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Background: Traditional nanoparticle-based drug delivery systems suffer from several
limitations, such as easy clearance from blood and inaccurate targeting.

Materials and Methods: Here, we developed platelet membrane-coated nanoparticles
(PM-NPs) to improve the precise delivery of drugs to tumor sites and enable a more efficient
photothermal therapy (PTT) treatment.

Results: Mimicking the natural platelet membrane, nanoparticles containing drugs and
photothermal agents were not recognized and cleared by the immune system; they could
circulate in the blood for a long time and accumulate more efficiently at the tumor site, thus
releasing more antitumor drugs and achieving better PTT effects. It is worth mentioning that,
in this study, we found that tumors in mice treated with the platelet-mimicking nanoparticles
were completely eliminated without recurrence during the observation period (up to 18
days).

Conclusion: This study provides a new strategy to design delivery systems of drugs or
photothermal agents, whether in biotherapy or other fields.

Keywords: platelet-mimicking, drug delivery, IR780, doxorubicin, chemo-photothermal
therapy

Introduction

Breast cancer, a most common malignant tumors in females and seriously harms the
life quality and lives of women worldwide.' Photothermal therapy (PTT) has drawn
widespread attention due to its advantages of noninvasiveness, safety, and good
selectivity compared with traditional surgery and chemotherapy.”* The principle of
PTT is to focus the laser directly on the tumor site and use its heating ablation to
kill tumor cells. Most of the free photothermal therapeutic agents cannot accumu-
late at the tumor site efficiently due to solubility issues, fast metabolism, or
restrictions in their direct administration because of safety considerations.
Therefore, nanocarriers have become the first choice of scientists to solve the
abovementioned problems. Moreover, tumor accumulation of nanomaterials could
be realized through the EPR (enhanced permeability and retention) effect as a result
of the nanoscale size. However, biocompatibility and stability of nanoparticles are
critical aspects in the design process. To address these issues, the synthetic polymer
poly(ethylene glycol) (PEG)* can be introduced onto the nanoparticle surface.
However, PEGylated nanoparticles are still foreign matter to the human body, and
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even excellent nanoparticles with good biocompatibility
still face the problem of being eliminated by the immune
system. Therefore, avoiding the quick clearance by the
immune system is a key performance factor. Scientists
have also tried to use targeting ligand conjugation strate-
gies. However, this process is difficult and not suitable for
large-scale manufacturing,® and it may result in new pro-
blems. Natural microscopic carriers in human body-active
cells, such as RBCs, PLTs, and WBCs, have efficient
circulation capabilities and a variety of physiological func-
tions in the body. The application of these natural materi-
als to nanomedicine could easily, economically, and
effectively eliminate the immunogenicity of nanoparticles
and address their limitations, such as poor aggregation at
the tumor site caused by rapid clearance, and other side
effects.

The design approaches of biomimetic nanoparticles
have recently emerged as a novel paradigm.® Since
Zhang’s team wused erythrocyte membranes wrapped
around nanoparticles for the first time to improve the
biocompatibility of nanomaterials,’ researchers have dedi-
cated much effort to find more applications of biomimetic
nanomaterials in the treatment of various diseases.® '

Various cell including

21,22

types have been developed,

stem
33,34

macrophages,'®'® T cells,"”?® neutrophils,
23-27 red blood 28-32

Biomimetic nanomaterials show many advantages, such

cells, cells, and platelets.
as high biocompatibility, longer cycle life, inherent biode-
gradability, natural targeting ability of cells/tissues, high
drug loading, and ability to cross biological barriers.
Considering the various benefits of bionic nanomaterials
compared with traditional nanoparticles, this biomimetic
technology has great prospects in the future. In particular,
platelets participate in many important physiological func-
tions, hemostasis, immune escape,35 subendothelial

adhesion,*® and pathogen interaction,”~*®

and play an sig-
nificant role in tumor metastasis.>® Therefore, coating nat-
ural platelet membranes onto nanoparticles has provided
a new approach for nanocarrier design, which can be
applied various biomedical fields.

Here, we designed platelet membrane-wrapped PLGA
nanoparticles loaded with chemotherapeutic drugs and
photothermal agents for combined chemotherapy and
PTT. We illustrated the successful preparation process of
these platelet membrane-coated IR780@PLGA/Dox (PM-
NPs). This method is simple and time-saving, which is
convenient for future clinical use. We chose the typical
near-infrared (NIR) fluorescent dye IR780 as the

photothermal agent due to its tumor-targeting capability*’
and excellent optical properties. But IR780 has many
limitations to be applied in vivo such as poor water solu-

bility, toxicity, and fast clearance,*'**?

so we adopted
PLGA, a polymer material with good biocompatibility to
load IR780. The tissue penetration depth of laser irradia-
tion is sometimes not enough to eliminate tumors thor-
oughly, so chemotherapy was also designed in this study to
improve antitumor efficacy. Doxorubicin hydrochloride
(Dox) as the therapeutic chemotherapy drug was wrapped
in the core of PM-NPs. We evaluated the ability of the
PM-NPs to release drugs in two pH environments and the
uptake of the PM-NPs by two relevant cell lines in vitro.
In vivo fluorescence imaging was used to investigate the
biodistribution and targeting ability after intravenous
injection, and related pharmacokinetic studies were per-
formed. Finally, we evaluated the antitumor efficacy and
biosafety of the PM-NPs in 4T1 tumor-bearing Balb/c
mice. The results manifested under the premise of safety,
the nanoparticles exhibited a longer circulation time in the
body, strong tumor targeting ability, and enhanced antitu-
mor efficacy.

Materials and Methods

Materials

Poly (lactic-co-glycolic acid) (PLGA), IR780 iodide, and
polyvinyl alcohol (PVA) were all obtained from Sigma-
Aldrich (USA). Doxorubicin hydrochloride (Dox) was
purchased from Solarbio Co., Ltd. (China). Both Dil
stain kit and BCA protein assay kit were purchased from
Beyotime Inst. Biotech (China). The platelet protein
extraction kit was purchased from BesBio (China). The
Calcein-AM/PI Double Stain Kit was obtained from
Yeasen (China). The Cell Counting Kit-8 (CCK-8) was
obtained from 7sea Biotech (China). All experiments were
approved by the Ethics Committee of the Second Xiangya
Hospital, Central South University, China.

Isolation of Platelets and Preparation of

Platelet Membranes

Whole blood was obtained from male KM mice by punc-
ture of the submandibular vein with an Eppendorf tube
coated with ethylenediaminetetraacetic acid (EDTA) in the
inner layer. The platelets were isolated and the PM mem-
brane was obtained by using the previously reported
method,** the specific preparation process is detailed in
Supporting information.
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Synthesis of IR780@PLGA/DOX NPs

The nanoparticle cores were prepared via a single emulsi-
fication method. Two hundred milligrams of PLGA was
dissolved in 6 mL dichloromethane. After fully dissolving,
6 mg IR780, 0.2 mL of a DOX solution (with a Dox
concentration of 20 mg/mL) and 30 mL of a 4% (w/v)
PVA solution were put into the above system. Then, the
mixture was emulsified with an ultrasonic processor on ice
for 2 minutes, 40 mL of deionized water was added, and
the mixture was stirred for 2 ~ 4 h and washed with
deionized water for at least 3 times. The whole procedure
was kept from light. The final output was kept at 4°C in
dark place.

Preparation and Characterization of

PM-NPs
To coat the platelet membranes onto the IR780@PLGA/
DOX NPs (designated NPs) surface, 1 mL of water con-
taining 2 mg of NPs was mixed with platelets vesicles
which were obtained from 1 mL of mice whole blood. The
above mixture was then sonicated for 5 minutes in the dark
and centrifuged at 14,000 x g to remove excess PLT
vesicles. Then, precipitation was resuspended with PBS
and preserved at 4°C and avoid light for further use. The
size distributions and zeta potentials of the NPs and the
PM-NPs were measured with a zetasizer (Nano ZS,
Malvern). The morphologies were observed by a TEM
(G2 F20 S-TWIN, Tecnai) operating at 120 kV after stain-
ing with 2% (w/v) uranyl acetate. UV-vis spectra were
recorded with a microplate reader (Spectra Max M2/M2e).
To study the protein components in the PM-NPs,
Western Blot was employed. We extracted the proteins
from the freshly extracted platelets, platelet vesicles, and
the PM-NPs with a protein extraction kit (Best bio), and
then samples were normalized to the equal protein con-
centration with a BCA assay (Beyotime). Then, the fol-
lowing steps were completed by a known procedure and
developed with ECL substrate.

Drug Loading, Encapsulation and Release

Characterization

The prepared PM-NPs were centrifuged, and the precipi-
tate was preserved. To test the IR780 loading capability of
the PM-NPs, the precipitate was dried for 24 h using
a vacuum freeze dryer. Then, the freeze-dried PM-NPs
were dissolved in 1 mL of DMSO and diluted, and the
absorbance of IR780 at 791 nm was detected by UV-Vis-

NIR spectrophotometer. The IR780 encapsulation effi-
ciency and loading efficiency were calculated according
to (1) and (2) as follows:

Encapsulation efficiency (%) = Wg/Wt x100% (1)

Loading efficiency (%) = Wg/Wy x 100% (2)

Wk refers to the amount of IR780 encapsulated in the
NPs, Wy refers to the total amount of IR780 added, and
Wy refers to the dry weight of the NPs.

To evaluate the Dox loading capability of the PM-NPs,
they were dissolved in solvent (water: DMSO=1:9) and
sonicated for 30 minutes. Afterwards, we measured the
fluorescence intensity at 596 nm (Ex of Dox: 480 nm).
A standard curve was obtained using the same solvent.
The encapsulation efficiency and loading efficiency of Dox
could be acquired with the same method mentioned above.

To investigate Dox release under different pH condi-
tions, 0.2 mL of NPs or PM-NPs was added to a dialysis
bag, with or without laser irradiation (808 nm, 1 W/cm?, 5
min), and then submerged in PBS of 20 mL at different pH
environment (5.0 or 7.4) in a dark container and gently
vibrated in a shaker (BSD-TX345, Shanghai Boxun) at
100 rpm. At predesignated time intervals, 0.2 mL of the
solution was removed from the container and replaced
with 0.2 mL of fresh PBS with the same pH. Then, the
fluorescence measured

intensity at 596nm  was

immediately.

In vitro Photothermal Effects of PM-NPs
PBS, Dox, platelet vesicles, NPs, and PM-NPs were dis-
persed in deionized water in eppendorf tubes separately and
irradiated for 5 minutes by an 808 nm laser (TSO8F2W,
Minghui Optoelectronic Technology, China) (1 W/cm?).
The temperatures were then recorded every specific time
points by an infrared thermal imager (FLIR C2, USA).

In vitro Stability Study of PM-NPs

To access the stability of the nanoparticles, the experi-
ments were conducted by measuring the DLS diameters
of the NPs and PM-NPs in 10% FBS (HyClone) at 37°C
every 24 h for 7 days.

Cell Culture

4T1 mouse breast cancer cells and Raw 264.7 cells were
purchased from the China Center for Type Culture
Collection (Wuhan, China) and cultured in RPMI (1640)
medium or Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin.
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Intracellular Uptake

4T1 cells (1x10* cells/well) and Raw 264.7 cells (1x10°
cells/well) were seeded on 6-well plates. After 24 h, Dil-
labeled NPs or PM-NPs were separately added to fresh
serum-free medium and incubated for 0.5, 2, and 4
h. Then, the cells were gently washed using cold PBS
for three times in the dark, then fixed with 4% parafor-
maldehyde and stained with DAPI. Afterwards, the cells
were observed with an inverted fluorescence microscope.
The gray value of images with red fluorescence was ana-
lyzed by Imagel. For quantitative analysis, the 4T1 cells
incubated with NPs or PM-NPs for 4 h were subjected to
flow cytometry for fluorescence signals quantification.

Cell Viability Assay

A 96-well plate was seeded with 4T1 cells (5x10° cells/well)
and cultured for 24 h. Treatments including free Dox, NPs or
PM-NPs (with Dox concentrations of 50, 100, 250, 500,
1000, and 2000 ng/mL) were given and cells were incubated
for 24 h. Afterwards, the cells treated with PBS, NPs or PM-
NPs at a Dox concentration of 100 or 500 ng/mL were given
or not given a 808nm laser irradiation for 5 minutes at 1 W/
cm?®. In addition, untreated cells and wells without cells
(blank) were used as controls. Three tests were performed
per group. After that, in addition to the blank control wells,
add 10puL CCK-8 solution to each well and incubate for 3
hours. The OD value at 450 nm was then read by a microplate
reader (SpectraMax M2e¢). The cell viability (%) could be
calculated by OD treatment/OD control x 100%.

Apoptosis Assay

Apoptosis of 4T1 cells was detected using the Annexin
V-APC/PI Apoptosis Detection Kit (BestBio). 4T1 cells were
seeded in the 6-well plates at the density of 1 x 10> cells/well.
After culture for 48 h, the cells were treated with PBS, Dox,
NPs, and PM-NPs for 2 h (Dox concentration of 500 ng/mL),
with or without a NIR laser irradiation (808nm, 1 W/cm?, 5
min). The subsequent procedures were performed according to
the manufacturer’s protocol. For Annexin V-APC/PI apoptosis
detection, the cells were analyzed by flow cytometry.
Furthermore, to visualize the therapeutic effect, the living
cells and dead cells were stained with Calcein-AM/PI double
staining kit for fluorescence microscope observation.

Animal Models
BALB/c mice, aged 4-6 weeks (female), and KM mice,
weighed 34-36 g (male), were both provided by Hunan

Silaike Jinda Laboratory Animal Co., Ltd. (China). 4T1
breast tumor-bearing mice were prepared by injecting 100
pL serum-free cell medium containing 1 x 10° 4T1 cells
subcutaneously into the right flank of BALB/c mice. All
animal experiments were approved by the Ethics
Committee of the Second Xiangya Hospital of Central
South University and conducted in accordance with the
guidelines of the Department of Laboratory Animals of

Central South University.

In vivo Pharmacokinetics Investigation

The in vivo pharmacokinetics of the nanoparticles were
investigated using KM male mice (35 + 2 g). Ten healthy
KM mice were grouped randomly (n=5), then admini-
strated intravenously with the NPs or PM-NPs (0.7 mg/
kg of IR780). At present time intervals (0.25, 0.5, 1, 3, 6,
8, 24, 48, 72, 96, 120, 144, 168, 192, and 216 h), blood
samples were collected by piercing the submandibular
vein with an Eppendorf tube, whose inner surface was
coated with ethylenediaminetetraacetic acid (EDTA). The
collected blood samples were centrifuged with a speed of
3000 rpm for 10 min. The supernatant was then analyzed
by measuring the UV absorbance intensity of IR780.

In vivo Tumor Targeting and

Biodistribution Research

Prior to imaging, 30 tumor-bearing BALB/c mice (n=5)
were injected with 0.2 mL of NPs or PM-NPs via the tail
vein (12, 24, 48, 96, 120 h before imaging) when the
tumor volume grew to 200 mm®. In vivo fluorescent ima-
ging was carried out with IR780 as the fluorescent imaging
agent (Ex: 745 nm, Em: 840 nm) by a Lumina IVIS
Spectrum imaging system (PerkinElmer, USA). BALB/c
mice administrated with PBS only were set blank controls.
Mice of each group were sacrificed after the whole-body
imaging, and their organs were taken out for in vitro
imaging. The average fluorescence intensity of the region
of interest (ROI) was further analyzed by Ling image. To
evaluate the ability of NPs and PM-NPs to reach the tumor
site, 10 tumor-bearing mice (n=5) were injected via the tail
vein with Dil-labeled PLGA nanoparticles with or without
PM membrane coating separately after the tumor volume
reached 200 mm>. After 48 h, the mice were sacrificed,
and the tumor issues were removed and embedded in
Tissue-Tek OCT Compound (SAKURA) for frozen sec-
tioning. DAPI was used for nuclear staining, and the tumor
inverted fluorescence

slices were imaged with an
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microscope. To further investigate the Dox distribution at
tumor site, the above experiment was repeated, but NPs
and PM-NPs without Dil-labeled were administrated
instead.

In vivo Combined Chemo-Photothermal
Therapy

Mice bearing 4T1 tumors were assigned to six groups
(n=10): (1) saline, (2) saline +laser, (3) Dox (Dox of
2.0 mg/kg), (4) PM-NPs only (Dox of 2.0 mg/kg, IR780
of 3.06 mg/kg), (5) NPs +laser (Dox of 2.0 mg/kg, IR780
of 3.06 mg/kg), (6) PM-NPs +laser (Dox of 2.0 mg/kg,
IR780 of 3.06 mg/kg). When the tumor volume grew to
100 mm®, different solutions were injected via tail vein.
Twenty-four hours after the injection, the tumor sites of
groups (2), (5), and (6) were exposed to an 808 nm laser
(1.0 W/em,? 5 min). The temperature and infrared images
of mice were measured. Tumor size and body weight were
recorded every 2 days for 18 days. Photographs of the
tumor sites were taken every day to monitor the therapeu-
tic effect of the treatments on those tumors. The mice were
killed at the end of observation, and the tumors were
removed for H&E, Ki67, and TUNEL staining. The
heart, liver, spleen, lung, kidney, and brain were further
observed by H&E staining to using an optical microscope.

Statistical Analysis

All data were presented as the mean + SD. Data analyses
were conducted using Origin 2018 software. *p < 0.05,
**p < 0.01, and ***p < 0.001 suggests statistically the
significant difference.

Results and Discussion
Preparation and Characterization of the
PM-NPs

Here, we describe the development of the PM-NPs for
improved comprehensive treatment combined with PTT
and chemotherapy (Figure 1). The PM-NPs were success-
fully prepared in the light of a previously reported method.**
(Figure 1A, Figure S1 and S2, Supporting Information). The
preparation process of the PM-NPs is shown in Figure 1. As
shown in Figure 1B, the PM-NPs are composed of two
components: 1) the PLGA nanoparticle shell was modified
with the photothermal agent IR780, and the core was loaded
with the small molecular drug Dox; 2) the platelet mem-
branes were coated onto the outer shell to protect the core
nanoparticles. The core IR780@PLGA/DOX NPs were

prepared on the basis of our previously reported method.*’
The PMs were derived from mouse platelets to coat the
surface of the NP core. The PM coating on the NPs can
induce multiple functions, such as prolonged blood circula-
tion time, reduced immunogenicity, and more precise tumor
targeting.’ Thus, we hypothesized that this design would
increase the aggregation of nanoparticles at tumor site,
improving the efficacy of the comprehensive treatment. To
demonstrate our hypothesis, IR780 was introduced as
a highly efficient photothermal agent on the surface of the
nanoparticles to kill the cancer cells via photothermal
effects, while Dox was loaded into the PM-NPs as an antic-
ancer therapeutic, which functions by intercalating the
nuclear DNA of tumor cells to trigger endogenous apoptosis
signaling pathway (Figure 1C).

TEM was used to visualize platelet vesicles (Figure 2A)
and the PM-NPs (Figure 2B). The PM-NPs had a smooth,
spherical appearance, and the shell thickness of the PM-NPs
was approximately 27 nm. The presence of CD47 and
CD41,* which are specific platelet membrane translocation
proteins, was confirmed via Western blotting (Figure 2C),
suggesting that the platelet-specific membrane was retained
in the PM-NPs. The hydrodynamic size of the IR780@PLGA/
DOX NPs was approximately 282.07 + 4.39 nm and increased
t0 296.33 +3.62 nm after PM coating (Figure 2D, Figure S3,
Supporting Information). The zeta potential decreased from
—1.2475 mV to —22.675 mV with PM coating (Figure 2E),
enabling nanoparticles to be more stable in the blood. The
increased particle size and decreased surface charge mani-
fested the existence of platelets membrane on the surface of
NPs. The UV absorption spectra of PM-NPs with their differ-
ent components are shown in Figure 2F, indicating IR780 was
successfully loaded onto IR780@PLGA/DOX NPs and could
act as an excellent photoabsorbing agent;*> however, the typi-
cal absorption peaks could not be observed because Dox was
encapsulated inside the nanoparticles, this phenomenon was

. . . 454
also found in the previous studies.*>*’

In vitro Photothermal Performance and

Drug Release Characteristics

To study the photothermal effect of the PM-NPs, bare NPs
were selected as the control. PBS, Dox, platelet vesicles,
NPs, and PM-NPs were exposed to an 808 nm laser for 5
min (1 W/cm?); the IR780 concentration in both nanopar-
ticles was 3.06 mg/mL. As shown in Figure 3A, PBS as
the blank control did not produce a significant temperature
increase after laser irradiation, similar to Dox and the
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platelets, due to the absence of a photothermal agent. In
contrast, the temperature increased notably in the aqueous
solutions of the NPs and PM-NPs after laser irradiation,
and a temperature change of approximately 30°C was
observed for both (Figure 3B). We evaluated the photo-
thermal conversion efficiency by irradiating the NPs
and PM-NPs aqueous solutions at a concentration of

422 mg/mL (808 nm, 1.0 W/cm?, 5 min). The linear
regression curve of the temperature cooling time (t) vs -
In(0) of the PM-NPs is shown in Figure 3C. The 1 values
of the NPs and PM-NPs were calculated to be 15.5% and
17.6%, respectively, according to previous reports,*>*"~4?
suggesting that the photothermal conversion efficiency of

the NPs was retained after PM coating.
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absorption spectra of free IR780, Dox, platelet vesicles, NPs and PM-NPs.

To understand the drug loading properties of the nano-
particles, the encapsulation efficiency (EE) and drug load-
ing (DL) of IR780 (71.26%, 1.69%) and DOX (46.76%,
1.11%) in the nanoparticles were evaluated (Table. SI,
Supporting Information). Furthermore, it was important
to ensure the structural stability of the nanoparticles before
reaching the target tumor site. The size distributions of
both nanoparticles stored in 10% FBS at 37°C for 7 days
were measured to investigate the colloidal stability. As
shown in Figure 3D, there was no significant change in
the particle size distribution over time. Therefore, the
nanoparticles exhibited good colloidal stability and could
be used in subsequent experiments.

To evaluate the Dox release kinetics from the PM-NPs
at different pH values, bare IR780@PLGA/DOX NPs
were used as the control. The release curve of Dox from
the NPs and PM-NPs was obtained at pH 5.0 and 7.4
(Figure 3E and F). Both NPs and PM-NPs released Dox
in small amounts at pH 7.4 without laser irradiation
(10.38% and 9.11%, respectively, in the first 30 min,
31.86% and 28.90% within 72 h), while the release of
DOX increased to 20.88% and 15.97% in the first
30 min, 43.74% and 42.37% within 72 h at pH 5.0. After
laser irradiation, the drug release of NPs and PM-NPs
increased significantly in both pH environments. Notably,
the cumulative Dox release of NPs and PM-NPs reached

almost 70% at pH 5.0 at 72 h. The above results indicated
that the drug release from our nanoparticles was notably
slower at neutral pH values, while the drug release accel-
erated significantly at the tumor site with acidic pH values.
Furthermore, the release rate was extremely accelerated by
laser irradiation, resulting in a more efficient targeted
release of the antitumor drugs, which may reduce some
of the side effects. The prepared NPs and PM-NPs could
release more Dox in acidic environments than in neutral
environments, and comparing both groups, the release rate
of PM-NPs was declined than NPs, suggesting the PM-
coating could make the drug release from NPs smoother
and longer.

In vitro Cellular Uptake

To understand the in vitro uptake of the nanoparticles by
different cells, we added Dil-labeled NPs or PM-NPs to
4T1 or Raw 264.7 cells for 0.5 h, 2 h, and
4 h. Regardless of whether NPs or PM-NPs were used,
an obvious red fluorescence was observed, which was
attributed to the NPs and PM-NPs accumulated in the
4T1
increased over time, and the phagocytic process was

cells. Furthermore, the intracellular uptake
basically completed after 2 h (Figure 4). The red fluor-
escence of the PM-NPs in the 4T1 cells was obviously

higher than that of the NPs at each time point,
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Figure 3 In vitro photothermal effects of PM-NPs. (A) Infrared thermal images and (B) temperature elevation of PBS, Dox, PLT vesicles, NPs and PM-NPs with laser
irradiation (808 nm, 1.0 W/cm?, 5 min). (C) The linear regression curve of temperature cooling time (t) vs -In(0) of PM-NPs. (D) Size distributions of NPs and PM-NPs in
10% FBS for 7 days. (E) After 30 min and (F) 72 h, cumulative DOX release from NPs and PM-NPs at pH 5.0 or 7.4 with or without laser irradiation.

indicating that the PM-NPs were more efficiently taken
up by the 4T1 tumor cells. As shown in Figure 4D, the
fluorescence intensities of 4T1 cells with red fluores-
cence (Dil) after co-incubation for 4.0 h with two nano-
particles were detected by flow cytometry. The mean
fluorescence intensity of PM-NPs was greater than
NPs, both of which were significantly higher than the
control PBS group. However, more red fluorescence was
observed in the RAW 264.7 cells with both the NPs and
PM-NPs groups (Figure S4, Supporting Information).
Interestingly, the red fluorescence of the PM-NPs in
the RAW 264.7 cells was notably lower than that of

the NPs, demonstrating that PM-NPs may escape pha-
gocytosis by the reticuloendothelial system (RES) to
a certain extent due to the biomimetic properties of the
PM coating.

In vitro Antitumor Effect

CCK-8 assays and Calcein/PI staining were used to assess
the in vitro antitumor effect of the NPs and PM-NPs. As
shown in Figure 5A, Dox, NPs, and PM-NPs (with con-
centrations of Dox of 50, 100, 200, 500, 1000, and 2000
ng/mL) were added to the 4T1 cells and incubated for

24 h; the cell viability decreased with increasing
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analysis of 4T cells incubated with PBS, Dil-labeled NPs and PM-NPs for 4h.

concentrations of Dox. As shown in Figure 5B, after laser
irradiation, the viability of the cells treated with the PBS
group showed no obvious difference compared with that
group without irradiation, indicating that laser irradiation
alone could not kill the 4T1 cells. When the concentration
of Dox is 100 ng/mL, the cell viabilities of Dox group with
or without irradiation were a little decreased. Both the NPs
and PM-NPs groups (Dox concentration of 100 ng/mL)
showed an enhanced tumor cell killing effect, suggesting
that the NPs and PM-NPs could kill the 4T1 cells via the
antitumor effect of Dox and the PTT effect of IR780
during laser irradiation. As the concentration of Dox
increased to 500 ng/mL, the tumor cells killing effect
was improved further. 4T1 cells were almost killed in PM-
NPs group with laser irradiation (Figure 5C).

Then, the tumor killing effect of PM-NPs was observed
directly by using calcein/PI staining. The cells were
divided into 8 groups: (1) PBS, (2) NIR, (3) Dox, (4)

Dox + NIR, (5) NPs, (6) NPs + NIR, (7) PM-NPs, and
(8) PM-NPs + NIR. We stained live and dead with calcein
(green fluorescence) PI (red fluorescence) separately. As
shown in Figure 5D, the 4T1 cells of the control group (1)
or NIR group (2), emitted green fluorescence, and only
little red fluorescence was observed. After the different
treatments, red fluorescence could be observed to different
extents. Few dead cells were observed in the Dox group
(3), Dox + NIR group (4), NPs group (5) and PM-NPs
group (7), while a large number of dead cells were
observed in groups containing the NPs (6) or PM-NPs
(8) with received laser irradiation, further suggesting that
the tumor cells can be effectively killed by our nanoparti-
cles. This result further quantified by flow cytometry
(Figure 5E), few apoptotic cells were observed in the Q2
and Q3 area of the control group (1) or NIR group (2), and
more than 90% of the cells were located in the Q4 area.
The apoptosis rate of 4T1 cells in PM-NPs + NIR group
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(8) was 78.7%, which was greatly higher than Dox group  demonstrated again the excellent tumor cells killing effect
(3), Dox + NIR group (4), NPs group (5), and PM-NPs (7), of combined chemo-photothermal therapy, and the binding
and also excellent than NPs + NIR group (6). This capacity with tumor cells of PM-NPs to enhance the effect.
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In vivo Tumor Targeting Capability of
PM-NPs

To assess the pharmacokinetics, the NPs and PM-NPs
were administered intravenously, and the concentration of
the nanoparticles was obtained by detecting IR780 with
a microplate reader. The blood clearance of the PM-NPs
seemed slower than that of NPs (Figure S5, Supporting
Information). Interestingly, the elimination half-life (t;,)
of the NPs was 12.974 h, but that of the PM-NPs was
30.8 h, which was clearly higher than that of the NPs
(Table. S2, Supporting Information). Almost 75% of the
NPs were cleared from the blood at 72 h, while 43% of the
PM-NPs remained in the blood. At the end of the experi-
mental observation, both NPs and PM-NPs were still pre-
sent in the mouse plasma. The results further confirmed
the long-circulation properties of the PM-NPs.

To access the in vivo tumor targeting ability and bio-
distribution of the PM-NPs, NIR fluorescence imaging was
applied. IR780 embedded within the nanoparticles as the
photothermal agent, which could also be applied in NIR
fluorescence imaging. As shown in Figure 6A, fluores-
cence could be obviously observed from 12 h to
120 h after injection. The NPs accumulated at the tumor
site and showed strong fluorescence, which decreased
rapidly. Notably, the fluorescence intensity of the NPs at
the tumor site almost disappeared after 120 h. In contrast,
the PM-NPs began to aggregate at the tumor site due to
their targeting capability and showed a strong fluorescence
signal at 24 h, which was maintained at the same intensity
for 72 h, after which it declined slightly. As expected, the
tumor accumulation of the PM-NPs was enhanced, and
longer retention occurred due to the presence of the PM
coating. In contrast, the NPs also reached the tumor site
due to the targeting ability of IR780,*° but the fluorescence
value decreased immediately after 24 h, indicating that the
NPs were metabolized and cleared from the blood. The
mice were sacrificed after imaging, and the tumor and
other organs were removed for imaging. As shown in
Figure 6B and C, the high intensity observed in the lungs
may indicate a slow clearance of the nanoparticles by the
RES, while a higher accumulation and retention of the
PM-NPs at the tumor site at 48 h was observed compared
to the uncoated NPs. The results were further verified by
a quantitative region-of-interest (ROI) analysis (Figure
6D). As indicated by the histogram, the fluorescence inten-
sity of the PM-NPs group at the tumor site was almost
2-folds higher than that of the NPs group. A high

fluorescence intensity was also observed in the lungs due
to the enriched RES uptake of IR780-based NPs.>*!
Besides, another reason for the high lung retention of
IR780 may be also related to the particle size, which was
nearly 300 nm. Some researchers revealed that the lung
retention time was proportional to this particle size.’
Additionally, the enhanced targeting ability of the PM-
NPs was demonstrated by the distribution of the Dil-
labeled nanoparticles. As shown in Figure 6E, more red
fluorescence signals could be observed in the frozen tumor
slices of mice treated with the PM-NPs than in those
treated with the NPs.

To further investigate the Dox distribution at tumor
site, NPs, and PM-NPs were injected in tumor mice via
tail vein, respectively. After 48 h post-injection, the mice
tumor tissues were collected and sliced. As shown in
Figure S6 in Supporting Information, more red fluores-
cence signals of Dox could be observed in the frozen
tumor slices of mice treated with the PM-NPs than in
those treated with the NPs, which further revealed the
wonderful enhanced targeting ability of PM coating.

In vivo Tumor-Targeted Combined
Therapeutic Efficacy of PM-NPs

To assess the antitumor effect of the PM-NPs, saline solu-
tions of PM-NPs, NPs, and Dox, and saline were injected
intravenously into 4T1 tumor-bearing mice. Laser irradia-
tion was performed 24 h after the different treatments (808
nm, 1 W/cm?, 5 min). The infrared thermal photographs of
the mice are shown in Figure 7A. The final temperature of
the NPs group reached 56.4°C, whereas that of the PM-
NPs group was 56.6°C. The tumor volume and body
weight of those mice were observed and recorded every
2 days for 18 days after the intravenous treatment. The
growth of the tumor was almost entirely inhibited in the
NPs group with laser irradiation (group 5) and the PM-
NPs group with laser irradiation (group 6) compared with
the saline control (group 1) and the saline group with laser
irradiation (group 2) (Figure 7B). The tumor growth of the
mice treated with the PM-NPs group without laser irradia-
tion was also inhibited; we therefore assumed that the PM-
NPs reached the tumor site, where they released Dox
(group 4). However, the PM-NPs could not completely
inhibit tumor growth without the effect of thermal abla-
tion, which only has a limited depth. At the end of the
experiment, the growth of the 4T1 tumors was completely
inhibited in the PM-NPs group with laser irradiation
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(group 6) (Figure 7C). However, the tumors of the mice
treated with the other groups showed a tendency to recur
(Figure 7D). Moreover, the body weight of the mice in the
NPs group with laser irradiation (group 5) fluctuated sig-

nificantly compared with that of the mice in saline control
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group, while the body weight of those mice in the PM-NPs
group with laser treatment (group 6) only showed small
fluctuations  (Figure S6, Supporting
Terminally, the mice were sacrificed after 18 days, and
their organs were subjected to H&E staining (Figure S7,

Information).
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Figure 8 Histological observation and detection of proliferation and apoptosis in the tumor tissues after treatment. The tumor sections were stained with (A) hematoxylin
and eosin, (B) Ki67 for proliferation (green) and DAPI for nuclei (blue), (C) TUNEL (green) for apoptosis and DAPI for nuclei (blue). (D) Relative Kié7-positive cells and (E)
TUNEL-positive cells in tumor tissues after different treatments (*p<0.05) The numeric label for each tumor is as follows: (1) saline, (2) saline+ laser, (3) Dox, (4) PM-NPs

only, (5) NPs +laser, (6) PM-NPs +laser. Scale bar: 100 ym.
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Supporting Information). The results indicated that no
obvious damage occurred to the normal tissues, indicating
that our nanoplatform was relatively safe.

The in vivo antitumor effect was further investigated
via pathological observation. The tumors were collected
and preserved with 4% paraformaldehyde, and H&E
staining was carried out (Figure 8A). In the saline
group with or without laser irradiation (groups 1 and 2),
the tumor cells grew vigorously, and abundant blood
vessels could be observed. In the Dox group (group 3)
and the PM-NPs group (group 4), both of which did not
could be
observed, but live tumor cells still remained. In group 5

receive laser treatment, apoptotic cells
and group 6, the number of dead cells increased, and
hollow areas could be observed. The antitumor effect of
our nanoparticles was further confirmed by Ki67 and
TUNEL immunofluorescence staining (Figure 8B and
C). Large areas of apoptotic cells (TUNEL-labeled
green fluorescence) were observed in groups 5 and 6,
and the number of proliferating cells (Ki-67-labeled
green fluorescence) decreased, which was consistent
with previous results. As shown in Figure 8D and E,
18.32% of the tumor cells were proliferative, and
95.81% were apoptotic in group 6; 76.68% of TUNEL-
positive cells and 22.71% of Ki67-positive cells were
apoptotic in group 5, while only 79.28% of Ki67-
positive proliferative cells and 3.78% of TUNEL-
positive apoptotic tumor cells were apoptotic in the
saline group (group 1). Groups treated with Dox only
(group 3) or PM-NPs only (group 4) had similar levels of
apoptotic cells of approximately 58.25% and 66.45% and
proliferative cells of approximately 36.63% and 37.22%,
respectively. Compared with groups 5 and 6, the prolif-
erative cell index was significantly lower and the apop-
tosis cell index was notably higher in group 6 than in
group 5, indicating that the NPs coated with PM had
a better antitumor efficacy than bare NPs (p< 0.05).

Conclusion

In conclusion, we successfully prepared PLGA nanoparticle-
coated platelet membranes. The nanoparticles had a suitable
size and remained stable in PBS, can release Dox smoother
than bare NPs. PM-NPs can actively target to 4T1 cells and
escape from Raw 264.7 cells thus enhance the tumor cells
killing effect in vitro. Interestingly, we observed that the
nanoparticles circulated in the blood of mice for
a prolonged time and accumulated at the tumor site due to

the behavior of the platelets. The PM-NPs can perfectly

eliminate the 4T1 tumor tissues because the high accumula-
tion with local NIR irradiation via EPR effect and automatic
targeting. Therefore, PM-NPs is a kind of drug-loaded multi-
functional platelet-mimicking nanoparticles. PM-NPs has
good stability, superior biocompatibility, longer retention
time in the blood, stronger targeting ability, reduced side
effects, and excellent tumor killing ability. This PM-NPs
can provide ideas for further clinical transformation.
Finally, more development of such nanobionic systems in
clinical diagnosis and treatment is expected.
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