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A pH-Responsive Cluster Metal-Organic Framework
Nanoparticle for Enhanced Tumor Accumulation

and Antitumor Effect

Ruoyu Cheng, Lingxi Jiang, Han Gao, Zehua Liu, Ermei Mdkild, Shiqi Wang,
Qimanguli Saiding, Lei Xiang, Xiaomei Tang, Minmin Shi, Jia Liu, Libin Pang,
Jarno Salonen, Jouni Hirvonen, Hongbo Zhang, Wenguo Cui,* Baiyong Shen,*

and Hélder A. Santos*

As a result of the deficient tumor-specific antigens, potential off-target effect,
and influence of protein corona, metal-organic framework nanoparticles
have inadequate accumulation in tumor tissues, limiting their therapeutic
effects. In this work, a pH-responsive linker (L) is prepared by covalently
modifying oleylamine (OA) with 3-(bromomethyl)-4-methyl-2,5-furandione
(MMfu) and poly(ethylene glycol) (PEG). Then, the L is embedded into a solid
lipid nanoshell to coat apilimod (Ap)-loaded zeolitic imidazolate framework
(Ap-ZIF) to form Ap-ZIF@SLN#L. Under the tumor microenvironment, the
hydrophilic PEG and MMfu are removed, exposing the hydrophobic OA on
Ap-ZIF @SLN#L, increasing their uptake in cancer cells and accumulation in
the tumor. The ZIF@SLN#L nanoparticle induces reactive oxygen species
(ROS). Ap released from Ap-ZIF @ SLN#L significantly promotes intracellular
ROS and lactate dehydrogenase generation. Ap-ZIF@SLN#L inhibits tumor
growth, increases the survival rate in mice, activates the tumor microenviron-
ment, and improves the infiltration of macrophages and T cells in the tumor,
as demonstrated in two different tumor-bearing mice after injections with
Ap-ZIF@SLN#TL. Furthermore, mice show normal tissue structure of the
main organs and the normal serum level in alanine aminotransferase and
aspartate aminotransferase after treatment with the nanoparticles. Overall,
this pH-responsive targeting strategy improves nanoparticle accumulation in
tumors with enhanced therapeutic effects.

1. Introduction

Metal-organic frameworks (MOFs), crys-
talline hybrid materials built up from
the coordination between metal (transi-
tion metal or lanthanide metal) ions and
organic ligands (carboxylates, azolates,
and phosphonates), exhibit controlled sur-
face chemistry, unparalleled surface areas,
and pore volumes, and reversible struc-
tural flexibility.'3! These properties make
MOFs an outstanding candidate for drug
delivery and biomedical applications.**!
For example, drugs with different proper-
ties, such as hydrophobic and hydrophilic
drugs, and proteins, can be effectively
loaded into MOFs;/#l easily tailored prop-
erties mean that MOFs can be modified
by different ligands, such as peptides and
fluorescence, for various applications.1¥
Due to these advantages, previous studies
have focused on exploring the potential
capability of MOFs in cancer treatments.!""
However, there are still some challenges
in applying MOFs for cancer therapy.
For example, during the formation of the
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MOF, homogeneous nucleation first excessively appears.!]

If the unreacted precursors cannot be rapidly depleted, the
generated nucleus will continuously grow, generating micropar-
ticles rather than nanoparticles.!'¥ These microparticles usually
exhibit limited accumulation in the tumor tissues compared
to the nanoparticles by intravenous injection. Although MOFs
are fabricated by coordinating metal ions and organic ligands,
massive ions and proteins in the circulation system will also
interact with the metal ions or organic ligands of the MOF,
causing unforeseen degradation or aggradation before the MOF
arrives at the destination. Therefore, developing a strategy
to increase MOF nanoparticle accumulation in tumor tissues
would be necessary to achieve enhanced therapeutic effects.

Works have shown the development of various strategies to
improve MOF nanoparticle accumulation in tumors.!>10 Active
targeting is one of the most popular strategies for raising the
concentration of nanoparticles or drugs in tumor tissues.[”18l
Tumor-associated antigens (TAAs) or tumor-specific antigens
(TSAs) are commonly used as specific targets for the nanopar-
ticles to interact with their functional targeting ligands.*20l
However, these active targeting strategies are limited by the
deficient TSAs or TAAs on some incredibly immune-sup-
pressive solid tumors, such as pancreatic and triple-negative
breast cancers.??2l These active targeting nanoparticles can
also suffer from surface protein corona formation or off-target
effects when injected inside the body. Therefore, developing
other potential targeting strategies that can increase the accu-
mulation of MOF nanoparticles or drugs in tumor tissues more
effectively is highly demanded.

The tumor microenvironment (TME) has the loose structure
of epithelial cells that causes the leaking and accumulating of
contents from the blood flow to a greater extent than in normal
tissue. It has been indicated that nanoparticles of a specific
size (usually <200 nm) can pass through the loose epithelial
cells and arrive at the tumor tissues.?3 In addition, the pH in
tumor tissues is lower than in normal tissues, attributing to the
production of numerous lactates and excess protons of carbon
dioxide by the glycolysis of cancer cells, which is commonly
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found in most solid tumors.l**?%] Therefore, these characteris-
tics of TME can be utilized to develop pH-responsive nanopar-
ticles or drugs to increase their accumulation in tumor tissues.

Considering the acidic TME condition and loose structure
of epithelial cells, a pH-responsive cluster MOF nanopar-
ticle is designed to enhance its accumulation in tumors and
improve the therapeutic effects in this work. The hydrophobic
oleylamine (OA) was covalently modified with hydrophilic
poly(ethylene glycol) (PEG) by a pH-sensitive traceless linker
3-(bromomethyl)-4-methyl-2,5-furandione (MMfu) to prepare
the pH-responsive linker (L). A similar carbon chain to 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine (mPEG-DSPE) turns
L into partially hydrophobic. The zeolitic imidazolate frame-
work (ZIF) was used as a typical MOF nanoparticle for drug
loading and inducing the reactive oxygen species (ROS) gen-
eration, and apilimod (Ap) was used as a model drug to inhibit
the autophagy capability since the cancer cells usually have a
higher autophagy level than the normal cells. Microfluidics was
used to coat the Ap-loaded ZIF with the solid lipid nanoshell
containing L (Ap-ZIF@SLN#L), as shown in Scheme 1. It is
hypothesized that the Ap-ZIF@SLN#L can homogeneously
distribute in physiological conditions (pH 74) and expose the
hydrophobic OA part under the acid condition (pH 6.0), leading
to the formation of clustering nanoparticles with increased
tumor accumulation in vivo and in vitro. Consequently, the
clustering nanoparticles may increase ROS generation under
the induction by the ZIF@SLN#L and the autophagy inhibition
caused by the Ap, causing the inhibition of the proliferation of
cancer cells and activated TME.

2. Results and Discussion

One of the most promising techniques, microfluidics, was used
to precisely prepare the TME targeting cluster nanoparticles
on a glass microchip. Typically, the formation of nanoparti-
cles is based on the classical nucleation theory, and a specific
supersaturation status is induced by the rapidly increased free
monomers concentration in solution.'>2¢l Then energy barrier
for nucleation is overcome, leading to the burst nucleation.
Furthermore, the burst nucleation decreases the supersatura-
tion status shutting down the nucleation. Additionally, nuclea-
tion is related to the formation of nanoparticles. The nucleation
rate is positively correlated to the nuclei density, resulting in
smaller nanoparticles and enhanced particle yield. However,
the bulk method fails to create a homogenous condition within
the orders of milliseconds, which could cause the inhomo-
geneous concentration of monomers, further leading to the
higher batch-to-batch variation.””-2l Microfluidic can effec-
tively mix the monomers and create a homogeneous status,
decreasing the batch-to-batch variation.?>3% Before fabricating
the nanoparticles, the compositions were first optimized.
Since the zinc nitrate hexahydrate and 2-methylimidazole
synthesized ZIF, a series of amounts and ratios between the
two chemicals were used to prepare various ZIF (denoted as
ZIF1-14), and the properties of ZIF1-14 were evaluated by the
dynamic light scattering (DLS). Comparing the counting rate
(Figure S1A,B, Supporting Information) and hydrodynamic
diameter (Figure 1A,B) of ZIF1-14 after synthesis and after 24 h,
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Scheme 1. Schematicillustration of the underlying nanoparticle fabrication and therapeutic concept. A) Synthesis of the pH-responsive linker consisting of
PEG, MMfu, and OA parts. B) The Ap-ZIF@SLN#L nanoparticles were prepared by a series connection between two chips. C) Hypothetic mechanism of
the pH-responsive cluster Ap-ZIF@SLN#L nanoparticle. D) Hypothetic mechanism of the therapeutic effect caused by the Ap-ZIF@SLN#L nanoparticles.
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Figure 1. Preparation and characterization of the nanoparticles. A,B) Evaluating the ZIF prepared by different amounts (A) and ratios (B) of the zinc
nitrate hexahydrate and 2-methylimidazole in the hydrodynamic size diameter. C) Evaluating the size of the SLN nanoparticles prepared with four
different lipids, SPC3, E80, S100, and S75. D,E) Investigating the ZIF coated with SLN prepared with four different lipids, SPC3, E80, S100, and S75,
in terms of hydrodynamic size diameter (D) and PDI (E). F) FTIR spectrum of the pH-responsive linker. G) Schematic illustration of the interaction
among nanoparticles. H-]) Investigating the properties of various nanoparticles in terms of hydrodynamic size diameter (H), PDI (1), and zeta-
potential (J). K) The drug release behavior of Ap-ZIF@SLN#L in pH 6.0 and 7.4. L,M) TEM images of ZIF@SLN#L in PBS (pH 7.4) (L), with the
local magnification image inset with a white circle, and at pH 6.0 (M). N-Q) TEM images and EDX analyses of ZIF after synthesis (N,P) and after

dialysis (O,Q). R-U) TEM images and EDX analyses of ZIF@SLN#L after synthesis (R,T) and after dialysis (S,U). Error bars are based on standard
errors of the mean (n = 3).
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the amount and ratio of zinc nitrate hexahydrate and 2-meth-
ylimidazole were fixed at 9.27 mg mL™, and 1:10. Limiting by
the unsatisfactory stability of bare ZIF in physiological condi-
tions, 332 a composite solid lipid structure was coated on the
ZIF to improve the stability and fabricate the pH-responsive
cluster nanoparticles. Supporting by previous studies, elements
in lipid, such as phosphorus and choline, could interact with
zinc.333 We hypothesized that this interaction could con-
tribute to forming a solid lipid nanoshell (SLN) on the ZIF.
Therefore, four different lipids, soy phosphatidylcholine (SPC3,
S100, and S75), and egg phospholipid (E80) were first mixed
with cetyl palmitate and 1,2-distearoyl-sn-glycero-3-phosphoeth-
anolamine (mPEG-DSPE) to prepare the solid lipid nanoparti-
cles without ZIF (denoted as SPC3, E80, S100, and S75). S100 is
100% phosphatidylcholine, and S75 is 70% phosphatidylcholine;
both S100 and S75 come from soybean. E80 comes from the
egg with 80% phosphatidylcholine. SPC3 also comes from soy-
bean with pure phosphatidylcholine and iodine value of 3. The
structure of phosphatidylcholine was exhibited in Figure S1C,
(Supporting Information). In addition, ZIF coated with these
four different lipids was prepared (ZIF@SPC3, ZIF@ESO0,
ZIF@S100, and ZIF@S75). The nanoparticles’ hydrodynamic
diameter and polydispersity index (PDI) were investigated to
evaluate which lipid was more promising in forming the SLN
on the ZIF. The hydrodynamic diameter of SPC3, E80, S100,
and S75 was respectively at 876 £ 0.6, 77.3 £ 0.7, 132.2 £ 1.0, and
90.8 £ 0.8 nm (Figure 1C), and ZIF@SPC3 (194.9 £ 0.6 nm,
PDI: 0.168 + 0.01), ZIF@E80 (283.8 = 3.5 nm, PDI:
0.241 £ 0.03), ZIF@S100 (195.9 + 1.3 nm, PDI: 0.06 £ 0.01),
ZIF@S75 (2096.3 + 276.3 nm, PDI: 0.384 £ 0.07), and ZIF
(111.2 + 0.4 nm, PDI: 0.05 + 0.01) (Figure 1D,E). There was an
increased hydrodynamic diameter from S100 (132.2 £ 1.0 nm)
to ZIF@S100 (195.9 £ 1.3 nm) with uniform distribution
(PDI: 0.06 * 0.01) compared to the ZIF coated with the other
three lipids, which indicates the S100 is a more promising lipid
in forming the SLN on the ZIF.

After optimizing the compositions, a pH-responsive linker
(denoted as L) was synthesized. The PEG chains were first
connected with the 3-(bromomethyl)-4-methyl-2,5-furandione
(MMfu), followed by connected with OA. The PEG chains were
regarded as a hydrophilic part, and OA was the hydrophobic
part. These two parts were connected by a pH-responsive track-
less removable compound MMfu.’® The final product was
investigated by Fourier transform infrared (FTIR) spectroscopy
(Figure 1F). The stretching vibration of N—H, =3500 cm™, the
stretching vibration of C=0, =1680 cm™, the stretching vibration
of C—N, =1264 cm™, and the deformation vibration of N—H,
~1538 cm™, confirmed the formation of the amide bond, sug-
gesting the successful synthesis of the tumor environment tar-
geting linker. Additionally, the PEG, MMfu, and linker were also
investigated by the 'H nuclear magnetic resonance (‘H NMR,
Figure S2A-C, Supporting Information). The (3.5-4.0 ppm)
were the vibration absorption peaks of —CH,— on PEG;
b (2.09 ppm) and c (4.46 ppm) were the vibration absorption peaks
of —=CH;— and —CH,—Br on MMfu; d (7.0 ppm), e (0.7-2.7 ppm)
were the vibration absorption peaks of —CH,=CH,— and
—CH,— on OA; the '"H NMR results further proved the suc-
cessful synthesis of the linker. As shown in Figure 1G, the Zn
on the ZIF interacts with P on the S100 to enhance the coating
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efficiency; After removing the pH-responsive part, the OA on
the surface of nanoparticles has a hydrophobic interaction
leading to the clustering of nanoparticles. Afterward, ZIF, SLN
containing the pH-responsive linker (denoted as SLN#L), ZIF
coated with SLN#L (denoted as ZIF@SLN#L), and apilimod
(Ap)-loaded ZIF@SLN#L (denoted as Ap-ZIF@SLN#L) were
prepared by the microfluidics for the following study. DLS first
analyzed these nanoparticles regarding their hydrodynamic
diameter, PDI, and zeta-potential. As shown in Figure 1H-], an
increase in the hydrodynamic size diameter and reversed zeta-
potential were observed in the ZIF@SLN#L (189.4 £ 0.6 nm,
—10.7£0.5mV) compared to the ZIF (94.0+£0.51m, 16.7£0.6 mV),
and the zeta-potential of SLN#L was —13.5 + 0.6 mV. These
results show the successful coating of SLN#L on ZIF. Addi-
tionally, the ZIF, ZIF@SLN, and Ap-ZIF@SLN#L were
also investigated by the FTIR (Figure S1D-F, Supporting Infor-
mation). The imidazolate ring stretching was observed from
1400-1500 cm™, and the C=N stretching (1584 cm™) proved
the fabrication of ZIF. The broad bands from 1200-1500 cm™
could be attributed to the deformation of —CH,—, and
—CH;—proving the coating of SLN. Furthermore, the C—H
aliphatic stretching (2945 cm™) belonging to the cetyl palmi-
tate was observed on the ZIF@SLN and ZIF@SLN#L. More-
over, the stretching vibration of N—H, =3500 cm™, proved the
presence of L on Ap-ZIF@SLN#L. The ZIF, ZIF@SLN, and
Ap-ZIF@SLN#L were investigated by X-ray diffraction (XRD,
Figure S1G-I, Supporting Information), proving the changes
in crystal structure after modifying the SLN and SLN#L
with Ap. Thermogravimetric analysis (TGA, Figure S1J-L,
Supporting Information) proved the successful preparation
of ZIF, ZIF@SLN#L, and Ap-ZIF@SLN#L. With the addition
of SLN and SLN#L with Ap, ZIF@SLN and Ap-ZIF@SLN#L
exhibited different TG curves compared to the ZIF. A sharp
weight decrease can be observed on ZIF at =500 °C compared
to a broader TG curve on ZIF@SLN (from above 200 °C) and
Ap-ZIF@SLN#L (from above 100 °C). Moreover, these nano-
particles were also tested in an acid environment. As a result,
an increase in the hydrodynamic size diameters and PDI were
observed for ZIF@SLN#L from 189.4 + 0.6 nm and 0.156 + 0.01
to 412.7 + 3.8 nm and 0.323 £ 0.02, respectively, in acid solution
(pH 6.0 to mimic the tumor microenvironment). Additionally,
the Ap-ZIF@SLN#L showed similar properties (186 + 1.6 nm,
0.220 + 0.02, and -13.5 £ 2.3 mV) as ZIF@SLN#L, indicating
no influence caused by the loading of Ap in the Ap-ZIF@
SLN#L structure. Additionally, the drug release behavior of
Ap-ZIF @ SLN#L (Encapsulation efficiency: 81.2 + 2.1%, loading
efficiency: 10.9 £ 0.3%) was tested in both physiological and
acidic pH; stable and burst drug release can be observed at dif-
ferent pH (Figure 1K and Figure SIM, Supporting Information).

TEM shows no apparent aggregation in ZIF@SLN#L in
PBS (pH 74). However, the lipid coatings can be observed on
the surface of ZIF in the locally magnified images, demon-
strating the successful fabrication of the core-shell structure
(Figure 1L). In contrast, large clustering nanoparticles can be
observed in ZIF@SLN#L at pH 6.0 (Figure 1M), which indi-
cates that under the tumor microenvironment, the MMfu
and PEG can be tracklessly removed from the ZIF@SLN#L,
leading to the exposure of the hydrophobic OA part and clus-
tering nanoparticles. Besides, we also dialyzed the ZIF @ SLN#L

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

FITC DAPI Merge

SLN

Ty _ZIF@SLN Ty SLN—SLN#0APEG |  |(C) SLN— SLN#OA-PEG ©
—zZF@SLNaL )’ —SLN#OA —SLN#L — SLN#OA —SLN#L !

__60-] _ 60| _ 60
g 53 B3 ;
= o @ =
3 2 2
O 40+ 8 40 8 404
o i) i)
E E E
b ™ [

20 204 204

0 0 oLl | ¢
pH7.4 PHE.0

pH 6.0

ZIF@SLN#L

S

Heart

Spleen" N

Lung Kidney

8
6
4
2

oo

Spleen

=1
°

B
< >
3
<
2
=
=
m
€
s
k=1
1
o o

> Tumor
LCLEY Tomer

0 Heart Liver Spleen Lung Kidney Tumor

SLN#OA SLN#OA-PEG

SLN#L

Figure 2. A) Flow cytometry results of the FITC* Pan02 cells treated with ZIF@SLN or ZIF@SLN#L at pH 7.4 or pH 6.0. B,C) FITC' Pan02 cells treated
with SLN, SLN#OA, SLN#OA-PEG, and SLN#L at pH 7.4 (B), pH 6.0 (C), and D) confocal fluorescence microscopy images at pH 6.0 (n=3). Scale bars:
20 um. E,F) The time-dependent biodistribution of ZIF@SLN (E) and ZIF@SLN#L (F) after intravenous injection. G,H) Biodistribution of ZIF@SLN
(G) and ZIF@SLN#L (H) in the main organs and tumor after 6 h post-intravenous injection, and |) quantitative analysis in the average radiant efficiency
(n=5). The error bars are based on standard errors of the individual animals (n=5), ***p < 0.001, anaylsis of variance (ANOVA) with Tukey's post-test.

and ZIF overnight to investigate the core—shell structure on
ZIF@SLN#L. After synthesis, ZIF shows a regular hexagon-like
structure (Figure 1N). However, most ZIF dissolved after dial-
ysis without specific morphology (Figure 10). In addition, there
was no phosphorus element detected in ZIF before or after dial-
ysis, according to the results of EDX analysis (Figure 1P,Q). By
contrast, ZIF@SLN#L maintained specific morphology before
and after dialysis (Figure 1R,X), which indicates the lipid coating
structure of ZIF@SLN#L with improved nanoparticle stability
in the solution. Moreover, the phosphorus element appeared
in the EDX results before and after dialysis (Figure 1T,U),
attributing to the presence of S100 on ZIF@SLN#L. Addition-
ally, the hydrodynamic diameter and PDI of ZIF@SLN#L and
ZIF were evaluated in different media during 2 h incubation
(Figure SIN-Q, Supporting Information). Stable hydrodynamic
size diameter and PDI were observed in the ZIF@SLN#L com-
pared to the ZIF, indicating the successful coating of SLN#L on
the ZIF. Overall, these results showed the successful fabrication
of ZIF@SLN#L with potential pH-responsive capability.

Since ZIF@SLN#L can cluster in acid pH (6.0) (Figure 1M),
we further explore the potential pH-responsive capability of
ZIF@SLN#L both in vitro and in vivo. The ZIF@SLN and
ZIF@SLN#L (labeled with coumarin-6 as a fluorescein isothio-
cyanate, FITC, marker) were cultured with Pan02 cells in a cul-
ture medium at pH 6.0 and 74 to study whether the cell culture
medium with different pH-values can influence the cellular

Adv. Mater. 2022, 2203915 2203915 (6 of 13)

uptake efficiency of the nanoparticles in vitro. The ZIF@SLN
was used as control nanoparticles without the pH-responsive
linker. After being quantified by flow cytometry, the cellular
uptake efficiencies of ZIF@SLN (29.7 + 2.4%) and ZIF @ SLN#L
(28.9 + 77%) were similar at pH 74. Interestingly, the uptake
efficiencies of ZIF@SLN#L increased to 64.4 + 2.9% com-
pared with the 30.5 + 1.6% ZIF@SLN at pH 6.0 (Figure 2A).
To eliminate the potential influence of nanoparticles adhered to
cell membranes, trypan blue was used to quench the potential
influence, followed by analysis with flow cytometry. The uptake
efficiencies of ZIF@SLN#L and ZIF@SLN exhibited a similar
trend as the unquenched data, indicating the internalization
of the nanoparticles (Figure SI1R, Supporting Information).
To explore the potential mechanism of the increased cellular
uptake of ZIF@SLN#L in Pan02 cells at pH 6.0, four nanopar-
ticles, SLN, SLN modified with OA (SLN#OA), SLN modified
with mPEG-DSPE and OA (SLN#OA-PEG), and SLN modified
with pH-responsive linker (SLN#L), were prepared and cul-
tured with Pan02 cells in culture medium (pH 74) (Figure 2B)
and pH 6.0 (Figure 2C). All nanoparticles were labeled with
coumarin-6 as a FITC marker, and flow cytometry was used to
quantify the cellular uptake of the nanoparticles. The cellular
uptake of SLN was 32.4+1.1% and 31.3 £ 0.5% at pH 74 and 6.0,
respectively, without statistically significant differences in the
cellular uptake at the different pH values. The cellular uptake
of SLN#OA was higher than that of SLN at pH 74 (42.6 £ 2.2%),

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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and 6.0 (37.6 + 2.1%) without differences in cellular uptake at
the studied pH values, indicating the modification of OA leads
to the enhanced cellular uptake efficiency. The cellular uptake
of SLN#OA-PEG was the lowest at pH 74 (5.0 £ 0.6%) and pH
6.0 (6.0 = 2.9%) compared with the other three groups, which
is attributed to the steric hindrance of PEG chains and the cov-
ering effect of PEG chains on the OA.% In contrast, the cel-
lular uptake of SLN#L was pH-dependent as 13.4 £ 0.4% for pH
74 and 49.8 + 1.4% for pH 6.0. The cellular uptake of SLN#L was
similar to that of SLN#OA-PEG at pH 74, which is attributed to
the effects of the PEG’s chains. However, the increased cellular
uptake of SLN#L was observed at pH 6.0, which is attributed to
the removing PEG chains and exposing OA to the acid environ-
ment. Furthermore, the Pan02 cells treated with four nanopar-
ticles were observed by confocal fluorescence microscopy, and
strong green fluorescence was observed around the nucleus of
Pan02 cells cultured with SLN#L at pH 6.0 (Figure 2D). These
results indicated that the pH-responsive linker could tracklessly
remove the PEG chains and expose OA, leading to increased
cellular uptake in Pan02 cells in an acid environment.

Since the pH-responsive linker can contribute to the increase
in cellular uptake and clustering nanoparticles in vitro, we
further intravenously injected ZIF@SLN and ZIF@SLN#L
(labeled with Cyanine-7) into the Pan02-bearing C57/BL6] mice
to study whether the pH-responsive linker can influence the
biodistribution of nanoparticles in vivo. As shown in Figure 2E,F,
the mice injected with ZIF@SLN#L showed enhanced accu-
mulation than those injected with ZIF@SLN from 0.5 to 24 h
post-injection, and the strongest accumulation in mice was
ZIF@SLN#L and ZIF@SLN after 6 h. In addition, there was
no accumulation in the mice injected with ZIF@SLN#L and
ZIF@SLN after 96 h, indicating the elimination of nanopar-
ticles from the mice after this time. Furthermore, the main
organs, heart, liver, spleen, lung, kidney, and tumors, were col-
lected from mice injected with ZIF@SLN#L and ZIF@SLN
after 6 h. Then the accumulation was quantitatively analyzed in
these tissues to study the biodistribution of the nanoparticles
(Figure 2G-I). No significant nanoparticles’ accumulation in
the lung indicated the favorable dispersion of both ZIF@SLN#L
and ZIF@SLN in mice circulatory systems.[8! Additionally, the
tumor in mice injected with ZIF @ SLN#L displayed higher accu-
mulation than that of mice injected with ZIF@SLN, which was
also proved by the quantitative results (15.9 £ 1.9% for ZIF@
SLN#L and 8.2 + 0.9% for ZIF@SLN). These results implied
that the pH-responsive linker increases the cellular uptake effi-
ciency on Pan02 cells in vitro and increases the nanoparticle
accumulation in the tumor in vivo.

Ap, an old drug developed for the oral treatment of autoim-
mune conditions, was subsequently discovered as an inhibitor
of the lipid kinase enzyme (PIKfyve).*l In addition, various
studies indicate that PIKfyve inhibitors cause cell death in
cancer cell lines, such as A-375 melanoma cells and non-
Hodgkin lymphoma, which depend on autophagy for growth
and proliferation due to impaired lysosome homeostasis.*4l
Interestingly, cancer cells, especially pancreatic cancer cells,
are known for high autophagy levels to support the intensi-
fied amino acid metabolism and glycometabolism causing
malignant proliferation.*>*] Given that the acidity of tumors
is lower than that of normal tissues,**! the pH-responsive
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linker of Ap-ZIF@SLN#L is expected to promote its accumula-
tion in cancer cells. Therefore, Ap-ZIF@SLN#L is a promising
candidate for blocking the autophagy of cancer cells, leading
to enhanced intracellular oxidative damage and tumor growth
inhibition.

To explore the potential therapeutic effect of Ap-ZIF@SLN#L,
the Pan02 cells were cultured with Ap alone, ZIF@SLN#L, and
Ap-ZIF@SLN#L at different concentrations and pH values.
In Figure 3A,B, when the Pan02 cells were incubated with Ap
alone, the cell viability was =100% without the influence caused
by the different concentrations or pH values. In contrast,
when the Pan02 cells were incubated with Ap-ZIF@SLN#L
(containing 100 nm of Ap), the cell viability was lower than
10% at pH 6.0 and 35.5 + 6.8% at pH 74. Since the Ap-ZIF@
SLN#L decreased the cell viability of Pan02, the effect of
Ap-ZIF@SLN#L on normal cells, such as fibroblast and mac-
rophages, was further investigated by evaluating the cell via-
bility. As shown in Figure 3C,D, Ap-ZIF@SLN#L (containing
100 nm of Ap) did not cause a statistically significant decrease
in the cell viabilities of both NIH/3T3 and RAW264.7 cells com-
pared to those treated with only cell medium. Lactate dehydro-
genase (LDH) and intracellular reactive oxygen species (ROS)
assay were assessed on Pan02 cells to study the potential mecha-
nism behind the decreased cell viability. As shown in Figure 3E,
increased LDH levels were observed in Pan02 cells treated with
Ap alone (22.7 £1.4%), ZIF@SLN#L (29.1+ 3.5%), and Ap-ZIF@
SLN#L (374 £ 2.6%) at pH 6.0 compared to the Pan02 cells
(11.2 £ 1.5%) without any treatment. Since the increasing level
of LDH in serum is usually associated with tissue damage, the
increase of LDH in the supernatant of Pan02 cells also indicated
cellular damage. The cellular damage was further studied using
the dichlorodihydrofluorescein diacetate probe (DCFH-DA)
by flow cytometry and confocal fluorescence microscopy. In
Figure 3F, after normalizing the DCFH-DA positive events in
the Pan02 cells without any treatment, the DCFH-DA positive
events in the Pan02 cells treated with Ap alone, ZIF@SLN#L,
and Ap-ZIF@SLN#L was 167 + 6.4%, 52.1 + 1.8%, and
73.2 £ 5.9%, respectively, at pH6.0. In contrast, there were no
statistical differences in the DCFH-DA positive events among
Pan02 cells treated with Ap alone (21.5* 12.2%), ZIF@ SLN#L
(278 + 10.49%), and Ap-ZIF@SLN#L (24.5 + 10.5%) at pH 74.
Noticeably, the DCFH-DA positive events of ZIF@SLN#L at
pH 6.0 were higher than at pH 74, attributed to the clustering
nanoparticles. Moreover, the highest DCFH-DA positive events
in Ap-ZIF@SLN#L at pH 6.0 indicate that the clustering
nanoparticles and Ap alone can synergistically increase the
intracellular ROS level. Furthermore, the intracellular ROS of
Pan02 with different treatments are shown in Figure 3G. Cor-
respondingly, higher fluorescence intensity can be observed in
the Pan02 cells treated with Ap-ZIF@SLN#L compared to Ap
alone and ZIF@SLN#L, consistent with the flow cytometry
results. Overall, these results show the potential mechanism
of Ap-ZIF@SLN#L in inhibiting the proliferation of Pan02
cells. Under the acid environment, the ZIF@SLN#L part of
Ap-ZIF@SLN#L can induce the ROS generation in Pan02 cells;
in addition, the released Ap could block the autophagy, leading
to a further increased intracellular ROS production, increased
LDH levels, and consequently inhibiting the proliferation of
Pan02 cells.
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Figure 3. A,B) Cell viability of Pan02 cells cultured with different concentrations of Ap alone and Ap-ZIF@SLN#L at pH 6.0 (A) and pH 7.4 (B); the
data were normalized by the cell viability of Pan02 cells cultured without any treatment (n = 6). C,D) Cell viability of NIH3T3 (C) and RAW264.7 (D)
cultured with Ap-ZIF@SLN#L or without any treatment (denoted as NC) (n=4). E) LDH percentage of Pan02 cells treated with Ap alone, ZIF@SLN#L,
and Ap-ZIF@SLN#L or without any treatment (denoted as NC); the data were normalized by the LDH percentage of positive control (n = 3). F) Flow
cytometry results of DCFH-DA* Pan02 cells treated with Ap alone, ZIF@SLN#L, and Ap-ZIF@SLN#L; the data were normalized by the DCFH-DA*

Pan02 cells without any treatment (n=3). G

and Ap-ZIF@SLN#L at pH 6.0. Scale bars: 20 um. The error bars are based on standard errors of the individual cell samples; **

with Tukey's post-test.

Encouraged by the obtained results for Ap-ZIF@SLN#L
both in vitro and in vivo, we further study the performance of
Ap-ZIF@SLN#L in an animal model. First, the 6 weeks old
male C57BL/6] mice were subcutaneously injected with Pan02
cells to establish the tumor allograft, followed by removing
part of the tumor to mimic the potential post-operative tumor
recurrence in clinical (Figure 4A). The tumor was visualized
and quantitatively analyzed two days after surgery with an In
Vivo Imaging System (IVIS). Mice in each group showed sim-
ilar average photos per pixel, proving the tumor models were
successfully established (Figure 4B,C). Afterward, the mice were
intravenously injected with saline, ZIF@SLN#L, Ap alone, and
Ap-ZIF@SLN#L every three days since the nanoparticles were
eliminated from the tumor of mice after 96 h. After 28 days
of treatments, the tumor was visualized and quantitatively ana-
lyzed by IVIS. Compared with mice treated with saline, the
tumor growth was inhibited in mice treated with ZIF@SLN#L,
Ap alone, and Ap-ZIF@SLN#L after 28 days (Figure 4B,D). To
further verify the tumor inhibition effect, tumors were isolated
from each mouse, and the tumor weights were recorded. The
average tumor weight for saline, ZIF@SLN#L, Ap alone, and
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) Confocal fluorescence microscopy images of DCFH-DA* Pan02 cells treated with Ap alone, ZIF@SLN#L,

#p < 0.001, ANOVA

Ap-ZIF@SLN#L was 0.62 £ 0.07, 0.38 + 0.05, 0.25 £ 0.03, and
0.15 £ 0.04 g, respectively (Figure 4E). The mice’s body weights
increased in all experimental groups without statistical differ-
ences, indicating the negligible adverse effects of ZIF@SLN#L,
Ap alone, and Ap-ZIF@ SLN#L (Figure 4F).

Furthermore, mice in all experimental groups showed simi-
larly organized tissue structures in the heart, liver, spleen, lung,
and kidney, according to hematoxylin and eosin stain (H&E
stain, Figure S3, Supporting Information). Additionally, the
concentration of alanine transaminase and aspartate transami-
nase in all experimental groups were similar without statisti-
cally significant differences among the groups (Figure S4,
Supporting Information), suggesting normal liver function in
mice. The increased body weight, organized tissue structures,
and normal liver function indicate that treatments were not
harmful to mice.

Additionally, the Ap-ZIF@SLN#L group showed the
highest survival rate (100%) compared to that of saline (0%),
ZIF@SLN#L (60%), and Ap (90%) (Figure 4G). Therefore, we
further studied the potential mechanism behind the inhibited
tumor growth and the increase in the survival rate. As proved
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Figure 4. Investigation of Ap-ZIF@SLN#L in the Pan02-bearing mice tumor model. A) Schematic representation of the established tumor model and
therapeutic treatments. B) IVIS images of mice from all groups on days 0 and 28, and C,D) quantitative analysis of the IVIS images on day 0 (C) and day
28 (D). E) The tumor weight of mice on day 28 (n = 5). F) Body weight of mice (n = 5). G) Survival rate of mice (n =10). H-J) Serum concentration of
IL-10 (H), IFN-y (1), and TNF-c (J) in mice (n = 5). K) Schematic representation of the potential therapeutic mechanism of the Ap-ZIF@SLN#L in vivo.
L,M) Percentages of CD206" macrophages (L) and CD80* macrophages (M), and N) the ratio of CD80*/CD206" macrophages in mice (n=5). O,P) Per-
centages of CD4* T cells (O) and CD8* T cells (P), and Q) the ratio of CD8*/CD4" T cells in mice (n=5). The error bars are based on standard errors of
the individual mice. * indicates the statistically significant differences of Ap alone, ZIF@SLN#L, and Ap ZIF@SLN#L compared with saline. # Statistically
significant differences of Ap-ZIF@SLN#L compared with Ap and ZIF@SLN#L. ***, ###p < 0.001, **p < 0.01, *, #p < 0.05 ANOVA with Tukey’s post-test.
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in vitro, the cluster Ap-ZIF@SLN#L nanoparticles can be
uptake by cancer cells and other cells, such as macrophages.
However, the Ap-ZIF@SLN#L nanoparticles were cytotoxic to
cancer cells rather than the normal cells since the cancer cells
need a higher level of autophagy to maintain normal func-
tions. Then, after 28 days of treatment, three typical cytokines,
interleukin-10 (IL-10), interferon-y (IFN-7), and tumor necrosis
factors-a¢ (TNF-¢), were selected to investigate the potential
mechanism. Since previous research indicated that inhibited
autophagy could decrease the concentration of IL-10, which
is a typical anti-inflammatory cytokine, which can not only
inhibit the synthesis of pro-inflammatory cytokines, such as
IFN-y, IL-2, IL-3, and TNF-« but also suppresses the antigen-
presentation capacity of antigen-presenting cells.**#] Conse-
quently, the decreased level of IL-10 could increase the level of
[EN-y. IFN-y can increase the anti-proliferative state in cancer
cells and upregulate the expression of MHC I and MHC II with
reduced tumor metastasis,**41 and increase the level of TNF-
o that is mainly secreted by the macrophages with the poten-
tial capability of inducing inflammation and inhibiting tumor
growth.P%31 In this study, the concentrations of IL-10, IFN-y,
and TNF-o were evaluated in the serum of mice by enzyme-
linked immunosorbent assay (ELISA). In Figure 4H-J, the
Ap-ZIF@SLN#L group showed the lowest concentration of
IL-10 (201.7 £ 28.0 pg mL™) and the highest concentration of
IFN-7(561.3 + 43.0 pg mL™), and TNF-a (5972 £ 48.3 pg mL™)
compared to the saline, Ap alone, and ZIF @ SLN#L.

Since the differentiation of immune cells usually causes
the fluctuant concentration of cytokines, we presumed the
potential therapeutic mechanism of the Ap-ZIF@SLN#L in
vivo (Figure 4K). Therefore, we further chose T cells and mac-
rophages to explore the differentiation of immune cells in
vivo. Tumors were isolated and prepared into the single-cell
suspension from mice. The cell suspensions were divided
into two parallel cell samples, one was stained for analyzing
macrophages (Zombie NIR, CD45, CD11b, F4/80, CD80, and
CD206), and another one was stained for analyzing T cells
(Zombie NIR, CD45, CD3, CD8, and CD4); the gating strate-
gies are presented in Figure S5, (Supporting Information).
The Ap-ZIF@SLN#L group showed 19.2 + 3.7% CD206*
macrophages compared to that of saline (39.8 + 6.1%), ZIF@
SLN#L (29.1 + 4.4%), and Ap (28.1% 2.3%) groups (Figure 4L).
In addition, increasing CD80* macrophage was observed in
the Ap-ZIF@SLN#L (478 £ 9.0%) group than that in the saline
(215 + 4.49%), ZIF@SLN#L (34.0 + 70%) and Ap (35.6 + 2.4%)
groups (Figure 4M). The CD206" is usually regarded as a spe-
cific marker for the M2 macrophages contributing to the sup-
pressive TME by secreting cytokines, such as IL-6, IL-8, and
I1-10.°% In addition, some studies indicate that the CD80" is a
marker for the M1 macrophages, which can inhibit tumor pro-
gression.’*> Furthermore, the ratio between M1 and M2 mac-
rophages was calculated since there was a potential association
between the increased M1/M2 ratio and the activated TME.>>>¢]
In Figure 4N, the highest M1/M2 ratio (2.5 £ 0.4) was observed
in the Ap-ZIF@SLN#L group than that in the saline (0.5 % 0.1),
ZIF@SLN#L (1.2 £ 0.3) and Ap (1.3 £ 0.1) groups, indicating the
polarization from M2 to M1 macrophages in ZIF@SLN#L, Ap
alone, and Ap-ZIF@SLN#L groups. Besides macrophages, as
another critical immune cell, the differentiation of T cells was
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also explored in the CD4" and CD8" subtypes. In Figure 40, the
percentages of CD4* T cells in all groups were similar without
statistical differences. Moreover, the highest percentages of
CD8" T cells were observed in the ZIF@SLN#L (35.0 = 2.5%),
Ap (376 + 2.3%), and Ap-ZIF@SLN#L (43.7 + 3.8%) groups
than that in the saline (19.3 + 9.8%) (Figure 4P). Consequently,
a higher CD8*/CD4" ratio was calculated in ZIF@SLN#L
(16 £0.2), Ap (L5+ 0.3), and Ap-ZIF@SLN#L (2.1 % 0.3) group
than that in the saline (1.1+ 0.1) (Figure 4Q). The correlation
between increased CD8'/CD4" ratio and inhibition in tumor
growth has also been reported elsewhere.l””>8]

Encouraged by the obtained results for Ap-ZIF@SLN#L
in the Pan02-tumor resection model, we hypothesized that
the Ap-ZIF@SLN#L could also exhibit the therapeutic
effects in other dense immune suppressive solid tumors,
such as breast cancer. Therefore, we further established a
4T1-bearing model in mice to explore the potential thera-
peutic effect of Ap-ZIF@SLN#L, and investigate whether the
Ap-ZIF @SLN#L has the potential capability to treat various
solid tumors. (Figure 5A). First, the tumor was visualized
and quantitatively analyzed by IVIS at 7 and 28 days after the
subcutaneous injection of 4T1 cells on mice (Figure 5B-D).
After 7 days, there was no statistically significant difference
in each group’s average photons per pixel of mice, indicating
the successful establishment of a 4T1-bearing tumor model
in mice (Figure 5C).

Then the mice were intravenously injected with saline,
ZIF@SLN#L, Ap alone, and Ap-ZIF@SLN#L every three
days in each group. The body weights of mice were regularly
recorded without apparent weight fluctuations (Figure S6, Sup-
porting Information). After 28 days, higher average photons
per pixel (4893.1 + 2660.7) were observed on the mice treated
with saline compared to ZIF@SLN#L (14873 * 1442.8), Ap
(1055.1 + 1778), and Ap-ZIF@SLN#L (513.3 + 238.9, Figure 5D).
At 28 days, the average tumor volumes for mice treated with
saline were 1142.9 + 105.7 mm?3, and 691.2 + 209.1 mm? for
ZIF@SLN#L, 531.8 + 74.8 mm? for Ap, and 218.9 + 71.1 mm?
for the Ap-ZIF@SLN#L (Figure 5E). Additionally, the tumor
was isolated and weighted after 28 days. The weight of
Ap-ZIF@SLN#L was 0.12 + 0.01 g, which was lower than that
of saline (0.52 £ 0.08 g), ZIF@SLN#L (0.30 £ 0.12 g), and Ap
(0.30 £ 0.12 g, Figure 5F). Furthermore, the tumor was pre-
pared for the single-cell suspension for the following studies.
In Figure 5G, representative flow cytometry images of CD8"
and CD4" T cells were selected from each group. A signifi-
cant shift was observed in the population of CD8* T cells
from saline to the Ap-ZIF@SLN#L group. The percentages
of CD4* and CD8* T cells were similar to that in the Pan02
tumor model (Figure S7, Supporting Information). Moreover,
the ratio between CD4* T cells and CD8" T cells was quanti-
fied in Figure 5H, showing a similar trend to that of the Pan02
tumor model. The lowest CD4"/CD8" ratio was observed in
the Ap-ZIF@SLN#L (0.40 £ 0.11) group compared to the saline
(L15 + 0.11), ZIF@SLN#L (0.73+ 0.25), and Ap (0.80 + 0.10)
groups. Besides T cells, the population shift of CD206* macro-
phages was observed by the representative flow cytometry
images (Figure 5I). The Ap-ZIF@SLN#L showed the highest
percentage of CD80" macrophages (43.7 £ 4.3%) and the lowest
CD206* macrophages (18.6 + 3.8%) compared to the other
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Figure 5. Investigation of Ap-ZIF@SLN#L in a 4T1-bearing mice tumor model. A) Schematic representation of the established tumor model and
therapeutic treatments. B) IVIS images of mice from all groups on days 7 and 28, and C,D) quantitative analysis of the IVIS images on day 7 (C)
and day 28 (D). E) The tumor volume of mice (n = 5). F) Tumor weight of mice (n = 5). G) Representative flow cytometry images of CD8" and CD4*
T cells from each group, and H) the ratio of CD4"/CD8* T cells (n = 5). I) Representative flow cytometry images of CD206" and CD80" macrophages
from each group, and J) the ratio of CD80*/CD206" macrophages (n = 5). K) The immunofluorescence images on the tumor tissues from each group.
CD4*-Cy3 and CD&*-FITC co-stained for the T cells, and CD206*-Cy3 and CD80*-FITC co-stained for the macrophages. Scale bars: 500 um. The error
bars are based on standard errors of individual mice. * indicates the statistically significant difference of Ap alone, ZIF@SLN#L, and Ap-ZIF@SLN#L
compared with saline. # Statistically significant difference of Ap-ZIF@SLN#L compared with Ap alone and ZIF@SLN#L. ***p < 0.001, **p < 0.0, *,
#p < 0.05 ANOVA with Tukey’s post-test.
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three groups (Figure S8, Supporting Information). Further-
more, the ratios between CD80" and CD206* were calculated
in Figure 5J. The highest CD80*/CD206" ratio was observed in
the Ap-ZIF@SLN#L (2.47 £ 0.76) group compared to the saline
(0.48 + 0.08), ZIF@SLN#L (1.03 + 0.24), and Ap (1.12 + 0.25)
groups. Encouraged by the increased CD80*/CD206* and
decreased CD4*/CD8* ratio, we further processed the immu-
nofluorescence on the tumor tissues to investigate the infiltra-
tion of immune cells (Figure S9, Supporting Information). As
shown in Figure 5K, the Ap-ZIF@SLN#L group showed the
widespread distribution of CD8'T cells, indicating the acti-
vating TME. In addition, CD206* macrophages mainly dis-
trusted the tumor boundary with limited CD80* macrophages
in the saline group. In contrast, CD80" macrophages mainly
distrusted the tumor of ZIF@SLN#L and Ap-ZIF@SLN#L
groups. Although, there were numerous CD206* macrophages
on the tumor boundary of the Ap group. Unlike the saline
group, there were still numerous CD80* macrophages in the
Ap group. These immunofluorescence images indicate that
the TME is activated by administering Ap-ZIF@SLN#L in the
tumor-bearing mice.

3. Conclusion

This work describes the preparation of a pH-responsive cluster
MOF nanoparticle to enhance tumor accumulation and the
antitumor effect. Ap-ZIF@SLN#L nanoparticle composed of a
pH-responsive cluster shell (SLN#L) with ROS-generated core
(Ap-ZIF) is reported. Under the acidic TME, ZIF@SLN#L can
eliminate both PEG and MMfu parts and expose the OA part,
forming the clustering nanoparticles in vitro and vivo. Further-
more, after loading with Ap, the Ap-ZIF @ SLN#L inhibits tumor
growth by raising the ROS in tumor cells and suppressing the
proliferation of tumor cells with favorable biocompatibility,
leading to an increased ratio of CD80"/CD206" macrophages
and CD8*/CD4" T cells in both Pan02- and 4T1-tumor-bearing
mice. Therefore, the development of Ap-ZIF@SLN#L nanopar-
ticle provides a potential strategy for improving the MOF nano-
particle accumulation in tumors without any active targeting
agent and enhancing the antitumor capability by activating the
surrounding immune microenvironment in the tumor.

4. Experimental Section

Statistical Analysis: Data were analyzed by SPSS 20 statistical software
(version 20.0) using ANOVA with Tukey’s post-test used for statistical
analysis. For all graphs, error bars indicate mean + standard deviation
for n > 3 independent experiments (except where noted) and p-values on
graphs are denoted within each figure panel as *p < 0.05 (significant),
**p < 0.01 (moderately significant), and ***p < 0.001 (highly significant),
respectively. Similarly, *# < 0.05 (significant), **# < 0.01 (moderately
significant), and ***# < 0.001 (highly significant), respectively.

Animal Studies: Male C57BL/6] mice (6 weeks) were purchased
from Shanghai Jiesijie Laboratory Animal Co., Ltd. The C57BL/6)
mice were fed and experiments carried out under protocols approved
by Animal Experiment Center, Shanghai Jiaotong University
(Number: SYXK2018-0027). The animal experiments were in accordance
with international ethics guidelines and the National Institutes of Health
Guide, concerning the Care and Use of Laboratory Animals.
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