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pH-Responsive, Light-Triggered on-Demand Antibiotic 
Release from Functional Metal–Organic Framework for 
Bacterial Infection Combination Therapy

Zhiyong Song, Yang Wu, Qi Cao, Huajuan Wang, Xiangru Wang, and Heyou Han*

To satisfy the ever-growing demand in bacterial infection therapy and other 
fields of science, great effort is being devoted to the development of methods 
to precisely control drug release and achieve targeted use of an active 
substance at the right time and place. Here, a new strategy for bacterial 
infection combination therapy based on the light-responsive zeolitic imida-
zolate framework (ZIF) is reported. A pH-jump reagent is modified into the 
porous structure of ZIF nanoparticles as a gatekeeper, allowing the UV-light 
(365 nm) responsive in situ production of acid, which subsequently induces 
pH-dependent degradation of ZIF and promotes the release of the antibiotic 
loaded in the mesopores. The combination of the UV-light, the pH-triggered 
precise antibiotic release, and the zinc ions enables the light-activated nano-
composite to significantly inhibit bacteria-induced wound infection and accel-
erate wound healing, indicating a switchable and synergistic antibacterial 
effect. The light irradiated accumulation of acid ensures the controlled release 
of antibiotic and controlled degradation of ZIF, suggesting the therapeutic 
potential of the metal–organic frameworks-based smart platform for control-
ling bacterial infection.
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In particular, drug release mechanisms 
with triggers that respond to surrounding 
factors, such as pH,[3] temperature,[4] illu-
mination,[5] and enzymes[6] are of high 
practical significance. Toward this goal, var-
ious nanomaterials including nanoparti-
cles,[7] microgels,[8] nanotubes,[9]polymeric 
micelles,[10] and fluorescent probe[11] are 
or can be designed to be particularly sensi-
tive to environmental factors.

Metal–organic frameworks (MOFs), 
as a new type of miniature crystalline 
porous material, have been extensively 
studied.[12] These materials act as effective 
nanoparticle-based delivery platforms and 
have shown great potential for biomedical 
applications due to their combined ben-
efits of nanostructures and the intrinsic 
properties of bulk crystalline MOFs, such 
as controllable composition, high porosity, 
large surface area, intrinsic biodegrada-
bility as a result of relatively labile metal–
ligand bonds, versatile functionality, and 

good biocompatibility.[13] The zeolitic imidazolate framework-8 
(ZIF-8) is a subclass of MOFs, formed by coordination between 
Zn2+ ions and 2-methylimidazole (HmIm), with high sur-
face area and negligible cytotoxicity. The largest pore size in 
the ZIF-8 structure has a diameter of ≈11.6 Å interconnected 
by 6-ring windows of a diameter of 3.40 Å.[14] ZIFs have been 
used in gas separation,[15] catalysts,[16] and as carriers for metal 
nanoparticles[17] and drugs.[18] Additionally, ZIF-8 is stable 
under physiological conditions and decomposable under acidic 
conditions, which can be used to construct pH-sensitive drug 
delivery systems.[12a,19]

Currently, to satisfy the ever-growing demand in controllable 
drug release, different strategies have been developed to imple-
ment the gatekeeper concept.[20] The gatekeeper consisting of 
stimulus-responsive functional components can be used as 
the blocking caps to control opening/closing of pore entrances 
and respond to external agents and conditions.[21] However, the 
installation of stimulus-responsive functional groups onto the 
surface of nanoparticles requires complicated synthetic steps. 
Several steps of the post functionalization of drug-loaded nano-
particles resulted in the leakage of the cargo.[21a,22]

Herein, we report a simple and robust method for one-pot 
synthesis of a novel gatekeeper nanocomposite for light-con-
trolled antibacterial therapy based on a 2-nitrobenzaldehyde 
(o-NBA) modified MOF, designated as o-NBA@ZIF-8. The 

Drug Delivery

1. Introduction

Bacterial infection is a primary cause of morbidity and mor-
tality worldwide despite the widespread use of broad-spectrum 
antibiotics.[1] The major problems for antibiotic therapy are 
drug resistance or adverse effects, but controlled drug-release 
systems have the potential to reduce side effects and achieve 
targeted use of an active substance at the right time and place.[2] 
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strategy consists of i) preparing ZIF-8, ii) installing “light 
responsive” o-NBA (a pH-jump reagent) into the mesopores 
of ZIF-8 that act as “gatekeeper,” and iii) loading the antibacte-
rial agent rifampicin (RFP) into the mesopores (RFP&o-NBA@
ZIF-8). Under light treatment, the sequential reaction can 
induce the pH-dependent degradation of MOF in the designed 
gatekeeper system, and the RFP loaded in the mesopores can 
be released in a controllable fashion. In addition, using both 
regular and Methicillin-resistant Staphylococcus aureus (MRSA), 
we demonstrated that a synergistic antibacterial and cure effect 
could be achieved by a rational combination of drugs and scaf-
fold materials to promote the healing speed of the wound.

2. Results and Discussion

2.1. Synthesis and Characterization of RFP&o-NBA@ZIF-8

In the present work, the RFP&o-NBA@ZIF-8, RFP@ZIF-8, 
and o-NBA @ZIF-8 were first synthesized and the detailed 
synthetic procedure was presented in the Experimental Sec-
tion. The transmission electron microscopy (TEM) image con-
firmed that a porous structure was obtained (Figure 1a). While 
the morphology of crystals did not obviously change with the 
addition of RFP and o-NBA, the particle size increased and the 
size distribution broadened (from 144.9 ± 4.2 to 189.7 ± 3.0 nm) 
as shown by dynamic light scattering (DLS; Figure S1, Sup-
porting Information). To confirm that the RFP and o-NBA 
were embedded in the ZIF-8 crystals, the nitrogen adsorp-
tion–desorption isotherms of pure ZIF-8 and RFP&o-NBA@
ZIF-8 were measured at 77 K (Figure S2, Supporting Infor-
mation). The resulting BET surface areas of pure ZIF-8 and  

RFP&o-NBA@ZIF-8 were 393.23 and 155.05 m2 g−1, respec-
tively, which was consistent with the presence of RFP and 
o-NBA. The samples were also tested by the X-ray diffraction 
(XRD) and Fourier-transform infrared (FT-IR) spectroscopy 
(Figure 1). XRD results showed that the RFP&o-NBA@ZIF-8 
particles were of high crystallinity with sharp diffraction peaks 
(Figure 1b). The decrease of the peak intensity at the low angles 
for ZIF-8 with RFP or o-NBA loadings was due to the presence 
of RFP or o-NBA molecules in the pores of ZIF-8 crystals. No 
diffraction peaks were observed from the RFP or o-NBA mole
cules, indicating that no RFP or o-NBA crystals were present 
in the RFP&o-NBA@ZIF-8, RFP@ZIF-8, and o-NBA@ZIF-8 
materials. Additionally, several bands were observed for ZIF-8 
in the FT-IR spectrum. As shown in Figure 1c, the absorption 
bands at 422, 500–1350, and 1350–1500 cm−1 were attributed 
to ZnN stretching mode, the plane bending and stretching 
of imidazole ring, respectively.[23] The absorption peaks at 3138 
and 2933 cm−1 in the spectra of the ZIF-8 and ZIF-8 complex 
were due to the stretching vibrations of CH bonds in the 
methyl group and the imidazole ring. Meanwhile, the TEM 
elemental mappings indicated the uniform distribution of Zn, 
N, and O elements in the same particle, which also evidenced 
the presence of RFP and o-NBA in the nanoparticles as the N 
and O atoms shown in Figure 1d. Furthermore, the energy dis-
persive spectroscopy pattern (Figure S3, Supporting Informa-
tion) proved the similar results. Thermogravimetric analysis 
(Figure S4, Supporting Information) revealed that the maximum 
weight loss occurred at around 150–700 °C, which corresponded 
to the decomposition of RFP and o-NBA, indicating that RFP 
and o-NBA were embedded in the ZIF-8. UV–vis result also 
agreed with the loading rate of RFP and o-NBA in the ZIF-8 
(Table S1, Supporting Information). All the particles were highly 
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Figure 1.  a) TEM characterization of (a-1) RFP&o-NBA@ZIF-8, (a-2) RFP@ZIF-8, (a-3) o-NBA@ZIF-8, and (a-4) ZIF-8; b) XRD, c) FT-IR, and d) mapping 
of single nanoparticle of RFP&o-NBA@ZIF-8.
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dispersed and stable in water and phosphate-buffered saline 
(PBS) (pH 7.4), due to their high ζ potentials (+30.5, −14.0, 
+35.0, +25, and +27 mV for ZIF-8, RFP, o-NBA@ZIF-8, RFP@
ZIF-8, and RFP&o-NBA@ZIF-8, respectively) (Figure S5, Sup-
porting Information). The effect on the cell proliferation and 
cytotoxicity of the RFP&o-NBA@ZIF-8 was evaluated by the 
widely established methyl thiazolyl tetrazolium (MTT) assay, 
and the results suggested that the RFP&o-NBA@ZIF-8 had no 
signs of toxicity (Figure S6, Supporting Information).

2.2. Light-Induced pH-Dependent Degradation of MOF

In our design, the light-responsive degradation of MOF was 
critical in creating a light-triggered RFP controlled release 
system. First, the photoresponsive dissolution property of 
o-NBA@ZIF-8 was evaluated under light irradiation (365 nm, 
5.25 mw cm−2). The results showed that the crystallinity of 
o-NBA@ZIF-8 started to be gradually dissolved after irradia-
tion for 30 min, and the material thoroughly lost its original 
structure in solution after 150  min (Figure S7, Supporting 
Information), suggesting that o-NBA@ZIF-8 has a photo
responsive property, which could be exploited as a controlled 
release vector to deliver an engineered drug. Furthermore, 
the RFP&o-NBA@ZIF-8 showed the similar pH-dependent 
degradation ability to that of o-NBA@ZIF-8 when irradiated 
by light (Figure 2a). However, we observed that the presence 
of RFP reduces the RFP&o-NBA@ZIF-8 response to light 

irradiation, which was ascribed to the pH changes in the 
ZIF-8 environment when undergoing intramolecular excited-
state hydrogen transfer upon light irradiation, leading to dif-
ferent light responses (Figure S8, Supporting Information). To 
further confirm the dissolution of RFP&o-NBA@ZIF-8 under 
illumination conditions, we tested the pH and release effect of 
Zn2+ based on a different illumination time. In Figure 2b, it 
can be seen that, with the extension of illumination time, the 
pH of RFP&o-NBA@ZIF-8 in the solution showed an obvious 
change, while under dark treatment, the pH of the RFP@
ZIF-8 and RFP&o-NBA@ZIF-8 remained almost unchanged. 
The o-NBA as a pH-jump reagent is incorporated onto nano 
o-NBA@ZIF-8 as a gatekeeper, which is known to lower the 
pH of the environment when undergoing intramolecular 
excited-state hydrogen transfer (ESHT) upon light irradiation 
and proceed via a bicyclic benzisoxazolidine intermediate to 
afford 2-nitrosobenzoic acid and proton.[24] In Figure 2c, the 
Zn2+ release efficiency for RFP&o-NBA@ZIF-8 reached a 
maximum of 90 wt% in 150  min under UV light exposure 
(5.25 mw cm−2), while the release efficiency under dark treat-
ment reached 60 wt% which may contribute to the acid zinc 
indicator (pH 5.3) (Figure S9, Supporting Information). The 
similar Zn2+ release efficiency results were also obtained by 
the atomic absorption spectroscopy (AAS) assay (Figure S10, 
Supporting Information). These results implicated that the 
o-NBA can lower the pH of the environment to destroy the 
MOF structure upon light irradiation, leading to the signifi-
cant release of Zn2+.

Adv. Funct. Mater. 2018, 1800011

Figure 2.  a) TEM of RFP&o-NBA@ZIF-8 treated with UV irradiation for different periods of time ((a1–a6) 15, 30, 60, 90, 120, 150 min). The b) pH 
change, c) the release efficiency of Zn2+, and d) the antibiotic release efficiency after UV light treatment for different periods of time.
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2.3. Light-Triggered Precise Antibiotic Release

To investigate if the light-responsive pH elevation can control 
the antibiotic release behavior of the RFP&o-NBA@ZIF-8, we 
prepared an RFP@ZIF-8 without o-NBA as a control. These 
solutions were then exposed to UV-light (365  nm) irradiation 
for a different time. The precise control of drug release was 
demonstrated by monitoring the effect and the content of the 
released antibiotic drug after alternating periods of exposure 
to UV light and dark conditions as shown in Figure 2d and 
Figures S11 and S12 (Supporting Information). In the anti-
biotic release profile of the RFP@ZIF-8, almost no antibiotic 
was detected, but in the RFP&o-NBA@ZIF-8, a maximum of 
80 wt% of antibiotic was detected at 150  min under UV light 
exposure, indicating an apparent dependence of the release 
rate on the external light stimuli. Under dark conditions, only 
a small amount of antibiotic was released over a long duration 
(Figure S13, Supporting Information). These results revealed 
that the light-responsive acid generation can decompose the 
ZIF-8 MOF structure, leading to antibiotic release. More impor-
tantly, the antibiotic release can only be triggered by 365  nm 
light exposure and the release amount was highly dependent 
on the time of light exposure, thus realizing “UV light-triggered 
precise antibiotic release.”

2.4. In Vitro Antibacterial Efficacy Evaluation

The potential of RFP&o-NBA@ZIF-8 for antibacterial appli-
cations was evaluated using several bacterial strains, such as 
MRSA, and Ampicillin-resistant Escherichia coli and Escherichia 
coli (E. coli). MRSA, one of the main dreaded clinical pathogens 
(superbugs) that cause life-threatening diseases such as sepsis 
and acute endocarditis, accounts for numerous cases of mor-
bidity and mortality clinically.[25] Rifampicin (RFP) is one of 
the most potent and broad-spectrum antibiotics for treatment 
of tuberculosis (TB), leprosy and a growing number of Gram-
positive bacteria such as multidrug-resistant S. aureus.[26] RFP 
diffuses freely into tissues, living cells, and bacteria, making 
it extremely effective against intracellular pathogens.[27] The 
antibacterial activity was evaluated separately by the spread 
plate method and a growth-inhibition assay in liquid medium 
(Figure 3). Seven different samples were used to study the 
antibacterial activities against the Gram-negative ampicillin-
resistant E. coli with a series of concentrations (0–80 µg mL−1) 
under different illumination time (0–150  min) (Figure S14, 
Supporting Information). The survival rates of bacteria were 
found to decrease with an increase of the concentration of 
nanocomposites and illumination time, and 10  µg mL−1 and 
120  min illumination time were chosen as the optimum 
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Figure 3.  The optical density at 600 nm (OD600) of a) ampicillin-resistant Escherichia coli and b) MRSA after treatment with 10 µg mL−1 of materials 
under different conditions. c) Coated flat panel and d) live/dead staining of i) Ampicillin-resistant Escherichia coli and ii) MRSA treated under different 
conditions: 1) PBS + Light, 2) ZIF-8 + Light, 3) o-NBA@ZIF-8 + Dark, 4) o-NBA@ZIF-8 + Light, 5) RFP@ZIF-8 + Light, 6) RFP&o-NBA@ZIF-8 + Dark, 
and 7) RFP&o-NBA@ZIF-8 + Light.
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conditions. Comparatively, the RFP&o-NBA@ZIF-8 sample 
exhibited an obviously higher antibacterial activity against the 
Gram-negative ampicillin-resistant E. coli and Gram-positive 
MRSA than an equal amount of any other samples under light 
treatment. However, it showed no obvious inhibition on the 
bacterial growth under dark treatment (Figure 3a,b). Similar 
results were also observed in the spread plate assay (Figure 3c). 
Moreover, the live/dead bacterial staining assay confirmed the 
direct bactericidal effect of the nanocomposite (Figure 3d). 
These phenomena were accordant with the fact that, in order 
to disrupt the ZIF-8 structure, the o-NBA can change the pH 
of the environment when undergoing intramolecular ESHT 
upon light irradiation,[28] leading to the controlled release of a 
larger amount of antibiotic and Zn2+ (Figure 1b–d). Meanwhile, 
the RFP has a broad-spectrum antimicrobial activity,[27] and the 
release of Zn2+ from ZnO is suggested as one of the primary 
antibacterial mechanisms of ZnO NPs.[29] The antimicrobial 
activity of metal nanomaterials is concentration-dependent. 
Zinc ions can show toxic effects at high concentrations, but the  
minimum inhibitory concentrations of zinc ions for S. aureus 
were reported in the 2–20 × 10−3 m range (65–131 mg L−1). In 
Vitro antibacterial assay had similar results to those of previous 
experimental (Figure S15, Supporting Information). Therefore, 
a synergistic effect between antibiotic and Zn2+ was proposed 
as a possible pathway that plays an important role in the anti-
microbial activity of RFP&o-NBA@ZIF-8.

2.5. In Vivo Antibacterial Efficacy and Bacterial Infection  
Combination Therapy

The treatment of wound infection with this antibacterial design 
was demonstrated using the injury model that was fabricated on 

the back of mice. The back of BALBc mice (6–8 weeks) was slashed 
and injected with 1 × 106 of MRSA cells and ampicillin-resistant 
Escherichia coli to construct the infected wound model. The mice 
were divided into seven groups according to the seven separate 
treatments with 1) PBS + Light, 2) ZIF-8 + Light, 3) o-NBA@
ZIF-8 + Light, 4) o-NBA@ZIF-8 + Dark, 5) RFP@ZIF-8, 6) 
RFP&o-NBA@ZIF-8 + Dark, 7) RFP&o-NBA@ZIF-8 + Light. 
To assess the bactericidal effect, we excised the wound tissues 
and collected the blood to quantify the number of bacteria in 
them (Figure 4). From the grown colonies, we could see that 
RFP&o-NBA@ZIF-8+Light showed the most effective wound 
antibacterial therapy among the seven treatments (Figure 4a,b;  
Figure S16a,b, Supporting Information). Meanwhile, it sig-
nificantly removed the bacteria in the blood (Figure 4c,d; 
Figure S16c,d, Supporting Information). Moreover, the healing 
ability of mice in wound-infecting bacterial skin was evaluated 
by histological analysis. As shown in Figure 5a and Figure S17a 
(Supporting Information), a large amount of inflammatory 
cells appeared on the wound under the six control treatments, 
while less inflammatory cells emerged on the wound under the 
3-d RFP&o-NBA@ZIF-8+Light treatment. Masson’s trichrome 
staining was used to verify the formation of collagen fiber (blue) 
during the wound healing process (Figure 5b; Figure S17b, Sup-
porting Information). Unrepaired collagen fibers were observed 
in the samples under the six control treatments, whereas well 
established collagen fibers and dermal layer were found in the 
samples under the RFP&o-NBA@ZIF-8+Light treatment. The 
wound size under the synergistic treatment decreased (80%) rap-
idly relative to the other six treatments (Figure 5c; Figures S17c 
and S18, Supporting Information). These results demonstrate 
that the RFP&o-NBA@ZIF-8+Light treatment can effectively kill 
bacteria, promote scar generation to protect the wound tissue, 
and further modulate the collagen alignment.

Adv. Funct. Mater. 2018, 1800011

Figure 4.  a,c) Coated flat panel, b,d) inhibition rate of MRSA at a,b) wound and c,d) blood treated with 1) PBS + Light, 2) ZIF-8 + Light, 3) o-NBA@
ZIF-8 + Dark, 4) o-NBA@ZIF-8 + Light, 5) RFP@ZIF-8 + Light, 6) RFP&o-NBA@ZIF-8 + Dark, 7) RFP&o-NBA@ZIF-8 + Light i) 0 d (infected for 12 h), 
ii) 1 d, iii) 3 d. The bacteria infected for 12 h were diluted 104 times before coating plates. The bacteria for first and third days were diluted 102 times 
before coating plates (**P < 0.01).
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3. Conclusion

In summary, a light-triggered gatekeeper system for spati-
otemporal antibiotic release has been demonstrated. The key 
mechanism for the gatekeeper is the light-initiated sequential 

reaction. In this reaction, illumination induces acid genera-
tion by activating the pH jump reagent, which degrades the 
MOF and leads to the controlled release of antibiotic and zinc 
ions. This rational design was successfully used to develop a 
light-responsive antibiotic-delivery system, and its therapeutic 
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Figure 5.  The images of a) H&E and b) masson and c) photographs of infected wound infected by MRSA 1) PBS + Light, 2) ZIF-8 + Light, 3) o-NBA@
ZIF-8 + Dark, 4) o-NBA@ZIF-8 + Light, 5) RFP@ZIF-8 + Light, 6) RFP&o-NBA@ZIF-8 + Dark, 7) RFP&o-NBA@ZIF-8 + Light, 8) healthy mice. i) 0 d 
(infected for 12 h), ii)1 d, iii) 3 d.
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potential on the wound infection was also demonstrated. Fur-
ther in vivo studies are currently ongoing in our laboratory.

4. Experimental Section
Materials and Reagents: Zinc nitrate hexahydrate (ZnNO3·6H2O), 

HmIm, o-NBA, RFP, and Zincon (C20H15N4NaO6S) were purchased from 
Aladdin Industrial Corporation (Shanghai, China). Propidium iodide (PI) 
and 4′-6-diamidino-2-phenylindole (DAPI) products were purchased 
from Beyotime Institute of Biotechology (Shanghai, China). 365 nm UV 
lamp was purchased from TOSHIBA Corporation. 4% paraformaldehyde 
PBS was purchased from Wuhan Google Biotechnology Co., Ltd. The 
BABL/c mice were purchased from Hubei Experimental Animal Research 
Center (Permit number: SCXK 2015-0018).

Synthesis of ZIF-8: The 2-methylimidazole solution was slowly added 
dropwise into the zinc nitrate solution at room temperature under stirring 
for 30 min.[18a,30] After the reaction, the mixture was washed twice with 
deionized water and then freeze-dried. Finally, a white solid was obtained.

Synthesis of RFP&o-NBA@ZIF-8: Briefly, 5  mg mL−1 of rifampin was 
prepared as A solution and 5  mg mL−1 of 2-nitrobenzaldehyde was 
prepared as B solution. Then, 1.414 g of 2-methylimidazole was weighed 
and dissolved in 10 mL of deionized water, and 0.073 g of zinc nitrate 
hexahydrate was dissolved in 500 µL of deionized water. Next, 1 mL of A 
solution and 1 mL of B solution were added into the 2-methylimidazole 
solution at room temperature. Under stirring, the solution of zinc nitrate 
was slowly added dropwise for 30 min. After the reaction, the mixture 
was washed twice with deionized water and then freeze-dried. Finally, a 
white solid was obtained.

Synthesis of RFP@ZIF-8: The 2-methylimidazole solution was added 
into 1  mL of A solution at room temperature. Under stirring, the 
solution of zinc nitrate was slowly added dropwise for 30 min. After the 
reaction, the mixture was washed twice with deionized water and then 
freeze-dried. Finally, a white solid was obtained.

Synthesis of o-NBA@ZIF-8: The 2-methylimidazole solution was 
added into 1 mL of B solution at room temperature. Under stirring, the 
solution of zinc nitrate was slowly added dropwise for 30 min. After the 
reaction, the mixture was washed twice with deionized water and then 
freeze-dried. Finally, a white solid was obtained.

Characterization: UV−vis absorption spectra were acquired via 
a Nicolet Evolution 300 UV−vis spectrometer (Thermo Nicolet, 
United States). FT-IR spectra were obtained on a Nicolet Avatar-330 
spectrometer with 4 cm−1 resolution using the KBr pellet. The ζ potential 
was measured by DLS using a Malvern Zeta sizer (Nano-ZS) system. TEM 
images were taken with a JEM-2010 transmission electron microscope. 
Fluorescence imaging was taken with fluorescent microscopy (Nikon, 
Japan). The optical density (OD) value was measured by a microplate 
reader. All the photos were taken with a Canon camera.

Detection of Zinc Ions: RFP&o-NBA@ZIF-8 and RFP@ZIF-8  
(2 mg mL−1) solutions were exposed to UV light (365 nm) or dark conditions 
for a different period of time (15, 30, 60, 90, 120, 150 min). These solutions 
were centrifuged by 10 000 rpm for 8 min to collect the supernatant. Finally, 
100 µL of the supernatant was detected by a zinc reagent.

Detection of pH: The pH was adjusted to 8.5 for the RFP&o-NBA@
ZIF-8 solution (1 mg mL−1) and free o-NBA solution (0.055 mg mL−1). 
Next, the solutions were exposed to UV light (365 nm) or dark conditions 
for a different period of time (15, 30, 60, 90, 120, 150  min) and the 
pH value at different time points was measured by an Orion portable 
pH meter connected with an PHS-3C pH electrode (Shanghai INESA 
Scientific Instrument CO.LTD China).

Bacterial Culture: Gram-negative E. coli (AB 93154) was acquired 
from China Centre For Type Culture Collection. MRSA (1213P46B) 
was isolated from nasal swabs of clinical pigs, and ampicillin-resistant  
E. coli (PCN033) was isolated from the brain tissue of pigs with 
clinical symptoms. The bacteria were cultured in Luria–Bertani broth 
medium (LB) and harvested at the exponential growth phase prior to 
experiments. The concentration of bacteria was monitored by measuring 
the OD at a wavelength of 600 nm.

Antibacterial Experiments: The antimicrobial activity of the materials was 
evaluated by examining the OD600 growth curves as follows. To explore 
the optimum concentration of the material and the optimum time for UV 
irradiation (λ = 365 nm), E. coli cells treated with different materials and 
different concentrations were grown in LB broth at 30 °C for 12 h under 
120 rpm rotation and were harvested to create the growth curve. The cells 
were collected by centrifugation at 3000  rpm for 3  min, then the cells 
were resuspended in water and adjusted to 108 cfu mL−1. Next, 1 mL cell 
suspension and 1 mL RFP&o-NBA@ZIF-8 and RFP@ZIF-8 with a different 
concentration (5, 10, 20, 40, 80 µg mL−1) were mixed and incubated under 
UV irradiation or in the dark. Control samples containing 1  mL of the 
cells suspension were mixed with 1 mL of deionization (DI) water. After 
irradiation at different times (15, 30, 60, 90, 120, 150  min), 200  µL of 
each treated bacteria was transferred into 20 mL LB broth. The E. coli cells 
were then incubated at 30 °C in an incubator under constant agitation at 
120  rpm. Growth rates and bacterial concentrations were determined by 
measuring the optical density (OD600) at the indicated time interval.

Different experimental groups were established to explore the 
antibacterial effect of different materials against the ampicillin-resistant 
E. coli and MRSA. The experimental groups were 1) PBS + Light, 
2) ZIF-8 + Light, 3) o-NBA@ZIF-8 + Light, 4) o-NBA@ZIF-8 + Dark, 
5) RFP@ZIF-8, 6) RFP&o-NBA@ZIF-8 + Dark, 7) RFP&o-NBA@ZIF-8 + 
Light. First, the growth curve of E. coli and S. aureus was detected under 
the concentration of 10 µg mL−1 and the irradiation time of 2 h. In order 
to measure the bacterial mortality, the bacteria treated were diluted 
and uniformly coated in LB solid medium and left to grow for 24 h at 
30 °C. Colony forming unit (CFU) was counted and compared with the 
control plate to calculate the death rate. Each treatment was prepared in 
triplicate and the mean values were compared.

Live/Dead Staining Assay: In order to gain a more intuitive 
performance of the bactericidal effect, live/dead staining assay was 
performed. The bacteria cells were stained with PI (100  µg mL−1) and 
DAPI for 15 and 5  min in the dark, respectively. Fluorescence images 
were taken on an Olympus BX40 fluorescence microscope during a 
single batch experiment at 400× magnification.

MTT Assay: MTT assays were performed to investigate ZIF complex 
cytotoxicity. Hela cells (1 × 106 cells per well) were washed twice with 
PBS and incubated with serial concentrations of RFP&o-NBA@ZIF-8, 
RFP@ZIF-8, o-NBA@ZIF-8, ZIF-8 for 2 h, cells incubated with only 
the PBS was used as control. The optical density at a wavelength of 
490 nm was measured with a Perkin Elmer microplate reader, and the 
results showed that these materials do not have any toxicity to the cells. 
According to previous experimental results, the mouse wounds were 
treated dropwise with 10 µL, and 80 µg mL−1 of different materials, and 
then stood for 2 h under UV light or dark conditions.

Mice Injury Model: To evaluate the potential of the RFP&o-NBA@ZIF-8 
for treating wound infection under the UV light (λ = 365 nm), the injury 
model was established on the BALB/c mice (6–8 weeks).[31] The back of 
the mice was slashed and injected with 100 µL of 1 × 106 CFU mL−1 of 
MRSA or ampicillin-resistant E. coli to build the infected wound model. 
All the mice were randomly divided into seven groups, six mice per 
group, and named as 1) PBS + Light, 2) ZIF-8 + Light, 3) o-NBA@ZIF-8 +  
Light, 4) o-NBA@ZIF-8 + Dark, 5) RFP@ZIF-8, 6) RFP&o-NBA@ZIF-8 +  
Dark, and 7) RFP&o-NBA@ZIF-8 + Light. After 12 h infection, three mice 
were randomly selected from each group and then the bacteria were 
collected by swabbing in the mice wound using the cotton swab and 
taking the blood of the tail vein. Bacteria were counted by plate dilution. 
After establishing the infection, the mice in different groups were treated 
separately with PBS buffer only, 10 µL of 80 µg mL−1 ZIF-8, o-NBA@ZIF-8, 
RFP@ZIF-8, and RFP&o-NBA@ZIF-8 on the wound, then stood for 2 h 
under UV light irradiation or dark conditions. The wound was observed 
and photographed every day. Finally, the bacteria were harvested at the 
wound in the same way on the first and third days and then counted.

Histology: For histology, the mice were sacrificed, and the wound 
tissues were harvested after 3 d of therapy. The wound tissues treated 
with different nanoparticles were fixed in 4% paraformaldehyde PBS 
buffer and stained with H&E and masson. The samples were examined 
in Wuhan Google Biotechnology Co., Ltd.
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Disposal of the Experimental Mice: In order to reduce the impact 
of experimental mice on the environment, the wound tissues were 
harvested and the experimental mice were collected and sterilized.

Statistical Analyses: The statistical significance of antibacterial activity 
differences among different groups was analyzed using Student’s 
t-test in SPSS software (*p  <  0.05, **p  <  0.01, ***p  <  0.001, ns, not 
significant). The results with error bars are expressed as means ± 
standard deviations.
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