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ABSTRACT

Zeolitic Imidazole Frameworks (ZIFs) are widely applied in nanomedicine for their high drug loading, suitable
pore size, pH-responsive drug release, and so on. However, fast drug release during circulation, unexpected
toxicity to mice major organs, undesirable long-term accumulation in the lung and even death currently hinder
their in vivo biomedical applications. Herein, we report an amorphous ZIF-8 (aZIF-8) with high loading of 5-Fu
through pressure-induced amorphization. This nano-system avoids early drug release during circulation and
provides tumor microenvironment-responsive drug release with improved in vitro cell viability, and survival rate
in in vivo evaluations as compared to ZIF-8. Furthermore, aZIF-8 shows longer blood circulation and lower lung
accumulation than ZIF-8 at same injected doses. Less drug release during circulation, longer blood circulation,
and better biocompatibility of aZIF-8/5-Fu significantly improves its therapeutic efficacy in ECA-109 tumor-
bearing mouse, and result in 100% survival rate over 50 days after treatment. Therefore, aZIF-8 with favorable
biocompatibility and long blood circulation is expected to be a promising nano-system for efficacious cancer

therapy in vivo.

1. Introduction

As a famous porous material, zeolitic imidazole frameworks (ZIFs)
have shown great potential in gas separation [1,2], catalysis [3], sen-
sors [4,5], and drug delivery [6,7], for their tunable pore sizes, high
surface areas, and structural diversity [8,9]. The high drug loading,
stability during blood circulation, and pH-responsive drug release in
tumor expand their application in cancer therapy [10]. For instance,
ZIF-8 could deliver small molecules, nanoparticles [11], and enzymes
[12,13] to tumor sites and release guests because of the decreased pH of
tumor environment [14]. ZIF-8 has also been widely used in tumor
imaging and therapy [15] as an ideal vehicle. However, many un-
desirable outcomes still hamper the in vivo application of ZIFs in bio-
medicine, such as fast drug release during circulation [7,10], un-
expected toxicity to mice major organs [16], undesirable long-term
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accumulation in the lung [10], and even death. Some researchers have
explored surface modification [16], metal-oxide coating [17], etc., as
strategies to ameliorate these side effects. Although such strategies
serve to improve the biocompatibility and expand in vivo applications of
ZIE-8, drug loading rates and pH-responsive abilities are consequently
compromised. It is therefore important to explore the different states of
ZIFs that could improve in vivo therapeutic effects.

Recently, amorphous ZIFs (aZIFs) have attracted much attention for
retaining the basic connecting blocks and connectivity of ZIFs [18], but
lack long-range periodic order [19,20]. aZIFs could limit the free
movement of guest molecules by irreversibly collapsing porous net-
works through ball-milling [21], pressure [22,23], and temperature
[18]. They have also shown potential application in molecule trapping
[24], gas separation [25], ion transport [26], and so on. Furthermore,
they are envisaged as potential candidates for drug delivery by limiting
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Fig. 1. (a) TEM images of ZIF-8, ZIF-8-0.3 GPa, ZIF-8-0.6 GPa, and ZIF-8-0.9
0.6 GPa, and ZIF-8-0.9 GPa.

the freedom of drugs [27,28]. Limiting small molecules in networks of
aZIFs, which could increase stability of drugs during blood circulation,
is expected to increase the therapeutic efficacy and expand the appli-
cation of ZIFs in biomedicine. However, the method such as ball milling
will make the particles no longer nanometers but micrometers, limiting
the further application of aZIF in biomedicine [27]. Additionally,
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Scheme 1. Schematic illustration of the aZIF-8/5-
Fu preparation procedure and its bio-application
and potential mechanism for cancer therapy. After i.
v. injection of aZIF-8/5-Fu in tumor-bearing mice,
aZIF-8 significantly reduces release of 5-Fu during
circulation, and triggers more effective and faster 5-
Fu release inside the tumor cells by its response to
low pH condition.
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inducing ZIF/drugs into aZIF/drugs for cancer therapy is still seldom
reported. Moreover, in-depth explorations and understanding of these
novel materials in nanomedicine are generally lacking.

To provide the dependable evidence that aZIFs could improve tumor
therapeutic effect in vivo, here, aZIF-8 and fluorouracil (5-Fu)-loaded
aZIF-8 nano-systems were engineered by pressure-induced
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Mean #= SD (n = 3); (d) XFM images of Cl and Zn in ECA-109 cells incubated with ZIF-8 and ZIF-8-0.6 GPa for 4 h. The blue color bar is for Zn element.

amorphization (Scheme 1). Emphases were focused on biological
functions and features of aZIFs, such as biocompatibility, biodistribu-
tion, and effectiveness as a drug delivery system especially by com-
parison with ZIF-8. Consequently, the improved biological functions of
aZlIFs were demonstrated, including prolonged controlled drug release,
decreased toxicity, less pulmonary but increased tumor accumulation,
and improved tumor therapy compared to ZIF-8. Taken together, this
work proves that aZIF-8 with less toxicity and more accumulation in the
tumor can be used as a novel nano-system for effective tumor therapy.

2. Experimental Section
2.1. Synthesis of aZIF-8 under different pressures

Nano ZIF-8 was synthesized according to our previous report [6]. 2
g Zn (NO3)»6H,0 and 5 g 2-methylimidazole (2-MI) were mixed in
200 g methanol. The mixture was kept at 25 °C for 24 h. Then, the
product was washed with methanol and dried in vacuum for 48 h.

aZIF-8 were prepared using a hydraulic pellet press with 20 mm
diameter die. Nano ZIF-8 (500 mg) was gently stirred in a non-pene-
trating fluid to disperse lumps before evenly distributing in the die. The
press was subjected to load of 0.3, 0.6 or 0.9 GPa for 5 min before
recovering the samples. The sample was named as ZIF-8-X GPa.

2.2. Synthesis of aZIF-8/5-Fu by impregnation or under different pressures

5 ml ZIF-8, ZIF-8-0.3 GPa, ZIF-8-0.6 GPa or ZIF-8-0.9 GPa in PBS
(pH = 7.4; 4 mg/ml) and 20 mg 5-Fu were mixed by stirring for 72 h in
the dark. The samples were collected and freeze-dried. ZIF-8/5-Fu was
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gently stirred in a non-penetrating fluid to disperse lumps before evenly
distributing in the die. The press was subjected to load of 0.3, 0.6, and
0.9 GPa for 5 min before recovering the samples to obtain aZIF-8/5-Fu
under different pressures. Drug loading = w (5-Fu in nano-system)/w
(nano-system).

2.3. Drugrelease from ZIF-8/5-Fu and ZIF-8-0.6 GPa/5-Fu under different
conditions in vitro

The drug release from ZIF-8/5-Fu and ZIF-8-0.6 GPa/5-Fu was
tested in different conditions at 37 °C under shaking for 24 h
(pH = 7.4 + 10% FBS and pH = 5.5). At various time points, a 1 ml
solution was taken for analysis and replaced with equal volume of fresh
release medium to maintain sink condition. The release concentrations
were determined by UV-vis spectroscopy at 270 nm.

2.4. Cell cytotoxicity and uptake of aZIF-8 in vitro

100 pl ECA-109 or MCF-7 cells (10°/ml) were seeded in 96-well-
culture plates for 24 h. The medium was replaced with different con-
centrations (1.25-100 pg/ml) of ZIF-8, ZIF-8-0.3 GPa, ZIF-8-0.6 GPa,
and ZIF-8-0.9 GPa in the culture medium. After another 24 h, the
medium was replaced with 1640 medium that was supplemented with
10% CCK-8 and the cells were incubated for another 4 h at 37 °C. The
absorbance intensity of every well was measured at 490 nm.

To ensure cell uptake of ZIF-8 and ZIF-8-0.6 GPa in ECA-109 cells,
the element mapping of cells was tested by X-ray fluorescence micro-
scopy (XFM) at Shanghai Synchrotron Radiation Facility (SSRF,
Shanghai, China) [29]. ECA-109 cells were allowed to grow on films.
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Fig. 3. (a) Survival rate of Balb/c mice after i. v. administration with different dose (12.5, 25, 37.5, 50, 75 and 100 mg/kg) of samples (n = 5) The survival rates of
mice were observed for 24 h (The survival rate of ZIF-8-0.6 GPa and ZIF-8-0.9 GPa were same, so the line of ZIF-8-0.6 GPa was covered by the line of ZIF-8-0.9 GPa);

(b) Body weight changes after injection with different dosages of ZIF-8-0.6 GPa. Mean

75 mg/kg ZIF-8-0.6 GPa for 1 or 7 days. (Scale bar = 100 pm).

After 24 h, the cell culture medium was replaced with a new one with
ZIF-8 and ZIF-8-0.6 GPa (50 pg/ml), and the cells were incubated for
another 4 h. The cells were fixed by tissue fixative before the test. The
distribution mapping of elements (Cl and Zn) was assessed by hard X-
rays of the BL15U beamline at SSRF. The energy of the X-ray was
15 keV, while the beam spot was 1 X 1 um/(step*s).

2.5. Toxicity evaluation of aZIF-8 in vivo

The in vivo toxicity evaluation was conducted under the approval of
the Regional Ethics Committee for Animal Experiments at Ningbo
University, China (Permit No. SYXK (Zhe) 2019-0005). For this pur-
pose, mice were randomly injected with ZIF-8, ZIF-8-0.3 GPa, ZIF-8-
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SD (n = 5); (c) H&E staining of mice major organs injected with 50 and

0.6 GPa, and ZIF-8-0.9 GPa of different concentrations (12.5, 25, 37.5,
50, 75, and 100 mg/kg, n = 5) via the tail veins. The survival rates of
mice were observed for 24 h. Furthermore, 15 mice were randomly
divided into three groups and separately injected with PBS, and ZIF-8-
0.6 GPa at 50 and 75 mg/kg via the tail veins. The weights of mice were
recorded for 14 days. The mice injected with different samples were
thereafter sacrificed for histology study of the major organs. The par-
affin slices were stained with H&E to verify if there is any damage to the
organs.

2.6. Pharmacokinetics and biodistribution of healthy mice in vivo

Mice were administered with ZIF-8 and ZIF-8-0.6 GPa at
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Fig. 4. (a) Blood concentration of Zn?" at different time points after i. v. injection of ZIF-8 and ZIF-8-0.6 GPa (25 mg/kg). Inset is half-life of Zn?* for ZIF-8 and ZIF-
8-0.6 GPaMean # SD (n = 3). *,P < 0.05. The pharmacokinetics of Zn%* follows the two-compartment model; (b) Biodistribution of ECA-109 tumor bearing mice
after i. v. injection of ZIF-8 (25 mg/kg) and ZIF-8-0.6 GPa (25 and 50 mg/kg) for 24 h. Mean + SD (n = 3); (¢, d) Serum biochemistry data and (e) TNF-a of healthy
mice after i. v. injection of ZIF-8 (25 mg/kg) and ZIF-8-0.6 GPa (25 and 50 mg/kg) for 7 days. Mean = SD (n = 3); (f) Biodistribution of health mice after i. v.

injection of ZIF-8-0.6 GPa (50 mg/kg) at different times. Mean = SD (n = 3).

concentration of 25 mg/kg by intravenous (i.v.) injection. 1 ml blood
was collected at various time points (0, 0.17, 0.5, 1, 2, 4, 8, 12, and
24 h) and analyzed by inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Mice were also i. v. administered with ZIF-8-
0.6 GPa (50 mg/kg). Three mice of one group were randomly sacrificed
at 1, 3, and 7 d. The major organs were collected, and the concentration
of Zn was tested by ICP-OES.

Additionally, mice were i. v. administered with PBS, ZIF-8 (25 mg/
kg), and ZIF-8-0.6 GPa (25 and 50 mg/kg). The blood of mice sacrificed
at one day were collected and analyzed by Blood Analyzer (Sysmex XT-
1800i, Japan), and Hitachi 7600-110 Autoanalyzer (Hitachi, Tokyo,
Japan). TNF-a, IFN-y, IL-6, and IL-12 were tested by enzyme-linked
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immunosorbent assay or ELISA (PBL Biomedical Laboratories and
BDBiosciences) according to the manufacturer's instructions.
2.7. The statistics analysis

Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by Student's test with SPSS 18.0 software.
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Fig. 5. (a) Cell viability of ECA-109 cells incubated with 5-Fu, ZIF-8/5-Fu, and ZIF-8-0.6 GPa/5-Fu at different concentrations for 24 h. Mean + SD (n = 3); (b)
Relative tumor volume, (c) body weight and (d) survival rate of tumor-bearing mice after treatment with PBS, 5-Fu (6 and 12 mg/kg), ZIF-8/5-Fu (6 mg/kg), and ZIF-
8-0.6 GPa/5-Fu (6 and 12 mg/kg). Mean = SD (n = 5), *, P < 0.05; (e) Photography of tumor-bearing mice 14 days post-injection; (f) H&E staining of tumors for

one treatment after 24 h; (Scale bar = 100 pum).

3. Results and discussion
3.1. Characterization of aZIF-8

aZIF-8 was synthesized under different pressures for 5 min. The
transmission electron microscopy (TEM) images show that the nano-
system becomes irregular after pressure-induction and sizes of the
products become a little larger than ZIF-8 (From 85 to 120 nm)
(Fig. 1a). From the results of power X-ray diffraction (PXRD) (Fig. 1b
and Fig. S1), the intensity of 260 = 7.5° shows a rapid decrease with the
increment of pressure. There are only intensities of 5% remaining after
0.6 GPa and 0.9 GPa, as the collapse pressure of ZIF-8 is 0.34 GPa,
which results in irreversible amorphization. Moreover, Fourier trans-
form infrared (FT-IR) spectroscopy shows that the chemical bonds of
aZIF-8 are unchanged after the pressure-induction, which indicates the
aZIF-8 loses its crystal structure but maintains its chemical structure
instead of free metal ions and organic ligand (Fig. 1c). Furthermore,
elemental composition shows no obvious change from the results of
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organic elemental analysis (Table S1). The sizes of samples in cell
culture medium show an obvious increment with increased pressure
(Fig. 1d). When the pressure is 0.9 GPa, the size increases to 140 nm
from 90 nm, which confirms the results of TEM. The increase in particle
size may be due to the collapse of the pores during the pressurization
process, which caused the aZIF to fail to maintain a complete frame
structure. In addition, the Zeta potentials of all samples show no ob-
vious change after pressure-induced amorphization (Fig. S2). The above
results show that aZIF-8 is successfully synthesized under pressure-in-
duced amorphization and maintains the basic connecting blocks and
connectivity of ZIF-8 but lacks long-range periodic order.

3.2. Drug loading and toxicity of aZIF-8 in vitro

ZIF-8 has been proven to be an ideal carrier of 5-Fu for its suitable
aperture size and specific molecular adsorption [10]. The drug loading
was tested by impregnation firstly. All samples were stirred for 3 d with
mass ratio of 1:1 (ZIFs to 5-Fu). The results show that the loading
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Fig. 6. H&E staining of the major organs of ECA-109 tumor-bearing mice after different treatments for 14 days. (Scale bar = 100 um).

decreases with increased pressure (Fig. S3). This may be a consequence
of the lost long-range periodic order during pressure-induced amor-
phization, and the BET results also prove this (Fig. S4). To maintain the
high drug loading of the nano-system, aZIF-8/5-Fu was synthesized
from ZIF-8/5-Fu under pressure-induced amorphization. The drug
loading of products shows no obvious decrease under different pres-
sures (Fig. 2a).

Furthermore, the toxicity was tested by CCK-8 in MCF-7 and ECA-
109 cells (Fig. 2b and Fig. S5). The toxicity of ZIF-8 and ZIF-8-0.3 GPa
increase at concentrations above 40 pg/ml for both cells. On the other
hand, ZIF-8-0.6 GPa and ZIF-8-0.9 GPa possess good biocompatibility
for both cells at the tested concentrations. A previous report concluded
that the release of Zn?* and the enhanced membrane-mediated reactive
oxygen species (ROS) production influence the biocompatibility of ZIF-
8 [30]. In this regard, Zn?™ release in simulation blood for 72 h, and
ROS were tested for ZIF-8 and ZIF-8-0.6 GPa as a comparison (Figs. S6
and S7). The ZIF-8-0.6 GPa shows a decrease in Zn?" release within
48 h. The concentration of free Zn>* released in the blood is also lower
than the blood concentration [31]. Furthermore, the ZIF-8-0.6 GPa
produces less ROS than ZIF-8 after 48 h incubation. Taken the size, drug
loading, and toxicity to cells into account, ZIF-8-0.6 GPa was chosen for
further exploration and comparison with ZIF-8.

3.3. Drug release and cellular uptake of aZIF-8

Before the evaluation of tumor therapeutic efficacy in vivo, drug
release and cellular uptake of the nano-system in vitro should be tested.
As shown in Fig. 2c, both ZIF-8 and ZIF-8-0.6 GPa release
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approximately 80% of 5-Fu within 4 h at pH = 5.5, which indicates the
amorphous structure does not compromise the pH-sensitivity of Zn-N
bonds. This fast drug release in simulated tumor microenvironment
could improve therapeutic efficiency. ZIF-8 shows fast 5-Fu release in
PBS (pH = 7.4) with 10% FBS within 6 h, which is consistent with
previous reports [16]; the fast drug release in the simulated blood en-
vironment may reduce its biological outcome. On the other hand, only
30% of 5-Fu is released from ZIF-8-0.6 GPa within 24 h. This is because
the subsequent amorphous structure could trap 5-Fu and reduce drug
diffusion during circulation. This finding indicates that most of the
released drug would be controlled by material degradation for aZIF-8.
Furthermore, the decreased drug release during circulation could also
minimize the side effects of the free drugs on mice major organs.

To characterize the distribution of elements, X-ray fluorescence
microscopy (XRFM) was used to locate the distribution of Zn (Fig. 2 d).
The results show that ZIF-8 is only at the point with obvious cluster,
while ZIF-8-0.6 GPa disperses throughout the cell with average in-
tensity. A previous report suggests that ZIF-8 tends to intensively ac-
cumulate around the membranes [10], however aZIF-8 disperses in
cells. The different cellular uptake also reflected the decreased ROS
production and the influence of biocompatibility. The cellular uptake
amount of ZIF-8-0.6 GPa was also tested for 24 h (Fig. S8). It could be
seen that the cellular uptake also increases with increasing incubation
concentration, which is consistent with earlier findings on ZIF-8 [10].

As a result, aZIF-8 with high drug loading shows better bio-
compatibility and less drug release during circulation in vitro compared
to ZIF-8, which could translate to better biocompatibility and ther-
apeutic effect in vivo.
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3.4. Biocompatibility of aZIF-8 in vivo

Biocompatibility is one of the main requirements for materials
considered in biomedical applications [32]. It refers to the ability of a
material to perform its programming functions (such as drug delivery in
the human body) without adversely affecting surrounding tissues or
altering homeostasis [33]. Acute toxicity experiment in vivo was also
performed. The safe concentration (without death) is 25 mg/kg for ZIF-
8 and ZIF-8-0.3 GPa, and 75 mg/kg for ZIF-8-0.6 GPa and ZIF-8-0.9 GPa
(Fig. 3a). In addition, the same survival rate was observed for both ZIF-
8-0.6 GPa and ZIF-8-0.9 GPa, which indicated the survival rate did not
change with the increase of pressure after amorphization. After the
pressure-induced amorphization (P > 0.34 GPa), toxicity of the nano-
systems reduces. The body weight changes of mice that were injected
with ZIF-8-0.6 GPa through the tail vein were also recorded (Fig. 3b).
There is no significant anomaly compared to the control group. The
tissue slices of different groups were stained with H&E to determine
possible damages induced by ZIF-8-0.6 GPa at different doses (Fig. 3c).
There are alveolar collapse and pulmonary bulla in the lung at con-
centration of 75 mg/kg on the 7th day. Degeneration of the renal tu-
bules and mild steatosis of spleen could be observed at both con-
centrations on the 1st day. However, the degrees of the lesions improve
with time. Additionally, there is normal histology without any hyper-
trophy or adherent lobes for the liver of all groups. These results show
that when the concentration of ZIF-8-0.6 GPa is less than 50 mg/kg,
there is no indication of severe toxicity, which provides an insight on
the suitable concentrations for further in vivo experiments.

3.5. Pharmacokinetics and biodistribution of ZIF-8 and ZIF-8-0.6 GPa in
vivo

To better describe ZIF-8-0.6 GPa within the body, series of phar-
macokinetic and biodistribution evaluations were conducted and ZIF-8
was set as reference for comparison. The safe concentration of ZIF-8
(25 mg/kg) was used to compare the difference between ZIF-8 and ZIF-
8-0.6 GPa. Complementarily, ZIF-8-0.6 GPa at 50 mg/kg was also tested
in the biodistribution, biocompatibility, and clearance assessments. At
the dose of 25 mg/kg, the serum zinc concentration (Fig. 4a) steadily
declines over time for both ZIF-8 and ZIF-8-0.6 GPa. The elimination
half-life of ZIF-8-0.6 GPa (6.8 h) is 1.8-fold more than ZIF-8 (3.8 h),
indicating the prolonged blood circulation of aZIF-8.

The biodistribution of the nano-systems in tumor-bearing mice was
quantified by ICP-OES. The accumulation could be detected in the mice
major organs and tumors (Fig. 4b). Most of ZIF-8 are detected in the
organs of reticuloendothelial systems (lung, liver and spleen) with high
accumulation in the lung, which corresponds to the findings in previous
reports [10]. On the contrary, ZIF-8-0.6 GPa shows a different dis-
tribution from ZIF-8 at the concentration of 25 mg/kg, as there is an
obviously decreased accumulation in the lung and spleen. This may be
due to amorphization resulting in the reduction of aZIF accumulation in
the lung and kidney. Furthermore, ZIF-8-0.6 GPa shows an increment in
the tumor. At concentration of 50 mg/kg, there is a marked increase in
all major organs and tumor. These demonstrate that aZIF-8 could in-
crease nano-system accumulation in the tumor by longer circulation
time with decreased lung accumulation.

To further understand the effect of the nano-systems on the blood,
mice administered with samples were sacrificed after 24 h, and the
blood were collected for analysis. No obvious decrease in white blood
cells and red blood cells occurs for all groups (Fig. S9). In addition, the
biochemistry of blood shows no obvious change among three groups
within the normal range (Fig. 4c and d). However, the TNF-a of ZIF-8
shows an increment in comparison with the other three groups (Fig. 4e
and Fig. S10). Among those, aZIF-8 exhibits low toxicity and higher
tumor accumulation than ZIF-8.

To evaluate the clean-up of aZIF-8 in vivo, the major organs of mice
were collected at 1, 3, and 7 days after i. v. injection of ZIF-8-0.6 GPa
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(50 mg/kg). The concentration of Zn was analyzed by ICP-OES (Fig. 4f).
Although there are high accumulations in liver, spleen, lung and
kidney, the concentrations obviously decrease with time. Notably, the
concentration of ZIF-8-0.6 GPa in the major organs show no obvious
difference with the control after 7 days. Due to the non-covalent co-
ordination interaction of aZIFs, aZIF could gradually decompose into
small molecules and ions which could effectively release out Zn** in a
relatively rapid manner. Further, the ZIF-8-0.6 GPa can be degraded
easier than class inorganic materials, and further cleared fast. These
therefore establish the rapid clean-up of the aZIFs in vivo.

3.6. Anti-tumor effect of ZIF-8 and ZIF-8-0.6 GPa in vitro and in vivo

ECA-109 cells were utilized to investigate the anti-tumor effect of
the nano-systems in vitro. Both samples exhibit 5-Fu concentration-de-
pendent inhibition of cell proliferation (Fig. 5a). ZIF-8/5-Fu and ZIF-8-
0.6 GPa/5-Fu exhibit stronger inhibition than free drug solution. The
enhancement of antitumor efficiency might be related to the fast drug
release and increased uptake of ZIFs and aZIFs.

An ECA-109-bearing nude mice model was used to evaluate the
tumor therapeutic efficacy in vivo. The tumor size of treated groups was
observed for 14 days after four-time administration. The tumor of ZIF-
8-0.6 GPa (12 mg/kg) group grows slowly during treatment and be-
comes smaller than the original size without recurrence within 14 days
(Fig. 5b). Meanwhile, the tumors of other groups grow quickly over
time, expect ZIF-8-0.6 GPa (6 mg/kg) that shows no change. H&E
staining of the tumor sections post-treatment show that compared to
the PBS group, there are much vacuolar chromatin in the ZIF-8-0.6 GPa
group. The 5-Fu group only shows increase in the nuclear ratio which
indicates no obvious cell necrosis (Fig. 5e and f). It can also be noticed
that the survival of ZIF-8-0.6 GPa (12 mg/kg) group is still 100% within
60 days (Fig. 5d). Conversely, the survival of PBS, 5-Fu (6 mg/kg), and
5-Fu (12 mg/kg) groups are zero, while ZIF-8 (6 mg/kg) and ZIF-8-
0.6 GPa (6 mg/kg) are 20% and 60%, respectively. The excellent
therapeutic efficacy and prolonged survival could be attributed to two
major reasons: first, the longer blood circulation time and higher safe
concentration leading to higher drug concentration in tumors; second,
the fast drug release increases 5-Fu concentration in tumor cells, which
consequently induces the cell death.

Furthermore, there is no obvious decrease in body weights during
treatment for 14 days (Fig. 5¢). In addition, compared to the PBS group
(Fig. 6), there is no obvious abnormality in the vital organs for ZIF-8-
0.6 GPa-treated group whilst there are obvious damages to liver, spleen,
and kidney of the groups treated with free 5-Fu and ZIF-8/5-Fu, cor-
roborating previous H&E results [34]. Taken together, these results
indicate that aZIFs enhance tumor therapeutic effect with reduced
toxicity, longer blood circulation, and higher accumulation in tumor
sites.

4. Conclusion

In this work, pressure-induced aZIF-8/5-Fu was compared with ZIF-
8/5-Fu from drug loading, drug release, cell viability, cellular uptake
and ROS production in vitro to biocompatibility, blood circulation, or-
gans accumulation and therapeutic efficacy in vivo. We found that aZIF-
8 showed lower drug release in simulation blood environment and
better cell biocompatibility than ZIF-8 in vitro. In the in vivo in-
vestigations, aZIF-8 exhibited higher safe concentration, longer blood
circulation and higher tumor accumulation with lower lung accumu-
lation. High injection dose and tumor accumulation combined with pH-
responsive drug release remarkably improved the therapeutic efficacy
of aZIF-8/5-Fu to improve the survival of tumor-bearing mice during
and after treatment. Additionally, aZIF-8 showed less side effects on
mice major organs and were cleaned up within 14 days at the given
dose. Taken together, our study proves that aZIF-8 with favorable
biocompatibility, long blood circulation and tumor microenvironment
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responsiveness has great potential as a nano-system for effective cancer
therapy.
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