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a b s t r a c t

With the increasing emergence of bacterial infections, especially multidrug-resistant (MDR) bacteria,

poses an urgent threat. This study demonstrated a novel multifunctional nanotheranostics platform de-

veloped by the strategic integration of both in-situ bio-assembly imaging and target bacteria inacti-

vation. Through the introduction of copper ions into bacteria, the Cu2+ could spontaneously bio-self-

assembled into a multifunctional copper nanoclusters (NCs) which efficiently enhanced epigallocatechin

gallate (EGCG) uptake into bacteria. While visualizing the bacteria, the developed theranostic nanoplat-

form exhibited highly efficient disinfection activities with negligible side effects as reflected by higher

cell viability and insignificant hemolytic effects. Furthermore, the exosomal formulation of EGCG inte-

grated with Cu2+ showed an increased intracellular antibacterial activity, which could eliminate most of

the methicillin-resistant Staphylococcus aureus (MRSA) phagocytosed by macrophages, guide macrophages

toward M2-like phenotype polarization and alleviate inflammation, without exhibiting obvious cytotox-

icity on host RAW264.7. The regimen could be viewed as an effective strategy for the sterilization of

intractable bacterial infections.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bacteria have historically been identified as “invisible killers”

posing a major health concerns [1]. Since the invention of peni-

cillin [2], antibiotics have been widely used as effective measures

against bacterial infections. Nevertheless, the continuous abuse of

antibiotics, has resulted in gene mutation and thus the birth of

multidrug-resistant (MDR) strains, which have narrowed the con-

ventional anti-bacterial spectrum of antibiotics [3,4]. The increase

in drug-resistant bacteria is outpacing the number of antibiotics

approved to treat them [5]. Studies have demonstrated that in the

21st century, there is an average of 1–2 new antibiotics approved

by the Food and Drug Administration (FDA) annually [6]. Reports

have revealed that if no new antibacterial strategies are found by

2050, millions of people could die from MDR bacterial infections

[7].

Currently, natural antibacterial compounds, have been shown to

be a promising anti-bacterial option that avoid over-use and drug

∗ Corresponding authors.

E-mail addresses: 101013182@seu.edu.cn (X. Liu), yweizmann@bgu.ac.il

(Y. Weizmann), xuewang@seu.edu.cn (X. Wang).

resistance of antibiotics [8]. Green tea (Camellia sinensis, Theaceae)

is one of the most popular beverages containing polyphenols. Nu-

merous reports have shown that it possesses powerful medical val-

ues [9]. Epigallocatechin gallate (EGCG), a major polyphenol bioac-

tive ingredient has gained much attention in recent years [10,11],

categorized as “generally recognized as safe” (GRAS) by the FDA. It

has good biocompatibility and linked to a variety of health bene-

fit such as anti-inflammatory, antiviral, antitumor, and effectively

promoting wound healing/tissue repair [12–14]. It also possesses

great anti-infective potential as it has a wide range of bactericidal

activity and inhibits biofilm formation [15,16]. However, EGCG has

several drawbacks which limit its bioavailability and biological ac-

tivities, including poor solubility, weak stability, short half-life and

rapid metabolism [17]. That can be dealt with using a suitable ve-

hicle that delivery EGCG to the action site and effective protects

against biodegradation or in vivo degradation [18].

Bacteria such as E. coli, methicillin-resistant Staphylococcus au-

reus (MRSA) and S. aureus have the ability to invade and survive

in host cells, particularly macrophages, where they multiply into

a reservoir, evading the immune response and establishing persis-

tent infections [19]. Bacterial localization can disrupt the normal
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functioning of macrophages and create a preferential niche, making

it harder for the host defense mechanisms and drugs to eliminate

them [20]. Dealing with intracellular bacterial infections remains

a significant challenge as most of the current antibiotics such as

gentamycin, macrolides and β-lactams are gradually becoming in-

efficient against intracellular bacterial due to no or only limited

accumulation in eukaryotic cells, or because of poor intracellular

retention [21,22]. Statistically, more than two-thirds of prescribed

antibiotics are not effective in treating intracellular bacteria [23].

To overcome the existing limitations, extensive studies have shown

that the nanometer-sized delivery systems can effective encapsu-

late, protect and release bioactive substances, such as drugs and

nutrients [24]. The exploration of intracellular vesicles in recent

years have become a hotspot of research. Exosomes are nanoscale

microvesicles of cellular origin, with a diameter ranging of 30–

200nm that naturally released by practically all types of cells

[25,26]. As natural carriers that package various substances, they

specialized in long-distance intercellular communications with a

stable and long circulation times [27,28]. The application of exo-

somes in an ideal system as potential carriers for various dispo-

sitions, such as cancer, inflammation, or tissue injury is on a rise

[29–33].

The endogenous origin of exosomes endows them multiple ad-

vantages with nontoxic, low-immunogenicity, able to cross biolog-

ical barriers, stability and a long half-life circulation ability un-

der physiological conditions [34–36]. In addition, the homing abil-

ity and specific cell tropism of exosomes has gained attention

and are postulated to have excellent targeting effects that do not

require postfabrication modifications compared to synthetic drug

carriers [37–39]. Consequently, exosomes could serve as an “invis-

ible shield” for incorporated bioactive molecules with substantial

cargo-loading and protective abilities, diminishing clearance due to

the immune privileged status and maximize transportation of ther-

apeutic drugs to designated locations.

Copper (Cu) is an essential transition metal element in the

body. Copper, silver and zinc are the most representative antibac-

terial metal materials, which have the advantages of high steril-

ization efficiency, broad antibacterial spectrum and good stability

[40,41]. Studies have shown that in the presence of the Cu2+, tea
catechins exhibited apparent pro-oxidative properties that induced

DNA cleavage, accelerated the peroxidation of fatty acid, and en-

hanced bactericidal performance [42,43]. The bacterial microenvi-

ronment has emerged as a suitable target for specific recognition

and treatment of relatively infectious diseases because of its dif-

ferences compared to normal tissues [44], such as hypoxia, ele-

vated glutathione (GSH)-glutathione oxidized (GSSG) and nicoti-

namide adenine dinucleotide phosphate (NADP+)-reduced nicoti-

namide adenine dinucleotide phosphate (NADPH) [45,46], as well

as the ubiquitous reducing power of bacteria [47,48]. The forma-

tion of nanoparticles inside the bacteria was likely involved in bac-

terial defense mechanisms against metallic ions, which included

bioaccumulation, biomineralization, and biosorption [49,50]. Here,

a simplified and efficient method was constructed for bio-reducing

and self-assembled to metal nanocomplexes inside bacteria for si-

multaneous bioimaging and theranostics by introducing Cu2+ that

leverage the distinct microenvironment of bacteria and increase

the uptake of EGCG into bacteria. Furthermore, we investigated

the possibility that using exosomes as delivery agents to treat in-

tracellular infection and revealed robust therapeutic efficacy in an

in vitro infection model using macrophages and MRSA. This offers

novel understanding into merging bioimaging technology with ef-

fective antibacterial abilities, and shows promise of developing a

challenging clinical application strategy with a multimodal strat-

egy.

The imaging performance was initially assessed by confocal mi-

croscopy for MRSA visualization with different treatments. Cu2+

with/without EGCG was co-cultured with bacterial for 3h, the con-

trol group was given phosphate buffer saline (PBS). Fig. 1A demon-

strated that no fluorescence was detected both in the control and

EGCG group. On the contrary, the presence of Cu2+ resulted in

bright fluorescence in the intracellular region which may be due

to in situ synthesis of fluorescent-emitting copper nanoclusters in

the presence of Cu2+ because of the unique microenvironment of

bacteria compared to normal tissues [44]. At the same time, we

also observed the intensity of the Cu group slightly weaker than

that of the EGCG-Cu group after introducing EGCG. This could

be due to the fluorescence intensification of EGCG as a ligand to

keep the formed NCs stable, and EGCG also contributes to the re-

duction of Cu2+ by gaining an electron pair around “EGCG’s hy-

droxyl groups” oxygen. Furthermore, the relative intensity of each

group was quantitatively compared to show the difference in flu-

orescence intensity more clearly (Fig. 1B). The reconstructed 3-

dimensional of EGCG-Cu group fluorescence image was shown in

Fig. 1C. It demonstrated the successful in situ synthesis of fluo-

rescent copper nanoclusters (EGCG-Cu NCs) in bacteria when in-

cubated with Cu2+ solution, followed by EGCG for precise bio-

imaging and treatment. By contrast, no fluorescent EGCG-Cu NCs

were formed in the control group. This demonstrated that EGCG-

Cu NCs could be synthesis by bacteria and used as a nanoscale

biomarker for bacteria detection.

In order to analyze the antibacterial property against bacteria,

the activity of EGCG-Cu NCs was studied by measuring the MICs.

It showed that EGCG and Cu2+ presented concentration- and time-

dependent antibacterial behavior (Fig. S1 in Supporting informa-

tion). Specifically, S. aureus after various treatments were diluted

and coated onto agar plates. As illustrated in Fig. 1E, with the in-

crease of EGCG concentration under Cu2+ concentration of 8 μg/mL,

antibacterial properties were presented in the number of bacterial

colonies. We further evaluated the antibacterial capability of the

EGCG-Cu against MRSA. To our knowledge, MRSA is typically resis-

tant to more than 10 antibiotics [51]. By contrast, EGCG can inhibit

the multiplication of MRSA with the minimal inhibitory concen-

tration (MIC) of 32μg/mL under Cu2+ concentration of 16μg/mL

(Figs. 1D and E). Bacterial biofilm is an intricate matrix composed

of bacteria, proteins, and polysaccharides that can foster persis-

tent infections and increase resistance to drugs, rendering them

notoriously difficult to eradicate [52,53]. Hence, we carried out the

crystal violet staining and imaging analysis to detect the inhibition

properties for biofilm. As visualized in Figs. S2A and S3 (Supporting

information), the EGCG-Cu group was able to dramatically reduce

the formation of MRSA biofilms and barely any cellular clumps

were detected. Quantification of biofilm biomass of MRSA after dif-

ferent treatments also showed the same trend (Fig. S2B in Sup-

porting information), verifying that EGCG-Cu had the highest abil-

ity against biofilm. The biofilm extracellular polymeric substances

(EPS) play a crucial role in biofilms formation [54]. Therefore, the

effect on the secretion of polysaccharides and proteins, the primary

components of EPS, was studied. As shown in Figs. S2C and D (Sup-

porting information), the extracellular protein and polysaccharide

formation of the group treated with EGCG-Cu was the lowest com-

pared to other treatments, further confirmed the inhibition effect

of EGCG-Cu on bacterial biofilm formation. The results clearly con-

firmed the excellent antibacterial effect of the antibacterial agent.

The EGCG-Cu NCs have been extracted from the MRSA for fur-

ther characterization. It is reported that ultrasmall metal NCs pos-

sess excellent physicochemical properties, and show diversified ap-

plications potential in sensing, imaging, and biomedicine [55,56].

As illustrated in Fig. S4A (Supporting information), transmission

electron microscope (TEM) image revealed that most of the EGCG-

Cu NCs were mainly spherical and did not significantly aggre-

gate at room temperature. Furthermore, these NCs were character-

ized by dynamic light scattering (DLS). The sample did not have
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Fig. 1. Bioimaging studies of relevant bacterial cells. (A) Laser confocal fluorescence imaging of MRSA with different treatment. Scale bar: 10 μm. (B) Quantitative analysis of

relative fluorescence intensity as shown in A. (C) The image shows the reconstructed 3-dimensional of EGCG-Cu group images. (E) S. aureus and MRSA photographs of the

agar plates and (D) the corresponding statistical histogram of bacterial colonies after different treatments as indicated. Error bars: mean ± standard deviation (SD) (n=3).

multiple peaks with a distribution peak at ca. 3.52nm, and the di-

ameter distribution was found to be very narrow, further indicated

that the particle size was uniform (Fig. S4B in Supporting informa-

tion). At the same time, as seen from Fig. S4C (Supporting infor-

mation), X-ray photoelectron spectroscopy (XPS) was employed to

characterized the valence state of Cu in the NCs, where the promi-

nent peaks appeared at 952.7 and 932.8 eV were attributed to Cu

2p1/2 and Cu 2p3/2, which were characteristic peaks due to Cu(0).

In addition, it is worth mentioning that the peak due to Cu(I)

occurs at 0.1 eV apart from Cu(0), its presence cannot be readily

excluded [57]. As shown in Fig. S5A (Supporting information), it

was discovered that abnormal Cu could be readily detected in the

EDS spectrum of NCs, while no other metallic elemental impuri-

ties were observed. In addition, Fourier transforms infrared spectra

(FTIR) was employed to examine the interaction between Cu2+ and

EGCG in the self-assembly EGCG-Cu NCs (Fig. S4D in Supporting

information). The FTIR showed that the differences between the

two spectra could be presented, indicating that the bands at 3421,

1717 and 1103 cm−1, which were attributed to O-H stretching vi-

bration, C=C and C-O bonds in the EGCG were shifted slightly after

mixing with Cu. This suggested that there was an interaction be-

tween the functional groups of EGCG and Cu2+. We can conclude

that the detected Cu were derived from the complexes added, and

further proved that Cu NCs were formed successfully.

To clarify the effect of EGCG-Cu on bacterial condition, the mor-

phological changes of MRSA after various treatments were stud-

ied. As demonstrated in Fig. S6A (Supporting information), un-

treated MRSA showed typical shapes, even cell surfaces, and main-

tained intact morphology. Besides, minor morphological alterations

and a mild degree of distortion on the exterior of some bacte-

ria were discovered in Cu- and EGCG-treated groups. In compar-

ison, the form of the MRSA after being treated with EGCG-Cu

changed drastically and showed signs of clear damage. Numerous

additional indentations were noticed on the cellular surfaces, af-

firming the robust efficacy of EGCG-Cu for causing harm to bac-

teria. Furthermore, fluorescence pictures of calcein acetoxymethyl

ester/propidium Iodide (calcein-AM/PI) double staining demon-

strated that only bright green fluorescence and no visible red flu-

orescence were present in control group (Figs. S6B and C in Sup-

porting information). However, the bacteria exposure to EGCG-Cu

emitted only red fluorescence, proved that the MRSA were com-

pletely destroyed and the bacterial cellular membranes were in-

complete/flawed, thus allowing PI to enter the bacterial cells and

bind to nucleic acids.

The cytoplasmic membrane acts as a structural unit and un-

doubtedly is the target of many antibacterial agents. The bacterial

membranes would become breached when encountering antibac-

terial drugs [58,59]. The membrane rupture leads to the release of

intracellular constituents that can be detected in the surrounding

environment. Thus, the release level of intracellular constituents is

a hallmark of membrane integrity. The degree of protein leakage

can be used as a response to the extent of cell damage [60]. As

shown in Fig. S6D (Supporting information), the release of intra-

cellular components was altered after exposure to different groups.

The amount of protein released from the bacteria release fluid ex-

posure to EGCG-Cu was higher than other groups, indicated a more

serious disruption. In general, these results confirmed that EGCG-

Cu could strongly interact with the pathogenic cell membranes and

further lead to the flow of a large number of intracellular proteins,

which ultimately lead to the death of such superbugs by cell dam-

age.

Catechins have been reported to promote oxidative cleavage of

DNA in the presence of Cu2+ [42,43]. To examine this regard, we

extracted and characterized the bacterial genomic DNA through

electrophoretic analysis after different treatments. As presented in

Fig. S7B (Supporting information), the EGCG-Cu group exhibited

significant smearing on its DNA band compared with other groups,

indicated the presence of shorter DNA fragments and the most se-

vere DNA damage occurred.

Based on the relationship between the bactericidal effect

and intracellular redox levels, the reactive oxygen species (ROS)

in MRSA were also evaluated to affirm the intracellular level

3
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Fig. 2. Preparation and characterization of purified exosomes and exosome-based

hybrid nanostructures. (A) Western blot of RAW264.7 cell-derived exosomes us-

ing anti-CD63 antibody. (B) Representative micrographs of exosomes as analyzed

by TEM. (C) Size distribution and (D) zeta potential of exosomes before and after

EGCG loading. (E) Time course of EGCG release from pre-loaded exosomes at pH 5

and 7.4 was evaluated. Error bars: mean ± SD (n=3).

of ROS among the different treatment groups [61,62]. 2′7′-
Dichlorofluorescein diacetate (DCF-DA) can be hydrolyzed by the

intracellular esterases to produce DCFH which can be oxidized by

ROS to form fluorescent DCF. Results of the ROS generation analysis

(Figs. S6E and F in Supporting information) showed that EGCG-Cu

treatment group had higher levels of ROS compared to the other

groups. Similarly, flow cytometry analysis also showed increased

ROS level in MRSA after treated with EGCG-Cu (Fig. S7A in Sup-

porting information). Lipid peroxidation (LPD) can be used as a

biomarker to study the role of ROS production. As illustrated in

Fig. S7C (Supporting information), EGCG-Cu group presented a high

LPD level compared to other groups, implied more ROS were pro-

duced, which was consistent with our ROS analysis results. This

conclusion further confirmed that the EGCG-Cu group had the

most severe bacterial cell membrane damage.

To minimize the effects on the immune system, and avoid

potential long-term risks, but also considering the production of

exosomes, macrophages (RAW264.7) were chosen as the parent

cells. In this study, bare exosomes were isolated from the super-

natants of RAW264.7 through differential ultracentrifugation steps.

The prepared exosome (Exo) was used as a drug delivery vehi-

cle and loaded with EGCG (Exo@EGCG) as an antibacterial agent.

Exosome-associated proteins, such as CD63 (Fig. 2A), were iden-

tified by western blotting analysis of RAW264.7 cell-derived exo-

somes. The electron micrograph in Fig. 2B show typical morphol-

ogy of spherical empty exosomes nanostructure and they are well

dispersed. DLS revealed a relatively narrow size intensity distribu-

tion, with a mean particle diameter of objective product was 52.90

± 9.92nm (Fig. 2C). Furthermore, the surface charges of exosomes

were performed using zeta potential, and the average zeta poten-

tial was −9.01 ± 0.694mV (Fig. 2D). We subsequently acquired

EGCG-loaded exosomes (Exo@EGCG) using a simple mechanical ex-

trusion process, followed by centrifugation to eliminate the free

drug.

The whole-size distribution showed a slight leftward shift upon

loading with EGCG, and the size of loaded exosomes at peak con-

centration decreased to 45.97nm (Fig. 2C). In addition, after load-

ing of EGCG, the measured zeta potential of prepared nanoformula-

tions decreased from −9.01mV to −10.62mV (Fig. 2D). It was pos-

sible that the slightly altered diameter and potential could be at-

tributed to the extrusion process and cargo encapsulation. It is well

established that the anionic phospholipid phosphatidylserine is

abundantly present on membranes and plays a role in the surface

charge of individual cellular membranes. Taken together, the load-

ing process had no significant effect on the zeta potential of the

original exosomes, indicating no major changes to the lipid com-

position of exosomal membranes and still maintained the proper-

ties of original exosomes. The drug loading capacity (DL) of EGCG

in exosomes was determined using the standard of “absorbance

value-concentration” (Fig. S8 in Supporting information), approx-

imately 34.56% of EGCG were loaded into the exosomes. Moreover,

the release kinetics of EGCG from pre-loaded exosomes was car-

ried out in PBS (pH 7.4 and 5) at predetermined time intervals

by ultraviolet–visible (UV–vis) spectrophotometry. As displayed in

Fig. 2E, EGCG was continuously released in a time-dependent man-

ner, regardless of the release media, with a prolonged and sus-

tained release over 48h. The release behavior of EGCG was simi-

lar in both media preparations, suggesting a minimal influence of

pH on the release profile. The slow release of nanoformulations is

favorable for drug administration.

The prerequisite for exosomal formulations to function is based

on the effective uptake of the drug payload by target cells, which

was essential for the efficacy of exosomal formulations. For this

purpose, we investigated the cellular uptake efficiency of the Dio-

labeled exosomes formulation by RAW264.7 cells and investigated

whether manipulations with exosomes impact their delivery to tar-

get cells. As shown in Fig. S10A, the fluorescence intensity in-

creased in a time-dependent manner revealing that the exosomes

labeled by DiO were efficiently migrated to RAW264.7 macrophage

over time, and they were principally around the macrophage nu-

cleus. To better show the uptake, partial enlargements are pre-

sented as shown in Fig. S10B. Interestingly, the cellular uptake pro-

file showed similar intracellular fluorescence after treated with ei-

ther exosomes or Exo@EGCG hybrids, which suggested that the

drug payload did not affect the internalization of these exosomes

(Fig. S9 in Supporting information).

For any antibacterial formulations, estimating the potential ad-

verse effect is crucial. To examine the preliminary biocompatibility

of Cu2+ and EGCG, we conducted a cell counting (CCK-8) test by

using L02 and RAW264.7 as mammalian cells models. It showed

that Cu2+ and EGCG had concentration-dependent cytotoxicity as

displayed in Fig. S11 (Supporting information) and Figs. 3A and

B. And the Exo@EGCG-Cu showed negligible toxicity to both cells

even at a higher concentration of 256μg/mL of EGCG. Addition-

ally, hemolytic behavior was further analyzed by treating erythro-

cytes and the hemolysis rate of erythrocytes remained below 20%

at doses up to 64μg/mL of either Cu2+ or EGCG solutions, which

was much higher than the MIC for bacteria.

The intracellular antibacterial property was further assessed us-

ing a co-culture model of MRSA and RAW264.7, a conventional

mononuclear phagocyte system infection model [63]. We first stud-

ied the distribution of MRSA in RAW264.7 after different treat-

ments to investigate the bacteria targeting effect of NCs. As shown

in Fig. 3E, EGCG-Cu and Exo@EGCG-Cu groups all exhibited a spe-

cific fluorescence in the cytoplasm of macrophages, which con-

firmed the successful bio-assembly of Cu NCs based on target

infections. Additionally, another remarkable feature was that the

uninfected cells showed little or no fluorescence under identical

experimental conditions, as displayed in Fig. S12 (Supporting in-

formation), which was attributed to no NCs formation and the

bio-assembly of NCs only occurred within bacteria. The count of

MRSA colonies confirmed the effective antibacterial properties of

Exo@EGCG-Cu against MRSA inside the RAW264.7 cells. Compared

to the other groups, the amount of intracellular MRSA dramatically

4
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Fig. 3. Survival rates of cells (A) and hemolysis of red blood cells (B) in the presence of copper salt (16 μg/mL) with various concentrations of Exo@EGCG. (D) Photographs

and (C) corresponding statistics of MRSA colonies formed on LB agar plates after co-culture experiments of MRSA and RAW264.7 macrophages. (E) Confocal laser scanning

microscope (CLSM) images of MRSA-infected RAW264.7 macrophages after different treatments. Scale bar: 10 μm. DAPI, 4′ ,6-diamidino-2-phenylindole. (F) The expression

level of inflammatory factor IL-β after different cell treatments. Error bars: mean ± SD (n=3).

reduced in the Exo@EGCG-Cu group (Figs. 3C and D). Further-

more, we discovered that the amount of RAW264.7 did not de-

crease after treatment, further verified the good biocompatibility

to macrophage cells (Fig. S13A in Supporting information).

For bacterial-associated infections, the long-term existence

of bacteria lead to a persistent inflammatory state and seri-

ously disturbs the normal repair process [64]. Next, to exam-

ine the effect of Exo@EGCG-Cu on the inflammatory response

of RAW264.7 after the treatment of intracellular infections, the

essential inflammatory factor interlenkin-1β (IL-1β) was tested

by enzyme linked immunosorbent assay (ELISA). As shown in

Fig. 3F, MRSA infection could dramatically stimulate the acti-

vation of IL-1β in RAW264.7. After treatment, IL-1β secreted

by RAW264.7 was sharply down-regulated and ameliorated the

inflammation reaction. Additionally, we found that uninfected

macrophages did not show a visible inflammatory level under

identical experimental conditions (Fig. S13B in Supporting informa-

tion). Macrophages perform critical functions in regulating inflam-

mation through polarization [65,66]. CD86 and CD206 are widely

used as markers for proinflammatory M1 macrophages and anti-

inflammatory M2 macrophages, respectively [67,68]. Hence, the in-

fluence on macrophage polarization in vitro was preliminarily as-

sessed by flow cytometry. As displayed in Fig. S14 (Supporting

information), the numbers of M1-like macrophages and M2-like

macrophages did not differ significantly between the control and

Exo groups. Nevertheless, the proportion of M2-like macrophages

increases and M1-like macrophages decreases in the EGCG-Cu

group. Exo@EGCG-Cu group could further increase the proportion

of M2-like macrophages and reduce the proportion of M1-like

macrophages. These data demonstrate that Exo@EGCG-Cu could

significantly eliminate MRSA inside the RAW264.7 with inhibit in-

flammation, but with no harm to the cells.

Subsequently, in vivo healing ability was assessed in the

bacteria-infected wound skin of mice. All in vivo experiments were

performed under relevant protocols approved by the Animal Care

Committee of Southeast University. The representative images of

wound closure at given time points were displayed in Fig. S15

(Supporting information). As time went by, the wounds in all

treated groups became smaller. Specifically, the relative wound

area decreased greatly after Exo@EGCG-Cu treatment and almost

disappeared on day 8. As a comparison, it exhibited limited wound

healing effects for other groups. The surface area in the wound

site was calculated to further evaluate the bactericidal ability in

vivo (Fig. S15B). The results showed that the surface area after

Exo@EGCG-Cu treatment was remarkably decreased to 16% on day

6, while the surface area in other groups remained above 35%. In

addition, as shown in Fig. S15C, the body weight curves indicated

that there was no evident side effect on mice growth. Thus, the

above results preliminarily verified effective antibacterial activity

that accelerated the wound closure after Exo@EGCG-Cu treatment.

In this study, we have explored a facile multimode antimicro-

bial mode for labeling and inactivation of bacterial by introduc-

ing Cu2+ and then a combination with EGCG. The interdependent

and synergistic effects of Cu2+ and EGCG enhanced the visualiza-

tion of bacteria and exhibited highly efficient disinfection activities

by inducing severe deformation of the bacterial membrane. Worth
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noting is the fact that the developed bactericide could also effec-

tively inhibit the formation of bacteria biofilm thereby prevent-

ing the emergence of bacterial resistance. In addition, the exo-

somal formulation of EGCG integrate with Cu2+ showed an in-

creased intracellular antibacterial activity, which could inactivate

most of MRSA phagocytosed by RAW264.7, and no obvious cytotox-

icity was found on host RAW264.7. In summary, results from this

study brought forth the possibility of providing a novel, inexpen-

sive and effective approach to fight against infections and bacteria-

induced diseases.
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