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ARTICLE INFO ABSTRACT

Keywords: The abuse of antibiotics makes bacterial infection an increasingly serious global health threat. Reactive oxygen
Metal-organic frameworks species (ROS) are the ideal alternative antibacterial approach for quick and effective sterilization. Although
Nanozyme ) various antibacterial strategies based on ROS have been developed, many of them are still limited by insufficient
ii?f;:zezzﬁgen species antibacterial efficiency. Here, we have developed an acid-enhanced dual-modal antibacterial strategy based on
Zinc ion zeolitic imidazolate frameworks-8 (ZIF8) -derived nanozyme. ZIF8, which can release Zn2+, is chosen as the

carrier to integrate glucose oxidase (GOx) and gold nanoparticles (Au NPs) which can produce ROS via a cascade
catalytic reaction. Thus, the bactericidal capability of ROS and Zn?" have been integrated. More importantly,
gluconic acid, a “by-product” of the catalytic reaction, can generate an acidic environment to promote both the
ROS-producing and Zn%'-releasing, enhancing the overall antibacterial performance further. This triple-
synergistic strategy exhibits extraordinary bactericidal ability at a low dosage of 4 pg/mL (for S. aureus) and
8 pg/mL (for E. coli), which shows a great potential of MOF-derived nanozyme for efficient bacterial eradication
and diverse biomedical applications.

1. Introduction

Bacterial infection, which may cause serious tissue damage and
chronic non-healing wound, has become a serious global health threat
[1]. The increasing risk of drug-resistant bacteria has limited the
development of antibiotics dramatically [2]. Alternative strategies to
achieve bacterial sterilization and prevent drug resistance should be
encouraged. In recent years, strategies based on photo-
thermal/photodynamic [3-5], cations [6,7], metallic ions [8-10],
nanozymes [11-14], surface topographies [15], and antibacterial pep-
tides/drugs [16,17] have been reported widely. Generally, single-modal
antibacterial strategies have limited antibacterial effects or require
high-dose usage [18]. Therefore, there is an urgent need for
dual/multi-modal strategies for highly efficient antibacterial therapy
and diverse biomedical applications [19].
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The modes of toxicity when designed nanoparticles interact with a
bacterium involve disruption of electron transport chains, cell mem-
brane disruption, release of heavy metals, damage of proton efflux
pumps, and generation of reactive oxygen species (ROS) [20]. Among
them, ROS has been proved to be a rapid, effective, and broad-spectrum
antibacterial and even anti-cancer strategy, and it is not inclined to
promote drug-resistant bacteria [21-31]. Moreover, ROS is reactive
with DNA and lipids of inactive bacteria, especially to the
multidrug-resistant “superbugs” and the refractory biofilms, exhibiting
an excellent antibacterial potential [32]. However, the direct introduc-
tion of high concentrated HyO, will cause damage to normal tissues
[33]. Furthermore, the relatively high pH (~6) in the bacterial biolog-
ical systems limits the generation of ROS which usually requires an
acidic environment with a pH of 3-4 [34,35]. Until now, several stra-
tegies have been suggested to address the inefficient generation of ROS
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in an infected area. An efficient way is to design nanoplatforms with
high catalytic activities. For instance, Mu [36] constructed bifunction-
alized NiCo204-Au NPs with excellent oxidase and peroxidase catalytic
activities, achieving an effective bacteria eradication at a relatively low
concentrated HyO5. Alternatively, Liu [37] and Cheng [38] introduced
glucose oxidase (GOx) to generate gluconic acid to create an environ-
ment with a lower pH value, increasing the production of ROS so as the
antibacterial efficiency. Nonetheless, it still requires a high-dose usage
to achieve effective bacterial eradication (100 pg/mL for 10° CFU/mL
bacteria). Therefore, it remains a great challenge to develop a highly
efficient antibacterial therapy and decrease the usage of antibacterial
agents.

Ions, such as Ag", Cu?*, and Zn2*, is another effective way of bac-
terial killing due to their direct damage to the bacterial membrane and
proteins [39-42]. Metal-organic frameworks (MOFs), consisting of
metal ions and organic ligands, could act as the carrier for various
substances, making it an ideal platform for antibacterial therapy
[43-53]. Among them, zeolitic imidazolate frameworks-8 (ZIF8), con-
sisting of transition-metal Zn and imidazolate linkers, could be degraded
gradually and release abundant Zn?" in an acid environment to make
chemical damage to bacteria [54-56]. More importantly, the release of
Zn%" of ZIF8 exhibits a pH-dependent behavior which is a positive
correlation with the antibacterial ability [57-58]. Thus, it is possible to
develop an acid-enhanced dual-modal antibacterial therapy via inte-
grating GOx and Au nanozyme (peroxidase-like) into ZIF8 (ZIF8/Au--
GOx NPs) (Fig. 1a). On one hand, ZIF8 could act as the carrier to load
GOx and Au which catalyze glucose into ROS through a cascade reaction
to achieve bacterial killing. And the small cavity (~2.0 nm) of ZIF8
could act as the pathway for substrate diffusion to facilitate the inter-
action of reactants, pursuing higher catalytic efficacy [59-61]. On the
other hand, the Zn?* releasing from ZIF8 could also realize the anti-
bacterial property. Moreover, gluconic acid, a by-product of the cascade
reaction, could generate an acidic environment to promote the enzy-
matic catalysis and Zn*-releasing in turn, enhancing the overall bac-
terial eradication (Fig. 1b). Systematic antibacterial experiments have
been carried out to illustrate that ZIF8/Au-GOx NPs (ZAG) NPs has a
superior antibacterial property at even low concentrations (8 pg/mL for
E. coli and 4 pg/mL for S. aureus). The wound healing observation proves
the effective bacterial eradication in vivo, together with the biocom-
patibility. Hence, an acid-enhanced dual-modal strategy of ROS pro-
ducing ability and Zn?*-releasing performance has been integrated into
ZAG NPs to develop a highly efficient antibacterial therapy, promoting
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the development of dual/multi-modal strategies in biochemical and
biomedical fields.

2. Materials and methods
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs)y), chloroauric acid (HAuCly),
sodium borohydride (NaBH4), potassium dihydrogen phosphate
(KH2POy), and disodium phosphate (NagHPO,4) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Propidium iodide (PI), 4’,6-dia-
midino-2-phenylindole (DAPI), glucose oxidase, 3,3',5,5-tetrame-
thylbenzidine (TMB), and LB Broth were purchased from BBI Life
Sciences Corporation. 2-Methylimidazole (2-MI) was purchased from
Yinuokai Technology Co., Ltd. f-p-glucose was purchased from Aladdin
(Shanghai, China). And LB Broth agar medium was purchased from
Dalian Meilunbio Do., Ltd. All other reagents were purchased from
Xilong Science Co., Ltd.

2.2. Instrument and characteristics

X-ray diffraction (XRD) patterns were characterized using an X-ray
powder diffractometer (Rigaku, SmartLab SE). UV-vis spectra were
determined via UV-vis spectrophotometer (Shimadzu, UV-1750).
Transmission electron microscopy (TEM) images were obtained by
JEM-1400 (Jeol) at 100 kV. Elemental analysis was carried out by F200s
(Talos). Scanning electron microscopy (SEM) images were obtained by
SU-70 (Hitachi) at 5 kV. Hydrodynamic diameter and zeta potential
were measured by dynamic light scattering (DLS) using the Malvern ZEN
3600. The release of Zn?* ions was detected via an inductively coupled
plasma optical emission spectrometer (ICP-OES, OPTIMA 2 x 00/5000).
Thermal weight loss was evaluated by a simultaneous thermal analyzer
(NETZSCH, STA 449F5). Reactive oxygen species were determined by
electron spin resonance spectrometer (Bruker, EMX-10/12). Fluores-
cence images were observed and recorded by Leica DM 6000 B. Bacterial
counting and Area calculating are obtained by NIH ImageJ Software.
Agar blocks were cut into ultra-thin slices by Ultra-thin microtome
(Leica Microsystems, Leica UC7).

2.3. Synthesis of ZIF8 NPs

2-methylimidazole (37.50 mmol) and Zn(NO3)3-6H20 (7.50 mmol)
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Fig. 1. (a) Illustration of the synthesis of ZIF8/Au-GOx NPs. (b) Reaction mechanism of the effective acid-enhanced dual-modal strategy for antibacterial treatment.

(c) The ZIF8/Au-GOx NPs used for antibacterial therapy of mice.
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were added to methanol (150 mL), respectively. The solutions were
mixed and then stand at room temperature for 24 h. After centrifuging
and washing with methanol three times and drying in a vacuum over-
night, the ZIF8 powder was obtained.

2.4. Synthesis of ZIF8/Au NPs

50 mg ZIF8 powder was dispersed in 50 mL methanol and then ul-
trasonic for 20 min. Next, 750 pL of chloroauric acid methanol solution
(20 mM) was added into the above uniformly dispersed ZIF8 solution for
another 20-min of ultrasonication. Then, 3.75 mL NaBH4 methanol so-
lution (0.1 M) was added into the above mixture with vigorous stirring.
During the stirring, the solution gradually turned purple. After 1 h, the
resulting precipitate could be separated and obtained from the solution
by centrifugation. After being washed several times with methanol and
dried in a vacuum oven overnight, ZIF8/Au NPs could be acquired.

2.5. Synthesis of ZIF8/Au-GOx NPs

20 mg of the obtained ZIF8/Au NPs was dispersed into 20 mL ultra-
pure water under mild magnetic stirring. A total of 20 mg GOx in 20 mL
ultra-pure water was then added into the above ZIF8/Au solution with
mild stirring for another 2 h. Finally, ZAG NPs could be obtained by
centrifugation.

2.6. Analysis of catalytic performance

The generation of -OH was detected via a colorimetric reaction using
a TMB probe and characterized by UV-Vis spectrophotometer and
electron spin resonance (ESR) in which DMPO was used as the spin trap.
In colorimetric reaction, a mixture containing 200 pg/mL ZAG NPs, 4
mM TMB, and 10 mM glucose was prepared, and the UV-Vis absorption
spectra from 340 nm to 800 nm were recorded after the color of the
mixture was changed. The reaction of ZIF8/Au, HyO», and TMB was also
investigated while the concentration of HyO5 is 100 pM. In ESR mea-
surements, a mixture containing 200 pg/mL ZAG NPs, 50 mM DMPO,
and 10 mM glucose was prepared, and the ESR signals were recorded
immediately. The -OH generated by ZIF8/Au with Hp02 was tested
following the same procedure while the concentration of H>O5 is also 10
mM.

For the steady-state kinetic analysis, the PBS of various pH values
(3.5, 4.5, 5.5, 6.5) containing TMB (3.2 mM), H,0,, and ZIF8/Au (200
pg/mL) were mixed and detected immediately via the UV-Vis spectro-
photometer at 650 nm. When the pH value of the PBS was set as 4.5,
H,0, concentration was set as 12.5, 25, 100, and 200 mM separately.
Equations used here are listed below.

A=kbc (@]
o Vmax'[S]

Vo =X, 15| 5 2)

LN L M @

% Voa 18] Vo

2.7. Evaluation of antibacterial performance

First, the minimal inhibition concentrations (MIC) of ZAG NPs with
or without the addition of glucose were monitored. For the MIC of ZAG
NPs co-incubation with E. coli, ZAG NPs at different concentrations (0, 1,
2, 4, 8, and 16 pg/mL) with 10 mM glucose were added to the same
number of bacteria suspensions (10® CFU/mL dispersed in 25 g/L LB
Broth solution). Then, the suspensions were incubated at 37 °C over-
night. The concentration of the bacteria was measured by a microplate
reader at 560 nm. And the bacterial suspensions were diluted 10° times
and cultured on agar plates for 12 h to count the bacterial colonies. The
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agar plates were prepared by curing a PBS solution containing 0.04 g/
mL LB Broth agar medium. As for the MIC of ZAG NPs co-incubation
with S. aureus, the same method was used while the concentration of
ZAG NPs changed into 0, 0.25, 0.5, 1, 2, and 4 pg/mL.

For the time-dependent optical density at 560 nm (ODsg) of various
groups, 8 pg/mL nanoparticles for E. coli are applied. For the glucose
(Glu) group and ZAG + Glu group, 10 mM glucose was added. The ODsgg
was recorded by a microplate reader several times. After 24 h’
recording, the bacterial suspensions were diluted 107 times and cultured
on agar plates for 12 h. The time-dependent optical density of S. aureus
in different groups was conducted via the same method while the con-
centration of nanoparticles was set as 4 pg/mL.

The fluorescence microscopy images of bacteria treated with
different samples were obtained by fluorescence test through DAPI/PI
double staining [62]. The bacterial suspension (~10® CFU/mL) was
mixed with the nanoparticles (ZIF8, ZIF8/Au, ZAG, ZAG + Glu) and
incubated for 2 h. After that, the bacteria were obtained by centrifuging
with sterile PBS 3 times. Then the above bacteria samples were incu-
bated with a mixture of 1.5 pg/mL DAPI and 1.0 pg/mL PI at 37 °C for
15 min, followed by washing with sterile PBS 3 times and observed by
fluorescence microscope.

To observe the morphologies of the bacteria, the suspensions of
bacteria and nanoparticles were fixed with 2.5 wt% glutaraldehyde so-
lution followed by dehydrating with gradient ethanol solutions (10, 30,
50, 70, 90, 100 wt%), and then detected by SEM. For TEM observation,
after fixing with 2.5 wt% glutaraldehyde solution, the bacteria samples
were embedded in agar and sliced before the observation.

2.8. In vivo animal experiments and histological analysis

The experimental mice (BALB/c, 4-6 weeks old) were purchased
from Beijing Vital River Laboratories Animal Technology Co. Ltd.. All
the animal experiments were carried out following the protocol set up by
the Institutional Animal Care and Use Committee of Xiamen University.
After anesthetized with 2% sodium pentobarbital, the bacterial infected
wound model was established by nicking wound with a diameter of ~7
mm on the back of every mouse, followed by deposition of S. aureus
suspensions with a density of 10% CFU/mL. After 24 h, different treat-
ments were carried out. One group was set as the blank control group
and treated with PBS, while the other 5 groups were treated with 50 mM
glucose, ZIF8 NPs (20 pg/mL), ZIF8/Au NPs (20 pg/mL), ZAG NPs (20
pg/mL) or ZAG NPs (20 pg/mL) with glucose (50 mM), respectively. The
day of treatment was set as day 0. The bodyweight and wound sizes of
mice in all groups were recorded every other day. The wound area was
calculated via the ImageJ software. After 8 days of observation, the mice
were sacrificed and the wounds were collected together with heart,
liver, spleen, lung, and kidney for H&E analysis staining.

3. Results and discussion
3.1. Synthesis and characterization of ZIF8/Au-GOx

To prepare the ZIF8/Au-GOx (ZAG) NPs, ZIF8 NPs was first synthe-
sized via the solvothermal method, which was then followed by the in
situ reduction of HAuCly to obtain the ZIF8/Au NPs. And ZAG NPs was
finally obtained by the mixture of ZIF8/Au and GOx. Morphologies of
the above nanoparticles were detected by transmission electron micro-
scopy (TEM) and shown in Fig. 2a. For ZIF8, uniform hexagon mor-
phologies are exhibited, which refers to the typical rhombic
dodecahedral shape of ZIF8 nanocrystals. After the coating of Au NPs
and GOx on ZIF8, it could be observed that Au NPs with diameters about
4 nm were homodispersed in ZIF8 NPs, and the morphologies of ZIF8/
Au NPs remained the uniform hexagons. Besides, the decreased size of
ZIF8 after integrating Au NPs and GOx could be attributed to the
introduction of HAuCly during the formation of Au NPs which caused a
partial degradation of ZIF8 in the reaction. In Fig. 2b, the diffraction
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Fig. 2. (a) TEM images of ZIF8, ZIF8/Au, and ZIF8/Au-GOx NPs. (b) XRD pattern of ZIF8, ZIF8/Au, and ZIF8/Au-GOx NPs. (c) Dark-field image and the corre-
sponding area-elemental mappings of ZIF8/Au-GOx NPs. (d) The UV-Vis absorption spectra of Au, ZIF8, and ZIF8/Au-GOx (ZAG) NPs. The hydrodynamic diameter

(e) and zeta potential (f) of ZIF8, ZIF8/Au, and ZIF8/Au-GOx NPs.

peaks of ZIF8 are completely consistent with the simulation, referring to
the successful synthesis of ZIF8 NPs. The unchanged XRD patterns be-
tween ZIF8, ZIF8/Au, and ZAG NPs reveal that the as-prepared ZIF8/Au
NPs and ZIF8/Au-GOx NPs has the same crystal structure as ZIF8 NPs,
while the particle size of Au NPs (~4 nm) is too small to be observed the
planes in XRD spectra.

The element mapping images of ZAG NPs in Fig. 2c exhibit that the
Au, O, and P are evenly distributed on ZAG NPs. Zn may belong to ZIF8
NPs, Au may belong to Au NPs, O and P may belong to GOx, which in-
dicates that Au and GOx may decorate on ZIF8 NPs. The elements in ZAG
NPs have been further confirmed by energy dispersive spectroscopy
(EDS) in Fig. S1, which is consistent with the element mapping of ZAG
NPs in Fig. 2¢. And the characteristic absorption of UV-Vis spectrum at
520 nm of Au NPs and ZAG NPs illustrates the satisfactory integration of
Au NPs within ZAG NPs further (Fig. 2d). Fig. 2e exhibits the hydro-
dynamic size of ZIF8, ZIF8/Au, and ZAG NPs, in which the size of ZIF8/
Au and ZAG are larger than the diameters detected via TEM images
(~50 nm) due to the reduced hydrophobicity of ZIF8 induced by Au NPs
and GOx. The zeta potential of ZAG NPs is about —24.87 + 3.78 mV
because of the coating of negative GOx whose equipotential point is 4.9
(Fig. 2f). The zeta potential data of ZIF8, ZIF8/Au, and ZIF8/Au-GOx
reveals the modification of each step which is also demonstrated by
the surface area data (Fig. S2, Table S1) further. BCA protein and ther-
mogravimetric test show that GOx exhibits a loading amount of 48.52%
in ZAG NPs, while Au NPs of 26.34% (Fig. S3).
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3.2. Catalytic performance and metal-ion-release capabilities

A cascade nanocatalyst was built based on the integration of Au NPs
and GOx on ZIF8. Fig. 3a shows the design and the cascade reaction on
ZAG NPs. First, GOx on ZAG NPs could effectively catalyze the glucose to
produce Hy0 in situ. The generated HoO5 was then catalyzed by Au NPs
to produce ROS. The catalytic activity of ZAG NPs was evaluated by a
typical colorimetric method based on 3,3/,5,5-tetramethylbenzidine
(TMB) (Fig. 3b). In the presence of ZAG NPs and glucose, TMB could be
oxidized into oxidized TMB (oxTMB) which exhibits characteristic ab-
sorbances at 370 and 652 nm. In the absence of ZAG NPs, negligible
absorbance could be observed, indicating that the mixture of TMB and
glucose did not induce any oxidation reaction. The above result in-
dicates the cascade catalytic ability of ZAG NPs in the presence of
glucose. Consistently, the characteristic absorbances appearing in the
mixture of ZIF8/Au NPs, TMB and Hy05 prove the catalase catalytic
ability of ZIF8/Au NPs (Fig. 3b). Characteristic signals of the 1:2:2:1 in
the electron spin resonance test confirm that ROS produced via the
cascade reaction here is the highly active and toxic hydroxyl radicals
(-OH), guaranteeing the effective bactericidal performance (Fig. 3c).
Fig. 3d exhibits the decrease of pH value during the catalytic reaction of
ZAG NPs and glucose, referring to the produce of gluconic acid. As is
shown, the gradually generated gluconic acid could lower the in situ pH
value as low as around 4.5.

To confirm the promotion of decreased pH value to ROS-producing
and Zn?"-releasing, the pH-reliance catalytic behavior of ZIF8/Au NPs
and the pH-reliance Zn?" dissolution of ZAG NPs were evaluated. Since
the catalytic reaction can oxidate TMB and lead to obvious absorption
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change, the time-dependent absorbance at 652 nm was monitored
during the catalytic reaction to reveal the catalytic reaction rate at
different pH values (Fig. 4b). As is shown, with the pH values decreased,
the reaction rate increased. And when the pH value was 5 or 6, almost no
obvious change of absorbance could be observed, which is consistent
with the catalytic performance of Au NPs [63]. To determine the
enhanced catalytic activity of ZIF8/Au NPs at the condition of gluconic
acid generated in detail, the absorbance of ZIF8/Au NPs with different
concentrations of H,O, was monitored at a pH of 4.5 (Fig. 4c). Ky and
Vmax values of the catalytic reaction were calculated to be 14.21 x 1073
M and 2.38 x 108 m/s according to Michaelis-Menten fitting (Fig. 4d)
and Lineweaver-Burk fitting (Fig. 4e), guaranteeing the satisfactory
catalytic efficacy. Therefore, the decrease of pH value induced by glu-
conic acid could enhance the catalytic of Au NPs to produce adequate
ROS and ensure effective bactericidal performance.

To investigate the Zn?*-release capability of ZAG NPs, the content of
Zn" in PBS with different pH value (pH = 4.5 and pH = 7.4) were tested
by inductively coupled plasma optical emission spectrometry (ICP-OES)
at different time. Fig. 4f exhibits the cumulative Zn?*-release capacity
for ZAG within 48 h. In acidic condition (pH = 4.5), the release amount
of Zn?* increased significantly in the first 10 min and reached around
1.72 wt%, implying the potent antibacterial property of ZAG NPs in a
very short time. For ZAG in the neutral condition, only 0.15 wt% Zn?*
can be released, which is approximately one-fifteenth of that in an acidic
condition. Besides, we have also checked the morphology and XRD
peaks of ZAG after Zn**-release in PBS (pH = 7.5) and in the acidic
environment of pH = 4.5 in Fig. S4. As is shown, the collapsed structure
of ZAG in the acidic environment and the relatively intact structure of it
in PBS indicate the releasing of Zn?" further. The missing diffraction
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peak at 26 of about 7° in the acidic environment may be explained by the
change of preferred orientation of ZAG after releasing Zn>*. To sum up,
the Zn?*-release ability of ZAG NPs could be enhanced with the decrease
of pH, which is coordinated with the pH-reliance catalytic performance
of ZIF8/Au. Since the production of gluconic acid could lower the in situ
pH value around 4.5 (Fig. 3d), both the ROS-producing and Zn?*-
releasing ability could be enhanced. As a result, ZAG NPs exhibited great
potential for excellent bacterial eradication.

3.3. In vitro antibacterial performance

To evaluate the antibacterial ability of ZAG NPs, minimal inhibition
concentrations (MIC) with or without the glucose to E. coli (Fig. 5a) or
S. aureus (Fig. 5b) are measured. When the concentration of ZAG NPs
reached 8 pg/mlL, the absorbance (ODsgo) of E. coli liquid medium
containing ZAG NPs and glucose was the same as the blank group which
only contain the liquid LB broth, indicating the complete growth inhi-
bition to E. coli. Thus, the MIC value of ZAG NPs with glucose for E. coli
could be determined as 8 pg/mL. And when the concentration of ZAG
NPs was at the MIC value but without the addition of glucose, E. coli
samples only exhibited an inhibition rate of 23.12%. Similarly, the MIC
value of ZAG NPs with glucose for S. aureus is determined to be 4 pg/mL
while the ZAG NPs caused an inhibition rate of 41.02% without glucose.
The liquid mediums above were diluted and cultured on solid LB agar
plates to evaluate the ability of bacterial eradication (Fig. S5). As is
shown, no bacterial colony could be seen when the bacteria were
cultured with glucose and ZAG NPs at the MIC value, illustrating the
100% bacterial eradication performance of ZAG NPs. These results
manifest the excellent bactericidal ability of ZAG NPs for highly

( ) 0.5 1 —e— S.aureus + ZAG
—s—S.aureus + ZAG +Glu
—s— Blank
7 0.4
-]
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Fig. 5. The absorbance at 560 nm (ODsg) of (a) E. coli and (b) S. aureus liquid medium incubated with different concentrations of ZAG NPs with or without the
addition of glucose (Glu). Time-dependent ODsg, values of (c) E. coli and (d) S. aureus treated with PBS, glucose, ZIF8, ZIF8/Au, ZAG, and ZAG + glucose.
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concentrated bacteria (10° CFU/mL) at a very low dosage of 8 pg/mL or
4 pg/mL, which could then reduce the usage of antibacterial agents
effectively (Table S2).

Time-dependent ODsgg value is monitored to investigate the influ-
ence of nanoparticles on the reproduction process of E. coli (Fig. 5¢) and
S. aureus (Fig. 5d). Besides, the solid agar plates of bacteria treated with
different materials are present in Fig. 6. Optical density at 560 nm of the
liquid medium is positive with the growth of bacteria, so ODsg( values
can reflect the reproduction of bacteria. For E. coli, the higher ODsg¢
value or more colonies of bacteria treated with glucose than the PBS
group could be explained for the energy supply effect of glucose to the
E. coli. Compared with the PBS group whose ODsg value is obtained to
be around 0.74 after 24 h incubation, lower ODs¢q values of ZIF8, ZIF8/
Au, and ZAG group were observed due to the existence of ZIF8, sug-
gesting the inhibition performance of Zn?" to bacterial growth. E. coli
co-incubation with both ZAG and glucose obtained the minimum ODs¢g
value and none colony could be observed, and the inhibition effect of
ZAG NPs appeared at the first 2 h, confirming the efficient bactericidal
performance of ZAG NPs with glucose. Besides, as is shown in Fig. 6 (a),
the physical mixture of Zn>" + Au + GOx + Glu also exhibited an
impressive bactericidal effect which could be explained by the Zn?** and
tandem catalysis induced by GOx and Au NPs. But with the introduction
of ZIF-8 to immobilize and stabilize GOx and Au NPs, higher catalytic
performance and the best bactericidal effect were achieved in group
ZAG + Glu. Similar results were obtained on S. aureus, proving the
universal antibacterial capability of ZAG NPs with glucose (Fig. 5d). All
in all, ZIF8, ZIF8/Au, and ZAG NPs, which only possess the Zn?t-
releasing ability, show limited bacterial inhibition. ZAG NPs with acid-
enhanced ROS-producing and Zn?*-releasing ability, could achieve
bacterial eradication efficiently in the presence of glucose, exhibiting
outstanding bactericidal performance.

To further certify the direct damage of these nanoparticles to the
bacterial membranes, fluorescence microscopy and scanning electron
microscopy (SEM) images of bacteria treated in different conditions are
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S. aureus

ZIF8/Au

-
N.nc\oog
[— I — I — ]

Percentage Survival (%)

0-
=] N
L G 4

Wy 47 v(‘;'

E. coli

0
\Q%Q \V'o G (\)Y' C’\o (’\Q

Bioactive Materials 17 (2022) 289-299

detected (Fig. 7). For fluorescence observation, DAPI and PI were
employed to stain the bacterium. Since the intact membrane is passable
for DAPI with blue fluorescence but not for PI with red fluorescence,
damages to bacterial membranes can be revealed by different fluores-
cence signals. And the morphologies of bacteria co-incubated with
different materials are visualized via SEM. For the bacteria treated with
PBS or glucose, none of dead bacteria could be observed and the bacteria
show morphologies with complete membranes. For ZIF8, ZIF8/Au, and
ZAG groups containing ZIF8 component, some dead bacteria could be
detected and broken bacterial membranes appeared in SEM images,
indicating that the released Zn?* can cause damages to bacterial mem-
branes and induce partial bacterial death which is consistent with the
ODsg0 results. For ZAG with glucose group, almost no live bacteria could
be observed, and all of the bacterial membranes were destroyed and
stuck severely, indicating the severe damages caused by the produced
ROS and released Zn?". Furthermore, detailed morphologies were ob-
tained via the TEM images (Fig. 8). For bacteria treated with ZAG and
glucose, broken or sunken bacterial membranes could be visualized
clearly and the bacterium was stuck with each other due to the leaked
cell contents. Concluding from the above investigation of the bacterial
membrane, group of ZAG NPs with glucose caused the most severe
damages and exhibited superior bactericidal performance. Therefore,
we could conclude that the ZAG NPs, which possess Zn>*-releasing and
ROS-producing ability, could probably destroy bacterial membranes
directly and lead to the leakage of cell contents at a low dosage, thus
manifesting a great potential for bacterial eradication in the biological
fields.

3.4. In vivo antibacterial performance

To evaluate the antibacterial efficiency of ZAG NPs in wound ster-
ilization, we established the bacterial infection model and performed the
treatment as shown in Fig. 9a. All mice were randomly divided into 6
groups, while one of which was treated with PBS and set as the blank
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ZAG Z-A-G+Glu ZAG + Glu

140
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Fig. 6. (a) Solid agar plate photographs for E. coli and S. aureus treated with different materials (Z-A-G represents a physical mixture of Zn>* + Au NPs + GOx), and

(b, ¢) the corresponding statistical percentage survival.
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Fig. 7. Fluorescence microscopy images and SEM images for (a) E. coli and (b) S. aureus treated with PBS, glucose (Glu), ZIF8, ZIF8/Au, ZAG, and ZAG + glucose.

(Red arrows indicate the broken bacteria structure).

control group. The other 5 groups were treated with glucose, ZIF8 NPs,
ZIF8/Au NPs, ZAG NPs, or ZAG NPs with glucose respectively. Fig. 9b
and c show the digital photos and relative area of wounds after the above
different treatments. The quick sterilization in infected wound sites can
reduce the inflammation so as to accelerate the process of wound
regeneration. So, closure of the wound area could reveal the bacterial-
killing effect in turn. For the glucose-treated group, only 40.20% of
the relative wound area was closed during the whole treatment, which
could be explained by the retarding effect of glucose towards the
regeneration of vessels that provide nutrients for the regeneration pro-
cess. Constant wound closure could be seen during the whole treatment
period for mice in both PBS, ZIF8, ZIF8/Au, ZAG, and ZAG with glucose
group, which presented 24.81%, 8.74%, 4.47%, 5.71%, and 0.13% of
the relative wound area respectively at day 8. And the relatively faster
closure of ZIF8, ZIF8/Au, and ZAG compared with PBS reveals the
antibacterial ability of Zn?* in ZIF8. It should be noticed that mice in
ZAG with glucose groups exhibited an obvious wound closure compared
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to other groups on day 2, manifesting the excellent bactericidal
performance.

To evaluate the wound healing process after bacterial eradication
further, skin samples around the infected wound were collected for H&E
staining to provide more reliable details (Fig. 10). For mice treated with
glucose, incomplete skin tissues and several subcutaneous hemorrhages
were observed which is consistent with the digital photos, indicating
that the wound did not close completely. Mice in PBS group, ZIF8 group,
ZIF8/Au group, and ZAG group exhibited similar tissue regeneration
with arranged structure. Richly distributed capillary vessels which
supply nutrients indicate the fast regeneration of skin tissues. Mice
treated with both ZAG and glucose possessed well-formed skin struc-
tures and decreased capillary vessels, indicating complete regeneration
of the wound site. Concluded from the above evaluation of antibacterial
performance in wound sterilization, ZAG NPs with bacterial eradication
capability could kill the bacterial effectively in the presence of glucose
so as to accelerate the process of infected-wound healing.
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E. coli

S. aureus

Fig. 8. TEM images for E. coli and S. aureus treated with PBS or ZIF8/Au-GOx
(ZAG) + glucose (Glu).

Furthermore, during the whole therapeutic period, no significant
weight abnormality appeared (Fig. 9d). And from histopathological
images of major organs from the infected or treated mice in Fig. S6, no
significant damage was observed after the therapy. All of the results
demonstrate that ZAG NPs not only can achieve rapid and safe wound
sterilization but also have good biocompatibility.
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4, Conclusion

In summary, we have developed an acid-enhanced dual-modal
bactericidal strategy via integrating ROS-producing ability and Zn?*-
releasing performance into ZAG NPs. First of all, the hydroxyl radicals
and Zn?* can cause damage to the bacterial membranes and induce the
leakage of intracellular substances to eradicate bacteria. More impor-
tantly, gluconic acid generated during the catalytic reaction can lower
the pH value of the infected area in situ around 4.5, which can improve
both the ROS-producing and Zn?"-releasing efficiency, resulting in an
enhanced bacterial eradication ability. Systematical antibacterial ex-
periments illustrate that the as-designed acid-enhanced dual-modal
bactericidal strategy can achieve a 100% bactericidal ratio for E. coli
and S. aureus (108 CFU/mL) at a very low dosage (8 pg/mL for E. coli and
4 pg/mL for S. aureus). In vivo assessment proves that the ZAG NPs can
achieve rapid sterilization and promote the wound healing process on
S. aureus-infected wounds. Considering the introduction of glucose in
our system, this strategy may be a candidate for diabetes mellitus
wounds. Overall, ZAG NPs with acid-enhanced dual antibacterial modal
exhibit excellent bactericidal efficiency at a very low dosage, providing
a novel strategy for multi-modal bacterial eradication in the biological
field.
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