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ARTICLE INFO ABSTRACT

Bacterial infection is seriously threatening human health all over the world, especially with the emergence of
increasing drug-fast bacteria. It is urgent to develop a drug-free strategy to kill bacteria rapidly and efficiently. In
MOF this work, humic acid (HuA) encapsulated zeolitic imidazole framework-8 (ZIF-8) (HuA@ZIF-8) nanocomposites
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Photothermal are synthesized by the in-situ growth of ZIF-8 on the surface of polyvinylpyrrolidone (PVP)-modified HuA. The
Controlled release . . . . B
Antibacterial synthesized nanocomposites possesses good photothermal effects, i.e., the temperature increased to 59.4°C

under the particle concentration of 1000 pg/mL with 10 min NIR irradiation. In addition, NIR irradiation can
also control the release of Zn>* from the composites. The good photothermal effects originate from HuA that can
effectively absorb NIR light. The controlled release of Zn>* is ascribed to the induced-dissociation of ZIF-8 under
NIR light irradiation. The synergistic action of photothermal therapy and release of zinc ions contributes to the
excellent antibacterial efficiency of HuA@ZIF-8 within a short time, ie. 99.59 % and 99.37 % against
Staphylococcus aureus and Escherichia coli with 20 min NIR irradiation, respectively. This work provides a pro-
mising strategy to develop a light-responsive platform with good biodegradability and low cost for rapid and
effective sterilization.

1. Introduction

Pathogenic bacteria are one of the most common causes of human
diseases and can induce deadly infections [1-3]. For example, bacter-
emia and acute endocarditis are often caused by Staphylococcus aureus
(S. aureus) [4,5]. Besides, this kind of bacteria can bring about a variety
of skin and soft tissue infections, especially when the skin or mucosal
barriers are damaged [6-9]. Clinically, antibiotics therapy is an effec-
tive method to prevent and treat bacterial infections [10,11]. However,
drug-resistance occurs when bacteria develop the ability to defeat the
employed medicines [12,13]. Nowadays, antibiotic resistance becomes
one of the biggest threats to the health of human beings. Therefore, it is
urgent to develop a novel drug-free strategy for rapid and safe ster-
ilization.

Recently, photothermal therapy (PTT) is considered to be an ef-
fective treatment strategy for some diseases such as tumor and bacterial

* Corresponding authors.

infection, which was depended upon the local hyperthermia produced
by some photothermal transducing agents (PTAs) under light irradia-
tion [14-17]. Among multitudinous PTAs, near-infrared (NIR) light-
absorbing agents are attracting considerable attention due to the unique
advantages, including noninvasiveness, no tissue damage, short treat-
ment time and noticeable therapeutic effect [18-24]. Although some
NIR light-absorbing nanomaterials such as gold nanoparticles (NPs)
[25], silver NPs [26], graphene oxide [27], and Prussian blue-based
NPs [28], have been widely investigated for PTT applications, their
relatively poor biodegradability and high cost are the obstacles for the
future clinical applications.

Humic substances, naturally derived from the microbial biode-
gradation of animal and plant remains through complex natural reac-
tions, are the major fraction of natural organics [29]. Since ancient
times, HuA has been utilized to availably treat and prevent many dis-
eases [30], especially gynecological, musculoskeletal and
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dermatological diseases, which proves the biosafety of HuA for bio-
medical applications. A recent study has reported that HuA has an ex-
cellent ability to convert NIR light energy into heat [31]. Therefore, this
natural HuA is a promising photothermal biomaterial for PTT because
of its low cost and excellent biocompatibility [32].

Temperatures over 60 °C or higher are typically required for single
PTT to kill bacteria by denaturing protein under hyperthermia, but the
high temperature or a long-time exposure to NIR light may cause
thermal damage to surrounding normal tissues [33]. However, a lower
temperature (e.g., 43 °C) is not sufficient to achieve effective steriliza-
tion within a short time [34]. Thus, synergistic strategies are de-
manded.

Some metallic elements like Cu, Fe, and Zn are the necessary ele-
ments for human health because they are involved in many physiolo-
gical reactions, including cellular reactions when they are at normal
levels [35]. Many studies have reported the inhibitory action of ele-
vated concentration of Zn?>* against bacteria [36-38]. The underlying
antibacterial mechanism of Zn?* is to perturb homeostasis and enhance
proton permeability into bacterial membranes, thus inhibiting glyco-
lysis, glucosyltransferase production and polysaccharide synthesis in
bacteria [39]. However, it often takes a long time for Zn** to kill
bacteria effectively, which may cause zinc resistance in bacteria [40].
Thus, using only Zn®>* as an antibacterial strategy is insufficient to
reach an ideal bactericidal effect. Hence, we hypothesize that the
combination of Zn?* with PTT would achieve much better antibacterial
efficacy than Zn>* or PTT alone through a synergistic action.

As organic-inorganic hybrid porous materials, metal-organic fra-
meworks (MOFs) are composed of metal ions/clusters and organic li-
gands with a repeating cage-like structure [41,42], which endows MOFs
with high specific surface area, tunable pore size, and theoretically
infinite structures. As a result, MOFs have recently been widely utilized
to develop novel functional materials [43,44]. As a representative of
MOFs, zeolitic imidazolate framework (ZIF-8), has been investigated for
plenty of biomedical applications due to its tunable functionalities and
high porosity [45,46]. The recent study disclosed the NIR-induced
dissociation phenomenon of ZIF-8 at pH 7.4 [47]. As a result, we can
propose another hypothesis that it is feasible to control the release of
Zn?* from ZIF-8 under NIR irradiation to help kill bacteria.

Given the above two assumptions, in this work, HuA was en-
capsulated in the MOF of ZIF-8 to form nanocomposites (HuA@ZIF-8
NPs), which was achieved by the in-situ growth of ZIF-8 around
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Scheme 1. Schematic illustration of the synthesis of the HUA@ZIF-8 NPs by in situ growth of ZIF-8 around PVP-modified HuA.
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polyvinylpyrrolidone (PVP)-modified HuA (Scheme 1). And the Zn?*-
assisted photothermal therapy for rapid bacteria-killing was developed
through NIR irradiation. The synergistic action was achieved by local
hyperthermia produced by HuA and the controlled release of Zn>* from
the composites under the irradiation, contributing to the excellent an-
tibacterial efficiency of HUA@ZIF-8 within a short time, ie. 99.59 %
and 99.37 % against Staphylococcus aureus and Escherichia coli with
20 min NIR irradiation, respectively.

2. Experimental procedures
2.1. Synthesis of PVP-modified humic acid

Firstly, 40 mg of humic acid (HuA) was added into 1.5 mL of deio-
nized (DI) water, ultrasonically dispersed for 30 min to obtain a HuA
colloidal solution, and then 80 mg of PVP was added to the above HuA
colloidal solution. After that, the mixture was sonicated for 3 h. Finally,
black PVP-modified HuA powders were obtained by freeze-drying the
mixture.

2.2. Fabrication of ZIF-8

Briefly, 4mL of 2-methylimidazole methanol solution (8 mg/mL)
and 4 mL of a Zn(NO3), methanol solution (27.5 mg/mL) were added to
into 23mL of methanol with continuous stirring. After stirring for
10 min, the reaction solution was left at 50 °C for 3 h without stirring.
After the reaction, the as-prepared ZIF-8 was collected by the cen-
trifugation at 12,000 rpm for 10 min, washed twice by methanol, and
finally dried at 50 °C for 4 h for further use.

2.3. Synthesis of HUA@ZIF-8 NPs

To fabricate the HUA@ZIF-8 NPs, 4 mL of 2-methylimidazole me-
thanol solution (8 mg/mL) and 3 mL of PVP-modified HuA methanol
solution (1 mg/mL) were simultaneously added into 20 mL of methanol.
After stirring for 10min, 4mL of a Zn(NOs), methanol solution
(27.5 mg/mL) was added into the above mixtures and stirred for an-
other 10 min. Then, the mixtures were left at 50 °C for 3h without
stirring. When the reaction was over, dark brown powders were ob-
served to precipitate at the bottom of the solution, indicating the for-
mation of HUA@ZIF-8 NPs. The supernatant was discarded out, and the
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product was centrifuged at 9000 rpm for 10 min, then washed twice by
methanol, dried at 50 °C for 4 h for further use.

2.4. Materials characterization

The size and morphologies of the synthesized nano-powders were
observed using scanning electron microscopy (SEM, JSM6510LV)
equipped with energy-dispersive spectroscopy (EDS) and transmission
electron microscopy (TEM, Tecnai G20, FEI, USA). The crystallinity and
the purity of the NPs were examined by XRD (D8A25, BRUKER,
Germany) using Cu Ka radiation (A = 1.54051, 1.54433 /o\) over the 20
range of 5-30°. The chemical compositions of the materials were
identified by a Fourier transform infrared spectroscopy (FTIR, NICOLET
iS10) and X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Scientific, USA). The Vis-NIR spectra were determined using a
UV-vis-NIR spectrometer (UV-vis-NIR, UV-3600, Shimadu, Japan).

2.5. Photothermal performance test

The dispersions of the HUA@ZIF-8 NPs with four kinds of con-
centrations (0, 200, 500 and 1000 pug/mL) in phosphate-buffered saline
(PBS, pH = 7.4) were exposed to the 808 nm NIR laser (power density:
1.8 W/cm?) for 20 min, and the Thermal Imager (FLIR, E40, with an
accuracy of 0.1 °C) was utilized to monitor the temperature at 1 min
intervals for a total of 20 min.

2.6. In vitro release of Zn®™*

To measure the release of Zn?" from HuA@ZIF-8 NPs under 808 nm
irradiation, 1000 pg/mL of the HUA@ZIF-8 NPs dispersed in PBS were
exposed to the 808 nm NIR laser for different periods of time up to
20 min and then centrifuged at 12,000 rpm for 10 min. The supernatant
was collected and analyzed by inductive coupled plasma atomic emis-
sion spectrometry (ICP-AES, Optimal 8000, PE, USA) to determine the
released concentration of Zn?" from HuA@ZIF-8 NPs.

2.7. Invitro antibacterial test

In this work, the spread plate experiments were carried out to
evaluate the antibacterial efficacy of the HuA@ZIF-8 NPs against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) as the
representative of Gram-negative bacteria and Gram-positive bacteria.
According to the standard process, sterile Luria-Bertani (LB) broth and
LB agar plates were prepared. Each group contained three parallel
samples for the antibacterial test. 20 uL of four different concentration
dispersions (0, 2, 5 and 10 mg/mL) of the HUA@ZIF-8 NPs in PBS was
added into 96-well plates containing 180 uL mixtures of diluted bac-
terial suspension (107 CFU/mL) cultured in the sterile (LB) culture
medium, respectively. All samples were divided into two groups, ie.,
one was irradiated with 808 nm NIR laser for 20 min and another was
cultured without irradiation for 20 min.

After having been irradiated for 20 min or cultured without light for
20 min, 20 pL solution was extracted from each well and spread on the
surface of LB agar plate after diluting. Then, the LB agar plates con-
tained E. coli or S. aureus were incubated at 37 °C for 24 h. Afterwards,
the bacterial colony on the plates was photographed, and the numbers
of viable bacterial colony-forming units (CFUs) were counted, and the
antibacterial ratio was calculated according to the previous study [43].

To further evaluate the antibacterial activity of the HuA@ZIF-8 NPs,
Live/Dead fluorescence staining was used in this work. The details were
referred to our previous publication [14].

2.8. Cell culture

Mouse fibroblasts cells line (NIH3T3-E1) was applied in this work.
They were cultured in MEM/EBSS (HyClone) medium supplemented
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with 10 % fetal bovine serum (FBS), 1 % penicillin — streptomycin
solution, and 1 % Amino Acids Solution, then incubated in a humidified
atmosphere of 5 % CO, at 37 °C. The medium was refreshed every three
days. The detailed procedure can be found in elsewhere [36,43].

2.9. In vitro cytotoxicity assay

The cytotoxicity of the HuA@ZIF-8 NPs was tested by using a 3-(4.5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay of
cellular activity on the NIH3T3-E1 cells. Before the assay, the NIH3T3-
E1 cells (5 x 10* cells/cm?) were maintained in Dulbecco’s modified
eagle medium (DMEM), then seeded in 96-well plates (200 pL total
volume per well) and cultured for 24 h. After the cell attached to the
wall, four HuA@ZIF-8 NPs samples, which were diluted to 0, 200, 500,
1000 pg/mL in DMEM, were added to the well, respectively. Each
sample was divided into two groups (irradiated with 808 nm NIR laser
for 20 min or cultured without irradiation for 20 min).

After having been irradiated for 20 min or cultured without irra-
diation for 20 min, the cells were incubated for 8 h and 24 h, respec-
tively. Afterwards, the MTT solution with a concentration of 5 ug/mL
was added into each well and incubated for 4 h at 37 °C. After that, the
medium was removed, 200 pL dimethyl sulfoxide (DMSO) solution was
added to each well, and the plate was shaken for 10 min. Afterwards,
the solution was left standing for 12 h, 100 pL of the supernatant was
taken out and measured by a microplate reader (SpectraMax I3MD
USA) to determine its absorbance (OD) at 490 nm [43,48]. The results
were expressed as the percentage of cell viability, and the experiment
was carried out in triplicate.

2.10. In vitro cell morphology

Following the MTT assay procedures above, the cells with a density
of 5 x 10* cells/cm? were co-cultured with different concentration
dispersions of HuA@ZIF-8 NPs in a 96-well plate for 8 h and then rinsed
three times with PBS. Next, the cells were fixed with 4 % paraf-
ormaldehyde solution at room temperature for 10 min and then rinsed
with PBS. Subsequently, the cells were stained with
Tetramethylrhodamine (TRICT) at room temperature for 30 min, rinsed
with PBS, and then further stained with 4/, 6-diamidino 2-phenylindole
(DAPI; YiSen, Shanghai) for 30s. After washing with PBS for 2 times,
the cell morphologies were observed by the inverted fluorescence mi-
croscope (IFM, Olympus, IX73).

2.11. Statistic analysis

To ensure the scientific and rigorous results of the experiment, all
the experimental data were evaluated as mean * standard deviation
based on at least three tests and analyzed by the one-way ANOVA.

3. Results and discussion
3.1. Preparation and characterization of HUA@ZIF-8 NPs

As shown in Fig. 1a, the SEM image showed that the synthesized
ZIF-8 NPs exhibited a nano-cube structure with a uniform size of about
500 nm. In contrast, the in-situ growth of ZIF-8 on the surface of poly-
vinylpyrrolidone (PVP)-modified HuA induced a significantly decreased
size of the synthesized HUA@ZIF-8 NPs with an irregular shape. It was
observed from Fig. 1b that the average size of HUA@ZIF-8 NPs was
about 120 nm. In this work, PVP was absorbed by the surface of HuA
colloidal particles to form PVP-modified HuA. According to the pre-
vious study, PVP adsorbed on nanoparticles surface played the role of
stabilizing the nanoparticles in the reaction solution and enhancing the
affinity of the nanoparticles to coordination-polymer spheres through
weak coordination interactions between pyrrolidone rings (C=0) and
zinc atoms in ZIF nodes and through hydrophobic interactions between
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Fig. 1. SEM images of (a) ZIF-8, (b) HUA@ZIF-8 NPs exposed to NIR laser irradiation for 0 min, (c) HuA@ZIF-8 NPs exposed to NIR laser irradiation for 20 min; TEM
images of (d) ZIF-8, (e) HuA@ZIF-8 NPs exposed to NIR laser irradiation for 0 min, (f) HUA@ZIF-8 NPs exposed to NIR laser irradiation for 20 min.
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Fig. 2. XRD patterns of the synthesized nanoparticles.

apolar groups of PVP and organic linkers [49]. The above two inter-
actions could account for the decreased size and irregular shape of
HuA@ZIF-8 NPs compared with ZIF-8 NPs. In comparison with as-
prepared HUA@ZIF-8, the 20 min NIR laser irradiation induced the
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Fig. 4. Vis — NIR absorption spectra of prepared HuA@ZIF-8 NPs dispersions in
PBS with different concentrations (Black straight line: the sharp decrease of
light absorption at 820 nm).

significant change of composite NPs with more irregular shape and
much smaller size of about 40 —100 nm (Fig. 1c), which might be due
to that the photothermal effects of HuA induce the disintegration of the
NPs. The TEM images shown in Fig. 1d-1f further disclosed the
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Fig. 3. Chemical compositions of synthesized materials. (a) FTIR spectra, (b) XPS survey scan.
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Fig. 5. Photothermal heating curves of the prepared HuA@ZIF-8 NPs dispersions in PBS with different concentrations (a), and the corresponding real-time infrared
thermal images (b), and the cyclic photothermal heating curves of HUA@ZIF-8 NPs with a concentration of 1000 pg/mL (c).

evolution of corresponding NPs, which was in good agreement with the
SEM observation.

As shown in Figure S1, the SEM images showed the morphologies of
the HUA@ZIF-8 NPs in the same conditions as the cell culture (Petri
dishes, cell culture medium, 37 °C, 5 % CO», etc.) for 8 h and 24 h, re-
spectively. Both Figure Sla and Figure S1b showed little change in the
structure of the nanoparticles, indicating that HuA@ZIF-8 NPs might be
relatively stable in the cell culture conditions.

The X-ray diffraction (XRD) patterns shown in Fig. 2 revealed the
good crystallization of as-synthesized ZIF-8 and HuA@ZIF-8 NPs. In this
work, our prepared ZIF-8 showed the peaks at 7.3°, 10.3°, 12.8°, 18.25°,
corresponding to the crystal plane of (011), (002), (112), and (222),
respectively, which was in accordance with the phase structure of
standard ZIF-8 [49,50]. In addition, the as-prepared HuA@ZIF-8 NPs
exhibited almost the same XRD pattern as the one of ZIF-8, indicating
their same phase structure. However, compared with the XRD pattern
obtained from the former, the full width at half maxima of the latter
decreased significantly, indicating the intensive reduction of the par-
ticle size of the as-synthesized HUA@ZIF-8 NPs, which was in line with
the results shown in Fig. 1.

As shown in Fig. 3a, the FTIR spectrum of the PVP-modified HuA
displayed the peaks at 2940 cm ™' and 1562 cm™'. The former was
assigned to the C-H stretching bond vibration of PVP while the latter
belonged to the radical of —COOH belonged to HuA [32], demon-
strating the successful grafting of PVP with HuA. In comparison with
ZIF-8, the new peak at 1671 cm ™! in the FTIR spectrum obtained from
HuA@ZIF-8 was assigned to the C=0 stretching bond vibration of PVP
in the humic acid, suggesting the successful encapsulation of HuA with
ZIF-8. XPS survey scan shown in Fig. 3b disclosed that after en-
capsulation, the signal intensity of Zn and N in HUA@ZIF-8 decreased
slightly compared with the one in ZIF-8. The signal of Ols was in-
creased evidently (Table S1), further suggesting the capsulation of HuA

in the frameworks of ZIF-8. XPS narrow scan disclosed that except for
intensity, the measured binding energy of Zn2p3 (Figure S2a) and N1s
(Figure S2b) was the same in ZIF-8 and HUA@ZIF-8, indicating that the
HuA encapsulation did not change the original chemical bonding of
ZIF-8. However, both Ols (Figure S2c) and Cls (Figure S2d) narrow
spectra in HUA@ZIF-8 showed wider peaks compared with the corre-
sponding ones obtained from HuA and ZIF-8, further proving the suc-
cessful combination of HuA in ZIF-8.

3.2. NIR controlled hyperthermia and Zn®" release

Fig. 4 showed the Vis — NIR absorption spectra of the HUA@ZIF-8
NPs dispersions with different concentrations. It was observed that the
prepared HUA@ZIF-8 NPs dispersions in PBS exhibited a broad absor-
bance in the Vis-NIR region and the absorption ability decreased with
the increased wavelength, which exhibited the similar trend with the
reported results of sodium humate [31], further confirming the suc-
cessful introduction of HuA in the HUA@ZIF-8 NPs. In addition, a sharp
decrease of light absorption occurred at the wavelength of 820 nm,
suggesting the reasonability to select 808 nm NIR light to inspire the
photothermal effects of HUA@ZIF-8 NPs. It was evident that the NIR
light absorption ability was gradually increased as the concentration of
NPs increased. As shown in Fig. 5a, with NIR light irradiation, the
temperatures of all the samples increased rapidly and reached a plateau
after irradiation for 10 min. The maximal temperature of 0, 200, 500
and 1000 pg/mL dispersions of the HUA@ZIF-8 NPs in PBS was 33.6 °C,
38.7 °C, 45.9 °C, and 59.4 °C, respectively, indicating the concentration-
dependent feature of photothermal performance of HuUA@ZIF-8 NPs
dispersions. Fig. 5b showed the corresponding real-time infrared
thermal images of the HUA@ZIF-8 NPs dispersions with different con-
centrations, visually illustrating that HUA@ZIF-8 NPs performed good
photothermal effects under the irradiation of NIR light. Fig. 5¢ showed
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Fig. 6. Typical photographs of viable colonies formed by (a) S. aureus and (b) E. coli after treating the bacteria with 0, 200, 500, 1000 pg/mL dispersions of the HuA@
ZIF-8 NPs with or without 808 nm NIR laser irradiation for 20 min. The corresponding histograms of the antibacterial ability towards (c) S. aureus and (d) E. coli
obtained from the spread plate results are presented as the mean * standard deviations: *P < 0.05, **P < 0.01 and***P < 0.001, n = 3.

the cyclic photothermal heating curves of HUA@ZIF-8 NPs with a
concentration of 1000 pg/mL. It was evident that as the cyclic number
of irradiation increased, the temperature decreased slightly. After 3
cycles, the temperature decreased from 59.4°C to 54 °C, which was
ascribed to the local pyrolysis of HuA@ZIF-8 NPs shown in Fig. 1.

As measured by inductive coupled plasma atomic emission spec-
trometry (ICP-AES) (Figure S3), the Zn?* release concentration from
the HUA@ZIF-8 NPs was increased as the irradiation time increased.
After being irradiated by 808 nm NIR light for 5, 10, 15 and 20 min, the
Zn®" release concentration of 1000 pg/mL HuA@ZIF-8 NPs dispersion
was 1.36, 1.74, 2.03 and 2.53 mg/L, respectively. The maximum Zn2*
concentration was much lower than 6.0 mg/L, which was reported to be
the threshold value of cytotoxicity in vitro [51]. As contrast, very few
Zn>* ions were released from the group of 1000 ug/mL HuA@ZIF-8
NPs immersed in PBS within 20 min in the dark. These results indicated
that the controlled release of Zn®>* could be achieved through NIR ir-
radiation for different time. This was due to the fact that the as-syn-
thesized HuA@ZIF-8 NPs kept intact while local hyperthermia pro-
duced by NIR irradiation made the composites disintegration gradually
as the irradiation time increased, which accelerated the leaching of
Zn®* from HuA@ZIF-8 NPs.

3.3. Antibacterial activity in vitro

The antibacterial activity of the HUA@ZIF-8 NPs against S. aureus
and E. coli was evaluated by the spread plate method. In this work, the
HuA@ZIF-8 NPs were observed to exhibit similar antibacterial trend
against both S. aureus and E. coli. Compared with the groups without
irradiation, the corresponding NIR irradiated group showed enhanced
antibacterial efficacy against S. aureus (Fig. 6a) and E. coli (Fig. 6b).
With the increase of concentration of HUA@ZIF-8 NPs, after being

exposed to the 808 nm NIR laser for 20 min, the antibacterial efficacy of
HuA@ZIF-8 NPs with 0, 200, 500 and 1000 pg/mL were calculated to
be 6.74 %, 26.33 %, 29.91 %, and 99.59 % against S. aureus (Fig. 6¢)
and 5.84 %, 23.10 %, 29.26 %, and 99.37 % against E. coli (Fig. 6d),
respectively. These results suggested the concentration-dependent fea-
ture of the antibacterial activity of HUA@ZIF-8 NPs. 1000 pg/mL of
HuA@ZIF-8 NPs achieved the highest antibacterial efficacy among
them because the highest temperature and the largest amount of re-
leased Zn** were achieved at this concentration according to the re-
sults shown in Fig. 5 and Figure S3. According to the previous litera-
tures [33,34,40,52], single PTT with safe temperature or Zn2* with
non-toxic concentration for normal tissues was not enough to kill bac-
teria effectively. This is why even the group with 1000 ug/mL HuA@
ZIF-8 NPs exhibited a lower antibacterial ratio below 20 % towards two
types of bacteria after culturing for 20 min in the dark. Live/dead
fluorescence staining of bacteria co-cultured with different samples was
performed to demonstrate the antibacterial activity of the as-prepared
HuA@ZIF-8 NPs further. The live bacteria were labelled with green
fluorescence, while the dead bacteria were labelled with visible red
fluorescence. As shown in Figure S4, both S. aureus and E. coli exhibited
a similar trend for all groups. After being irradiated by 808 nm NIR light
for 20 min, the red spots on those groups were obviously increased with
increasing concentration of HUA@ZIF-8 NPs, indicating that the in-
creased concentration enhanced the ability of HUA@ZIF-8 NPs to kill
bacteria, which was in accordance with the spread plate results. Con-
versely, the red spots of all groups without irradiation were negligible,
revealing the relatively poor antibacterial ability of the samples without
irradiation.
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Fig. 7. In vitro cytotoxicity results and cell morphology. Cell viability after co-treatment with 0, 200, 500, 1000 pg/mL dispersions of the HuA@ZIF-8 NPs with or
without 808 nm NIR laser irradiation for 20 min and co-culture for 8h (*P < 0.05, **P < 0.01, ***P < 0.001, n = 3) (a), and the corresponding cell fluorescence
staining photographs (b), the orange color indicates F-actin, and the blue color indicates nuclei (scar bar: 50 pm). And the MTT assay of cell viability after co-
treatment and co-culture for 24h (*P < 0.05, **P < 0.01, ***P < 0.001, n = 3) (¢) (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article).

3.4. In vitro cytotoxicity

The evaluation of the biocompatibility of the HuA@ZIF-8 NPs
measured by MTT was shown in Fig. 7a. After the treatments of the
HuA@ZIF-8 NPs dispersions under 808 nm NIR laser irradiation for
20 min and the followed co-culturing for 8 h, NIH3T3-E1 cell viability
in 0, 200, 500 and 1000 pg/mL of HUA@ZIF-8 NPs were calculated to
be 108.37 %, 104.38 %, 104.69 %, and 135.04792 % respectively. As
for the group without laser irradiation, no apparent change on cell
viability was observed. Both Vis — NIR absorbance spectra of the na-
nocomposites after 24 h incubated in cell culture conditions (without

cells) and in PBS were performed in a wavelength range including
490 nm (Figure S5), and it seemed that the remaining nanocomposites
did not cause a significant impact on the MTT experiments. The cell
morphology and spreading behaviors was examined, and the corre-
sponding fluorescence images were shown in Fig. 7b. After the treat-
ments of the HUA@ZIF-8 NPs dispersions under 808 nm NIR laser ir-
radiation for 20 min and co-culture for 8 h, there was no apparent
change of morphology in 0, 200, 500 and 1000 pg/mL of HuA@ZIF-8
groups. For short exposition times, the nanocomposites did not seem to
be cytotoxic, even though more studies should be performed.
Nevertheless, as shown in Fig. 7c, the cell viability decreased
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sharply after the treatments with 200, 500, 1000 pg/mL dispersions of
the HUA@ZIF-8 NPs and co-culture for 24 h, no matter with or without
NIR laser irradiation, indicating that a long time co-culture with HUA@
ZIF-8 NPs could be adverse to the cell viability. Thus, it is necessary to
control the contact time of cells with HuUA@ZIF-8 NPs to avoid toxicity
in the practical application.

4. Conclusion

In summary, HuA encapsulated ZIF-8 (HuA@ZIF-8) nanocomposites
have been successfully fabricated by the in-situ growth of ZIF-8 around
PVP-modified HuA. The NIR light was not only absorbed by the HuA in
composites to convert into heat, but also controlled the release of Zn>*
from ZIF-8 along with the dissociation of composites. The HUA@ZIF-8
NPs possessed the concentration-dependent property of photothermal
performance, and the concentration of controlled release of Zn®* was
increased with the prolonged irradiation time. The combination of
Zn?* and PTT achieved a rapid and effective sterilization. Besides, the
NIR irradiated groups showed enhanced antibacterial efficiency in
comparison with the groups without being irradiated, and the anti-
bacterial activity of HUA@ZIF-8 NPs was proven to be concentration-
dependent. In addition, HuUA@ZIF-8 NPs did not seem to be cytotoxic in
short exposition times. Thus, in consideration of the superiorities of
NIR-induced PTT, excellent antibacterial efficiency, good biodegrad-
ability, and low cost, this light-responsive platform can be promising for
public health applications, including bacterial infection.
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