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Low antibiotic utilization and inability to achieve real-time
monitoring of pathological status and treatment processes
often result in unsatisfactory performance against bacterial
infection. Developing a targeting antibacterial nanoprobe
combining imaging with stimulus-response antibiotic release is
a promising strategy to precisely recognize lesions and enhance
therapeutic efficacy for bacterial infection. In this work, we
report a pH-responsive theragnostic nanoplatform for targeted
imaging and local drug release at the bacterial infection site.
The nanoplatform consists of the core-shell structure with
persistent luminescence nanoparticles (PLNPs) as the core for
autofluorescence-free luminescence imaging and zeolitic imida-

zolate framework-8 (ZIF-8) as the shell to act as a carrier for
antibiotics cefazolin. The core-shell nanostructure is further
conjugated with folic acid to facilitate the uptake and
accumulation of the nanoparticles, and realize the autofluor-
escence-free targeted imaging of the infection site. The acidic
microenvironment at the bacterial infection site enables ZIF-8
to decompose for specific drug release improve the perform-
ance in bacterial infection treatment. The developed pH-
responsive nanotheranostic probe is promising for autofluor-
escence-free targeted imaging and therapy of bacterial infec-
tion.

Introduction

Infection triggered by pathogenic bacteria poses ever-growing
threat to the worldwide human health.[1] As one of the most
common pathogens, Staphylococcus aureus can cause various
diseases including meningitis, pustulosis, conjunctivitis, mumps,
etc.[2–4] Cefazolin (CEZ) is an effective drug against Staph-
ylococcus aureus. It can combine with the penicillin binding
protein on the bacterial cell membrane to inhibit the synthesis
of bacterial cell wall and promote bacterial dissolution and
death.[5,6] Direct use of antibiotics often leads to insufficient
drug concentration being delivered to the target sites, resulting
in poor therapeutic effects.[7,8] Controllable and targeted release
of antibiotics at infected sites has shown promising prospects
for improving therapeutic performance.[9,10] Future therapeutic
strategies must prioritize the development of multifunctional
nanomaterials for antibiotic delivery. Suitable nanocarriers can
ensure drugs delivery to infected sites and sustainably drugs

release for a long time, extending the time of action of drugs
on lesion tissue to enhance antibacterial efficiency.[11,12]

Metal organic frameworks (MOFs), mainly consisting of
metal ions/clusters and organic ligands, are emerging as
attractive nano-porous materials. Due to their variable structure,
adjustable pore size, excellent thermal and chemical stability,
MOFs have been promoted as ideal drug carriers for controlled
release of antibiotics.[13–16] As an important member of MOFs,
zeolitic imidazolate framework-8 (ZIF-8) has demonstrated its
potential as an ideal antibiotic carrier due to sensitive pH-
response effect. ZIF-8 nanocrystals employed to carry bacter-
icidal agents such as ciprofloxacin, gentamicin, vancomycin and
other drugs exhibited good antibacterial effects for antimicro-
bial therapy.[17–20] The good stability in physiological environ-
ments, but rapid decomposition under weakly acidic condition
make ZIF-8 promising for controlled and precise release of
loaded drugs at the weak acidic infection site.[21,22]

The ideal drug treatment requires long-term retention of
the drug in the lesion area and on-demand release of the
drug.[23–25] Introducing imaging capabilities into drug delivery
systems is crucial for monitoring drug release, indicating lesion
location, and ultimately improving treatment efficiency.[26–28]

Therefore, theranostics that integrates imaging agents and
therapeutic drugs has become an important frontier of nano-
medicine. Persistent luminescence (PL) nanoparticles (PLNPs)
are special optical materials which can maintain long-lasting
luminescence even after cessation of excitation.[29–31] The
characteristic with in situ excitation-free can effectively elimi-
nate excitation light-induced autofluorescence and scattering,
improving the sensitivity of imaging.[32,33] In addition, the
advantages of near-infrared (NIR) luminescence, LED light
repetitive activation, and deep tissue penetration make PLNPs
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an ideal optical probe for long-term biological imaging and
in vivo tracking.[34–36] PLNPs@ZIF-8 based theranostic nanoplat-
forms that integrate drug delivery vehicles with autofluores-
cence-free PL imaging have been constructed for tumor
treatment.[37,38] However, the lack of targeting ability of nano-
particles could reduce the therapeutic effect of drugs. There-
fore, it is urgent to develop nanotheranostic probes for specific
targeting imaging, antibiotics delivery and infection micro-
environment responsive release for bacterial infection theranos-
tics.
Herein, we report the design and fabrication of a pH-

responsive theragnostic nanoplatform for targeted imaging and
local drug release at the bacterial infection site. Chromium-
doped NIR PLNPs is used as the core for autofluorescence-free
and NIR LED light re-activatable luminescence imaging.[39] ZIF-8
was coated on the surface of the PLNPs to obtain a core-shell
structure PLNPs@ZIF-8 to provide abundant channels for
subsequent antibiotic CEZ loading, and meanwhile to serve as a
switch for antibiotic release in acidic environment. To further
improve the antibacterial efficiency, the CEZ loaded PLNPs@ZIF-
8 (PLNPs@ZIF-8-CEZ) (simplified as PZC) was surface modified
with folic acid (FA) to obtain the theragnostic nanoplatform
PZC-FA for targeted theranostics. On the surface of bacterial
cells within the biofilm, overexpressed folate receptors can
recognize FA and promote specific drug uptake.[40,41] The
prepared PZC-FA theragnostic platform enables targeted PL
imaging of bacterial infection and effective healing of the S.
aureus-infected mice. The developed nanotheranostic probe
shows great potential for targeted autofluorescence-free bio-
imaging, antibiotics delivery and infection microenvironment
responsive therapy of bacterial infection.

Results and Discussion

Design and characterization of PZC-FA

The design and fabrication process of the PZC-FA nanoplatform
is illustrated in Scheme 1A. Chromium-doped NIR-emitting
PLNPs with reactivatable NIR luminescence is selected as the
imaging unit to provide deep tissue penetration and PL
imaging signals without background interference.[39] Meanwhile,
porous ZIF-8 shell coating provides good drug loading ability
and triggers drug release in acidic abscess site. Conjugation of
folic acid on the surface of PLNPs@ZIF-8 enables the accumu-
lation of antibiotic at the abscess site to improve antibiotic
utilization and reduce damage to healthy tissues. Scheme 1B
illustrates the developed multifunctional nanoplatform PZC-FA
for PL targeted imaging and in vivo chemotherapy of bacterial
infection. PZC-FA was injected intravenously into the mice. The
overexpression of folic acid receptor at bacteria-infected sites
would enhance the targeting and retention of PZC-FA, achiev-
ing PL imaging of the bacterial infected sites. At the same time,
the ZIF-8 shell of PZC-FA would degrade to release the
antibiotic for chemotherapy under the weakly acidic condition
at the infected sites. Thus, the developed PZC-FA nanoplatform
enables precise release of loaded antibiotic for the therapy of
bacterial infection and meanwhile effective monitoring of the
treatment process.
The core-shell structure PLNPs@ZIF-8 was prepared by a

mild one pot method.[39,42] The as-prepared PLNPs@ZIF-8 was
characterized by transmission electron microscopy (TEM), X-ray
diffraction (XRD) spectrometry, Fourier transform infrared (FT-IR)
spectroscopy, thermal gravimetric analysis (TGA) and nitrogen

Scheme 1. Illustration for the fabrication of PZC-FA nanoplatform for the theranostics of bacterial infection.
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adsorption experiment. The as-synthesized PLNPs exhibited the
cube morphology with a diameter of ~14.6 nm (Figure S1) and
the spinel structure of ZnGa2O4 (JCPDS 38-1240) and Zn2GeO4
(JCPDS 25-1018) (Figure S2). The as-prepared core-shell
PLNPs@ZIF-8 gave a relatively uniform size of ca. 200 nm
(Figure 1A). It also exhibited the characteristic diffraction peaks
of the spinel structure of PLNPs and ZIF-8 skeleton, indicating
their biphasic properties (Figure 1B). The existence of character-
istic peaks for C� N bending and tensile vibrations at 995 cm� 1

and 1145 cm� 1, as well as C=N stretching vibrations at
1576 cm� 1 for ZIF-8 demonstrated the successful preparation of
PLNPs@ZIF-8.[43,44] TGA curve shows a slight mass loss at 200 °C
due to the removal of guest water molecules and a significant
mass loss at 400 °C resulting from the decomposition of ZIF-8
(Figure 1D). The loading capacity of ZIF-8 were calculated to be
33% according to the mass loss of PLNPs@ZIF-8. The as-
prepared PLNPs@ZIF-8 gave the surface area of ca. 441 m2g� 1

(Figure 1E), the pore volume of 0.291 ccg� 1 and the pore size of
0.92 nm (Figure 1F). The special micro-porous structure indi-
cates that PLNPs@ZIF-8 would be a good drug carrier. The
changes of zeta potential from � 23.3 mV for PLNPs to
� 27.7 mV for PZC-FA (Figure S3) and hydrodynamic size from
78.82 nm (PLNPs) to the final 231.03 nm (PZC-FA) (Figure 1G)
also proved the successful surface modification and drug
loading. In addition, we also demonstrated the drug loading

and modification process through UV-vis absorption spectro-
scopy (Figure 1H). After loading cefazolin, the absorption peak
of cefazolin at 273 nm appeared in PZC. In addition, PZC-FA
exhibited characteristic absorption peaks belonging to FA at
285 nm and 360 nm (Figure 1I).

Luminescence performance of PZC-FA

The as-synthesized PLNPs exhibited a 700 nm emission peak
under 254 nm excitation (Figure S4A). The luminescence signal
of the PLNPs could be easily captured and reactivated by red
LED light, demonstrating the potential for long-term in vivo
bioimaging (Figure S4B). The emission peak of PZC-FA is located
at 700 nm, which is the same as the emission wavelength of
PLNPs, indicating that it retains the NIR luminescence perform-
ance of PLNPs (Figure 2A). In addition, PZC-FA maintained a
continuous luminescence signal after being irradiated under
254 nm UV light for 5 min, while the luminescence signal can
be repeatedly re-activated by a red LED light (Figure 2B). The
penetration depth of the nanoprobe was about 12 mm (Fig-
ure S5). All the results suggest that the obtained PZC-FA
inherited the good PL imaging performance of PLNPs for
bioimaging.

Figure 1. (A) TEM image of PLNPs@ZIF-8. (B) XRD patterns of the as-prepared PLNPs, ZIF-8, PLNPs@ZIF-8. (C) FT-IR spectra of PLNPs, ZIF-8, PLNPs@ZIF-8. (D)
TGA curves of PLNPs, ZIF-8 and PLNPs@ZIF-8. (E) Nitrogen adsorption-desorption isotherm of PLNPs@ZIF-8. (F) Pore size distribution of PLNPs@ZIF-8. (G)
Hydrodynamic diameter distribution of PLNPs, PLNPs@ZIF-8 and PZC-FA. (H) UV-vis absorption spectra of PLNPs@ZIF-8, PZC and CEZ. (I) UV-vis absorption
spectra of PZC-FA and FA.
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Drug release under different pH conditions

A drug loading and release experiment was further performed
to explore the feasibility of PLNPs@ZIF-8 as a pH-responsive
drug delivery system for treating bacterial infection. To measure
the drug loading capacity of PLNPs@ZIF-8, the concentration of
cefazolin in the solution before and after CEZ loading on
PLNPs@ZIF-8 were measured by UV-vis absorption spectrome-
try. The cefazolin loading capacity was calculated to be
167.1 μgmg� 1 (Figure S6 and Figure 3A). The good drug loading
capacity mainly stems from the structural characteristics of ZIF-
8 due to its large specific surface area for the adsorption of
cefazolin as well as the binding of the Zn2+ in the ZIF-8 with
CEZ.
We then conducted a pH-responsive drug release study

based on the absorbance of cefazolin at 273 nm. As shown in
Figure 3B, CEZ released slowly in a simulated physiological
environment (pH 7.4) with 27.66% of cumulative release within
24 h. This indicates that the material has a certain degree of
stability under physiological conditions, which can avoid
damage to the body caused by the early release of drugs during
the blood circulation process. However, under weak acidity
environment of simulated bacterial infection (pH 5.5), CEZ
released significantly with a release amount of 58.29% of
cumulative release. Acidic environment enables the break of
the bonds between metal ions and organic ligands in ZIF-8 to
release the loaded drugs (Figure S7).[37,38,45] This pH-response
behavior allows specific and controllable release of loaded
drugs at bacterial infection site to treat bacterial infection.

In vitro antibacterial activity

S. aureus, the most typical etiological agent of biofilm related
clinical infection, was chosen as the model for antibacterial
experiment. The potential antibacterial performance of PZC-FA
for S. aureus was evaluated by the plate counting method. PZC-
FA exhibited dose-dependent antibacterial ability (Figure 4A
and Figure 4B). Moreover, PZC-FA shows stronger antibacterial
effect at lower pH with the same concentration, indicating its
pH-dependent antibacterial ability. The results are consistent
with the pH-responsive behavior of PZC-FA. In addition, live/
dead staining experiments were performed to reveal the
bactericidal effect of PZC-FA. The living bacteria with intact cell
membrane can be labeled with Calcein-AM to show green
fluorescence, while the cell membrane of the damaged cells
could be penetrated by propidium iodide (PI) to stain the dead
bacteria red. The control group showed obvious green
fluorescence but almost no red fluorescence, indicating good
bacterial growth and low mortality rate. However, the bacteria
in PZC-FA group shows strong red fluorescence, which proved
that almost all the bacteria were killed (Figure 4C). All the above
results indicate that the prepared PZC-FA composite has good
antibacterial performance.
The morphology of the bacteria was further observed by

scanning electron microscopy (SEM) (Figure S8). The bacterial
cell structure in the control group was complete, smooth, and
full. However, after co-incubation with PZC-FA, the bacterial cell
structure was destroyed, resulting in the change and collapse of
membrane permeability, leakage of cytoplasmic content, and
bacterial death.
To study the targeting capability of PZC-FA, the bacteria

were incubated with PZC-FA and observed by laser confocal
scanning microscopy (LCSM). After incubating PZC-FA with S.
aureus for 1 h, a bright red luminescence was observed on the
bacterial surface from the laser confocal imaging area, proving
the attachment of PZC-FA to the bacterial surface (Figure S9).
The above results show the potential of PZC-FA in monitoring
treatment processes and precise sterilization applications.

Cytotoxicity assay and hemolysis experiment

Nanodrug delivery systems not only require sensitive drug
release response, but also have low cytotoxicity and good
biocompatibility. The standard MTT method was used to
examine the cytotoxicity of PLNPs@ZIF-8 to normal cells. The
mouse fibroblast 3T3 cells were incubated with the cell culture
medium containing different concentrations of PLNPs@ZIF-8 for
24 h. It was found that the survival ratio of the cells was
maintained above 80% at 200 μgmL� 1, indicating their satisfac-
tory biocompatibility and feasibility as drug carriers for
antibacterial therapy (Figure S10). Additionally, hemolysis tests
were accomplished to explore the impact of PZC-FA on red
blood cells (RBCs). The hemolysis rate was below the permis-
sible limit (5%) even at 500 μg mL� 1 PZC-FA, demonstrating the
negligible damage to RBCs (Figure 4D).[46] Therefore, PZC-FA has
good biocompatibility and low long-term biological toxicity,

Figure 2. (A) PL intensity of PLNPs and PZC-FA. (B) PL images of PZC-FA
aqueous dispersion after irradiation by a UV lamp for 5 min and re-activation
with a red LED light for 2 min.

Figure 3. (A) UV-vis spectra of CEZ solution before loading and the super-
natant of CEZ solution after loading. (B) Release profiles of CEZ from PZC in
neutral (pH 7.4) and acidic (pH 5.5) media.
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making it promising alternative for in vivo antibacterial applica-
tion.

Targeted PL imaging of bacterial infection in vivo

S. aureus-infected mice model were established to investigate
the targeted imaging effect of PZC-FA on bacterial infection
site. PZC and PZC-FA nanoparticles were injected intravenously
into the mice, respectively, for comparison. At specific time
points, the NIR luminescence images of mice were obtained.
Before each acquisition of imaging signal, an LED red light
(650 nm) was used to illuminate for 2 min. Within 24 h after
injection, the luminescence signal of the material in mice was
monitored (Figure 5A). In the PZC group, no visible lumines-
cence signals were observed at the bacterial infection site at all
collection time points. However, after 1 h of injection, signifi-
cant luminescence signals were observed at the bacterial
infection site in the PZC-FA group. The luminescence signal
became increasingly apparent over time, indicating the quick
targeting and continuous accumulation of PZC-FA in infected
lesion. This is of great significance for monitoring the targeted
chemotherapy. Besides, the relative PL intensity of isolated
organs were tested (Figure 5B). As a typical reticuloendothelial
system, the liver area gave major luminescence signal because
of the strong phagocytosis, but other organs showed few
residues.

PZC-FA for in vivo treatment of S. aureus-infected mice

In view of the remarkable biocompatibility and antibacterial
activity of PZC-FA in vitro, we further established subcutaneous
abscess animal model to explore the therapeutic efficacy. The
mice with S. aureus infection were randomly divided into four
groups: PBS, PLNPs@ZIF-8, PZC, and PZC-FA. The PZC-FA group
showed significantly better recovery of abscess site at the same
time point among all the groups within 12 days treatment
(Figure 6A). The abscess at the infected site disappeared, scabs
peeled off, and the skin became smooth in the PZC-FA group,
while significant scabs were observed in the other three groups.
In addition, the PZC-FA group had faster abscess healing speed
(Figure S11). To further verify the therapeutic effectiveness, the

Figure 4. (A) Digital photographs of S. aureus bacterial colonies in the presence of different concentrations of PZC-FA at pH 5.5 and 7.4. (B) Corresponding
bacterial viabilities after treatments with various concentrations of PZC-FA at pH 5.5 and 7.4. Data expressed as mean � SD (n=3; *P <0.05, ***P <0.001). (C)
Fluorescent staining images of S. aureus with live bacteria (green) and dead bacteria (red) after various treatments (scale bar: 30 μm). (D) Hemolysis rate of red
blood cells incubated with PZC-FA at various concentrations (the insert is the corresponding photograph of red blood cells with different treatment). Data
expressed mean � SD (n=3).

Figure 5. (A) In vivo PL imaging at various time points of S. aureus-infected
mice intravenously injected with PZC and PZC-FA for 2 min LED excitation
before each acquisition. (B) Representative PL images and luminescence of
isolated organs from the mice after intravenous injection of PZC-FA for
12 days.
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skin tissue at the abscess site were counted using the plate
counting method after 12 days. As shown in Figure 6B, the PZC-
FA group gave markedly fewer bacterial colonies than the other
three groups, suggesting the capability of PZC-FA for the
effective treatment of bacterial infection. On the fifth day after
the end of the treatment, no recurrence of infection was found
at the wound site (Figure S12).
The skin tissues of mice were collected after treatment for

hematoxylin and eosin (H&E), Masson’s trichrome staining and
immunohistochemical staining to check the inflammation and
healing degree of the infected wounds. The results are shown
in Figure 6C. The PBS group exhibited massive inflammatory
cells infiltrating the wound, while the PZC-FA treatment group
from showed a relatively complete epidermal structure, newly
formed hair follicles and blood vessels in the abscess tissue.
During the wound healing process, collagen is synthesized and
serves as the backbone for new tissue growth.[47] Therefore, the
amount of collagen can also be used as an indicator to evaluate
the effectiveness of wound healing. Masson staining showed
that the collagen fibers in the wound tissue of PZC-FA were
dense and orderly, indicating better wound repair. The pro-
inflammation cytokines TNF-α and IL-6 in infected abscesses
were evaluated through immunohistochemistry staining as
typical inflammatory cytokines are involved in the formation of
inflammation, leading to immune dysfunction and hindering
tissue recovery. The IL-6 and TNF-α values of the PZC-FA
treatment group were significantly reduced, indicating that this
composite material reduced inflammation and accelerated the
healing of infected wounds. During the entire treatment

process, the mice did not experience any deaths and their
weight steadily increased (Figure 6D). Also, the H&E staining
results show no obvious histopathological abnormalities in the
major organs (liver, spleen, heart, lung, and kidney) (Figure S13).
All the above results confirm that the side effects of PZC-FA
in vivo is negligible. Therefore, PZC-FA is a promising antibacte-
rial agent against bacterial infection.

Conclusions

We have reported a multifunctional nanoplatform PZC-FA for
autofluorescence-free targeted PL imaging and pH-responsive
antibiotic therapy of bacterial infection. The developed PZC-FA
nanotheranostic probe integrates the autofluorescence-free and
renewable NIR PL imaging of PLNPs, the good drug loading and
pH-responsive drug release of porous material ZIF-8 as well as
the good targetability of FA to bacteria-infected site. PZC-FA
has been successfully applied to in vivo treatment of S. aureus-
infected mice. This nanoplatform can not only improve drug
utilization, but also reduce side effects on normal tissue, being
promising for the treatment and monitoring of bacterial
infection.

Figure 6. (A) Photographs of the S. aureus-infected abscesses of the mice in different treatments, (I) PBS, (II) PLNPs@ZIF-8, (III) PZC, (IV) PZC-FA. (B) The
corresponding LB plate photographs and bacterial counts from infected tissues with different treatments. Data expressed mean � SD (n=3; ***P <0.001). (C)
H&E, Masson’s trichrome staining and immunofluorescence staining of IL-6 and TNF-α images of infected tissues from different treatments, (I) PBS, (II)
PLNPs@ZIF-8, (III) PZC, (IV) PZC-FA (scale bar: 200 μm). (D) Body weight changes of mice from different treatments. Data expressed mean � SD (n=5).
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Experimental Section

Synthesis of PLNPs and PLNPs@ZIF-8

The PLNPs was prepared according to Zhao et al.[39] Core-shell
PLNPs@ZIF-8 was prepared based on previously reported
literatures.[42] The PLNPs solution (1 mL, 2.5 mgmL� 1) was added to
a methanol solution of 2-methylimidazole (10 mL, 10 mM) and the
solution was sonicated for 15 min. Subsequently, the Zn-
(NO3)2 · 6H2O (10 mL, 10 mM) methanol solution was added into the
mixed solution, and reacted at room temperature for 2 h. The
product was separated by centrifugation (10000 rpm, 10 min),
washed with methanol three times, and dried overnight under
vacuum at 60 °C.

Loading of cefazolin

20 mg of PLNPs@ZIF-8 were uniformly dispersed in 20 mL of
methanol solution containing cefazolin (500 μgmL� 1). This suspen-
sion was kept stirring at room temperature for 24 h. After reaction,
the resulting PLNPs@ZIF-8-CEZ (PZC) was collected by centrifuga-
tion and washed with methanol to remove the adsorbed drug on
the surface. The powder product was dried at 60 °C under vacuum.

Preparation of PZC-FA

The obtained PZC nanoparticles were dispersed into a 2 mgmL� 1

FA solution and stirred at room temperature for 12 h to produce
PZC-FA nanocomposites. Finally, the product was separated by
centrifugation and washed with deionized water.

pH-responsive drug release

The pH-responsive drug release behavior was carried out by
dispersing PZC in PBS solution. In short, PZC (1 mgmL� 1) nano-
particles were suspended in 8 mL of PBS (pH 7.4 and pH 5.5,
separately). These suspensions were kept shaking at 150 rpm at
37 °C. At different time intervals, the suspensions were centrifuged
at 10000 rpm for 10 min.1 mL of the supernatant was collected and
immediately replaced by an equal volume of fresh PBS to maintain
solution equilibrium. The amount of released CEZ was determined
via UV-vis spectrophotometry. The cumulative release percentage
of CEZ (CR%) was calculated using the following formula: CR%=

Mr/Mt×100%, where Mr is the amount of released CEZ and Mt is the
total amount of loaded CEZ.

Antibacterial experiments in vitro

The antibacterial ability of PZC-FA against S. aureus (Gram-positive
bacteria) was evaluated using the plate counting method. Bacteria
were cultured in 5 mL of liquid culture medium in a constant
temperature shaker (37 °C, 200 rpm) for 12 h. The cultured bacterial
solution was centrifuged and resuspended in the LB (pH 5.5) to 108

CFU mL� 1 for further antibacterial testing. 100 μL bacterial
suspension was mixed with different concentrations of PZC-FA (0,
50, 100, 150, 200 μg mL� 1) for 12 h. Then, 100 μL of diluted bacterial
suspensions from each group were cultured on agar plates at 37 °C
for 18 h to count the bacterial colonies.

Animal model

All animal procedures were approved by the Animal Ethics
Committee of Jiangnan University (JN. No 20230415b0200608). The
experimental female BALB/c mice (5-6 weeks old) were purchased

from Changzhou Cavens Laboratory Animal Co., Ltd. (Changzhou,
China). A subcutaneous abscess model was constructed to appraise
the PL imaging ability and antibacterial efficacy of PZC-FA. Firstly,
100 μL of S. aureus (108 CFU mL� 1) was subcutaneously inoculated
in the rear back of the mice. After 24 h, subcutaneous abscess was
formed in each mouse.

In vivo PL imaging

PZC and PZC-FA (200 μL, 4 mgmL� 1) were respectively injected
intravenously into the S. aureus-infected mice to investigate the
targeted imaging ability. The luminescence images on the IVIS
imaging system at different time points (1 h, 4 h, 8 h, 12 h, and
24 h) were obtained and used to observe the distribution of the
material in vivo. Before each imaging, the mice were irradiated with
a 650 nm LED light for 2 min.

In vivo antibacterial activity

The S. aureus-infected mice were randomly divided into four groups
(n=5). The mice were treated with PBS, PLNPs@ZIF-8, PZC and
PZC-FA (200 μL, 4 mgmL� 1) by intravenous injection. The wound
area and body weight of different treated mice were recorded
every day. The Image J software was used to quantitatively
calculate the changes in wound area. After 12 days, all mice were
sacrificed, and the related wound tissues and main organs were
excised. All of them were fixed in 4% paraformaldehyde for
histological analysis. The bacterial suspensions of the skin tissues
were used to evaluate the wound infection recovery by the plate
counting method.
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