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The therapeutic efficacy of anti-cancer nanomedicines is generally constrained due to limited accumu-
lation in the solid tumors. In this study, we developed a biomimetic nano-carrier to enhance the chemo-
therapeutic efficacy of doxorubicin and icotinib in a chemo-resistant non-small cell lung cancer (NSCLC)
cell line harboring a mutation in the epidermal growth factor receptor (EGFR). The unique nanomedicine
was prepared by coating with targeting cancer cell membrane proteins as highly specific ligands. The
resulting biomimetic nanoparticles were highly stable and exhibited superior homologous targeting ability
in vitro compared with control groups. In a mouse EGFR-mutated NSCLC xenograft model, intravenous
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injection of the biomimetic nanomedicine led to a high tumour inhibition rate (87.56%). Histopathological
analysis demonstrated that the biomimetic nanomedicine had minimal side effects. Taken together, a
cancer cell membrane-based biomimetic drug carrier can significantly enhance drug accumulation and
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Introduction

Lung cancer is associated with high morbidity, and is the
leading cause of cancer-related deaths worldwide." Non-small
cell lung cancer (NSCLC) is the most common subtype of lung
cancer, accounting for 85% of all lung tumours.” NSCLC
patients harboring the L858R or exon 19 deletion mutations in
the epidermal growth factor receptor (EGFR) benefit from
EGFR tyrosine kinase inhibitors (EGFR-TKIs) like icotinib,?
which was approved as the first-line therapy for advanced
NSCLC cases with sensitive mutations in 2011 by the China
Food and Drug Administration.” The efficacy and safety of ico-
tinib in patients carrying EGFR mutations was also demon-
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improve therapeutic efficacy in cancers.

strated in a Phase IV trial.> However, a secondary EGFR T790
M mutation often develops in patients after EGFR-TKI treat-
ment, resulting in chemo-resistant tumors.® Therefore, it
necessary to develop other strategies to treat NSCLC patients
with the EGFR T790 M mutation, in order to improve thera-
peutic efficacy, and reduce the dosage and side effects of the
chemotherapeutic drugs.

Nanotechnology has revolutionized the field of onco-thera-
peutics, especially in the development of drug delivery plat-
forms. Drug-loaded nanoparticles like liposomes, polymers
and dendrimers have achieved prolonged systemic circulation,
sustained release and superior tumor penetration of the
drugs.””® Despite the tendency to passively accumulate at
tumor sites via the enhanced permeability and retention (EPR)
effect,"”"" most nanoscale drug delivery systems showed poor
circulation, tumor-site accumulation and penetration into the
tumor interstitium in clinical trials."> This was attributed to
the tumor microenvironment, which may present physical or
biochemical barriers to the nanodrugs.’® Therefore, nano-
particles were designed with surface-embedded ligands, such
as transferrin, folic acid, enzymes, engineered antibodies and
macromolecules (e.g. proteins and carbohydrates), which
enabled tumor cell targeting.*™® These ligands have high
specificity for tumor cell-specific receptors, which increases
the uptake of the nano-carriers into tumor tissue."” However,
the surface density of these ligands requires optimization to
avoid recognition by the reticuloendothelial system, as well as
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interaction with serum proteins, in order to prolong circula-
tion of the nanoparticles.'® Biomimetic nanoengineering is a
promising strategy that can overcome these concerns by modi-
fying the nanoparticle surfaces with cell membranes
from platelets, red-blood cells, leukocytes and mesenchymal-
stem-cells."®>* Cancer cell-membrane vesicles contain surface
proteins from the parent cells, which can enable the nano-
particles to home to the target cells through homotypic
binding.>***

Here, we developed cancer cell membrane protein-based
biomimetic nanoparticles to overcome drug resistance in
EGFR-mutant NSCLC cell lines. First, the cancer cell mem-
brane (M) based nanoparticles were designed to target tumour
cells via specific homotypic binding proteins, which can avoid
the complicated procedure of modification with targeting
molecules. Second, Poly (amidoamine) (PAMAM)-COOH (PC)
dendrimers were synthesised, due to the strong side effects of
PAMAM, and then icotinib (I) loaded into the PC dendrimers
(I-PC). Subsequently, a commonly used anticancer drug, doxo-
rubicin (Dox, D), was loaded to form the DI-PC nanoparticles
by electrostatic adherence. Third, due to the small size of
DI-PC (<10 nm), it can easily clear from the blood; therefore,
we used a double emulsion method to synthesise PLGA (P)
coated DI-PC nanoparticles (Fig. 1). As so far as we know, our
design provides a convenient strategy to endow biomimetic
drug carriers, this kind of strategy might be used as a common
method for actively targeting nanoparticle-based drug combi-
nation to overcome drug resistance.
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Methods

Isolation and characterization of cell membranes

The human NSCLC cell line HCC 827, the EGFR-TKI resistant
lung cancer cell line H1975 that harbors an activating L858R
mutation in exon 21 and a T790 M mutation in exon 20, and
the mouse melanoma cell line B16 were purchased from the
American Type Culture Collection (ATCC, Manassas, VA). All
cell lines were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 1% penicillin-streptomy-
cin, and 1% sodium pyruvate at 37 °C in a humidified incuba-
tor containing 5% CO,. The plasma membranes of H1975 cells
were isolated as previously described.*® Briefly, the cells were
harvested and re-suspended in ice-cold Tris-magnesium buffer
(pH 7.4, 0.01 M Tris and 0.001 M MgCl,) at the density of 1 x
10° cells per ml, and disrupted by extruding 20 times through
a mini-extruder (Avanti, LF-1, Canada) without a polycarbonate
membrane. The resulting homogenate was mixed with 1 M
sucrose to dilute the latter to 0.25 M, and centrifuged at 2000g
(4 °C, 10 min). The supernatant was collected and centrifuged
again at 13 000g (4 °C, 30 min) to collect the cell membranes,
which were then washed with ice-cold Tris-magnesium buffer
containing 0.25 M sucrose, and collected after a second round
of centrifugation. The proteins in the purified cell membranes
were quantified using the bicinchoninic acid (BCA) protein
assay kit (Pierce), and resolved by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). The protein
bands were transferred onto nitrocellulose membranes

Cell membrane proteins MDI-NPs

Active targeting C
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Fig. 1 Schematic illustration of the cancer cell membrane protein-based biomimetic nanoparticle, MDI, designed to overcome EGFR mutation tar-

geting drug resistance.
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(Millipore, Burlington, MA, USA), and incubated with anti-
Na+/K+-ATPase, anti-Pan-cadherin, anti-Histone H3 and anti-
COX IV primary antibodies (Cell Signaling). Following incu-
bation with secondary antibodies (ZSGB-BIO), the positive
bands were visualized using an enhanced chemiluminescence
kit (Thermo Fisher Scientific, Rockford, USA).

Synthesis of cancer cell membrane-coated nanocomposites

PAMAM-COOH dendrimers (PC) were synthesized as our pre-
viously described.”” A mixture of PC (10 mg dissolved in 4 ml
deionized water) and icotinib (3 mg dissolved in 1 ml dichloro-
methane) was prepared, and sonicated for 5 min (200 W) with
1 s pulse and 2 s off. The solution was evaporated to remove
the dichloromethane, and centrifuged in Microsep columns
(MWCO: 30 kDa) to obtain the I-PC. The Dox-adsorbed I-PC
(DI-PC) was subsequently prepared by adding 1 mg ml™" Dox
solution to I-PC, stirring the mixture overnight and centrifu-
ging in the Microsep columns (MWCO: 30 kDa). To synthesize
PLGA-coated nanocomposites (PDI-PC), 40 mg PLGA was dis-
solved in 2 mL dichloromethane by vortexing for 15 min. Once
PLGA was completely dissolved, 500 uL DI-PC (W1) was added
to the PLGA solution (O), and the mixture sonicated for 3 min
to form a water in oil emulsion (W1/O). The latter was mixed
with an 8 mL solution of 1% (w/w) PVA and 1% F68 (v/v=1:1)
(W2), and sonicated for 5 min as described above to form a
double emulsion (W1/O/W2). After evaporating the W1/O/W2
emulsion to remove dichloromethane, the PLGA-coated nano-
composites were collected by centrifugation (10 000g, 10 min),
and washed thrice with deionized water. The H1975 membrane
protein-decorated PLGA nanocomposites (MDI) were fabricated
by the extrusion method. Briefly, the cell membrane vesicles
were extruded through polycarbonate membranes (400 nm)
about 20 passes. Then, the vesicles were mixed with PLGA nano-
composites and extruded through polycarbonate membranes
(200 nm) to obtain the membrane-coated nanoparticles.

Characterization of nanocomposites

The hydrodynamic diameter and zeta-potential of the nano-
composites were measured using a Malvern Zeta sizer Nano ZS
instrument (Malvern Instruments, UK). Transmission electron
microscopy (TEM) images were obtained using FEI Tecnai G2
F20 U-TWIN TEM (FEI Company, USA). Dox concentration was
evaluated in terms of the absorbance at 480 nm using a
spectrophotometer, in order to calculate the drug loading
content. Icotinib concentration was similarly determined at
340 nm. Drug loading efficiency and entrapment efficiency
were calculated using the following equations:

Drug loading efficiency = (weight of drug in MDI)/
(weight of MDI)

Drug entrapment efficiency = (weight of drug in MDI)/
(initial weight of drug)

The MDI particles were stored at 37 °C in different concen-
trations of FBS for 24 h, and their size was monitored to assess
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bio-stability. The average size and zeta potential were also
detected after storage in PBS (pH 7.4) for one week to deter-
mine the stability of the MDI. The drug release from the nano-
particles at different pH was measured by dialysis against PBS.

In vitro cytotoxicity of MDI

The viability of H1975 cells exposed to the free and encapsu-
lated drugs was measured using the cell counting Kit-8
(CCK-8) assay. Briefly, the cells were seeded into 96-well
culture plates at the density of 1 x 10" cells per well and cul-
tured for 24 h. Different concentrations of the reagents were
added and after varying incubation periods, the culture
medium was removed and replaced with serum-free medium
containing 10 pL CCK-8 reagent. The cells were incubated
further for 2 h at 37 °C, and the optical densities were
measured at 450 nm on a microplate reader (SpectraMax
M2MDC, USA). Calcin-AM and PI double staining was also per-
formed to distinguish between live and dead cells by fluo-
rescence microscopy.

Homotypic targeting of cancer cells

The cancer cell-targeting ability of the biomimetic nano-
particles was evaluated in terms of the cellular uptake of MDI
and the spontaneous fluorescence of Dox. Briefly, the H1975
cells were seeded in 6-well plates and after a 24 h culture, incu-
bated with different type of cell membrane coated nano-
particles at a 5 pM Dox for 6 h. The cellular uptake of nano-
particles was then determined by measuring the absorbance at
488 nm, and by confocal laser scanning microscopy (CLSM).
In addition, the cells were harvested using trypsin, and washed
thrice with cold PBS, and flow cytometry was used to quantify
the intracellular fluorescence intensity.

Establishment of xenograft tumors and treatment regimen

Six-to-eight-week-old female BALB/c nude mice were housed in
a temperature-controlled, ventilated and standard disinfected
room. All animal experiments were conducted as per the proto-
cols of the Institutional Animal Care and Use Committee at
the Institute of Tumors of the Chinese Academy of Medical
Sciences. The mice were subcutaneously injected in their hind
leg with 1 x 10° H1975 cells. Once the tumors grew to approxi-
mately 50 mm?®, the mice were randomized into seven groups
(n = 4 each) and intravenously injected with: (1) 100 pL of PBS,
(2) 1 mg Dox per kg body weight, (3) 10 mg Icotinib per kg
body weight, (4) I-NPs equivalent to 10 mg kg™ Icotinib, (5)
D-NPs equivalent to 1 mg Dox per kg, (6) DI-NPs equivalent to
10 mg kg™ ' Icotinib and 1 mg kg™ Dox, and (7) MDI equi-
valent to 10 mg kg™ Icotinib and 1 mg kg™" Dox. The reagents
were injected every 2 days, and the tumor growth and body
weight were monitored for the next 25 days. The mice were
sacrificed after the 25™ day, and the tumors were dissected
and weighed. Blood samples were collected, left undisturbed
at room temperature for 3 h, and centrifuged at 3000g for
15 min. The sera were aspirated and tested using a biochemi-
cal autoanalyser. The major organs (heart, liver, spleen, lung,
and kidney) were also harvested, fixed in 10% formalin solu-
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tion, embedded in paraffin and stained with hematoxylin—
eosin (HE) as per standard protocols.

Statistical analysis

All data are presented as means + SD of three independent
experiments. Two-tailed Student’s ¢-test was used to compare
groups, and p values less than 0.05 were considered statisti-
cally significant.

Results and discussion
Synthesis and characterization of MDI

We successfully extracted and purified membrane proteins
from a human lung cancer cell line as per our previously
described protocol (extraction yield 0.98 mg per 1 x 10 cells),
and embedded them in Dox and icotinib-loaded PLGA nano-
composites to form stable biomimetic particles (Fig. 2A).
Dynamic light scattering analysis showed that the average
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hydrodynamic diameter of the MDI particles and PLGA nano-
composites were 157.5 + 2.45 nm and 124.2 + 1.10 nm respect-
ively (Fig. 2B and C), which corresponds to the embedded pro-
teins in the former. Furthermore, TEM imaging of MDI nano-
particles revealed a core/shell structure, along with a bright
protein corona on the outer layer of PLGA (Fig. 2D). The
protein profile of the MDI particles was next analyzed, and was
consistent with that of H1975 cell membranes (Fig. 2E). The
membrane-specific Na+/K+-ATPase and Pan-cadherin were
detected, whereas the nuclear histone H3 and the mitochon-
drial COX IV were absent, indicating that only the membrane
proteins were embedded on the surface of these nanoparticles.
The zeta value of the membrane vesicles was approximately
—35.7 mV, while that for MDI was —29.6 mV (Fig. 2F). The dia-
meter and zeta potential of MDI nanoparticles were not
observed significant changes after being stored in
1640 medium with different concentrations of FBS (pH 7.4)
(Fig. 2H) or PBS (pH 7.4) for 7 days (Fig. S17), indicating good
stability of the MDI nanoparticles.
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Fig. 2 Characteristics of cancer cell membrane coated NPs. (A) Schematic illustration of a cancer cell membrane protein-based biomimetic nano-
particle. (B) Dynamic light scattering analysis of PLGA nano-composites showing an average size distribution around 124 nm. (C) Dynamic light scat-
tering analysis of MDI showing an average size distribution around 157 nm. (D) TEM image of MDI; scale bar, 200 nm. (E) Western blotting analysis of
membrane-specific and intracellular protein markers. (F and G) Zeta potential and sizes of PLGA NPs, MDI, and membrane vesicles. Data expressed
as means + SD of three experiments. (H) Changes in diameter distributions of MDI after different storage times at 37 °C in medium containing
different concentrations of FBS. Data are expressed as mean + SD from three experiments.
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Cell membrane protein coating retards drug release from the 27.3% of icotinib were released from MDI within 48 h, indicat-
nanoparticles ing that the cell membrane proteins can suppress rapid

Dox release in the bloodstream. However, a lower pH of
The controlled drug release profiles are shown in Fig. 3A and 5 increased the amount of Dox released from the MDI par-
B. At the physiological pH 7.4, only 30.1% of the Dox and ticles, which is highly conducive for targeted drug release in

A 120 el LR Hoechst
—_ e D@NPs pH 5.0
e W —e
g S0{—um mn
D
2 60
& 40
5
g 20
0
0 10 20 30 40 50
Time (h)
B A80 = 1.PC-NPs pH 7.4
X ==——1.PC-NPs pH 5.0
< 60| —Dines pH74
@ s DI-NPs L
4 |—m pau 4h
% 40 e MIDI pHS.0
-4
._8. 20
0

0 10 20 30 40 50
Time (h)

Fig. 3 Drug release study. (A) In vitro drug release of Dox from nanoparticles in PBS at different pH. (B) In vitro drug release profiles of icotinib from
nanoparticles in PBS at different pH values. (C) Intracellular delivery of MDI in H1975 cells for 1 and 4 h. Cells were incubated with MDI at a Dox con-
centration of 5 pM and then observed by confocal microscopy.
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Fig. 4 MDI as a homotypically targeted delivery vehicle. (A) Fluorescent imaging of H1975 cells cultured with D-NPs, B16-NPs, HCC 827-NPs, and

MDI. (Ba) Flow cytometric analysis of H1975 cells incubated with D-NPs, B16-NPs, HCC 827-NPs, and MDI. (Bb) Quantification of the mean fluor-
escence intensities of the histograms in (Ba). **p < 0.01 compared with other groups.
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the acidic tumor microenvironment and in the endo-
lysosomes of tumor cells. Nevertheless, both Dox and icotinib
were released relatively slowly from the nanoparticles
regardless of the pH, indicating that the majority of drug
molecules would likely remain encapsulated during circulation
in the bloodstream, and thus reduce systemic toxicity.
The intracellular localization of MDI was tracked using the red
fluorescence of Dox. As shown in Fig. 3C, after both 1 and
4 h of incubation with MDI particles, Dox was primarily
localized in the cytoplasm of the H1975 cells. This clearly
indicated that once the nanoparticles entered the cells, Dox as
released slowly into the cytoplasm and thenceforth entered the
nuclei.
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MDI biomimetic particles specifically target homotypic cells

Surface antigens mediate homologous adhesion of cancer
cells, which is the rationale behind using cancer cell mem-
brane-cloaked platforms to target cancer cells.***° To evaluate
the homotypic targeting ability of MDI to the H1975 cells, we
incubated them with MDI-NPs (H1975 CCNPs), D-NPs, B16
cell membrane-coated nanoparticles (B16 CCNPs) and Hcc827
cell membrane coated nanoparticles (Hcc827 CCNPs), and
observed significantly higher uptake of MDI compared to
other nanoparticles (Fig. 4A and B). Taken together, the
coating with H1975 cell membrane proteins endowed MDI
with a strong homotypic targeting ability.
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Fig. 7 Safety evaluation. (A) Body weight. (B) H&E staining of the major organs (Lung, Kidney, Liver and Spleen). Scale bar = 100 nm. (C) H&E staining
of the hearts. Scale bar = 100 nm. (D) Blood biochemical analysis (1: PBS, 2: Icot, 3: I-NPs, 4: Dox, 5: D-NPs, 6: DI-NPs, 7: MDI). *p < 0.05 compared

with the control group.
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Biomimetic modification enhanced cytotoxicity of the
chemotherapeutic drugs

The effect of the free and encapsulated drugs on the prolifer-
ation of H1975 cells was determined by CCK-8 assay. As shown
in Fig. S2,T while even high doses of free icotinib only slightly
inhibited proliferation of these cells, Dox clearly showed a
dose-dependent cytotoxic effect. Based on these results, we
incubated the H1975 cells with the different nanoparticles
equivalent to 0.1 pM Dox and 10 puM icotinib. After 24 h incu-
bation, D-NPs, I-NPs, DI-NPs and MDI decreased the cell viabi-
lity to 84%, 98%, 57% and 25% respectively. The viability of
cells incubated with MDI dropped further to 17% after 48 h,
indicating a synergistic effect of Dox and icotinib, especially
when encapsulated in biomimetic nanoparticles (Fig. 5B). In
contrast, the nanoparticles without drug did not affect cell via-
bility and have a good biocompatibility (Fig. 5A). The H1975
cells were stained with Calcien AM and propidium iodide (PI)
to identify live and dead/apoptotic cells after the different
treatments. As shown in Fig. 5C, icotinib or I-NPs barely
affected cell viability, and only a few red-stained dead
cells were seen following incubation with Dox and D-NPs. In
contrast, DI-NPs induced significant cell death, and MDI
markedly increased the proportion dead cells over the green-
stained live cells. Taken together, biomimetic encapsulation
can significantly amplify the synergistic toxicity of Dox and
icotinib.

MDI nanoparticles effectively inhibit tumor growth in vivo

We also evaluated the in vivo therapeutic effects of the free
drugs and different nanoparticle formulations in a H1975
tumor-bearing nude mice. During the 25-day treatment period,
the body weight and tumor volume of the mice were moni-
tored, following which the animals were sacrificed and their
organs were analyzed. The tumor growth rate as significantly
faster in the icotinib and I-NPs-treated groups (Fig. 6A), while
free Dox and D-NPs achieved only a slight inhibition (21.45%
and 25.67% respectively). Consistent with the in vitro results,
the DI-NPs demonstrated significant tumor inhibition relative
to D-NPs and I-NPs, indicating a synergistic effect on tumor
regression and the ability to overcome drug resistance in vivo.
The H1975 cell membrane-coated DI-NPs resulted in 87.56%
tumor inhibition, with the tumor weight 8.75-fold less com-
pared to that of the PBS control group. Furthermore, IHC ana-
lysis of the tumor tissues from the different groups showed sig-
nificantly lower in situ expression levels of both PCNA and
Ki67 in the MDI-treated compared to the other groups
(Fig. 6D), clearly demonstrating inhibition of tumor prolifer-
ation. Taken together, the biomimetic PLGA nanocomposites
with homotypic targeting ability have significant anti-tumor
efficacy against resistant lung tumors.

Safety evaluation

Although the exact mechanism of Dox action in tumor cells is
not completely understood, it is known that Dox intercalates
into DNA, disrupts replication and transcription, and leads to

This journal is © The Royal Society of Chemistry 2019
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cell death.?! Despite its efficacy and broad clinical indications,
Dox also causes severe side effects, including hepatotoxicity,
cardiotoxicity and nephrotoxicity.>>?* Therefore, we loaded
Dox into nanoscale PAMAM dendrimers, which are extensively
used to increase drug dispersion and reduce systemic toxicity.
While free Dox resulted in considerable weight loss, none of
the other treatment modalities affected the body weight of the
mice (Fig. 7A). In addition, none of the mice exhibited any
abnormal behavior during the entire treatment period
(Fig. 7A). Histopathological examination of the major organs
showed swelling of cardiac muscle fibers in the Dox-treated
mice, while no visible heart damage was detected in the other
groups (Fig. 7B). In addition, biochemical assessment of the
sera demonstrated a significant increase in creatine kinase in
the Dox-treated compared to the other groups, which is also
indicative of cardiotoxicity (Fig. 7C). The encapsulation of Dox
in the D-NPs, DI-NPs and MDI significantly reduced its sys-
temic toxicity due to the tumor-specific accumulation and
release of these nanoparticles. Finally, no pathological
changes were observed in the liver, spleen, lung and kidney,
and no aberrations were observed in the serum levels of
hepatic or renal function markers in any of the
groups (Fig. 7D). Taken together, MDI is an excellent thera-
peutic platform for precision cancer therapy mainly on
account of its homotypic cancer cell targeting and excellent
biocompatibility.

Conclusions

We developed a H1975 (T790M) cell membrane protein-based
biomimetic nanomedicine to overcome drug resistance in
NSCLC cells and achieve high drug accumulation in solid
tumors. The cancer cell membrane protein coat improved
homotypic cellular uptake and significantly inhibited tumor
growth in vivo without any obvious side effects. This novel bio-
mimetic nanoplatform is a highly promising tool for targeted
cancer therapy.
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