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Cancer cell membrane-camouflaged MOF
nanoparticles for a potent dihydroartemisinin-
based hepatocellular carcinoma therapy+t

Yusha Xiao,1* Wei Huang, 1° Daoming Zhu,© Quarmong Wang,? Baiyang Chen,?
Zhisu Liu,® Yang Wang* i

Developing new drugs for cancer treatment remains a challenging task. Herein, cancer cell membrane
biomimetic ferrous ion-doped metal—organic framework nanoparticles (ZIF-8 nanoparticles) combined
with dihydroartemisinin (DHA) have been designed for targeted cancer treatment with low toxicity and
side effects. The biomimetic nanomaterials (CDZs) have excellent homologous targeting ability and can
accumulate in tumor tissues. In an acid tumor microenvironment, ferrous ions and DHA could be
released with the degradation of materials. DHA, an ancient Chinese medicine, combines with ferrous
ions to produce a powerful anti-tumor effect. In human liver cancer models, about 90.8% of tumor
growth was suppressed. In addition, the nanomaterial has no obvious toxic and side effects in vivo and is
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Introduction

Hepatocellular carcinoma (HCC) is the second leading cause of
cancer-related death worldwide." The existing treatments for
HCC have low efficacy and suffer from systematic toxicity and
side effects such as cardiotoxicity and myelosuppression. Thus,
there exists an urgent need to develop more effective and tar-
geted drug delivery systems for HCC.”

Dihydroartemisinin (DHA) is the derivative of artemisinin,
also known as qinghaosu. In recent years, researchers have
focused not only on the anti-malarial properties of DHA, but
also on its anticancer properties.>* DHA has an effect on the
mitochondria-dependent apoptosis pathway and suppresses
the activation of NF-kB, thus promoting tumor cell apoptosis;>°
it can also arrest the cell cycle and directly kill tumor cells
mediated by Fe**.” When Fe®" binds to DHA, the reductive
scission of the peroxide bridge is induced and oxygen centered
radicals are produced that can lead to the realignment of carbon
centered radicals, thus inducing the toxicity of DHA.® Chen et al.
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a highly effective and low-toxicity anti-tumor drug with a strong clinical application value.

created multifunctional mesoporous nanoparticles as pH-
responsive Fe’* reservoirs and artemisinin vehicles for the
synergistic inhibition of tumor growth.® Liu et al. designed
a dihydroartemisinin and transferrin dual-dressed nano-
graphene oxide for a pH-triggered chemotherapy.’ Wang
et al. prepared Fe;0,@C@MIL-100(Fe) nanoparticles for the
magnetically guided delivery of DHA and Fe ions for enhanced
cancer therapy."" However, low drug loading efficiency, poor
biocompatibility, and lack of immune evasion ability may
significantly hinder the therapeutic effect of DHA and exacer-
bate the side effects. Overall, the development of suitable drug
carriers for DHA remains a challenge.

Metal-organic frameworks (MOFs), formed by various metal
ion nodes coordinated to organic molecule linkers, have
exhibited great potential as drug nanocarriers due to their high
pore volume, large surface area, and easy modulation of pore
sizes via the tuning of organic groups within the frame-
works.””" The zeolitic imidazolate framework (ZIF-8),
particular, is a non-toxic and biocompatible MOF consisting of
zinc ions and 2-methyl imidazolate. ZIF-8 is pH-sensitive as it is
very stable under physiological conditions but degradable in
acidic solutions, making it a desirable drug delivery vehicle in
the context of the tumor microenvironment.'*” When ZIF-8 was
suspended in acid solution (pH 5.0-6.0), the coordination
between the zinc and imidazolate ions dissociated, and the
structure of ZIF-8 began to decompose quickly; however, it is
exceptionally stable in water and aqueous sodium hydroxide.*
Exploiting these properties, we believe that the ZIF-8 nano-
particles can be used for efficient loading and controlled release
of DHA. After doping Fe*" in ZIF-8, Fe** reacted with DHA under
acidic solutions and generated radicals or carbon centered
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radicals, resulting in DNA damage, mitochondrial depolariza-
tion, and apoptosis.®

In this study, we designed cancer cell membrane (collectively
referred to as CMS) camouflaged, pH-sensitive, and ferrous ion
doped ZIF-8 nanoparticles loaded with DHA (collectively
referred to as CDZs) for enhanced hepatocellular carcinoma
therapy with low toxicity and side effects (Scheme 1). Cancer
cells show a variety of unique properties, such as limitless
replicative potential and resistance to cell death,'® especially the
immune escaping and homologous binding capabilities, which
depend on the surface membrane proteins of the cancer cells,
and can well overcome the shortcomings of immune clearance
and non-specific binding in vivo;" thus, the obtained cancer cell
membrane-loaded particles (CDZs) could demonstrate immune
escaping and homologous targeting abilities inherited from the
source cancer cells. The biomimetic nanoparticle consisted of
an inner core with ZIF-8 nanoparticles loaded with DHA
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(collectively referred to as DZs) and an outer cancer cell
membrane shell. The Fe*" doped ZIF-8 nanoparticles were
prepared by a simple method using methanol as the solvent.*
This method yielded well dispersed ZIF-8 nanoparticles with
a narrow particle size distribution of 90-110 nm that were
highly stable against agglomeration. Benefiting from the
excellent immune escape ability and homologous targeting
ability of the cancer cell membranes, CDZs revealed strong
tumor specificity both in vitro and in vivo. Due to the Warburg
effect, the pH of the tumor tissues was slightly lower than that of
normal tissues,** for example, the pH of liver cancer tissues and
normal tissues was 6.5 and 7.4, respectively. When the nano-
drug carrier entered the liver tumor tissues and was exposed
to acidic conditions, the lysosome with lower pH (4.5-5.0) and
endosome (5.0-5.5) will let the drug carrier make greater
response, forcing DHA and Fe** to be quickly released from the
core of DZs and produce large amounts of ROS, finally achieving
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@
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Scheme 1 Schematic illustration of cancer cell membrane-camouflaged pH-sensitive and ferrous ion-doped MOF nanoparticles loaded with
dihydroartemisinin for enhanced hepatocellular carcinoma therapy with low toxicity and side effects.
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the goal of stable targeted drug release. The released DHA and
ROS showed potent anti-cancer effects both in vitro and in vivo.
Remarkably, mice exhibited normal biochemical indicators
before and after CDZ treatment, indicating superior biocom-
patibility and low side effects of the biomimetic nanoparticles.
In all, we demonstrated that the cell membrane coated nano-
platform can be an effective HCC therapy with potentially minor
side effects.

Experimental
Materials

All the reagents were used as purchased unless specified otherwise.
Detailed information on the sources of chemicals is in the ESL}

Cell and animal models

Hep G2 (G2) human hepatocellular carcinoma cell line, HCT116
human colorectal carcinoma cell line, MCF-7 human breast
cancer cell line, the mouse leukocyte cell line (RAW264.7),
human leukocyte cell line (U937), and L02 immortalized human
hepatic cell line were purchased from the Cell Bank of Type
Culture Collection (CBTCC, Chinese Academy of Sciences,
Shanghai, China). The use of the above cell lines was approved
by the Ethics Committee of Wuhan University. The cells were
cultured in media supplemented with 10% FBS and 1% peni-
cillin-streptomycin, and were incubated at 37 °C in a humidi-
fied incubator with 5% CO,.

BALB/c nude mice (male, 4-6 weeks old, 18-22 g) were
purchased from the Animal Center of the Chinese Academy of
Medical Sciences (Beijing, China). All the animal procedures
complied with the guidelines of the Institutional Animal Care
and Use Committee at Wuhan University (Wuhan, Hubei, PR
China), and the study was approved by the Ethics Committee of
Wuhan University (Wuhan, Hubei, PR China).

Preparation and characterization of ferrous ion doped ZIF-8
nanoparticles

Ferrous ion doped ZIF-8 nanoparticles were obtained based on
to the previous report after a minor modification.”” The details
can be found in the ESL}

Preparation and characterization of CDZs

To obtain CDZs, an extrusion strategy was used.”® The preparation
and characterization of CDZs are described in detail in the ESLt

In vitro immune evasion evaluation

U937 cells were seeded in confocal dishes at a density of 5 x 10*
cells per dish and cultured for 12 h. Before the test, the growth
medium was removed, then the cells were washed twice with PBS
before adding the fresh growth media or media containing ICG
labeled ZIF-8, DZs and CDZs at the concentration of 100 ug mL ™"
into each dish. The cells were then incubated orderly for 4 h,
washed with PBS several times, stained with DAPI, washed again,
fixed with 4% PFA at room temperature, and imaged using CLSM
under a 980 nm laser. Then, U937 cells were seeded in 12-well
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plates at a density of 5 x 10" cells per well and cultured for 12 h.
Before the test, the growth medium was removed. The cells were
washed twice with PBS before adding ZIF-8, DZs, and CDZs into
the fresh growth media at the concentration of 100 ug mL~". The
cells were then incubated for 4 h and washed with PBS several
times. To quantify the particle uptake by U937 cells, HNO; was
added to dissolve the cells. The mixture samples were left at room
temperature for 12 h, then heated at 70 °C to remove the acids,
cooled down to room temperature, and resuspended in DI water
for iron ion determination by using an inductively coupled
plasma-atomic emission spectrometer (ICP-AES; IRIS Intrepid II
XSP, Thermo Elemental, USA). Then, fixing the concentration at
100 ug mL ™" and changing the incubation time (2, 4, 6, 8, 10, and
12 h), the uptake was also measured by using ICP-AES.

Targeting ability of CDZs

To investigate the targeting ability of the CDZs, the G2, HCT116,
and MCF-7 cells were seeded in confocal dishes and cultured for
24 h. Before the test, the cell medium was discarded. The cells were
washed with PBS three times before the addition of cell medium or
medium containing 100 pg mL ™" of various ICG-labeled nano-
particles (DZs and CDZs). The cells grown without the addition of
any nanoparticles were used as the control. Then, the cells were
orderly incubated for 2 h, washed with PBS, stained with DAPI,
washed again, and observed by using CLSM. The fluorescent
intensity of each group was calculated by a flow cytometer.

Cancer cell cellular uptake experiment

G2 cells were seeded in 12-well plates and cultured for 12 h. 100
ug of DZs and CDZs were added to the medium, and the cells
grown without any particles were used as the control. Then, the
cells were incubated for 4 h at 37 °C, 5% CO,, and then washed
with PBS three times. To quantify Fe uptake, the cells were lysed
by adding 0.5 mL 1% Tween 80 to each well. The cell lysate from
each well was then added to 1 mL nitric acid. The mixture was
left at room temperature for 12 h, followed by annealing at 80 °C
for 6 h to remove the acids. The sample was then resuspended
with 1 mL DI water and the iron ion content of each sample was
determined with ICP-AES. Then, in order to investigate the
relationship between the uptake and the incubation time, we
fixed the iron ion concentration of the nanoparticles at 100 pg
mL ™" and changed the incubation time (i.e., 6, 12, 18, and 24 h);
the following steps were carried out as mentioned above.

Iron ion and DHA release experiments

The release of iron ions from CDZs was performed at 37 °C with
suspensions (1 mL) containing 100 pg of nanoparticles at
different pH values. Phosphate buffered saline (PBS) of pH = 7.4
and PBS of pH = 5.5 were employed as the release media to
imitate normal blood/tissues and endosomal/lysosomal
compartments of the tumor cells, respectively. At different
time points, the samples were centrifuged to remove the
nanoparticles. Finally, the supernatant was withdrawn to
determine the concentration of the released iron ions using
ICP-AES. The drug release experiment was performed at 37 °C.
1 mg of DZ and CDZ NPs was dispersed into 1 mL phosphate

This journal is © The Royal Society of Chemistry 2020
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buffer saline (PBS) solution of different pH values (5.5 and 7.4)
and stirred under dark conditions. At a given time, the super-
natant solution (5 mL) of each group was taken out by centri-
fugation and the amount of released DHA molecules was
measured using a UV-Vis spectrophotometer at 210 nm.

In vitro biocompatibility and cytotoxicity assays

The biocompatibility was evaluated by performing CCK-8 assay
and apoptosis detection assay. G2, RAW264.7, U937, and L02
cells were seeded in 96-well plates at a density of 5 x 10> cells
per well and incubated for 24 h. Then, the cells were treated
with CZs at different concentrations (0.05, 0.10, 0.20, 0.50, 1.00,
and 2.00 mg mL ™). At the end of the incubation, 5 mg mL ™"
CCK-8 PBS solution was added and the plate was incubated for
another 4 h. Finally, the absorbance values of the cells were
determined by using a microplate reader (Emax Precision, USA)
at 450 nm. The background absorbance of the well plate was
measured and subtracted. The cytotoxicity was calculated by
dividing the optical density (OD) values of the treated groups (T)
by the OD values of the control (C) (7/C x 100%).

For the apoptosis detection assay, G2 cells were first seeded
into a 96-well plate with a density of 5 x 10> cells per well and
cultured for 12 h. The cells were treated with different concen-
trations (0.10, 0.50, 1.00, and 2.00 mg mL ') of CZs and
maintained for 24 h at 37 °C under 5% CO, in an incubator. At
the end of the incubation, the Alexa Fluor 488 Annexin V/PI Cell
Apoptosis Kit was used to detect and quantify the apoptosis by
BD Accuri C6 flow cytometer (USA).
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A) The powder X-ray diffraction pattern of Fe/ZIF-8. (
(C) The energy dispersive X-ray elemental mapping images of Fe/ZIF-8.
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The cytotoxicity was measured by the CCK-8 assay, G2 cells
were seeded in 96-well plates at a density of 5 x 10> cells per
well and incubated for 24 h. Afterwards, the cells were treated
with DHA, DZs, and CDZs at the DHA concentration of 30 pg
mL~". At the end of the incubation, 5 mg mL~' CCK-8 PBS
solution was added and the plate was incubated for another 4 h.
Finally, the absorbance values of the cells were determined by
using a microplate reader (Emax Precision, USA) at 450 nm. The
background absorbance of the well plate was measured and
subtracted. The cytotoxicity was calculated by dividing the
optical density (OD) values of the treated groups (7) by the OD
values of the control (C) (T/C x 100%).

To further evaluation of the cytotoxicity of CDZs, G2 cells
were seeded in 96-well plates at a density of 5 x 10> cells per
well and incubated for 24 h. Then, the cells were incubated with
PBS, DHA, DZs, and CDZs at the DHA concentration of 30 pg
mL " for 24 h. Afterwards, the cells were stained with fluores-
cein diacetate (FDA) and observed under a fluorescence
microscope (IX81, Olympus, Japan).

ROS levels and mitochondrial membrane potential (MMP)
detection

For the determination of ROS levels via fluorescent imaging,
HepG2 cells were co-incubated with four different groups for 6 h:
control group, DHA groups (100 pg mL~"), DZs (100 pg mL "), and
CDZs groups (100 pg mL™"), respectively. Then, the fluorescent
dye, DCFH-DA (10 pmol L"), was added and co-incubated for
50 min at 37 °C. The ROS level was determined by the fluorescence
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B) The energy dispersive X-ray elements of Fe/ZIF-8.
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microscope (IX81, Olympus, Japan). The fluorescence intensity
was determined by flow cytometry. For the JC-1 assay, the cells
were co-incubated with different groups for 6 h: control group,
DHA groups (100 pg mL ™), DZs (100 pg mL '), and CDZs groups
(100 pg mL %), respectively. The cells were stained with JC-1 for
30 min before washing with PBS. Then, the mitochondrial
damage/disruption was detected by the fluorescence microscope
(IX81, Olympus, Japan).

In vivo and ex vivo imaging

HepG2 cells (5 x 10° cells for each mouse) were subcutaneously
injected into the flanks of 5 week BALB/c-nu mice to construct
HepG2 tumor-bearing mice for the subsequent studies. The
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imaging studies were performed when tumors reached ~100
mm?®. We intravenously (i.v.) injected saline, ICG loaded DZs,
and ICG loaded CDZs (100 pL, 100 pg mL~" ICG) into the mice
(n = 5). Then, 24 h after the injection, the acquired fluorescent
images were taken on a vivo imaging system (IVIS Lumina
XRMS Series III, USA) by 700 nm excitation wavelength. The
mice after injection at 24 h were sacrificed and the organs
including heart, liver, spleen, lung, kidneys, and tumor were
collected for imaging and analysis.

Biodistribution analysis

For biodistribution assay, 100 puL free DHA, DZs, and CDZs at
the dose of 1 mg mL ™' DHA was intravenously injected into the
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Fig. 2 Characterizations of CDZs. (A) TEM images of Fe/ZIF-8 nanoparticles (i) and CDZs (ii—iv) with different magnifications. The red arrow
points to the cell membrane coating. (B) SDS-PAGE protein identification images of the cancer cell membranes (CCMs), DZs, and CDZs. (C) Zeta
potential and (D) hydrodynamic diameter measurements of DZs, CCMS and CDZs (n = 3).
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mice (n = 5) when the tumor size reached about 100 mm?®. The
mice were sacrificed at 24 h post-injection to extract various
tissues including the heart, liver, spleen, lung, kidney, and
tumor. In order to determine the contents of DHA, the tissues
were further homogenized. 2.5 mL methanol was added to
extract the DHA. The concentration of DHA was then deter-
mined using fluorescence spectroscopy.

In vivo anti-tumor tests

For the anti-tumor tests, when the tumor volume grew to about
100 mm?® after the injection, the mice were randomly assigned
to five groups (n = 5) and intravenously injected with saline,
CZs, DHA, DZs, and CDZs (100 pL, 1 mg mL ' of DHA and
1.4 mg L™ Fe/ZIF-8) every 3 d. The animal weight and tumor
volume were measured every 3 d until the test ended. Tumor
volume (V) was calculated using the formula: V= (L x W x W)/2
(L: the longest diameter of tumor and W: the shortest diameter
perpendicular to the length). All the mice were photographed
and euthanized, then the tumors were embedded in paraffin
and subjected to the fluorescence TUNEL assay to measure the
intratumoral late apoptosis.
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In vivo toxicity assessment

The male BALB/c nude mice (18-22 g) were intravenously injected
with saline, CZs, DHA, DZs, and CDZs (100 uL, 1 mg mL ™" of DHA
and 1.4 mg mL ™" Fe/ZIF-8) every 3 d four times. All the mice were
euthanized on the 19™ day after the initial injection and the heart,
liver, spleen, lung, and kidney were harvested. The obtained
tissues were fixed in formalin for the next paraffin sectioning and
hematoxylin and eosin (H&E) assays to evaluate the histopatho-
logic toxicity of the typical tissues. The blood samples of the mice
were also collected for the blood test. The blood parameters from
the control and the treated mice were detected by using a blood
automatic biochemical analyzer (Chemray, Rayto, China).

Statistical analysis

Data analyses were conducted using the GraphPad Prism 6.0
software. Statistical analysis was performed by using Student's ¢
test. All the results were expressed as mean =+ standard error
unless otherwise noted. The difference between the two groups
was considered statistically significant for *p < 0.05 and very
significant for **p < 0.01.
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Fig. 3 Targeting ability and pH-sensitive drug release of CDZs. (A) CLSM photos of Hep G2 cancer cells after incubation with various ICG-
labelled nanoparticles. Scale bar = 20 um. (B) Flow cytometric analysis of mean fluorescent intensity in Hep G2 cells incubated with different
formulations for 2 h. (C) Cellular uptake of different nanoparticles on Hep G2 cells after different incubation times (n = 3). (D) Release of Fe?* ions
from CDZs NPs in buffer solutions at pH 7.4 and 5.5 (n = 3). (E) In vitro release profiles of DHA from DZs and CDZs at different pH values (n = 3).

Statistical significance: *p < 0.05 and **p < 0.01.
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Results and discussion
Preparation and characterization

ZIF-8 is composed of dodecahedral crystal structure and each Zn**
connects four imidazolate (im™~) ligands to form neutral frame-
works. The introduction of Fe** in the crystal lattice results in
a weak slowing down of the kinetics of ZIF-8 particle precipitation;
each Zn>" and Fe** combined with four imidazolate (im~) ligands
to form the framework under the addition of Fe*" and Zn>". The
powder X-ray diffraction (XRD) pattern of Fe/ZIF-8 was similar to
that of simulated ZIF-8 (Fig. 1A), suggesting that highly crystalline
structures were formed.” The energy dispersive X-ray (EDS)
elements of Fe/ZIF-8 consisted of C, N, O, Zn, and a small amount
of Fe (Fig. 1B). As shown in Fig. 1C, the elemental mapping anal-
yses clearly exhibited the elemental distribution in the Fe/ZIF-8
nanostructure. It was obvious that the C, N, Zn, and Fe elements
are uniformly distributed but Fe has a relatively low density. The X-
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ray photoelectron spectroscopic (XPS) measurements were per-
formed to confirm the surface elemental constitution in Fe/ZIF-8.
The full survey of Fe/ZIF-8 (Fig. S1AT) showed the peaks of C 1s, N
1s, O 1s, Zn 2p, and Fe 2p, which further demonstrated the
elemental composition of Fe/ZIF-8. The contents of the ions in the
hybrid nanoparticles were 55.68% for C 1s, 27.14% for N 1s, O 1s
(5.61%), Zn 2p (10.32%), and Fe 2p (1.25%). Fig. S1Bt displayed
the high resolution XPS spectra of Fe 2p in Fe/ZIF-8, the peaks at
724.8 €V, 723.0 eV, 713.9 eV, and 710.2 €V could be assigned to
Fe(m) 2Py, Fe(u) 2pyj,, Fe(ur) 2pss, and Fe(u) 2psp,, respectively,
besides, the satellite peak at 719.6 eV. This revealed that Fe(u) and
Fe(n) coexist in Fe/ZIF-8. Fig. S2+ showed the drug loading content
(DLC) and drug loading efficiency (DLE), which were evaluated by
high-performance liquid chromatography (HPLC) and calculated
by the specified formula. The DLC and DLE of DZs were 42.2 +
3.3% and 96.2 £ 3.6%, respectively, indicating DZs as a superior
nanocarrier for drug delivery when compared to traditional
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In vitro biocompatibility and cytotoxicity assays. (A) Flow cytometry analysis of G2 cells after incubation with CZs at different concentrations.

(B) Viability of G2 cancer cells after various treatments (n = 3). (C) Live cell staining of G2 cancer cells after various treatments. Scale bar = 50 um.

Statistical significance: *p < 0.05 and **p < 0.01.
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systems."™ From the N, sorption of Fe/ZIF-8 and Fe/ZIF-8 loaded
DHA (Table S17), the BET surface area of Fe/ZIF-8 is 1327 m* g~ ',
the total pore volume and pore size are 0.637 m® g ' and 1.2 nm,
respectively. After loading DHA, the BET surface area, total pore
volume, and pore size were significantly reduced to 987 m?> g™ 7,
0.231 m® g !, and 0.5 nm, respectively, demonstrating that DHA
was encapsulated in Fe/ZIF-8.

Transmission electron microscopy (TEM) was employed to
characterize the morphology of DZs and CDZs. In Fig. 2A, a white
film is shown to cover the DZ surface, making CDZs appear larger
than DZs and demonstrating the successful coating of the DZs by
the cell membranes. As shown in Fig. 2C, the zeta-potential of
CDZs was —22.3 mV, which was close to that of CMSs (—21.6 mV)
but much lower than that of DZs (—7.4 mV). The analysis of
hydrodynamic size distribution (Fig. 2D) revealed that the
average hydrodynamic diameter of DZs increased by 18 nm after
being coated with CMSs. The particle size and zeta-potential both
suggested the successful coating of cell membranes onto the
nanoparticles. The prepared CDZs can be kept stable for 15 days
in FBS or PBS solutions, ensuring its reliability for subsequent
experiments (Fig. S3T). In the protein content assay (SDS-PAGE),
no protein was observed in the DZ group while the CMS and CDZ
groups exhibited similar protein expression levels, indicating
successful translocation of the cell membrane onto DZs (Fig. 2B).

Targeting ability and pH-sensitive drug release of CDZs

The homologous targeting ability of the cancer cell membranes
has been studied extensively in recent years.”® Herein, confocal
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laser scanning microscopy (CLSM) was used to visually assess the
targeting of hep G2 cells and other cancer cells by colocalization.
As expected, the CDZ treatment group exhibited bright green
fluorescence and higher fluorescent intensity than the other
groups (Fig. 3A and B). This directly demonstrated the specific
cancer targeting ability of CDZs and suggested the successful
coating of the cell membranes. As shown in Fig. S5,1 the CDZs
prepared by hep G2 cell membrane also showed relatively poor
targeting ability compared to other tumor cells (MCF-7 and
HCT116), also proving its homologous targeting ability. To
further verify the targeting capability of CDZs, phagocytosis was
measured at different time points. As shown in Fig. 3C, CDZs had
the highest cell phagocytosis compared with DZs and the control
group, which was consistent with the results of confocal images,
indicating good tumor targeting of CDZs.

The pH-sensitivity of CDZs was investigated by observing Fe>*
and DHA release under different pH conditions in vitro. There was
a monotonic increase in the amount of Fe** released at pH 5.5 with
nearly 50% of Fe’" released after 24 h; significantly lower release
was observed in a neutral environment (pH = 7.4) (Fig. 3D). This
result indicates that the ZIF-8 nanoparticles can be stimulated by
hydrogen ions and cause the release of the doped ferrous ions.”® In
Fig. 3E, we observed a similar behavior in the release of DHA in
both CDZ and DZ groups with over 60% release at pH 5.5
compared to only 25% at pH 7.4, indicating the stability of CDZs in
neutral pH physiological conditions. DHA release was significantly
enhanced in acidic environment, which could be explained by the
dissolution of CDZs and diffusion through the MOFs.>”**
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Fig. 5 ROS production in living cells was detected by reactive oxygen fluorescence probe DCFH-DA. (A) ROS levels and (B) mitochondrial
membrane potential (MMP) measured by JC-1 staining of Hep G2 cells after being co-incubated at four groups for 6 h. (C) The fluorescence
intensity of ROS levels (n = 3). (D) The fluorescence ratio of red JC-aggregate vs. green JC-monomer. (n = 3). Statistical significance: *p < 0.05

and **p < 0.01. Scale bar = 20 pum.
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The immune avoidance ability of CDZs

We also studied the immune avoidance ability of CDZs. As shown
in Fig. S6,f when CDZs were co-cultured with human leukocyte
cell line U937 cells, the white blood cells showed poor phagocytic
ability compared to the CDZs, the fluorescence in the cells was
the weakest, and the detected iron was the lowest. However, they
had strong phagocytic ability compared to pure ZIF-8 or DZs,
indicating that the nanoparticles possessed immune escape
ability after being coated with the tumor cell membrane.

In vitro biocompatibility and cytotoxicity assays

The biocompatibility of the cancer cell membrane coated Fe/
ZIF-8 nanoparticles (CZs) was evaluated by CCK-8 assay and
apoptosis assay. Fig. 4A and S4f show the viability of cells
incubated with CZs at different concentrations. Even at
a concentration of 2 mg mL ™", the cell survival rate of both
normal cells and tumor cells remained above 90%, suggesting
good biocompatibility of CZs.

To evaluate the therapeutic cytotoxicity of CDZs, we used the
counting kit-8 (CCK-8) assay to investigate the viability of hep G2
cells under CDZ treatment. In Fig. 4B, it can be seen that hep G2
cells treated with CDZs showed significant cell death (approxi-
mately 90%) when compared to other groups likely aided by
specific targeting actions; doxorubicin (DOX) is an anthracycline
antibiotic with anti-tumor activity, which is widely used in
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a variety of cancer treatments, so we chose DOX as a positive
control for the cytotoxicity assay. Hep G2 cells treated with CZs
exhibited the least cell death, indicating good biocompatibility
and low toxicity of the nanoparticles. Both the DZs and DHA
groups exhibited cytotoxicity with DZs being slightly more effec-
tive, indicating a synergy between Fe’* and DHA. For further
confirmation, fluorescein diacetate (FDA) staining was used to
stain the live cells. In Fig. 4C, we saw that CDZs resulted in the
least number of live cells followed by DZs and DHA. This showed
that DHA had potent anti-cancer properties when used in
conjunction with Fe** and the overall effect can be enhanced
when they are applied in a targeted platform such as the CDZs.

ROS production

ROS production in living cells was detected by reactive oxygen
fluorescence probe DCFH-DA. As shown in Fig. 5A and C, CDZs
showed stronger DCF fluorescence than other groups, indi-
cating that CDZs had a strong ability of reactive oxygen gener-
ation, which was consistent with the treatment results in vitro.
In addition, excessive oxidative stress can also produce mito-
chondrial dysfunction. Therefore, we also measured changes in
the mitochondrial membrane potential. We used a mitochon-
drial membrane potential (MMP) probe, JC1. Fluorescent red
JC-aggregates were produced by JC-1 that gathered in the
mitochondria. For damaged mitochondria, the MMP decreased
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Fig.6 NIR fluorescent (FL) images of major organs and nude mice bearing hepG2 tumors after intravenous injection of saline, ICG loaded DZs, or
ICG loaded CDZs at 24 h. (A) Radiant efficiency of ICG loaded nanoparticles in major organs and cancer tissues at 24 h. The data are shown as
mean £ SD (n = 5). (B) Quantitative in vivo biodistribution analysis of DHA in different formulations at 24 h after intravenous injection in nude mice
bearing hep G2 tumors. The data are shown as mean + SD (n = 5). (C) Quantitative in vivo biodistribution analysis of DHA after injection of

different nanoparticles. Statistical significance: *p < 0.05 and **p < 0.01.
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due to fluorescent green JC-monomer generation by re-
dispersion of red JC-aggregates in the cytoplasm.”® As shown
in Fig. 5B and D, the CDZs group had more green JC-monomer
than the other groups and the ratio of JC-aggregate to JC
monomer was smaller, indicating that the cell mitochondria
were significantly damaged. In conclusion, the CDZs group had
more active oxygen generation capacity.

In vivo tumor targeting ability

In vivo tumor targeting ability of CDZs was verified by vivo
imaging and drug distribution experiments. The same amount of
NIR fluorescent dyes (ICG) marked with different formulations
was intravenously injected into tumor-burdened nude mice in
vivo. Then, 24 h after injection, the mice were anesthetized for in
vivo and in vitro organ imaging and analysis, using a live imaging
equipment. As shown in Fig. 6A and B, CDZs in the tumor site
had high fluorescence signal (about 2.6 x 10’ for the radiation
efficiency), while the DZs group showed weak fluorescence signal
(radiation efficiency is about 0.5 x 107); the DZs had an obvious
fluorescence signal in the liver and lungs, while CDZs in the liver
and lungs showed an obvious weak fluorescence signal. This
phenomenon was further confirmed by organ imaging. CDZs had
good tumor targeting ability, abundant accumulation in the
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tumor site, and takes less for the body to clear; this was all thanks
to the homologous targeting ability and good immune evasion
ability of the cancer cell membranes of the CDZs. Then, we
studied the distribution of DHA after injection of different
nanoparticles in the body (Fig. 6C). For pure DHA, very little drug
accumulation in the main organs or tumor was observed, which
was due to the rapid drug removal. For the DZs and CDZs groups,
DZs showed high accumulation in the liver and lung, and
a certain accumulation in the tumor site. In the CDZs group, DHA
had high accumulation in the tumor site, while the accumulation
in the liver and lungs was significantly reduced. DZs had no
active targeting ability, so it can only accumulate in the tumor site
passively and most of it was swallowed by the immune system.
CDZs had active tumor targeting and immune evasion, so there
was a lot of DHA in the tumor site but less in other parts. This is
also consistent with the results of live imaging.

In vivo anti-tumor tests

The in vivo anti-cancer effects were evaluated in a subcutaneous
tumor mouse model. In Fig. 7A, we saw that the tumors in both
saline and CZ without DHA treatment groups displayed similarly
uninhibited growth behavior. On the contrary, DZ treatment
resulted in 56.9% reduction in the tumor volume, demonstrating
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Fig.7 Invivo anti-cancer effects of nanoparticles in hep G2 tumor-bearing nude mice. (A) Tumor growth profiles. (B) Body weight changes in 19
days after various treatments (n = 5). (C) Representative photos of tumor-bearing mice and tumor tissue at the end of the experiment. (D)
Representative images (200x) of tumor tissues stained for Ki-67, terminal-deoxynucleoitidyl transferase mediated nick end labeling (TUNEL)
staining, and TNFa of the tumor tissues. Scale bar = 100 um. Statistical significance: *p < 0.05 and **p < 0.01.
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that ZIF-8 nanoparticles could be used for delivering a high load
of DHA along with its enhancer, Fe*". After treatment with CDZs,
we observed a remarkable 90.8% reduction in the tumor volume
when compared with the saline group. This increased efficacy
may be attributed to cell membrane-induced homotypic accu-
mulation of the nanoparticles and increased stability of the
nanoparticles, thus minimizing drug loss. Changes in body
weight of all the mice were recorded to evaluate systemic toxicity
(Fig. 7B). Neither death nor significant difference in the body
weight change was observed in the treated groups and the control
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groups. The remarkable anti-tumor effect of CDZs was verified by
visible reductions in the tumor size (Fig. 7A). Ki-67, TUNEL, and
TNFa staining results are shown in Fig. 7D; the Ki-67 staining
results revealed that the CDZs treatment inhibited the prolifer-
ation of tumor cells than the other groups more significantly. The
mice treated with CZs without DHA exhibited a similar growth
behavior as the saline group without significant anti-tumor
effects and little cell apoptosis. After loading DHA in ZIF-8, cell
apoptosis was significantly increased compared with CZs; when
injected intravenously with CDZs, terminal-deoxynucleoitidyl

I Control
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BUN

B Control
B cozs

In vivo toxicity assessment and blood biochemistry test. (A) Renal function (CRE, BUN) examination in the blood of BALB/c nude mice. (B)

Liver function (AST, ALT, and ALP) examination in the blood of BALB/c nude mice (n = 5). (C) Histopathologic examination of the tissues including
heart, liver, spleen, lungs, and kidney from BALB/c nude mice after intravenous administration of saline, CZs, DHA, DZs, and CDZs for 19 d. Scale

bar =100 um.
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transferase mediated nick end labeling (TUNEL) staining showed
the strongest cell apoptosis with the highest green fluorescence
distributed around the whole tumor tissues (Fig. 7D), which can
be attribute to the cell membrane-induced homotypic accumu-
lation of the nanoparticles, increased stability of nanoparticles
minimizing drug loss, and significant anti-tumor effect of DHA,
in accordance with tumor inhibition. The TNFa staining results
suggested that the inflammatory response was weakest in the
CDZs group. In all, these results confirmed that CDZs have
potent anti-cancer activity in vivo.

In vivo toxicity assessment

Two kidney function indicators (CRE, creatinine and BUN,
blood urea nitrogen) and three liver function indicators (AST,
aspartate aminotransferase; ALP, alkaline phosphatase; ALT,
alanine aminotransferase) were measured, and the results
suggested that no distinct hepatic or renal toxicity was induced
by these treatments (Fig. 8A and B). Furthermore, no obvious
organ damage was observed in the hematoxylin and eosin
(H&E)-stained sections (Fig. 8C). All systematic toxicity results
pointed to good biocompatibility of CDZs.

Conclusion

In summary, we have designed a biomimetic nanomedicine
consisting of a cancer cell membrane-derived shell encapsu-
lating a dihydroartemisinin-loaded ZIF-8 core doped with
ferrous ion. Benefiting from the homologous targeting of CCMs,
this nanomedicine can actively target hep G2 cancer cells both
in vitro and in vivo. The acid-sensitive ZIF-8 nanoparticle core
exhibited high drug loading efficiency and controllable drug
release. Combining the anti-malarial drug DHA and Fe'
released from ZIF-8 nanoparticles resulted in a 90.8% reduction
in tumor growth in a hep G2 subcutaneous tumor model. This
was all achieved with virtually no damage to the main organs
and no changes in the white blood cell and platelets levels,
indicating superior biocompatibility. In brief, this system holds
great promise as a therapy for hepatocellular carcinoma.
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