
Nanoscale

PAPER

Cite this: Nanoscale, 2024, 16, 14310

Received 23rd April 2024,
Accepted 20th June 2024

DOI: 10.1039/d4nr01769b

rsc.li/nanoscale

Embedding AIE-type Ag28Au1 nanoclusters within
ZIF-8 for improved photodynamic wound healing
through bacterial eradication†
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Designing antibacterial agents with rapid bacterial eradication performance is paramount for the treat-

ment of bacteria-infected wounds. Metal nanoclusters (NCs) with aggregation-induced emission (AIE)

have been considered as novel photodynamic antibacterial agents without drug resistance, but they suffer

from poor photostability and low charge carrier separation efficiency. Herein, we report the design of a

photodynamic antibacterial agent by encapsulating AIE-type AgAu NCs (Ag28Au1 NCs) into a zeolitic Zn

(2-methylimidazole)2 framework (ZIF-8). The encapsulation of AIE-type Ag28Au1 NCs into porous ZIF-8

could not only enhance the photostability of Ag28Au1 NCs by inhibiting their aggregation but also

promote the separation of photoinduced charge carriers, resulting in the rapid generation of destructive

reactive oxygen species (ROS) for bacterial killing under visible-light irradiation. Consequently, the as-

designed photodynamic Ag28Au1 NCs@ZIF-8 antibacterial agent could rapidly eliminate 97.7% of

Escherichia coli (E. coli) and 91.6% of Staphylococcus aureus (S. aureus) within 5 min in vitro under visible

light irradiation. Furthermore, in vivo experimental results have highlighted the synergistic effect created

by AIE-type Ag28Au1 NCs and ZIF-8, enabling Ag28Au1 NCs@ZIF-8 to effectively eradicate bacteria in

infected areas, reduce inflammation, and promote the generation of blood vessels, epithelial tissue, and

collagen. This synergistic effect promoted the healing of S. aureus-infected wound, with nearly 100% of

wound recovery within 11 days. This work may be interesting because it sheds light on the design of metal

NC-based photodynamic nanomedicine for bacteria-infected disease treatment.

1. Introduction

Wound infections, afflicting over several million people each
year, are a growing public health threat.1–5 Open wounds
provide a rapid breeding ground for pathogenic bacteria, such
as Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus), thus impeding wound healing and increasing the risk
of severe infection-related syndromes such as localized septic
infection, sepsis, acute renal failure, and even death.6–8

Therefore, rapid bacterial eradication in infected areas is
crucial for effective treatment. While antibiotic therapy is a

common clinical strategy,9,10 the low antibacterial efficiency of
antibiotics could cause the formation of biofilms, leading to a
high failure rate of treatment.11 Furthermore, antibiotic abuse
can accelerate bacterial resistance, resulting in the emergence
of superbacteria.12 Hence, there is an urgent need to develop a
fast antimicrobial strategy for wound infection treatment.

Recently, antimicrobial photodynamic therapy has emerged
as a promising strategy for treating bacteria-infected
wounds.13–15 This therapy harnesses reactive oxygen species
(ROS) generated from photocatalysts under light irradiation to
rapidly kill bacteria without inducing antimicrobial
resistance.13,16 Consequently, extensive research has been con-
ducted to develop efficient photocatalysts for wound infection
treatment.17 Metal nanoclusters (NCs) with aggregation-
induced emission (AIE), such as gold NCs (Au NCs),18–22 silver
NCs (Ag NCs),23–25 or alloy NCs (AuAg NCs),26–28 are con-
sidered as good candidates due to their photochemical pro-
perties (e.g., a large Stokes shift, a high content of metal(I)
components, strong photoluminescence (PL),29–31 and a long-
lived PL lifetime32–34). Metal NC-based antibacterial agents tra-
ditionally function by sacrificing themselves, either through
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metal ion release or cell adhesion/internalization, in order to
kill bacteria. This self-consumed antibacterial action, however,
renders them ineffective for long-lasting bacterial killing. In
contrast, AIE-type metal NCs have the unique ability to gene-
rate ROS under light illumination, which effectively deactivates
bacteria. This characteristic offers an innovative approach to
achieving reliable and durable photodynamic bacterial inacti-
vation, serving as an alternative to traditional methods based
on advanced oxidation techniques.35 However, the ultrasmall
size of AIE-type metal NCs usually leads to structural decompo-
sition and fast recombination of the photogenerated carriers,
hindering their utility in photodynamic therapy.36 To address
this limitation, encapsulating metal NCs into a rigid porous
material to strengthen stability and promote separation of
photogenerated carriers might be a feasible strategy.37 In this
regard, metal–organic frameworks (MOFs) are good porous
candidates. MOFs, with their highly ordered structures and
ultrahigh porosity, provide a platform to immobilize metal
NCs.21 Additionally, most MOFs are semiconductors with a
large energy-band gap, enabling them to serve as electron
acceptors to promote the separation of photogenerated charge
carriers for other photocatalysts.38 MOFs can also promote
wound healing by facilitating cell proliferation or
differentiation.39,40 Therefore, we hypothesize that if we could
encapsulate metal NCs into the porous structure of MOFs, we
may overcome the challenges of poor photostability and fast
recombination of photogenerated carriers in AIE-type metal
NCs, thereby achieving rapid and sustained sterilization for
wound healing.

Herein, we report the design of a photodynamic antibacter-
ial agent for rapid photodynamic bacterial eradication facilitat-
ing wound healing by encapsulating AIE-type bimetallic AgAu
NCs (namely, Ag28Au1 NCs, protected by dihydrolipoic acid
(DHLA)) into a zeolitic Zn(2-methylimidazole)2 framework
(ZIF-8) (Scheme 1). The key design feature is the employment
of ZIF-8 as a porous matrix, which serves to enhance the
photostability of the Ag28Au1 NCs by preventing their
migration and subsequent aggregation. Furthermore, ZIF-8
acts as an electron acceptor, facilitating the efficient separation

of photogenerated charge carriers in the Ag28Au1 NCs, thereby
ensuring the rapid generation of ROS essential for fast bac-
terial eradication. This novel design of the photodynamic anti-
bacterial agent (namely, Ag28Au1 NCs@ZIF-8) demonstrated a
notable capability for rapid bacterial inactivation under visible
light irradiation in vitro, along with a favorable wound healing
effect in vivo. The outcomes of this study highlight the promis-
ing photodynamic therapeutic potential of the proposed agent
in addressing wound infections, potentially opening up new
avenues for future research endeavors on developing other NC-
based photodynamic antibacterial agents for the treatment of
bacteria-infected wounds.

2. Experimental section
2.1. Chemicals and materials

Chloroauric acid (HAuCl4, ≥99.9%), silver nitrate (AgNO3,
≥99.8%), sodium hydroxide (NaOH, ≥96%), ethanol (C2H5OH,
≥99.0%), zinc nitrate (Zn(NO3)2·6H2O, ≥99.0%), 2-methyl-
imidazole (≥99.8%), acetonitrile (CH3CN, ≥99%), glutaralde-
hyde solution (C5H8O2, 25%–28%), and 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) dye were purchased from
Sinopharm Chemical Reagent Co., Ltd. Alphalipoic acid
(DHLA, ≥99%) and sodium tetrahydroborate (NaBH4, ≥96%)
were purchased from Shanghai Shanpu Chemical Co., Ltd
(China). Formalin solution was purchased from Merck.
Ultrapure water was used throughout the experiments.
Phosphate buffer solution (PBS), Luria–Bertani (LB) nutrient
agar, and LB broth were purchased from Qingdao Hope Bio-
Technology Co., Ltd. Carbomer 940 was purchased from
Shanghai McLean Biochemical Co., Ltd. A complete
Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from Beijing Solarbio Science & Technology Co., Ltd. Standard
strains of Staphyloccocus aureus ATCC 6538 (S. aureus) and
Escherichia coli ATCC 25922 (E. coli) were purchased from
China General Microbiological Culture Collection Center.

The animals were purchased from China Weitong Lihua
Animal Co., Ltd., and female ICR mice aged 6 weeks were
selected. Animals were maintained under specific pathogen-
free conditions and fed ad libitum. Animal experiments were
conducted according to the international ethics guidelines
and the National Institutes of Health Guide concerning the
Care and Use of Laboratory Animals.

2.2. Instrumentation

The size and morphology of samples were observed using a
transmission electron microscope (TEM, JEM-2100 Plus
Electron Microscope) and a scanning electron microscope
(SEM, JSM-6700F). The elemental mapping results of Ag28Au1
NCs@ZIF-8 were obtained using an energy dispersive spectro-
meter (EDS, OXFORD MAX-80, INCA SYSTEM). The optical pro-
perties of Ag28Au1 nanoclusters (NCs) and the turbidity of bac-
teria were measured by UV-vis absorption spectroscopy using a
Shimadzu UV-1800 spectrometer. The molecular weight of
Ag28Au1 NCs was analyzed by electrospray ionization-mass

Scheme 1 Schematic diagram of the preparation of Ag28Au1

NCs@ZIF-8 antibacterial agents for enhanced wound healing via rapid
photodynamic bacterial eradication.
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spectrometry (ESI-MS, Bruker Impact II). Fourier transform
infrared (FTIR) spectra of Ag28Au1 NCs@ZIF-8 and ZIF-8 were
recorded from 3800 to 450 cm−1 using a Horiba-Jobin Yvon
FluoroMax-4 fluorescence spectrophotometer. The content of
the Zn2+ in the hydrogel and that released from the hydrogel
was determined by inductively coupled plasma mass spec-
trometry (ICP-MS, Agilent 720-ES). X-ray photoelectron spec-
troscopy (XPS) data were obtained using an X-ray photo-
electron spectrometer (ESCALAB MK II Axis Ultra Dld system).
X-ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (D-Max 2500/PC). The time-resolved photo-
luminescence (PL) spectrum was recorded using a time-
resolved PL spectrometer (FLS-1000).

2.3. Preparation of AIE-type Ag28Au1 NCs

AgNO3 (20 mM) solution and HAuCl4 (20 mM) solution were
prepared using water, and DHLA (50 mM) solution was pre-
pared using 3 mL NaOH (71.4 mM) solution. In a typical syn-
thesis of highly luminescent Ag28Au1 NCs, 2.897 mL of AgNO3

(20 mM) and 0.103 mL of HAuCl4 (20 mM) were first added to
DHLA (50 mM, 6 mL) solution and stirred for 10 min to syn-
thesize DHLA–metal(I) complexes. Subsequently, a newly pre-
pared NaBH4 (100 mM, 1.2 mL) aqueous solution was added
to the reaction system, stirred at room temperature for 6 h,
and then heated at 80 °C for 2 h to synthesize a highly lumi-
nescent Ag28Au1 NC solution. The obtained Ag28Au1 NCs were
purified by centrifuging the mixture (Ag28Au1 NCs : acetonitrile
= 1 : 3 volume ratio) at 8000 rpm for 5 min. The obtained
solids of Au NCs were redissolved in 10 mL of H2O for further
use.

2.4. Preparation of DHLA-protected Ag29 NCs

3 mL of AgNO3 (20 mM) was first added to DHLA (50 mM,
6 mL) solution and stirred for 10 min to synthesize DHLA–
metal(I) complexes. Subsequently, the newly prepared NaBH4

(100 mM, 1.2 mL) aqueous solution was added to the reaction
system, stirred at room temperature for 6 h, and then heated at
80 °C for 2 h to synthesize a DHLA-protected Ag29 NC solution.
The obtained NCs were purified by centrifuging the mixture
(Ag28Au1 NCs : acetonitrile = 1 : 3 volume ratio) at 8000 rpm for
5 min. The obtained solids of Ag28Au1 NCs were redissolved in
10 mL of H2O for further use.

2.5. Preparation of Ag28Au1 NCs@ZIF-8

5.4 mL of Ag28Au1 NC solution was introduced into a beaker
containing 34.60 mL of water. Subsequently, 162.8 μL of Zn
(NO3)2 (0.49 M) solution was added to the beaker under stir-
ring at room temperature for 1 h, followed by adding 1.62 mL
of 2-methylimidazole (3.456 M) under stirring for another
10 min. The reaction was allowed to stay at room temperature
for 6 h without stirring. Finally, the red-brown precipitate was
collected by centrifugation, washed five times with water, and
dried under vacuum at room temperature for 24 h to obtain
Ag28Au1 NCs@ZIF-8.

2.6. Preparation of ZIF-8

1.628 mL of Zn(NO3)2 (0.49 M) solution was added to a beaker
containing 16.2 mL of 2-methylimidazole (3.456 M) under stir-
ring for 10 min. The reaction was allowed to stay at room temp-
erature for 6 h without stirring. Finally, the white precipitate
was collected by centrifugation, washed five times with water,
and dried under vacuum at room temperature for 24 h to
obtain ZIF-8.

2.7. Photodynamic antibacterial test

Gram-negative E. coli and Gram-positive S. aureus were used as
bacterial models to evaluate the photodynamic bactericidal
activity of the photodynamic antibacterial agents under visible
light irradiation. All the glassware and medium solutions were
sterilized in an autoclave at 121 °C for 30 min before the anti-
bacterial test. All tests were performed under sterile con-
ditions. Bacterial cells were cultured in LB medium on a
shaking table at 37 °C for 18 h, centrifuged at 8000 rpm for
5 min to remove metabolites, and finally diluted with PBS
solution (0.01 M, pH 7.4) to obtain a bacterial suspension with
a cell count of 107 CFU mL−1. In a typical antibacterial experi-
ment, ZIF-8 (4.65 mg), Ag28Au1 NCs (0.35 mg), their blended
sample (4.65 mg of Ag28Au1 NCs and 0.35 mg of Ag28Au1 NCs,
Ag28Au1 NCs + ZIF-8), and Ag28Au1 NCs@ZIF-8 (5 mg) were sep-
arately mixed with 5 mL of bacterial suspension, respectively.
Irradiation was performed using a commercial 300 W xenon
lamp with an optical cut-off filter (λ = 400–1100 nm, 100 mW
cm−2, CEL-HXF300, Beijing China Education AuLight
Technology (CEAuLight) Co., Ltd). Then, at the given
irradiation interval (0, 5, 10, 15, 20 min), 100 μL of bacterial
suspension was coated on a fresh agar plate and cultured at
37 °C for 24 h. Finally, the colonies growing on the plate were
counted to determine the number of viable bacteria after
culture. In addition, the corresponding control tests were per-
formed under the same conditions (for example, antimicrobial
tests with or without the use of antimicrobials under visible
light irradiation or dark conditions).

2.8. ROS assay

The intracellular ROS levels were analyzed by using fluorescent
2′,7′-dichlorofluorescein (DCF) dye as the indicator, which was
produced through the oxidation of DCFH-DA by ROS. In brief,
a mixed solution of 5 mL of E. coli and 5 mg of the Ag28Au1
NCs@ZIF-8 antibacterial agent was firstly irradiated with
visible light under O2 bubbling for 20 min. Subsequently,
10 µL of DCFH-DA (200 µM) was introduced into the mixed
solution and incubated for 20 min at 37 °C to ensure the oxi-
dation of DCFH-DA by ROS. After that, the bacterial suspen-
sion was centrifuged at 5000 rpm for 5 min, washed three
times with PBS, and re-suspended in PBS to the original
volume (1 mL). The concentration of the resulting DCF was
determined by recording its PL intensity on a microplate
reader at an excitation/emission wavelength of 488/525 nm. In
addition, bacterial suspensions treated with Ag28Au1 NCs and
ZIF-8 were subjected to the same conditions.
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2.9. Cytotoxicity assessment

The cytotoxicity of various antibacterial agents was evaluated
using a cell proliferation kit (MTT) with the HeLa cell as a cell
model. Firstly, the cells were seeded in a 96-well plate and cul-
tured under standard culture conditions (37 °C, 5% CO2) for
24 h. The antibacterial agent (dispersed in carbomer) was put
into wells for irradiation or darkness treatment. After post-
seeding for 24 h, 20 μL of the MTT solution was added into
the wells and allowed to culture in an incubator for 4 h.
Afterwards, the MTT solution was discarded, and DMSO was
added to the wells. After stationary culture for 30 min, the
optical density of the supernatants in the 96-well plate was
measured at 570 nm using a microplate reader.

2.10. Animal experiments

All animal experiments were approved by the Biomedical
Ethics Committee of Qingdao Zhong Hao Biological
Engineering Co., Ltd (Qingdao, China). The mice were ran-
domly assigned to 4 groups, with 3 mice in each group, accord-
ing to the samples: control (carbomer), ZIF-8 (dispersed in car-
bomer), Ag28Au1 NCs (dispersed in carbomer), and Ag28Au1
NCs@ZIF-8 (dispersed in carbomer). The mice were anesthe-
tized with isoflurane (2%) and had their back hair removed
with a depilatory cream. A skin biopsy perforator (8 mm in dia-
meter) was used to create a full-thickness wound on the pas-
teurized dorsal skin. The wound sites were inoculated with
S. aureus suspensions (100 µL, 108 CFU mL−1), covered with 3
M films, and left for 1 day to develop severe infection.
Subsequently, the infected wounds were treated with various
photodynamic antibacterial agents (200 μL, 1 mg mL−1) and
carbomer (200 μL, control). Afterwards, the infected wounds
were irradiated with a commercial 300 W xenon lamp with an
optical cut-off filter (λ > 400 nm, 100 mW cm−2) for 5 min each
day. After being treated for eleven days, all mice were sacrificed
and the surrounding wound tissues were collected and fixed in
paraformaldehyde (4%) for further H&E staining and Masson
trichrome staining. Blood was collected and used to detect the
levels of IL-6, IL-1β, and TNF-α.

3. Results and discussion
3.1. Synthesis and characterization of Ag28Au1 NCs@ZIF-8

In this study, highly luminescent AuAg alloy NCs with AIE
were chosen as the NC model. The red-brown colored NC solu-
tion (the inset in Fig. 1a) shows a molecule-like optical absorp-
tion nature with two distinct absorption peaks at 476 and 405
in the visible light region (Fig. 1a). The peak at 476 nm arises
from the intraband (sp ← sp) transition, while the peak at
405 nm results from the combination of intraband (sp ← sp)
and interband (d ← sp) transitions. The well-defined absorp-
tion peaks manifest a very high quality of raw NCs, which is
evidenced by the electrospray ionization mass spectrometry
(ESI-MS) spectrum (Fig. 1b). This spectrum reveals three dis-
tinct sets of main peaks at m/z 1934, 1439, and 1173, corres-
ponding to [Ag28Au1(DHLA)12–2H]3−, [Ag28Au1(DHLA)12–3H]4−,

and [Ag28Au1(DHLA)12–4H]5−, respectively. The experimental
mass distribution of NCs closely aligns with the simulated dis-
tribution (Fig. S1†), affirming the successful preparation of
Ag28Au1 NCs. Additionally, the transmission electron micro-
scope (TEM) image shows that Ag28Au1 NCs are below 2 nm in
size with an average size of ∼1.7 nm (Fig. S2†), further corro-
borating the successful synthesis of ultrasmall NCs. Notably,
the as-synthesized Ag28Au1 NCs show the typical AIE nature
with a large Stokes shift exceeding 200 nm, as evidenced by
their excitation and emission spectra (emitting red fluo-
rescence (inset) with an emission peak at 645 nm (blue curve)
upon excitation at 414 nm). Moreover, reducing the solution
polarity by introducing an organic solvent (methanol)
reinforces the aggregation state of the AIE-type Ag28Au1 NCs
and constrains their nonradiative relaxation, leading to the
enhancement of PL intensity (Fig. S3†). It was also found that
although the Au-doped Ag28Au1 NCs have similar optical
absorption to Ag29 NCs (Fig. S4†), they exhibit almost 4.7 times
luminescence enhancement (Fig. 1c). The enhanced FL inten-
sity of Ag29 NCs after a single Au atom doping can primarily be
attributed to the enhanced structural stability and intra-
molecular interaction after Au atom doping, thereby inhibiting
non-radiative transitions and ultimately leading to a stronger
fluorescence response. This enhanced luminescence makes
Ag28Au1 NCs the ideal antibacterial materials in terms of their
efficient generation of photoinduced charge carriers, and this
is why we chose gold–silver alloy NCs. Concurrently, the time-
resolved PL profile of Ag28Au1 NCs contains two components
(Fig. 1d): a short-lived PL lifetime of 0.61 µs (τ1, derived from
the interband transition (d ← sp) of the metal cores) and a

Fig. 1 (a) UV–visible absorption (inset: optical photo of Ag28Au1 NC
solution under visible light illumination) and (b) ESI-MS spectrum of
Ag28Au1 NCs. (c) Photoexcitation (black curve) and photoemission
spectra (red curve) of Ag28Au1 NCs, and photoexcitation (green curve)
and photoemission spectrum of Ag29 NCs (blue curve). (d) PL decay
profile and the corresponding fit curve of the Ag28Au1 NCs. The inset
shows the calculated PL lifetimes according to the fit curve (τave:
average PL lifetime).
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long-lived PL lifetime of 2.49 µs (τ2, caused by the ligand-to-
metal or ligand-to-metal–metal charge transfer). The dominant
contribution of τ2 (94.64%) indicates that Ag28Au1 NCs possess
long-lived photoluminescence (PL) lifetimes up to the μs-level
(2.47 μs), surpassing the lifetimes of most AIE-free metal NCs
(typically in the ps or ns range). Notably, the large Stokes shift,
strong PL and long-lived PL lifetime are typical characteristics
of AIE-type metal NCs, which are highly desirable for achieving
highly efficient photodynamic antibacterial activity.

Ag28Au1 NCs@ZIF-8 was synthesized in the presence of AIE-
type Ag28Au1 NC stock solution and ZIF-8 precursor. As shown,
the obtained Ag28Au1 NCs@ZIF-8 display a regular rhombic
dodecahedral structure with a diameter of around 600 nm
(Fig. 2a), with ultrasmall black spot particles, each below 2 nm
in size, uniformly spread throughout the ZIF-8 (Fig. 2b), indi-
cating the successful encapsulation of AIE-type Ag28Au1 NCs
into porous ZIF-8. Furthermore, the energy dispersive X-ray
(EDX) elemental mapping (Fig. 2c) images provide visual evi-
dence of good distribution of Ag28Au1 NCs in ZIF-8. Notably,
the encapsulation of Ag28Au1 NCs did not change the size and
crystal structure of ZIF-8, as evidenced by their similar sizes
(Fig. S5†) and X-ray diffraction (XRD) patterns (Fig. 2d). In
addition, Fourier-transform infrared (FTIR) analysis was per-
formed to further determine the interaction between AIE-type
Ag28Au1 NCs and ZIF-8. The FTIR spectrum of Ag28Au1
NCs@ZIF-8 shows similarity to that of ZIF-8, except for the
emergence of a peak at 650 cm−1 corresponding to the Zn–O
stretching vibration, confirming the interaction between COO–
in NCs and Zn2+ in ZIF-8 (Fig. S6†). Concurrently, the X-ray
photoelectron spectra (XPS) reveal that the binding energy of
Ag3d and S2p in Ag28Au1 NCs@ZIF-8 shows an increase of
about 0.31 eV and 0.44 eV, respectively, compared to that of
pristine Ag28Au1 NCs (Fig. 2e and Fig. S7†), suggesting a
reduction in the electron density of the Ag and S elements in
Ag28Au1 NCs@ZIF-8. Conversely, the binding energy of Zn2p

shows a negative shift of approximately 0.36 eV compared to
that of pristine ZIF-8 (Fig. 2f), indicating an increase in the

electron density of the Zn element in Ag28Au1 NCs@ZIF-8.
Based on the above analysis, we may conclude that the AIE-
type Ag28Au1 NCs were successfully confined into ZIF-8, and
their interaction promotes charge transfer from the Ag and S
elements in AIE-type Ag28Au1 NCs to the Zn element in ZIF-8,
which contributes to improving the stability and promoting
the separation of photoinduced charge carriers in AIE-type
Ag28Au1 NCs.

3.2. Photodynamic antibacterial tests in vitro

After the successful preparation of Ag28Au1 NCs@ZIF-8, its
photodynamic antibacterial activity was investigated by using
representative Gram-negative (E. coli) and Gram-positive (S.
aureus) bacteria. As shown in Fig. 3, the as-deigned Ag28Au1
NCs@ZIF-8 effectively killed over 97% of E. coli and 91% of
S. aureus within 5 min (Fig. 3a and b) and over 99.8% of E. coli
(2.7 orders of magnitude reduction in colony-forming unit
(CFU; Fig. 3c)) and 99.2% of S. aureus (2.1 orders of magnitude
reduction in CFU; Fig. 3d) within 20 min under visible-light
illumination (λ ≥ 400 nm) and O2 bubbling. Additionally,
Ag28Au1 NCs@ZIF-8 consistently exhibited superior antibacter-
ial efficacy against Gram-negative bacteria compared to Gram-
positive bacteria, owing to the heightened susceptibility of
Gram-negative bacteria with their thinner cell walls rendering
them more vulnerable to destruction by ROS. Conversely, pris-
tine Ag28Au1 NCs, ZIF-8, and their blended sample (Ag28Au1
NCs + ZIF-8) did not exhibit similar photodynamic antibacter-
ial activity under the same conditions (Fig. S8 and S9†). The
enhanced antibacterial activity of Ag28Au1 NCs@ZIF-8 can be
attributed to the encapsulation of Ag28Au1 NCs into ZIF-8,
which improves the stability of Ag28Au1 NCs and facilitates the
separation of photoinduced charge carriers, thereby enhancing
the generation of destructive ROS for bacterial eradication.

Fig. 2 TEM image (a) and the enlarged TEM image (b) of Ag28Au1
NCs@ZIF-8. (c) The EDX elemental mapping of C, S, Ag, Au and Zn of
Ag28Au1 NCs@ZIF-8. (d) XRD patterns of Ag28Au1 NCs@ZIF-8 and ZIF-8.
(e) High-resolution XPS of Ag3d in Ag28Au1 NCs@ZIF-8 and Ag28Au1 NCs.
(f ) High-resolution XPS of Zn2p in Ag28Au1 NCs@ZIF-8 and ZIF-8.

Fig. 3 Bacterial colony growth of (a) E. coli and (b) S. aureus in the
presence of various samples under O2 bubbling and visible-light illumi-
nation for 20 min, and treatment without any agent under dark con-
ditions (control) for 20 min. Bactericidal activities of different samples
against (c) E. coli and (d) S. aureus.
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The mechanism will be discussed later. Moreover, the control
experiment under light illumination and O2 bubbling (light +
O2) indicates that light and O2 have no significant effect on
bacterial killing. Notably, the bacterial eradication efficacy of
Ag28Au1 NCs@ZIF-8 was demonstrated by its ability to elimin-
ate 94.1% of E. coli and 92.2% of S. aureus within 20 min
under light illumination and exposure to air (Ag28Au1
NCs@ZIF-8 + light). Conversely, no significant bacterial killing
was observed under dark conditions (Ag28Au1 NCs@ZIF-8),
indicating the crucial roles of light illumination and O2 (air) in
the bacterial eradication process (Fig. S8 and S9†). These
results suggest that the encapsulation of Ag28Au1 NCs into
ZIF-8 achieves rapid bacterial eradication, making Ag28Au1
NCs@ZIF-8 a promising photodynamic antibacterial agent for
the treatment of bacteria-infected wounds.

3.3. The antibacterial mechanism of Ag28Au1 NCs@ZIF-8

The investigation into the enhanced photodynamic antibacter-
ial mechanism involved measuring the light absorption capa-
bility of pristine Ag28Au1 NCs, ZIF-8, and Ag28Au1 NCs@ZIF-8
because light absorption is a prerequisite for photodynamic
bacterial eradication. The UV-visible diffuse reflection spec-
troscopy (DRS) results reveal that the pristine ZIF-8 sample has
poor light harvesting ability in the visible light region due to
its large energy gap (Eg) (Fig. 4a), which could explain its low
photodynamic antibacterial activity under visible light illumi-
nation. Conversely, Ag28Au1 NCs@ZIF-8 exhibits characteristic
peaks of Ag28Au1 NCs (Fig. 1a) and demonstrates excellent
light harvesting capability in the visible-light region (400 to
780 nm), indicating that the optical absorption capability of
Ag28Au1 NCs@ZIF-8 is mainly derived from Ag28Au1 NCs.
Although the encapsulation of Ag28Au1 NCs into ZIF-8 had no
significant effect on enhanced light absorption of Ag28Au1
NCs, it significantly promotes the separation of photoinduced

charge carriers in Ag28Au1 NCs, which is another important
factor in determining photodynamic antibacterial activity. As
shown in Fig. 4b, an apparent quenching effect on the highly
luminescent Ag28Au1 NCs was observed after the introduction
of ZIF-8. Moreover, the photostability of Ag28Au1 NCs signifi-
cantly improved when encapsulated into ZIF-8. Fig. S10†
shows that the characteristic peaks of Ag28Au1 NCs gradually
disappeared under light irradiation within 5 min, implying the
destruction of the basic structure of Ag28Au1 NCs. This result
suggests that the pristine Ag28Au1 NCs possess poor photo-
stability, which is responsible for the low photodynamic anti-
bacterial activity. Encouragingly, the encapsulation of Ag28Au1
NCs into ZIF-8 resulted in excellent stability against light
irradiation for 210 min (Fig. 4c), showcasing the effectiveness
of this encapsulation strategy in improving the photostability
of metal NCs. These results imply that the encapsulation of
Ag28Au1 NCs into ZIF-8 not only promotes the separation of
photoinduced charge carriers in Ag28Au1 NCs but also
improves the photostability of Ag28Au1 NCs.

The conduction band (CB) and valence band (VB) levels of
Ag28Au1 NCs@ZIF-8 were measured as they are crucial in deter-
mining ROS generation, given that ROS (superoxide (O2

•−),
hydrogen peroxide (H2O2), and hydroxyl radicals (•OH)) are the
main active species for bacterial eradication. The energy gap
(Eg) and the VB level of Ag28Au1 NCs@ZIF-8 were determined
to be 1.81 eV and 1.73 eV (vs. normal hydrogen electrode
(NHE)) according to the UV-visible DRS (Fig. S11†) and VB-XPS
(Fig. S12†), respectively. Subsequently, the calculated CB level
of Ag28Au1 NCs@ZIF-8 was found to be −0.08 eV (vs. NHE),
indicating a thermodynamically favorable condition for the
generation of O2

•− and H2O2 via O2 reduction, as it is more
negative than the potentials for O2 reduction (O2/O2

•−, −0.046
V vs. NHE, and O2/H2O2, 0.695 V vs. NHE) (Fig. 4d).
Additionally, the VB level is higher than the potentials for H2O
and H2O2 oxidation (H2O/O2, 1.23 V vs. NHE, H2O2/

•OH, 1.14 V
vs. NHE), and it is sufficient to drive H2O oxidation for O2

generation and H2O2 oxidation for •OH generation. To evaluate
the production of ROS over various samples under light
irradiation, the luminescent 2′,7′-dichlorofluorescein (DCF)
was used as an indicator. The PL intensity of DCF treated with
Ag28Au1 NCs@ZIF-8 was significantly higher than that of other
groups (Fig. 4e), indicating the highest amount of ROS pro-
duction. This can be attributed to the encapsulation of
Ag28Au1 NCs into ZIF-8 which enhances their photostability
and promotes the separation of photoinduced charge carriers.
Consequently, the results of the ROS generation assay explain
the highest photodynamic antibacterial efficiency of Ag28Au1
NCs@ZIF-8. Furthermore, the morphologies of bacteria before
and after photodynamic bactericidal treatment were observed
using a scanning electron microscope (SEM), revealing drastic
changes in the morphologies of S. aureus (round) and E. coli
(rod-shaped) from plump, smooth, and intact to collapsed,
wrinkled, and cracked (Fig. 4f). These changes can be attribu-
ted to the destruction and oxidation of the bacterial cell mem-
brane by photo-induced ROS, ultimately leading to their
inactivation.

Fig. 4 (a) UV-visible DRS spectra of Ag28Au1 NCs@ZIF-8 and ZIF-8. (b)
PL emission spectra of Ag28Au1 NC solution in the presence of different
amounts of ZIF-8. (c) UV-visible DRS spectrum of Ag28Au1 NCs@ZIF-8
after light irradiation for 210 min. (d) The diagram of energy levels of
Ag28Au1 NCs@ZIF-8. (e) The PL intensity of DCF treated with PBS under
dark conditions (control group), and that with antibacterial agents under
light irradiation and O2 bubbling for 20 min. (f ) SEM images of the bac-
teria before and after the photodynamic antibacterial test.
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3.4. In vivo wound healing assessment

Based on the rapid bacterial eradication achieved by Ag28Au1
NCs@ZIF-8, the therapeutic ability of Ag28Au1 NCs@ZIF-8 (dis-
persed in carbomer, a commercially available hydrogel) was
investigated using S. aureus-infected wounds as a model
(Fig. 5a). Before that, the cytotoxicity of various antibacterial
agents was assessed on HeLa cells, and the results demon-
strated good viability of HeLa cells (89.8 ± 1.6%) after treat-
ment with the hydrogel of Ag28Au1 NCs@ZIF-8 for 24 hours as
depicted in Fig. S13.† This can be attributed to the natural bio-
compatibility of carbomer and the low toxicity of Ag28Au1
NCs@ZIF-8. The wound healing process was recorded using a
digital camera, and the images obtained are presented in
Fig. 5b. It was observed that all wound sizes began to decrease
after 3 days of treatment (Fig. 5c). Notably, the wound size of
mice treated with Ag28Au1 NCs@ZIF-8 was smaller than that in
other groups on day 3, indicating efficient infection control
attributed to the rapid bacterial eradication activity of Ag28Au1
NCs@ZIF-8. By day 7, the wound size of mice treated with
Ag28Au1 NCs@ZIF-8 decreased to 6.3 ± 3.1 from 52.3 ±
1.7 mm2 (Fig. 5d), with a wound healing rate of 88.0%
(Fig. 5e). In contrast, the wound sizes of the control group and
those treated with ZIF-8 and Ag28Au1 NCs were 17.0 ± 2.6, 11.8
± 3.0, and 10.9 ± 1.5 mm2, respectively, with wound healing
rates of 72.8%, 81.8%, and 82.4%. After 11 days, only the
wound treated with Ag28Au1 NCs@ZIF-8 was completely
repaired and grew new epidermal tissue, while the wounds of
the control group and those treated with ZIF-8 and Ag28Au1
NCs remained rough and irregular with 7.9%, 5.8%, and 3.8%
of unhealed wound, respectively. Additionally, Ag28Au1
NCs@ZIF-8 showed similar wound size and healing rate to

vancomycin (Van), a commercial antibacterial agent,
suggesting the great potential of Ag28Au1 NCs@ZIF-8 in clini-
cal application. These findings indicate that Ag28Au1
NCs@ZIF-8 significantly enhances the healing of bacteria-
infected wounds by rapidly generating photodynamic ROS for
bacterial eradication.

The effect of Ag28Au1 NCs@ZIF-8 on skin regeneration was
assessed using hematoxylin and eosin (H&E) and Masson
staining. The wounds treated with Ag28Au1 NCs@ZIF-8 dis-
played the best wound repair effect with respect to inflamma-
tory cells, histological indicators of blood vessels, and the
generation of epithelial tissue and collagen. Specifically, the
wounds treated with Ag28Au1 NCs@ZIF-8 showed almost no
inflammatory cells, while wounds without treatment or those
treated with other antibacterial agents still presented some
inflammatory cells (Fig. 6a, yellow arrows). This demonstrated
that wounds treated with Ag28Au1 NCs@ZIF-8 could efficiently
reduce the levels of inflammation, which could be attributed
to their rapid photodynamic bacterial eradication activity. This
conclusion is further supported by the expression levels of
anti-inflammatory factors in wounds. As shown, the expression
levels of interleukin-1β (IL-1β, Fig. 6b), tumor necrosis factor-α
(TNF-α, Fig. 6c), and interleukin-6 (IL-6, Fig. 6d) in wounds
treated with Ag28Au1 NCs@ZIF-8 were lower than those in
other groups. Additionally, the distribution of blood vessels in
wound tissue was assessed, as blood vessels play a crucial role
in accelerating wound healing by transporting oxygen and
nutrients. The wounds treated with Ag28Au1 NCs@ZIF-8 have a
higher distribution of blood vessels compared to the other
groups (red arrows), suggesting that Ag28Au1 NCs@ZIF-8 could
promote the generation of new blood vessels in regenerated
tissues. Furthermore, the new epithelial tissue in the wound
treated with Ag28Au1 NCs@ZIF-8 is more uniform and struc-
tured compared with other groups (blue arrows), which is con-
sistent with the observed wound repair results, manifesting
the good tissue repair capacity of Ag28Au1 NCs@ZIF-8.
Additionally, Ag28Au1 NCs@ZIF-8 showed similar therapeutic
effects to Van, as evidenced by the similar H&E and Masson
staining results in terms of the level of inflammation, the dis-

Fig. 5 (a) Schematic illumination of the antibacterial agents for wound
healing in vivo. (b) Representative pictures of the incisional skin wounds
treated with various antibacterial agents using carbomer as reference
(control) at the specified time. (c) The simulation of wound areas in
different groups over time. (d) Representative changes in wound size in
different groups over time. (e) Representative changes of healing rate in
different groups over time.

Fig. 6 (a) Representative H&E staining pictures of tissue slices collected
from different groups on day 11 (yellow arrows point to the inflamma-
tory cells, red arrows point to the blood vessels and blue arrows point to
the epithelial tissue). The expression levels of IL-1β (b), TNF-α (c) and
IL-6 (d) in blood collected from different groups on day 11. (e)
Representative Masson staining pictures of tissue slices collected from
different groups on day 11 (the blue area represents the collagen fiber).
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tribution of blood vessels, and the generation of epithelial
tissue and collagen, further supporting the potential of
Ag28Au1 NCs@ZIF-8 for clinical applications.

The collagen contents (an important indicator to assess the
generation stage from the inflammatory period to the recovery
period) in the wound area were characterized by Masson stain-
ing. As shown in Fig. 6e and Fig. S14,† the collagen content
(blue area) in the wound treated with Ag28Au1 NCs@ZIF-8 was
higher compared to that in the other groups. Moreover, col-
lagen in wounds treated with Ag28Au1 NCs@ZIF-8 exhibited
orderly arranged and dense structures, while collagen in the
other groups was in a degradation state, which might be due
to the destruction by collagenase secreted by bacteria. Overall,
the encapsulation of AIE-type Ag28Au1 NCs into ZIF-8 achieved
rapid bacterial eradication, reduced the expression of inflam-
matory factors, and promoted the generation of new blood
vessels, collagen, and epithelial tissue, thus demonstrating a
favorable wound repair effect.

4. Conclusion

In summary, we have successfully developed an AIE-type metal
NC-based photodynamic antibacterial agent for rapid bacterial
eradication to facilitate wound healing under visible light
irradiation by encapsulating AIE-type Ag28Au1 NCs into porous
ZIF-8. It was found that the encapsulation strategy is beneficial
to improving photostability and the separation of charge car-
riers in Ag28Au1 NCs, thereby facilitating the generation of
destructive ROS for bacterial killing. As a result, the as-devel-
oped Ag28Au1 NCs@ZIF-8 demonstrated superior photo-
dynamic antibacterial efficacy, killing 97.7% of E. coli and
91.6% of S. aureus within 5 min under visible light irradiation.
Moreover, Ag28Au1 NCs@ZIF-8 showed good efficacy in the
treatment of bacteria-infected wounds because of their rapid
antibacterial action, antiinflammation, and ability to stimulate
blood vessel and epithelial tissue growth. The strategy and
design presented in this work may inspire the development of
other metal NC-based photodynamic antibacterial agents for
enhancing wound healing.
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