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Studies have shown a clear correlation between cancer incidence
and infection, and cancer treatment can also trigger infection so as
to lead to an inflammatory response. In this case, we have designed a
new tumor treatment strategy based on biodegradable BSA@ZIF-8
for simultaneously ablating tumors and inhibiting infection. This
biodegradable ZIF contains abundant porous structures, showing
increased absorption of ions and inelastic collisions. A large amount
of frictional heat produced by the collisions results in increased
tumor cell death under microwave irradiation. This can effectively
inhibit tumor growth in mice by microwave ablation with a good
anti-tumor effect (95.4%). Intriguingly, the Zn?* released from the
degradation of BSA@ZIF-8 causes damage to bacterial cell walls, and
destruction of the metabolism and structure of the membrane,
leading to bacterial cell death, and ultimately achieving good anti-
bacterial properties. Moreover, BSAQZIF-8 is biodegradable without
long-term toxicity in vivo. The in vivo experimental results show that
BSA@ZIF-8 can protect 80% of the mice from lethal challenge with
tumors and the accompanying infection. Overall, we present a novel
strategy using biodegradable ZIFs for microwave ablation therapy
with simultaneous antibacterial and anti-infection effects for the first
time, which has achieved good tumor treatment outcomes.

Introduction

Malignant tumors are one of the most serious threats to human
health and life, whose incidence is increasing worldwide.'™ The
treatments for cancer have been well developed in recent years.*
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Conceptual insights

The proof-of-concept strategy based on biodegradable BSA@ZIF-8 for
simultaneously ablating tumors and inhibiting infection has achieved good
therapeutic effects towards tumors. The combination of tumor eradication
and infection inhibition can overcome the limitation of microwave ablation,
solve the bacterial infection caused by clinical microwave ablation, and
improve the curative effects of tumor treatment. However, this effective
anti-tumor strategy is still in its infancy. In this case, the strategy of using
microwave ablation to treat tumors and simultaneously prevent infection can
overcome the current concerns of effective cancer treatment, open a new door
for the treatment of tumors, and hopefully encourage researchers to develop
more new tumor treatment strategies.

Among the treatments, tumor thermal therapy has been extensively
explored, which is referred to as the fifth type of cancer treatment
except surgery, chemotherapy, radiotherapy and biotherapy."***
Tumor thermal therapy can either directly kill cancer cells or be
used as an auxiliary treatment for improving the sensitivity of
radiotherapy and chemotherapy.'*™® Photothermal therapy is the
most widely researched thermal therapeutic method."” ™ A Iot of
photothermal agents have been developed for ablating tumors by
converting optical energy into heat. However, photothermal therapy
is only suitable for the treatment of superficial tumors due to the
shallow penetration depth of the laser, which limits the develop-
ment of its clinical direction,*** while microwave thermal therapy
can solve this problem and shows good application prospects.>* >
It has many advantages such as being minimally invasive, long
penetration depth, local controllability, high heating efficiency and
large range of ablation.”*>® Microwave-sensitive materials have
been developed very well for enhanced tumor microwave ablation;
however, eradication of tumors by this method is still unable to
achieve the curing of tumors in the clinic or in practice. This is
likely to be caused by the complexity of cancer.

It is demonstrated that infection is one of the most important
aspects of tumor complexity. Over the past few decades, studies
have shown a clear correlation between cancer incidence and
infection. According to several epidemiological and related
studies, the occurrence and development of various tumors are
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related to infection.”® For example, gastric cancer is associated
with Helicobacter pylori infection. The infection plays an important
role in the proliferation, survival and metastasis of tumor cells.***!
Some researchers also found that the incidence of tumors decreased
when the intensity of the inflammatory response caused by infection
was reduced.”” Tumor cells themselves can also secrete various
active substances, such as CSF-1 and COS-2, further aggravating
the inflammatory response and forming a vicious cycle.*

In addition, cancer treatment can also trigger an infection
that leads to an inflammatory response, trauma, tissue damage, and
stimulation of tumor regeneration and treatment resistance.**’
There are also infections in the treatment of clinical oncology,
among which a bone tumor is the most serious after bacterial
infection, and the mortality rate is almost 100%. Thermal
therapy, as an effective treatment for cancer, also triggers an
infection inevitably.>**?” In turn, an infection further stimulates
the regeneration of tumors and hinders the subsequent treat-
ment. These results further verify the association between
tumors and infection and the difficulty of the resulting tumor
therapy. Therefore, a combination of tumor eradication and
infection inhibition may overcome the limitations of MW ablation
and achieve an enhanced anti-tumor efficacy; however, the
research of such an effective anti-tumor strategy is still nascent.

Metal-organic frameworks (MOFs) are a promising option
for this feature because most of the metal ions that make up their
periodic reticular structures have antibacterial properties.**?°
MOFs are widely used in many applications, including catalysis,
gas separation and storage, and drug delivery, due to their large
surface area, adjustable pore size, diversified structure, and good
biodegradability.*>*> As a subclass of MOFs, zeolitic imidazolate
frameworks (ZIFs) have also made a major breakthrough in
research, especially in drug delivery for tumor therapy. For
example, ZIFs were used as pH-sensitive drug delivery vehicles
for the enhanced delivery of anticancer 5-FU, doxorubicin (DOX),
and CpG oligodeoxynucleotides (ODNs).**™*>

Herein, we have designed a new therapeutic strategy based
on biodegradable BSA@ZIF-8, which can treat tumors by micro-
wave ablation and simultaneously inhibit the growth of bacteria
and resist the infection associated with tumor therapy. ZIFs were
synthesized through a facile, mild one-pot method. With the
coating of bovine serum protein (BSA), long circulation was
realized, which showed great prospects in the treatment of
tumors. The as-prepared BSA@ZIF-8 exhibited a favorable
microwave heating effect in vitro due to the large surface area
and porous structure, which can absorb a large number of ions
in the cavities. In the meantime, Zn>" produced from BSA@ZIF-8
degradation enabled it to exhibit strong antibacterial properties,
so that it can be used as an antibacterial agent to inhibit
bacterial infection. The as-prepared BSA@ZIF-8 was used in dual
treatment for the first time to eradicate tumors and inhibit
infection. The in vivo anti-tumour and anti-infection effects
accompanied by microwave ablation therapy were studied with
mice bearing H22 tumors and MRSA infection. The tumor treat-
ment by microwave ablation has good anti-tumor effects (95.4%) in
the mice. At the same time, it can also inhibit the bacterial growth
and resist the infection associated with tumor therapy. At 8 days
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after treatment, the number of white blood cells, which reflects
inflammation in the treatment group with ZIFs, had been restored,
while the treatment group without ZIFs was still 50% higher than
the initial value on day 14. This strategy has succeeded in achieving
tumor therapy through tumor microwave ablation therapy while
simultaneously inhibiting infection. The biodegradable BSA@ZIF-8
can be a powerful tool to improve microwave ablation therapy
by simultaneously ablating tumor tissue and resisting infection.

Results and discussion
Synthesis and characterization

In this study, a simple method was used to successfully synthesize
BSA@ZIF-8, which was well characterized by TEM images and SEM
images (Fig. 1 and Fig. S1, ESIt). BSA@ZIF-8 was obtained from
ZIF-8 by surface coating BSA. ZIF-8 was synthesized first by its
self-assembly and then coated with protein to improve its bio-
compatibility. The obvious cube structure can be seen in the
as-synthesized ZIF-8 under TEM, which had sharp edges and
corners. After the BSA coating, a layer of protein can be found on
the surface. The average diameter of the monodisperse ZIF-8 was
measured to be ~105 nm, while the resulting BSA@ZIF-8 with a
mean diameter of ~#110 nm was prepared (Fig. 1d and h). The
hydrodynamic size of ZIF-8 and BSA@ZIF-8 was 139.8 nm and
153.9 nm respectively, which was determined by dynamic light
scattering (Fig. S2a and b, ESIt). The dispersion ability of
BSA@ZIF-8 in phosphate-buffered saline (PBS) and normal
saline (NS) solutions was evaluated and the photographs are
shown in Fig. S3 (ESIT). Dynamic Light Scattering (DLS) was also
employed to evaluate the stability of BSA@ZIF-8 (Fig. S4, ESIt), and
the result showed that BSA@ZIF has certain stability in neutral PBS
and NS. The size and dispersibility of the as-prepared BSA@ZIF-8
were suitable for the EPR effect.*® The TEM-mapping of BSA@ZIF-8
(Fig. S1b-e, ESIT) indicated that the elemental distributions of C, N,
0O, and Zn were uniform in the structure. Feature elements in
BSA@ZIF-8 were confirmed by EDS (Fig. Sif, ESIT), which showed
the elemental contents in the structure, and the result was
consistent with the elemental mapping. FTIR spectrometry was
measured to evaluate the synthesis of BSA@ZIF-8 (Fig. S2c, ESIT).
The peaks at 690 cm ' and 3421 cm ™ * correspond to the plane
bending vibration and telescopic vibration of O-H respectively.

“Diameter (nm)

Diameter (nm)

Fig. 1 (a and b) TEM images of ZIF-8 under different amplification multi-
ples. (c) SEM image of ZIF-8. (d) The size obtained through analyzing the
SEM image of ZIF-8. (e and f) TEM image of BSA@ZIF-8 under different
amplification multiples. (g) SEM image of BSA@ZIF-8. (h) The size obtained
through analyzing the SEM image of BSA@ZIF-8.
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The peak at 1135 cm™ " corresponds to the imidazole skeleton
telescopic vibration from ZIF-8, while the peak at 1654 cm ™" was
the stretching vibration absorption of C—=O which was from
BSA, confirming the successful synthesis of BSA@ZIF-8.""*®
The zeta potentials of the as-prepared ZIF-8 and BSA@ZIF-8 were
18.0 and —14.7 mV respectively (Fig. S2d, ESIT), further verifying
the successful synthesis of BSA@ZIF-8.

Antibacterial effects of ZIF-8 and BSA@ZIF-8 in vitro

In the past few years, MOFs in antibacterial research have made
considerable progress. The reason for their antibacterial properties
may be that MOFs are unstable in aqueous solution, and the metal
ions are released as antibacterial agents.**>! As a subclass of
MOFs, there were also a few reports about ZIFs for antibacterial
applications, but they were used as carriers to load antibacterial
agents instead of using the ZIFs themselves.”>>* To evaluate the
antibacterial properties of BSA@ZIF-8, an agarose diffusion assay
was conducted first. The results are shown in Fig. 2a and b, and the
inhibition zones of ZIF-8 and BSA@ZIF-8 against MRSA and
resistant E. coli were represented with the antibacterial properties
of ZIF-8 and BSA®@ZIF-8, respectively. The samples without
materials had no signs of inhibition zones. For comparison,
there were significant inhibition zones that can be observed
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Fig. 2 (a) The inhibition zones of ZIF-8 and BSA@ZIF-8 against MRSA and
resistant E. coli through agarose diffusion assays. (b) The diameter of the
inhibition zone based on (a). (c) The minimal inhibition concentrations of
ZIF-8 and BSA@ZIF-8 on MRSA and resistant E. coli. (d) SEM image of
normal MRSA. (e) SEM image of MRSA which was treated with BSA@ZIF-8
for 6 h; the arrows indicated perforation and cytoplasmic leakage.
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around the various concentrations of ZIF-8 and BSA@ZIF-8.
The size of the inhibition zone indicated that BSA@ZIF-8 had
concentration-dependent antibacterial effects. As the concen-
tration of BSA@ZIF-8 increased, the size of the inhibition zone
increased. And when the concentration of BSA@ZIF-8 increased
from 3.125 to 100 pug mL ™", the diameters of the inhibition zones
against MRSA and resistant E. coli were increased from 0 to
12.07 mm and from 0 to 9.4 mm, respectively. However for ZIF-8,
the diameters against MRSA and resistant E. coli were a little larger;
with the concentrations changing from 3.125 to 100 pg mL ™",
the diameters increased from 1.12 to 15.86 mm and from 0 to
11.99 mm, respectively. From the characteristics of the inhibition
zones, it can be demonstrated that ZIF-8 and BSA@ZIF-8 show
good antibacterial activity. The reason for the antibacterial effects
of ZIFs may be that the ions produced by ZIF degradation have
strong antibacterial properties.® The surface of the bacteria was
negatively charged due to the presence of free -COOH groups, and
the slow release of Zn>* was adsorbed at the surface of the bacteria
with coulombic attraction, causing the cell wall of the bacteria to be
damaged. After that, Zn>" further penetrated the cell wall, replaced
the position of the cations on the cell membrane surface, combined
with proteins or other anionic groups, and destroyed the meta-
bolism and structure of the membrane, which made the cell
membrane lose its biological function, leading to bacterial
cytoplasm outflow, eventually leading to cell death and achieving
the goal of antibacterial properties.”>>® Meanwhile, excess Zn>*
penetrated into the interior of the cell membrane of the cell and
reacted with the sulfur and nitrogen functional groups of the
bacteria, such as the sulphur (-SH) and amino (-NH:) groups of
proteins, nucleic acids and so on, so as to cause protein
denaturation and loss of cell synthetase activity.”””® It also
reacted with DNA to disrupt the normal activities of some
functional systems (such as respiratory, electron transport, and
material transmission) in the cell and interfere with normal
metabolic processes.>® Through the above methods, Zn>* acts on
the bacteria, causing the death of the bacteria or the dysfunction
of the bacteria, and finally achieves the antibacterial properties.
But when the bacteria were killed, it dissociated from the
bacteria and then contacted with other bacteria, repeating
the antibacterial activity and showing excellent antibacterial
properties.®® What’s more, the results showed that the anti-
bacterial effects of ZIF-8 and BSA@ZIF-8 on MRSA were better
than those of the resistant E. coli. This phenomenon can be
attributed to the difference in the groups and structures on the
surface of the bacteria.®'

To further test the antibacterial properties of BSA@ZIF-8,
the minimal inhibition concentration was determined, and the
results were consistent with the agarose diffusion assay. As
shown in Fig. 2c, the minimal inhibition concentrations of
BSA@ZIF-8 on MRSA and resistant E. coli were 25 and 50 ug mL ™",
respectively, while the minimal inhibition concentrations of ZIF-8
on MRSA and resistant E. coli were slightly lower than those of
BSA@ZIF-8, which were 6.25 and 12.5 pug mL ™" respectively. The
above results further verified that ZIF-8 and BSA@ZIF-8 had good
antibacterial activity. Fig. 2d and e show the MRSA cell SEM
images of the negative control and the BSA@ZIF-8, respectively.

This journal is © The Royal Society of Chemistry 2018
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The SEM images also showed that BSA@ZIF-8 induced strong
damage against the bacterial membrane, which was reflected in a
large number of membrane perforations and extensive cytoplasmic
leakage (Fig. 2d), while that of the control group was smooth
and well shaped (Fig. 2e). Therefore, it can be concluded that
BSA®@ZIF-8 has remarkable antibacterial effects in vitro.

Microwave heating properties of ZIF-8 and BSA@ZIF-8 in vitro

In our previous studies, great efforts have been made to design
microwave-sensitive agents which increased the tumor temperature
for tumor microwave ablation therapy.”>>® Meanwhile, the micro-
wave heating principle of microwave-sensitive agents was also
explored. For example, due to the sensitivity of ionic liquids to
microwaves in an enclosed space, a microwave-sensitive agent was
designed by encapsulating ionic liquids in hollow nanospheres.®*>®*
However in this work, ZIF-8 showed excellent microwave heating
characteristics without encapsulating any microwave sensitizers. It
is well known that the heating of microwave irradiation is caused
by the frictional heat of removable water or ions. Therefore,
whether water or ions were more conducive to promoting
the microwave heating effect of ZIF-8 was studied. As shown in
Fig. S5 (ESIt), there was no obvious temperature change in water
or in the aqueous solution of ZIF-8 after 5 min at 1.8 W and
450 MHz microwave irradiation, while the temperature of the
saline solution was increased to 39.7 °C. In addition, the
temperature of the saline solution containing ZIF-8 increased
more significantly (Fig. S6, ESIT), indicating that the ions play an
important role in the heating of microwave irradiation. Furthermore,
it was found that the material itself has good microwave heating
effects and concentration dependence. When the concentration of
ZIF-8 was 1, 2, and 10 mg mL ™", the temperature increased to 21.4,
24.8, and 29.5 °C respectively after 5 min at 1.8 W and 450 MHz
microwave irradiation (Fig. 3a and b). However the temperature
change in the control group was only 15.3 °C. This indicates that the
temperature changes in the experimental groups were respectively
6.1, 9.5, and 14.2 °C higher than those in the control group, which
proved that ZIF-8 itself has good microwave heating effects and
concentration dependence. The results indicated that ZIF-8 is more
conducive to converting microwave energy into thermal energy due
to the confinement effect of the porous structures.®* The results of
N, isothermal adsorption-desorption indicated that the specific
surface area of ZIF-8 was 1299.82 m> ¢ * (Fig. S7a, ESIt), and the
average micropore diameter of it was about 8.0 A (Fig. S7b, ESI+).
Because ZIF-8 has a large surface area and porous structure, it can
absorb a large number of ions in such a closed area. Under
microwave irradiation, a powerful inelastic collision of ions and
ZIF-8 was produced, resulting in a large amount of frictional heat.
However for the saline solution without ZIF-8, the frequency of
collision between the ions was low in free space, resulting in less
frictional heat. Therefore, ZIF-8 had excellent microwave heating
effects under microwave irradiation, which can be used as a micro-
wave sensitizer.

As for BSA@ZIF-8, the microwave heating effect was also
evaluated. After microwave irradiation for 5 min, the tempera-
ture changes were respectively 19.2, 21.5, and 26.1 °C for 1, 2,
and 10 mg mL ™' BSA@ZIF-8 (Fig. 3¢ and d). The temperature

This journal is © The Royal Society of Chemistry 2018

View Article Online

Nanoscale Horizons

a [Towma 1 b

254 — 1 mgml.
——2 mg/ml.
=10 mg/ml.

0

T

0
P % 00 150 200 258 300 0.9%NaCl Img/mL  2mg/ml 10 mg/mL

Time (s)

304 — 0.9% Nact 26.1
=1 mg/ml
35 —2mgml
=10 mg/ml.

0.9 %NaCl Img/ml  2mg/mL 10 mg/mL

0 50 100 150 200 250 300 f
Time (s) 30
e

5 (min)

29.6
26.6

0 1 2 3 4 w 25

55°C

5+ @OODD® | ¢

10 mgml Bis =

= @OCO®® =

- Q@OOO0 |-

25 °C

Fig. 3 (a) The heating curves of ZIF-8 in vitro at different concentrations
(0,1, 2, and 10 mg mL™?, saline water was used as the control). (b) Temperature
change values at different concentrations based on (a). (c) The heating curves
of BSA@ZIF-8 in vitro at different concentrations (0, 1, 2, and 10 mg mL?,
saline water was used as the control). (d) Temperature change values at
different concentrations based on (c). (e) FLIR images of the control, ZIF-8
and BSA@ZIF-8 at every minute. (f) Temperature change values of different
materials.
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change in the control group was 15.1 °C, which indicates that
the temperature changes in BSA@ZIF-8 were respectively 4.1,
6.4, and 11 °C higher than those in the control group. Similarly,
BSA@ZIF-8 has good microwave heating effects and concentration
dependence. In addition, the microwave heating experiments of
ZIF-8 and BSA@ZIF-8 were also carried out simultaneously for
comparison. The temperature of ZIF-8 and BSA@ZIF-8 saline
solution (10 mg mL™") increased by 29.6 and 26.6 °C respectively
after microwave irradiation for 5 min (Fig. 3f). The temperature of
the control saline solution was increased from 28.1 to 43.5 °C,
which indicates that the temperature increased by 15.4 °C. The
temperature changes in the solutions were recorded by a FLIR
imaging instrument every minute, and the results are shown in
Fig. 3e. The results demonstrated that ZIF-8 and BSA@ZIF-8 had
excellent microwave heating effects under microwave irradiation.
The microwave thermal efficiency of BSA@ZIF-8 was calculated to
be 26.86% at 10 mg mL ™" in saline solution (Fig. S4, ESI+),** which
was at a high thermal conversion efficiency level compared to
previously reported microwave sensitizers.®>®® All of the above
results indicate that ZIF-8 and BSA@ZIF-8 were suitable for tumor
microwave thermal therapy i vivo.

Evaluation of biocompatibility in vitro and in vivo

In view of the favourable microwave heating effects and anti-
bacterial effects of ZIF-8 and BSA@ZIF-8 in vitro, they were
expected to have good microwave heating effects and remark-
able antibacterial effects in vivo. Therefore, the cytotoxicity and
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and 200 mg kg™Y). (f) Blood routine examination including RBC, WBC,
MCH, MCHC, MCV, HCT, MPV, PLT, and HGB of each group for BSA@ZIF-8
(0, 50, 100, and 200 mg kg™?) via tail vein injection in vivo.
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biocompatibility should be taken into consideration. The cyto-
toxicity of ZIF-8 and BSA@ZIF-8 was evaluated by an MTT
experiment first. As shown in Fig. 4a, the viability of cells
treated with BSA@ZIF-8 was more than 80% even at a high
concentration of 100 pg mL ™", indicating the low cytotoxicity of
BSA@ZIF-8. However ZIF-8 had very high cytotoxicity, as even at
a low concentration of 50 pg mL ™", the viability of the cells was
only 60%. When the concentration was lower than 25 pg mL™?,
the cell viability of ZIF-8 was higher than 80% (Fig. 4b). This
indicates that the cytotoxicity of BSA@ZIF-8 was significantly
reduced after the BSA modification, which could be used
in vivo, while ZIF-8 was difficult to use in vivo due to its high
toxicity. Next, a hemolysis test was also performed on the
as-prepared BSA@ZIF-8 at different concentrations to evaluate
the biocompatibility. The results showed that there was no
obvious hemolysis (Fig. 4c and d). The hemolysis rate was less
than 5% even at the highest concentration of 2000 pg mL™ ",
indicating the good biocompatibility of BSA@ZIF-8.

To further explore the biocompatibility of the as-prepared
BSA@ZIF-8 in vivo, an acute toxicity experiment was performed.
BSA@ZIF-8 was injected into the mice via tail vein injection at
different doses (50, 100, and 200 mg kg '). Then, the body
weights of the mice were recorded in detail and are shown in
Fig. 4e, showing no significant toxicity even at a high dose of
200 mg kg~ '. The mice were sacrificed 2 weeks post-injection,
and then the blood and the major organs of the mice were
collected for further pathological analysis. The indexes of the
blood routine examination are shown in Fig. 4f, including red
blood cells (RBCs), white blood cells (WBCs), mean capacity
hemoglobin (MCH), mean corpuscular hemoglobin concen-
tration (MCHC), mean corpuscular volume (MCV), hematocrit
(HCT), mean platelet volume (MPV), platelets (PLTs), and
hemoglobin (HGB). Compared with the control group, none
of the groups in this experiment showed significant differences.
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The blood biochemical analysis is shown in Fig. S8 (ESIt),
including aspartate aminotransferase (AST), alanine amino-
transferase (ALT), creatinine (CREA), and urea (UREA). No
significant liver damage or renal impairment was found.
Representative histological images of the main organs (heart,
liver, spleen, lung, and kidney) of each experimental group are
shown in Fig. S9 (ESIf), indicating no obvious damage or
inflammation lesions when compared with the control group.
These results demonstrated that the toxicity of BSA@ZIF-8 was
low enough and deserved further study in vivo.

Anti-tumour and anti-infection effects in vivo

Inspired by its ideal microwave heating effect, remarkable anti-
bacterial effect and favorable biocompatibility, the as-prepared
BSA@ZIF-8 was expected to be used in further animal experi-
ments. Microwave ablation therapy, a minimally invasive tumor
therapy, which is targeted and localized in the tumor site,
causes irreversible tumor cell damage and necrosis, achieving
a longer survival period.?*>* To evaluate the microwave heating
effect and antibacterial effect of the as-prepared BSA@ZIF-8
on subcutaneous tumors, microwave irradiation and MRSA
infection were applied to the mice for tumor microwave ablation
and anti-infection due to the connection between cancer and
infection.®®

A tumor-targeting study was conducted on the distribution
of BSA@ZIF-8 in the mice first to find the best treatment time.
The content of BSA@ZIF-8 in each organ was detected by ICP-
MS (Fig. S10, ESIT). The results showed that after injection the
content of BSA@ZIF-8 in the tumor was the highest at 6 h
(8.21%), higher than that at 4 h (6.35%), 8 h (6.40%), and 24 h
(3.70%). Therefore, microwave irradiation was performed on
the tumor site of the mice 6 h post-injection via tail vein
injection in the anti-tumor experiment. Then MRSA infection
was conducted through puncturing the skin of the tumor area
with a sterile syringe and coating with an MRSA strain. During
the microwave irradiation, the temperature at the tumor site
was monitored by a FLIR imaging instrument in real time.
As shown in Fig. 5a and b, with the increase of microwave
irradiation time, the temperature of the tumor area continued
to increase, and the central hot zone gradually diffused around.
It can be seen from the figure that the microwave heating effect
of the BSA@ZIF-8 + MW + infection group was more obvious
in vivo than that of the MW + infection group. The final
temperatures of both microwave groups rapidly increase to
more than 55 °C, which was higher than the critical tempera-
ture of the tumor ablation needed (> 42 °C).">°® The tempera-
ture change in the BSA@ZIF-8 + MW + infection group was
35.03 £ 1.57 °C, while that of the MW + infection group was
24.53 + 0.77 °C. Therefore, the rapid microwave heating effect
of the as-prepared BSA@ZIF-8 in vivo was significant for tumor
ablation therapy.

Considering the complexity of the tumor and the increasing
evidence of its association with infection,®® our treatment
strategy required simultaneous infection resistance and tumor
microwave ablation. At the same time as tumor microwave
ablation, the antibacterial properties of BSA@ZIF-8 were also
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Fig. 5 (a) FLIR images of the mice in the microwave and BSA@ZIF-8 + MW
groups at 1 min intervals. (b) Temperature change values in the microwave
and BSA@ZIF-8 + MW groups. (c) Tumor temperature change curves in all
experimental groups for 14 days. (d) The photos of the mice on the first day
after treatment of simultaneous microwave ablation and infection in
the MW + infection group and the BSA@ZIF-8 + MW + infection group.
(e) The number of WBCs in the MW + infection group and the BSA@ZIF-8 +
MW + infection group for 14 days. (f) The number of bacterial colonies in the
tumor area of the MW + infection group and the BSA@ZIF-8 + MW +
infection group for 14 days.

investigated in vivo. After tumor microwave ablation, MRSA
infection was performed on the tumor site near the wound, and
then the daily tumor temperature of the infected mice was
recorded and is shown in Fig. 5c. The tumor temperatures of
the infected mice were raised after the MRSA infection. At the
first day after the treatment, the tumor temperatures of the
BSA@ZIF-8 + MW + infection group and the MW + infection
group increased up to 2.67 and 2.50 °C respectively compared
with the day before being infected. A photo of the mice was also
taken on the first day after treatment in the MW + infection
group and the BSA@ZIF-8 + MW + infection group (Fig. 5d).
It can be intuitively seen that the mice in both groups had
clear puncture marks and even festering, which confirmed the
successful MRSA infection and inflammatory responses. As
time went on, the tumor temperatures began to decline. And
by the 3rd day, the tumor temperature in the BSA@ZIF-8 +
MW + infection group returned to normal while that of the
MW + infection group had only begun to approach the normal
level by the 12th day. But the tumor temperatures had little
change in the control group and the BSA@ZIF-8 group, and the
change values were within 0.5 °C. These results indicated that
MRSA infection successfully caused local skin infections and
subsequently produced an inflammatory response, leading to
increased tumor temperatures in the mice. The amount of
white blood cells (WBCs) was also analyzed and is shown in
Fig. 5e. At the first day after the treatment, the amount of WBCs
increased to 6.6 x 10° L™ " and 7.1 x 10° L™ respectively in the
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MW + infection group and the BSA@ZIF-8 + MW + infection
group, both higher than the normal level, and then gradually
decreased every day. When it came to the 8th day, the amount
of WBCs was already at the normal level in the BSA@ZIF-8 +
MW + infection group while that of the MW + infection group
was higher than the normal level for 14 days although it has
been falling over time. The result was consistent with the
changes in tumor temperature, as shown in Fig. 5c. The
number of bacterial colonies in the tumor area was also
counted through the flat colony counting method. As shown
in Fig. 5f, the number of bacterial colonies in the both groups
on the first day after the treatment was more than doubled
before the infection and then began to decline. The corres-
ponding spread plate pictures are shown in Fig. S11 (ESIt). The
number of bacterial colonies in the MW + infection group
decreased slowly, and ultimately was 80% higher than the
number before the infection, while that of the BSA@ZIF-8 +
MW + infection group ended up with the same number as pre-
infection. This was consistent with the changes in the amount
of WBCs, indicating successful infection and inhibition. All of
the above results, namely the temperature of the tumor sites,
the number of WBCs, and the number of bacterial colonies
showed that BSA@ZIF-8 effectively inhibited the development
of infection in the treated mice. Therefore, BSA@ZIF-8 can
inhibit bacterial growth in vivo and manage the infection,
which accompanies tumor microwave ablation therapy.

After the treatment, there were still residual tumors in the
MW + infection group and the tumor volume increased gradually
over time, while it was completely ablated in the BSA@ZIF-8 +
MW + infection group by microwave ablation therapy. On the 4th
day after treatment, a mouse in the BSA@ZIF-8 + MW + infection
group had tumor recurrence. The tumor volume in each group
for 14 days was measured and is shown in Fig. 6a. After 14 days
of treatment, the tumor volume of the BSA@ZIF-8 + MW +
infection group was the smallest, which expressed a more
significant microwave ablation therapy effect in the tumor than

a b
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Fig. 6 (a) Tumor volume growth curve of different groups for 14 days.
(b) The tumor weight in different groups 14 days after treatment; the inset
photo is the extracted tumors. (c) Survival rate curves of different groups
for 14 days. (d) Body weight changes of different groups for 14 days.
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the other groups. This also showed that although the tempera-
ture of the tumor central site was higher than that of tumor cell
necrosis and ablation, it was still not enough to kill the
surrounding tumor cells completely. The tumor inhibition rate
was calculated. The tumor inhibition rate of BSA@ZIF-8 + MW +
infection was 95.37%, far higher than that of the BSA@ZIF-8
group (18.42%) and the MW + infection group (13.30%). The
weight of the extracted tumor after being treated for 14 days is
shown in Fig. 6b, and the photo of the extracted tumors also
obviously showed the therapeutic effect that the tumor in the
BSA@ZIF-8 + MW + infection group was far smaller than that of
the other groups, and the tumors of 3 mice disappeared. The
control group and the MW + infection group were left with only
3 mice and 2 mice at the end of the experiment. The results
indicated that BSA@ZIF-8 had effective tumor therapy outcomes
due to its enhanced microwave ablation and remarkable anti-
bacterial properties.

The survival rates of the BSA@ZIF-8 + MW + infection,
BSA@ZIF-8, MW + infection, and control groups were 80%,
80%, 60%, and 40% respectively after being treated for 14 days
(Fig. 6¢). The deaths of mice in the MW + infection group were
first observed on day 6 after treatment, and the deaths in the
control, BSA@ZIF-8, and BSA@ZIF-8 + MW + infection groups
appeared on the 10th, 12th, and 10th day, respectively. It was
demonstrated that BSA@ZIF-8 could protect 80% of the mice
from death due to the tumor and its accompanied infection.
The weight of the mice is shown in Fig. 6d. In addition to the
mice in the control group, the weight of the other mice
decreased at varying degrees on the first day after being treated,
and then began to increase over time. During the treatment
days, no signs of body weight loss and acute toxicity were
observed. In combination with the representative histological
images (Fig. S12, ESIY), it is further suggested that BSA@ZIF-8
was not toxic in vivo. Therefore, it can be concluded that
BSA@ZIF-8 has favorable microwave ablation therapy effects
and significant antibacterial effects, which can be used to treat
tumors with microwave ablation while simultaneously inhibiting
bacterial infection.

Experimental section
Materials

Sodium chloride (NaCl), anhydrous methanol, and anhydrous
ethanol were purchased from the Beijing Chemical Reagents
Company (China). Zinc nitrate (Zn(NOj3),-6H,0) was supplied
by Tianjin Chemical Reagent 3 Plant. 2-Methylimidazolate
(2MI) was purchased from Beijing Bailingwei Technology Co.,
Ltd. Bovine serum protein (BSA) was obtained from the Beijing
Lanyi Reagents Company (China). The reagents used in this work
were of analytical grade (A.R.) without any further purification.

Preparation of BSA@ZIF-8

The method to synthesize ZIF-8 that we used was a facile mild
one-pot method. First, Zn(NO3),-6H,0 and 2MI were dissolved
in methanol respectively. Then, the 2MI methanol solution was
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added to the Zn(NOj3),-6H,0 methanol solution, and stirred for
24 hours at room temperature. Then centrifugal separation was
performed, and the solid sediment ZIF-8 was obtained, which
was washed three times with ethanol and deionized water
respectively. The obtained ZIF-8 continued to react, mixing it
with BSA in a mixture of aqueous solutions and kept in an ice
bath under sonication for 30 min. In this manner, the compo-
site BSA@ZIF-8 was successfully obtained after washing three
times with deionized water.

Characterization of the nanoparticles

Transmission electron microscopy (TEM, HT7700, Hitachi,
Japan) and scanning electron microscopy (SEM, Models 4300,
Hitachi, Japan) were adopted to characterize the size and
morphology of the obtained ZIF-8 and BSA@ZIF-8. A high-
resolution transmission electron microscope (TEM, JEM-2100,
Hitachi, Japan) was employed to characterize the BSA@ZIF-8
morphology and analyze the bulk distribution of C, N, O, and
Zn. A zeta-sizer (Malvern Instruments Zeta-sizer Nano ZS90,
Britain) was employed to measure the hydrodynamic particle
size distribution and zeta-potential. Fourier transform infrared
spectrometry (FTIR, Excalibur 3100, Varian, US) was performed
to characterize the functional groups of the as-prepared
BSA@ZIF-8. Optical micro-confocal fluorescence microscopy
(Olympus X71, Japan) was used to observe the tissue sections
and cells. A forward-looking infrared (FLIR) imaging instru-
ment was employed to monitor temperature in real time.

Microwave heating effects of BSA@ZIF-8 in vitro

The microwave heating effect of BSA@ZIF-8 was evaluated in
saline solution (0.9% NaCl) at different concentrations (1, 2, and
10 mg mL ') under microwave irradiation (1.8 W, 450 MHz) for
5 min in an in vitro experiment. The saline solution was used as a
control. The temperature change of the solution was collected by
a FLIR imaging instrument. The temperature change values were
calculated and the temperature change value curves over time
were plotted to evaluate the microwave heating properties.

Typical bacterial culture

The antibacterial effect of ZIF-8 and BSA@ZIF-8 were evaluated
with the Gram-negative methicillin-resistant Staphylococcus
aureus (MRSA) and Gram-positive resistant E. coli. All items
used in the experiment were sterilized by an autoclave prior to use.
Luria Bertani (LB) broth and nutrient agar were used as a nutrient
source. The bacterial count was measured at 600 nm using optical
density (OD). The ideal bacterial density of the antibacterial test was
0.8-1.0 OD concentration, and the ideal concentration of the
bacterial suspension was about 10> CFU mL ™.

Agarose diffusion assay of ZIF-8 and BSA@ZIF-8

The antibacterial effects of ZIF-8 and BSA@ZIF-8 were evaluated
by the experiments of inhibitory zone tests. First, MRSA and
resistant E. coli were put into LB broth and incubated to an
ideal concentration. The process continued for 12 h at 37 °C
upon oscillation. After that, the bacterial suspension was
diluted to 10° CFU mL . The pre-prepared nutrient agarose
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was added with 1 mL of the bacterial suspension and then
poured into Petri dishes. After cooling down, sample holes were
punched in the agarose plates. Then, 20 uL of different con-
centrations of the materials was added into each hole. The Petri
dishes continued to be placed on the sterile platform at room
temperature for 30 minutes to ensure that the materials in
the holes spread to the agarose. After that, the Petri dishes
were hatched backwards into the sterile constant temperature
incubator overnight at 37 °C. The antibacterial effect was
evaluated by the diameter of the clearing area.

Minimum inhibitory concentration test of ZIF-8 and BSA@ZIF-8

The minimum inhibitory concentration test was also investigated
on ZIF-8 and BSA@ZIF-8 to evaluate the antibacterial effects. The
experiment was performed in a sterile 96-well plate. Six experi-
mental concentrations were set up in the experiment. The control
groups were penicillin control, positive control and negative
control. There were six parallel groups in each group. The bacterial
fluid was added to the sterile 96-well plate first, and then all the
materials with different concentrations were added. When every-
thing had been added, the sterile 96-well plate was put into the
sterile constant temperature incubator for 16 to 18 h at 37 °C. Then,
the resazurin solution (0.0625%) was added into the sterile 96-well
plate and continued to incubate in the sterile constant temperature
incubator for 4 h. After the incubation was completed, the anti-
bacterial effect was evaluated by the color changes.

Cytotoxic experiments of BSA@ZIF-8

The cytotoxic experiments were investigated through an MTT
(methyl thiazolyl tetrazolium) assay. The HepG2 cells were
incubated with ZIF-8 and BSA@ZIF-8 at different concentra-
tions (50, 100, 200, and 400 pg mL ') for 24 h in 96-well plates,
then MTT solution (0.5 mg mL ™) was added and continued to
incubate. After 4 h, the MTT solution was removed and
replaced with 150 pL of dimethyl sulfoxide (DMSO), and then
the absorbance was measured at 490 nm. The group that did
not have the material added was treated as a control. There
were six parallel samples in each group.

Hemolysis assay of BSA@ZIF-8

The blood biocompatibility of BSA@ZIF-8 was also investigated
through the red blood cells (RBCs) which were extracted from a
rabbit. The RBCs were stabilized by ethylene diamine tetraace-
tic acid and diluted with PBS. Then, 0.5 mL of the RBCs was
added to 0.5 mL of PBS solution containing different concen-
trations of BSA@ZIF-8 (from 0 to 4000 pg mL™"). The deionized
water and PBS were used as the positive control and the
negative control respectively. The mixtures were kept static
for 3 hours at room temperature and centrifuged at 9000 rpm
for 5 min. 100 pL of the supernatant was removed and added
into a 96-well plate. Then the absorption peak at 570 nm was
measured with UV-Vis spectroscopy.

Acute toxicity experiment of BSA@ZIF-8

Balb/c mice of 22 + 2 g were divided into four groups (control
group, 50 mg kg ', 100 mg kg ', and 200 mg kg~ ') randomly.
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Then BSA@ZIF-8 was injected into the mice via tail vein
injection. The mice were continuously observed for 14 days.
And after 14 days, the blood routine analysis and histology
study were performed.

Zn content analysis per organ

The content of Zn per organ after intravenous injection of
BSA@ZIF-8 (50 mg kg™') at different times (0, 4, 6, 8, and
24 h) was studied with H22-tumor-bearing mice. The mice were
injected with BSA@ZIF-8 (50 mg kg™ ') and then sacrificed at
different times (0, 4, 6, 8, and 24 h), and the major organs
(included tumors, heart, liver, spleen, kidney, and lung) were
treated for the ICP-MS experiment.

Anti-tumour and anti-infection assay of BSA@ZIF-8 in vivo

The anti-tumour and anti-infection effects of BSA@ZIF-8 in vivo
were evaluated in H22-tumor-bearing mice. The tumor-bearing
mice of 25 + 1 g were randomly divided into four groups
(5 mice in each group with a tumor volume of 400 =+
30 mm?®) in the experiments. The four groups were the control
group, the MW + infection group, the BSA@ZIF-8 group, and
the BSA@ZIF-8 + MW + infection group. BSA@ZIF-8 was
injected with an intravenous dose of 50 mg kg '. The mice
in the microwave irradiated groups were irradiated (1.8 W,
450 MHz) 6 h post-injection for 5 min in the tumor area.
After microwave irradiation, the tumor area of the mice was
punctured by a sterile syringe needle and infected with 100 pL
MRSA fluid whose concentration was 5 x 10 CFU mL ™"
During infection and treatment, the mice were examined daily,
and the body weight, tumor volume measurement, temperature
monitoring, bacterial culture, and leukocyte detection were
performed on the infected mice at 24 h, 2 days, 3 days, 8 days
and the last day after infection.

Histology study of the acute toxicity experiment and in vivo
treatment experiment

Histology study of the major organs (heart, liver, spleen, lung,
and kidney) was carried out. The extracted tissues were fixed
with formalin solution (10%) and embedded in paraffin. Then,
the paraffin with the organs was cut into thin slices and stained
with hematoxylin and eosin (H&E). Then, an optical microscope
(Olympus X71, Japan) was used to judge if there was tissue
damage.

Statistical analysis

All of the results were expressed as the mean + standard
deviation (S.D.). The statistical significance of all experiments
was p < 0.05.

Conclusions

In conclusion, we have successfully developed a new therapeutic
strategy based on biodegradable BSA@ZIF-8 for the first time,
which can eradicate tumors with enhanced microwave ablation
and simultaneously resist infection that is associated with tumor
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therapy. These biodegradable ZIFs contain abundant porous
structures, showing increased absorption of ions and inelastic
collisions. A large amount of frictional heat produced by the
collisions results in an increase in tumor cell death under
microwave irradiation. This can effectively inhibit tumor growth
in mice by microwave ablation with good anti-tumor effects
(95.4%). Remarkably, the Zn>* released from the degradation
of BSA@ZIF-8 enables the damage of the bacterial cell walls, and
destruction of the metabolism and structure of the membrane,
leading to bacterial cell death, and ultimately achieving good
antibacterial properties. On the 8th day after treatment, the
number of WBCs representing inflammation in the treatment
group with ZIFs was restored, while the treatment group without
ZIFs was 50% higher than the initial value on the 14th day. More
importantly, the synthetic ZIF-8 can be biodegradable without
long-term toxicity in vivo. The in vivo experiment results showed
that the BSA@ZIF-8 could protect 80% of the mice from lethal
challenge with tumors and accompanying infection. The as-
prepared BSA@ZIF-8, therefore, is a very powerful anticancer
nanohybrid using a strategy of treating tumors with microwave
ablation and simultaneously inhibiting bacterial growth to over-
come the current concerns of efficient cancer therapy.
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