPNNC 

After demonstrating their robust antibacterial activity, the cyto
compatibility of the Ag@Cu-MPNNC was investigated with a represen
tative wound healing cell line, namely mouse fibroblasts L929. 
Fluorescence microscopy images showed that the antifouling ability of 
the Ag@Cu-MPNNC-PES reduced the adhesion of L929 cells to the 
membrane when compared with bare PES (Fig. 5A). Though the initial 
attached cell number on the Ag@Cu-MPNNC-PES was smaller than that 
of bare PES, the proliferation of L929 cells on the Ag@Cu-MPNNC-PES 
showed a similar level with bare PES (Fig. 5B). The cell numbers 
increased continuously with the incubation time for bare PES, Cu- 
MPNNC, and Ag@Cu-MPNNC. The proliferation was significantly 
inhibited in the monometallic Ag-MPNNC sample, which was ascribed to 
the cytotoxicity of AgNPs. Interestingly, the proliferation of L929 was 
not affected by the alloyed Ag–Cu nanostructures on the membrane 
surface, though the content of Ag in Ag@Cu-MPNNC was almost the 
same as Ag-MPNNC (Table S1). 

Meanwhile, hemolysis tests were performed to investigate the blood 
compatibility. The bare PES and MPNNC-functionalized PES with no 
metallic nanostructures showed a low hemolysis ratio of ~1%. The 
presence of AgNPs in the Ag-MPNNC-PES dramatically increased the 
hemolysis ratio to ~50% (Fig. 5C, Fig. S10). The Ag NPs can bind to thiol 
groups within biological moieties such as proteins or phospholipids of 
membrane with high affinity and thereby promote their denaturation 
[87], leading to osmotic lysis, membrane rupture or hemolysis [88]. No 

obvious hemolysis was observed in the sample incubated with 
Cu-MPNNC, and notably the hemolysis ratio of Ag@Cu-MPNNC-PES was 
as low as bare PES. These cell cytotoxicity and hemolysis tests demon
strated that the Ag@Cu-MPNNC have great promise for utilization in 
vivo [38]. Substrate-independent coatings are important, since medical 
components that interface with wounds, such as wound dressings and 
artificial implants, generally have different sizes, shapes, and material 
compositions depending on the specific therapeutic purposes [82]. 
Traditionally, each of these medical materials required a unique surface 
functionalization strategy, which in turn often required complicated 
procedures and the use of potentially cytotoxic compounds. Here, we 
applied this rapid and facile MPN-based alloyed nanostructured coating 
to three major substrates used in clinical applications, including PES 
microfiltration membrane (PES-MF), sterile gauze, and poly
caprolactone nanofiber membrane (PCL-NFM). These three substrates 
have different microstructures and surface chemistries, and were func
tionalized with Ag@Cu-MPNNC to evaluate the antibacterial ability. 

All the substrates changed color due to the MPNNC functionalization 
and the formation of the alloyed nanostructures (Fig. 5D–F). SEM images 
showed the variety of the microstructures of the three materials, which 
could be maintained after Ag@Cu-MPNNC functionalization. Moreover, 
the formation of highly dispersed nanostructures was observed in the 
SEM images. These materials were cultured with E. coli for 12 h, and it 
was found that the bacterial suspensions incubated with the Ag@Cu- 
MPNNC-functionalized substrates remained clear with very few bacterial 
colonies. In contrast, the bare medical substrates had a high degree of 
bacteria growth with a turbid suspension after 12 h. These results 
demonstrate that our MPN-based strategy provides a simple and robust 
mean to impart a wide range of medical substrates with highly efficient 

Fig. 5. Cell toxicity and surface-functionalization of different substrates. (A) Representative fluorescence microscopy images for pristine PES and Ag@Cu-MPNNC- 
PES after being cultured with L929 cells (mouse fibroblasts) for 24h. The lower density of cells indicates the low-fouling property after the functionalization of 
Ag@Cu-MPNNC. (B) Cell density of L929 cells (profiled by using a CCK-8 assay at OD450) at different days with the incubation of different membranes. The cell 
density of the group treated with Ag@Cu-MPNNC-PES shows a significant difference compared with Ag-MPNNC, due to the dramatic decrease of the cytotoxicity of 
alloyed nanostructure compared with only Ag-based coating. (C) Hemolysis ratios of human red bloods cells (RBCs) after the incubation with different membranes for 
3h. The hemolysis ratio of the group treated with Ag@Cu-MPNNC-PES shows significantly lower value compared with Ag-MPNNC-PES and no difference compared 
with the bare PES group. Variation is represented by SE (error bars) from three independent replicates for all data points, *** (p-value < 0.05). (D–F) Demonstration 
of substrate-independent functionalization of Ag@Cu-MPNNC on clinically used materials. The SEM images show the microstructure of the membranes before and 
after Ag@Cu-MPNNC functionalization (upper panel, PES-MF, Gauze, and PCL-NFM). The insets show the visual change of the membranes. The bottom-left panels 
show the photographs of the supernatants incubated with different membranes. Cloudiness demonstrates the presence of bacteria in suspension after 16 h-incubation. 
The bottom-right panels show representative photographs of bacterial colonies formed on SBA plates treated with different control and functionalized membranes. 
No colonies can be observed on the group treated with Ag@Cu-MPNNC-functionalized membranes. 
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antibacterial properties. Due to the ease of functionalization process and 
the low cost of natural polyphenols, this platform could significantly 
reduce the cost of fabrication and broaden the choice of substrates used 
in wound healing [89], which is important for future large-scale 
manufacturing and clinical applications [69]. Moreover, this allowed 
us to explore the in vivo application of Ag@Cu-MPNNC. 

3.4. Ag@Cu-MPNNC for full-thickness skin wound healing 

The superior antibacterial ability and biocompatibility encouraged 
us to explore the application of the Ag@Cu-MPNNC for wound disin
fection and healing in vivo. PCL-NFM was chosen as the model substrate 
due to its wide use in clinic for a variety of applications. A wound was 
firstly created on the back of shaved Sprague Dawley (SD) rats, followed 
by incubation with S. aureus, and finally treated with Ag@Cu-MPNNC- 
functionalized NFM or control groups (PBS, bare NFM, MPNNC-, and Ag- 

MPNNC-functionalized NFM) (Fig. 6A). The wounds were photographed 
at 0, 2, 6, 10, and 14 days after the treatments, and notably the size of 
the wound tended to decrease quickly for the Ag@Cu-MPNNC group at 
each observed time point, and the wound areas were significantly 
smaller than other groups (Fig. 6B). The wounds were photographed 0, 
2, 6, 10, and 14 days after treatments, and notably the size of the wound 
tended to decrease quickly for the Ag@Cu-MPNNC group at each 
observed time point, and the wound areas were significantly smaller 
than other groups (Fig. 6B). The wound areas were measured precisely 
to determine the wound closure efficiency [1,38,45]. After 14 
day-treatment, the Ag@Cu-MPNNC-functionalized NFM treated group 
showed a wound-healing ratio of nearly 100%, indicating an efficient 
disinfection effect and accelerated wound healing process compared 
(Fig. 6C). Meanwhile, after 14 days, the corresponding values of the CFU 
for S. aureus from the wounds were counted, and barely any colonies 
could be seen in the Ag@Cu-MPNNC-functionalized NFM treated groups. 

Fig. 6. Wound disinfection and the promoted healing effects of Ag@Cu-MPNNC. (A) Schematic of S. aureus-based wound infection in SD rat model and the treatment 
by Ag@Cu-MPNNC. (B) Representative photographs of the wounds in the rats at different time intervals during the therapeutic process. Different control groups were 
compared against Ag@Cu-MPNNC. (C) Statistic wound healing ratios for the different treatment groups, in which the alloyed nanostructured Ag@Cu-MPNNC-treated 
group showed the highest wound healing ratio after 6 days of treatment. (D) Living cell numbers of S. aureus in the wound areas treated with different materials. The 
cell viability was counted from the SBA plates. The bacterial numbers of Ag@Cu-MPNNC and Ag-MPNNC were both significantly lower than that of PCL-NFM 
membrane, which was only functionalized by an MPNNC (FeIII-TA) layer. (E) Ag@Cu-MPNNC-induced generation of anti-inflammatory factors. The presence of 
alloyed nanostructure on the MPN coating promotes the wound healing by disinfection and by lowering the inflammation. (F) Schematic of S. aureus wound infection 
on full-thickness skin tissue from pig. (G) Photographs of the S. aureus wound infection on pig skin tissues treated with different materials. Purple dashed lines 
indicate the presence of S. aureus on the wounds (yellow areas). (H) SEM images of the microstructures of wounds treated with different materials. The number of 
S. aureus was dramatically lower than those of the groups treated with PES and MPNNC-coated PES membranes. S. aureus cells were false-colored in yellow. 
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These results further confirmed the significant antibacterial effect 
against S. aureus after the 14-day treatment for the Ag@Cu-MPNNC-
functionalized NFM (Fig. 6D). 

The disinfection effect of the Ag@Cu-MPNNC was further evaluated 
based on an infectious full-thickness pig skin model. Pig skin shows 
physiological similarities in both structure and composition to those of 
human skin tissue. Therefore, the three-dimensional fibrous structure 
and its tissue microenvironment could better mimic the therapeutic ef
fect of Ag@Cu-MPNNC on human skin. In this experiment, the skin was 
first wounded and infected by S. aureus, and then Ag@Cu-MPNNC-NFM 
was used to dress the wounds (Fig. 6E). After 3 days incubation, pho
tographs of the pig skins treated with bare PES and MPNNC showed large 
areas of infection compared to the Ag@Cu-MPNNC-dressed wounds, 
which showed no visible infection (Fig. 6F). Meanwhile, the micro- 
morphologies of the skins were observed by SEM for further evalua
tion. The skin samples with visible infection showed a large number of 
bacteria embedded on the surface of the fibrous skin tissue (Fig. 6G). 
However, for the Ag@Cu-MPNNC-dressed wounds, bacterial adhesion 
was minimal and the number of bacteria was much less than that on the 

infected skin samples. These results strongly supported that the bacterial 
growth on the pig skin was significantly inhibited by the Ag@Cu- 
MPNNC, and demonstrated great promise for further clinical use. 

To further evaluate the tissue microstructure changes during the 
wound healing, histological characterization of the wounds at day 14 
was conducted by the hematoxylin-eosin (H&E) staining method [18, 
28]. An abnormal pathway was used for the tissue regeneration process 
of control groups, as non-intact epidermal layers and loose connective 
dermis structures could be seen for the samples treated with NFM and 
MPNNC-NFM (Fig. S11). In contrast, an intact epidermal layer and fully 
recovered dermis structure were observed in the tissue sample treated 
with Ag@Cu-MPNNC-NFM. More importantly, regenerated blood vessels 
filled with red blood cells were clearly observed from the 
Ag@Cu-MPNNC treated wound (Fig. 7A). These imaging results 
demonstrated that the Ag@Cu-MPNNC performed synergistic therapeu
tic effects with the combination of enhanced bacterial disinfection ac
tivity and revascularization. Additionally, immunohistochemical 
staining based on vascular endothelial growth factor (VEGF) was also 
performed at 14-day post-treatment to verify the formation of the 

Fig. 7. Promoted revascularization of wound tissue and in vivo toxicity of Ag@Cu-MPNNC. (A) H&E stained histological sections show the formed epithelium after 
the treatment with different dressings. Red arrows highlight the regeneration of blood vessels in the wound tissues when treated with Ag@Cu-MPNNC-NFM. (B) 
Immunohistochemical (VEGF) stained histological sections show the regeneration of vascular microstructures after the treatment with different dressings. (C) 
Statistic vascular regeneration ratios in the different dressing groups. The tissue treated with Ag@Cu-MPNNC showed a significantly higher VEGF staining density 
than the other groups. The variation is represented by the standard deviation of three independent replicates in all graphs, *** (p-value < 0.05). (D) Histopathology 
of the heart, liver, and kidney from the rats. The main organs were collected and processed for histological analysis. The sections were stained with H&E. Images are 
representative of three independent experiments. 
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regenerated blood vessels (Fig. 7B). The significantly higher staining 
density value indicated the increase of VEGF expression in the tissue 
treated with Ag@Cu-MPNNC, which effectively promoted wound heal
ing (Fig. 7C). The Cu would decompose the endogenous S-nitrosothiols 
in the blood generating nitric oxide [90], which can promote angio
genesis and wound healing. Histological evaluation of the treated rats 
was carried out to examine whether there was any damage to the main 
organs including heart, liver, spleen, lung and kidney during the 
application of Ag@Cu-MPNNC (Fig. 7D). The results showed that there 
were no obvious anomalies in the Ag@Cu-MPNNC-treated group in 
comparison with the control group [3]. Our results suggest that this 
naturally-derived MPN system provides a novel and safe platform for the 
engineering of alloyed nanostructures which significantly promotes the 
generation of the critically needed vascular system during wound 
healing. 

4. Conclusions 

In summary, we present a nanoplatform for the functionalization of a 
variety of medical substrates for synergistic wound disinfection and 
vascular regeneration. The modular nature and chemistry of MPNs al
lows for the synthesis of bimetallic alloyed Ag@Cu nanostructures on 
medical substrates through a spontaneous co-reduction and dispropor
tionation reaction of the incorporated metal ions. The universally- 
adherent nature of MPNs allowed the Ag@Cu-MPNNC to endow a wide 
range of medical substrates with synergistic therapeutic effects. We 
confirmed that the Ag@Cu-MPNNC exhibited superior antibacterial 
ability against both Gram-positive and Gram-negative bacteria over its 
monometallic counterpart. Furthermore, our mechanistic studies 
revealed that an elevated level of ROS could be generated by the Cu 
domain of the alloyed nanostructures, while the Ag domain could 
simultaneously cause the disruption of cell membranes, leading to the 
efficient penetration of ROS into the cytosol and the oxidization of 
intracellular proteins. More importantly, the Ag@Cu-MPNNC showed a 
combination of therapeutic functions to inhibit the bacterial invasion 
and modulate various bio-nano interactions leading to tissue repair. Rat 
and pig infected models proved the outstanding antimicrobial perfor
mance of the Ag@Cu-MPNNC against S. aureus. Moreover, quantified 
wound healing values and histological studies demonstrated the accel
erated wound closure performance and the excellent revascularization 
of the injured tissue with no obvious systemic toxicity. We believe that 
this rapid and efficient nanoplatform presents great potential for coating 
medical devices, wound dressings, and artificial implants, in a simple, 
cost-effective, and scalable manner. 
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