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An intelligent responsive macrophage cell
membrane-camouflaged mesoporous silicon
nanorod drug delivery system for precise
targeted therapy of tumors
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Abstract

Macrophage cell membrane-camouflaged nanocarriers can effectively reduce immune cell clearance and actively
target tumors. In this study, a macrophage cell membrane-camouflaged mesoporous silica nanorod (MSNR)-based
antitumor drug carrier equipped with a cationic polymer layer was developed. As drug carriers, these MSNRs were
loaded with the thermosensitive phase change material L-menthol (LM), the chemotherapy drug doxorubicin (DOX)
and the fluorescent molecule indocyanine green (ICG). The rod-like shape of the MSNRs was shown to enhance

the penetration of the drug carriers to tumors. In the weakly acidic tumor microenvironment, the cationic polymer
exhibited a proton sponge effect to trigger macrophage cell membrane coating detachment, promoting tumor cell
uptake. Following nanocarrier uptake, ICG is heated by near-infrared (NIR) irradiation to make LM undergo a phase
transition to release DOX and generate a synergistic effect of thermochemaotherapy which kills tumor cells and inhib-
its tumor growth together with reactive oxygen species (ROS) produced by ICG. Overall, this nanohybrid drug delivery
system demonstrates an intelligent cascade response, leads to tissue-cell specific targeting and improves drug release

accuracy, thus proving to be an effective cancer therapy.
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Background

While nanomaterials are being developed as drug carri-
ers, some factors, including biocompatibility, immune
evasion, tumor targeting, penetration and cellular uptake,
must be considered to optimize the antitumor effect.
Owing to their high surface area, stability, uniform par-
ticle size, pore diameter, facile surface functionalization,
and biocompatibility, mesoporous silica nanoparticles
(MSNss) have been widely utilized in research on antican-
cer drug carriers [1-4]. Currently, the most commonly
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used MSNs are spherical in shape with a diameter of
approximately 100-200 nm, but these parameters make
penetration into the deep layer of tumor tissue diffi-
cult. However, alternative mesoporous silica nanorods
(MSNRs) have been shown to provide improved tumor
penetration and a higher cell uptake rate than spherical
MSNSs due to their rod-shaped morphology [5-10].

Due to the lack of high selectivity and specificity, the
aggregation effect of nanocarriers without active target-
ing on tumor tissues is low [11-14]. Therefore, nano-
carriers with specific modifications that enable binding
to tumor cell surface receptors or antigens are desirable
for site-specific targeting [15-18]. The hydrophobic and
electrical properties of these targeted groups on nano-
carriers may reduce their time in circulation. Moreover,
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as exogenous substances, nanocarriers are potentially
at risk of reticuloendothelial system (RES) elimination,
which would also significantly shorten their time in cir-
culation and reduce the amount of drug reaching the
tumor [19, 20].

Cell membrane biomimetic nanocarriers rely on the
cell membrane to serve as the outer shell enclosing the
nanoparticle. They combine the advantages of the cell
membrane and nanoparticles to form a new type of bio-
mimetic nanosystem [21-29]. Since mononuclear mac-
rophage cells are immune cells, a nanocarrier cloaked
in the macrophage cell membrane provides a camou-
flage effect and enables evading immunological surveil-
lance. Moreover, mononuclear macrophage cells are
abundant cells in the tumor microenvironment [30, 31]
and can express a variety of proteins that bind to adhe-
sion molecules on the surface of tumor cells. Hence,
mononuclear macrophage cell membrane-encapsulated
nanocarriers not only can avoid immune clearance and
prolong the time in circulation but can also actively tar-
get the tumor tissue, thereby increasing the accumu-
lation of drugs in the tumor. However, unfortunately,
when macrophage cell membrane-encapsulated nano-
carriers accumulate in the tumor tissue, the cell mem-
brane becomes an obstacle prohibiting nanoparticle
uptake by the tumor cells. Therefore, it is essential to
identify a suitable cell membrane detachment strategy
to increase tumor cell phagocytosis.

Methoxy poly(ethylene glycol)-poly(B-amino ester)
(MPEG-PAE) is a cationic polymer with low cytotox-
icity [32-34]. In comparison with healthy tissues (pH
7.4), the tumor microenvironment is weakly acidic
(pH 6.5-6.8) [35, 36]. Inspired by the proton sponge
effect [37, 38], cell membrane biomimetic nanocarri-
ers that contain MPEG-PAE micelles, which can induce
excessive H' and water inflow in the tumor microen-
vironment to realize an internal balance of electric neu-
trality and ionic strength, cause MPEG-PAE micelles to
swell [39, 40] and the cell membrane coating to burst
and detach, thereby facilitating uptake of the released
nanoparticles by tumor cells. Therefore, pH-sensitive
MPEG-PAE could be used as an ideal cationic polymer
for cell membrane biomimetic nanocarriers that can
enable cell membrane detachment following exposure
to the tumor microenvironment.

Indocyanine green (ICG) is a fluorescent molecule. ICG
heats up and produces reactive oxygen species (ROS)
with near-infrared (NIR) light irradiation. Thus, tumor
cells are destroyed by both heat and ROS, combining
photothermal therapy (PTT) and photodynamic therapy
(PDT) [41-43]. Additionally, many chemotherapeutics
can be more lethal to tumor cells in an environment with
temperatures above body temperature. Compared with
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chemotherapy alone, thermochemotherapy provides a
more robust therapeutic effect [44—49].

On the basis of the above information, an intelligent
responsive MSNR drug delivery system coated with mac-
rophage cell membranes was designed. In this system,
we used MSNR surface-modified folic acid (FA) as a car-
rier, loaded with doxorubicin (DOX), ICG and L-menthol
(LM) which are thermosensitive phase change materials,
as gating molecules. We then covered MSNRs with the
pH-sensitive cationic polymer MPEG-PAE, and finally
encapsulated the macrophage cell membrane (Fig. 2A).
This drug delivery system combines the advantages of
deep tumor penetration of MSNRs, tumor targeting and
immune evasion of macrophage cell membrane coatings.
When it enters the weakly acidic tumor microenviron-
ment, the MPEG-PAE swells and ruptures, subsequently
enabling MSNRs to escape from the membrane coating.
Furthermore, the exposed MSNR surface-modified FA
can specifically bind to the highly expressed FA receptor
of tumor cells to improve phagocytosis. Moreover, ICG
in the drug delivery system is heated by NIR in tumor
cells, which triggers LM to undergo a phase transition
and release DOX, and through the synchronization of
photothermal-chemotherapy, DOX and the ROS pro-
duced by ICG kill tumor cells (Fig. 1).

Methods

Synthesis of FA-MSNR/LMDI@MP/MPCM

Preparation of MSNRs

CTAB was dissolved in H,O (70 mL), and NH;.H,O was
added with stirring for 1 h. TEOS was then added with
vigorous stirring for 4 h at room temperature. The molar
ratio of short rod- and sphere-shaped particles was 200
(CTAB):1000 (H,0):20 (NH;.H,0):1.4 (TEOS) and 100
(CTAB):1000(H,0):10 (NH;.H,0):0.7 (TEOS), respec-
tively. MSNs of different shapes were collected after
centrifugation at 15,000g for 20 min, washed with and
redispersed with ethanol and deionized water. Surfactant
templates were removed by gradient calcination (100 W,
500 °C) for 5 h.

Preparation of FA-MSNRs
The N-hydroxysuccinimide ester of folic acid (NHS-
folate) was prepared by esterification of folic acid
(1 mmol) with NHS (1 mmol) in dry dimethylsulfoxide
(DMSO, 0.4 mL) solution of EDC (2 mmol) and HOBT
(1 mmol). Then, NHS folate was added to the MSNR-
NH, suspension and stirred in a nitrogen atmosphere for
72 h at room temperature. The mixture was washed with
deionized water to produce FA-MSNRs.

Preparation of FA-MSNR/LMDI. FA-MSNRs (10 mg),
DOX (8 mg), ICG (1.5 mg), and LM (4 mg) were first
dispersed in ethanol (10 mL). Then, the mixture was
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Fig. 1 Schematics showing the structure of the intelligent responsive macrophage cell membrane-camouflaged MSNR drug delivery system
for accumulation, drug release and treatment in tumor tissue. A Macrophage cell membrane coating mediated immune evasion, active tumor
targeting, and deep tumor penetration. B Weakly acidic tumor microenvironment mediated membrane detachment to promote uptake of
nanocarriers by tumor cells. C NIR mediated enhanced synergism of PTT, PDT and chemotherapy

heated to 50 °C and stirred for 10 h to completely evap-
orate the ethanol. After that, hot water (15 mL) was
added, and the mixture was immediately centrifuged at
50 °C. Subsequently, the product was collected through
centrifugation.

Preparation of FA-MSNR/LMDI@MP
FA-MSNR/LMDI (10 mL) was added to 30 mg of Pluronic
F-127 and 2 mL of MPEG-PAE (20 mg) trichloromethane

solution. The solution was stirred rapidly at room tem-
perature for 12 h, centrifuged at 10,000 rpm for 30 min,
and washed twice with ultrapure water. FA-MSNR/
LMDI@MP was stored in 10 mL ultrapure water.

Preparation of FA-MSNR/LMDI@MP/MPCM

As-prepared MPCM ghosts were dispersed in PBS and
treated with ultrasonication. MPCM was mechani-
cally extruded through a Millipore membrane to form
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Fig. 2 Synthesis and characteristics of an intelligent responsive macrophage cell membrane-camouflaged MSNR drug delivery system. A
Schematics showing the synthesis of FA-MSNR/LMDI@MP/MPCM. B TEM image of MSNRs. C TEM image of FA-MSNR/LMDI. D TEM image of
FA-MSNR/LMDI@MP/MPCM. The inset image: macrophage cell membrane (indicated by the short arrows); MPEG-PAE (indicated by the long arrows).
E TEM image of membrane detachment of FA-MSNR/LMDI@MP/MPCM in a weakly acidic environment. F UV-Vis spectroscopy of free DOX, free ICG,
FA, MSNRs and FA-MSNR/LMDI. G Nitrogen adsorption—desorption isotherms of MSNRs and FA-MSNR/LMDI. H Pore size distribution plots of MSNRs
and FA-MSNR/LMDI. I Changes in particle sizes of MPEG-PAE at various pH values. J Changes in zeta potentials of MPEG-PAE at various pH values. K
Zeta potentials of MSNR and FA-MSNR/LMDI@MP/MPCM
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MPCM vesicles by a mini-extruder. FA-MSNR/LMDI@
MP/MPCM was prepared by the mixture of FA-MSNR/
LMDI@MP and MPCM vesicles through a polycarbonate
membrane for extrusions.

Nanocarriers penetration study

For construction of tumor spheroids, 4000 4T1 cells in
400 pL of DMEM were cultured in 100 pL of 4% agarose-
pretreated 48-well plates and maintained for 7 days, and
tumor spheroids were obtained.

For the in vitro penetration study, the tumor spheroids
were incubated with the four types of nanocarriers in
different media (pH 7.4 and pH 6.5) and then washed,
fixed and transferred to a flat glass-bottom petri dish
for observation under a fluorescence microscope (Ti-S,
Nikon, Japan).

For the in vivo penetration study, tumor-bearing nude
mice injected with four types of nanocarriers were sac-
rificed 24 h after treatment. The tumor tissue was cut
into 10 um slices, which were prepared and stained with
CD34 antibody and DAPI to visualize vessels and nuclei.
The slices were then observed and photographed under a
fluorescence microscope to observe the nanocarrier dis-
tribution in the tumor region.

In vivo distribution of FA-MSNR/LMDI@MP/MPCM

After individual tail vein injection of the four types of
nanocarriers into tumor-bearing nude mice, real-time
fluorescence imaging was performed to observe the dis-
tribution changes of the nanocarriers with time. The
excitation wavelength of the filter was 780 nm, and the
emission wavelength was 840 nm.

Tumor-bearing nude mice injected with four types of
nanocarriers were sacrificed after 24 h to harvest their
tumors, hearts, livers, spleens, lungs and kidneys. The
nanocarrier distribution of the tumors and each organ
was observed by live fluorescence imaging (Nightowl
LB981, Berthold, Germany), and the relative intensity of
ICG fluorescence was quantitated and compared.

In vitro cytotoxicity

Mice breast cancer cells (4T1), human hepatocytes (L-02)
and human embryonic kidney cells (293T) were seeded
in 96-well cell culture plates, with each well contain-
ing 1 x 10* cells, and then cultured for 24 h. Then, L-02
cells and 293Tcells were treated with different MSNRs
concentrations in medium for 24 h, and 4T1 cells were
treated with MSNRs, FA-MSNR/LMDI@MP/MPCM at
pH 7.4, FA-MSNR/LMDI@MP/MPCM at pH 6.4, FA-
MSNR/LMDI@MP/MPCM + NIR (808 nm, W cmfz) at
pH 6.5 and free DOX with different MSNRs or DOX con-
centrations in medium for 24 h. In the process of incu-
bation, the cells were exposed to NIR radiation for 2 min
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after 4 and 8 h. Cell viability was calculated by standard
MTT assay.

4T1 cells with different treatments (MSNRs, FA-
MSNR/LMDI@MP/MPCM at pH 7.4, FA-MSNR/
LMDI@MP/MPCM at pH 6.4, and FA-MSNR/LMDI@
MP/MPCM + NIR (808 nm, 1.5 W cm™2) at pH 6.5 were
stained with an AM/PI mixture, where AM was excited
at 488 nm and PI was excited at 533 nm. The cells were
observed through fluorescence microscopy to distinguish
between dead and living cells.

Annexin V-FITC/PI staining and flow cytometry were
used to detect 4T1 cell apoptosis. 4T1 cells were cultured
at a density of 1 x 10° cells mL ™. After treatment with
trypsin, the cells with different treatments were stained
with Annexin V-FITC/PI in the dark. Then, the cells
were collected from each culture dish, and the fluores-
cence intensity was detected by flow cytometry, with the
FL-1H channel detecting FITC at 488 nm and 530 nm.
Untreated cells were used as the negative control.

In vivo anticancer studies

To start tumor suppression experiments in vivo, we
observed the nude mice bearing tumors until their tumor
size reached a diameter of 1 cm. Next, we divided the
nude mice into 4 groups (n=4 in each group). Then, we
anaesthetized the nude mice and administered different
treatments intravenously (DOX dose of 1000 pg kg™*): (I)
PBS; (II) free DOX; (III) FA-MSNR/LMDI@MP/MPCM
and (IV) FA-MSNR/LMDI@MP/MPCM + NIR. Twenty-
four hours after injecting the mice, we exposed certain
groups to NIR irradiation (808 nm, 1.5 W cm™?), and
sited them for 20 min. Animals were administered the
corresponding treatments every 3 days.

The tumor sizes were monitored every 3 days for a total
of 18 days. The tumor volume was calculated as follows:
tumor volume V (mm®=a (long diameter, mm) x b2
(short diameter, mm?)/2. The relative tumor volume =V/
V,, where V,, was the tumor volume at the beginning of
treatment, and V was the tumor volume after treatment.
We also measured the body weights of the mice at the
beginning and the end of treatment. The relative body
weight=W/W,, where W, was the body weight at the
start of treatment.

Results and discussion

Synthesis and characterization of FA-MSNR/LMDI@MP/
MPCM

MSNs were prepared via a condensation reaction using
dilute tetraethyl orthosilicate (TEOS) and low surfactant
conditions with NH;.H,O as a catalyst. The morphology
of MSNs was controlled by the molar ratio of the reac-
tion mixture [7, 8]. We adjusted the molar ratios of the
mixture to 200 (CTAB): 1000 (H,O): 20 (NH;.H,0): 1.4
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(TEOS) to synthesize MSNRs with a length of 180 nm
and a width of 90 nm (aspect ratios (AR)=2) as drug
carriers. Additionally, spherical MSNs with a diam-
eter of 100 nm were synthesized as controls (Additional
file 1: Figure S1B, S2E). Examination by transmission
electron microscopy (TEM) revealed the highly ordered
mesoporous structure and porous morphology of
MSNRs (Fig. 2B, Additional file 1: Figure S2A). We modi-
fied the targeting molecule FA on the surface of MSNRs
and loaded LM, DOX and ICG in the mesoporous pores
to construct FA-MSNR/LM.DOX.ICG (FA-MSNR/
LMDI) (Fig. 2C, Additional file 1: Figure S2B). UV-Vis
spectroscopy showed (Fig. 2F) that FA-MSNR/LMDI had
characteristic absorption peaks of FA, DOX and ICG,
thus confirming the modification of FA and encapsula-
tion of DOX and ICG. Furthermore, the drug-loading
content (DLC) of DOX was 11.2% and DLC of ICG was
15.7% as determined by UV-Vis spectroscopy.

LM is a thermosensitive phase transition material with
high biocompatibility and phase transition temperature
(Tm) of 43 °C [50, 51]. Since LM is a solid below 43 °C,
it can be used as a gating molecule to encapsulate loads
inside the mesoporous pores. When LM undergoes a
phase transition into a solid-liquid phase above 43 °C,
the gated channels are opened, and the loaded therapeu-
tic agents are released from the pores [52]. Additionally,
when the temperature is higher than 43 °C, tumor cells
become sensitized to chemotherapeutic drugs, thereby
achieving the synergistic effect of thermalchemother-
apy. The specific surface area of the MSNRs was 1025.7
cm? g1, and the pore diameter was 2.5 nm. Owing to
the blocking of mesoporous pores by solid LM and the
encapsulated loads, the specific surface area of FA-
MSNR/LMDI was greatly reduced to 108.3 cm* g~!, and
the pore diameter was close to zero (Fig. 2G, H).

Next, the FA-MSNR/LMDI surface was coated with the
cationic polymer MPEG-PAE and wrapped with mac-
rophage cell membrane (Additional file 1: Figure S1A) to
form FA-MSNR/LMDI@MPEG-PAE/macrophage cell
membrane (FA-MSNR/LMDI@MP/MPCM). MPEG-
PAE consists of hydrophilic block (MPEG) and pH sen-
sitive hydrophobic block (PAE). Its chemical structure
was described in Additional file 1: Figure S3A. "THNMR
and GPC were used to confirm the chemical structure
and molecular weight of the cationic polymer (Addi-
tional file 1: Figure S3B, C). MPEG-PAE contains a ter-
tiary amine group in its skeleton, and it absorbs H* and
becomes protonated when in an acidic environment,
which causes swelling [29], thereby breaking and detach-
ing the macrophage cell membrane coating (Fig. 2E).
As shown in Fig. 2I, ] and Additional file 1: Figure S4,
with a decreased pH in the range of pH 7.4 to 6.8, the
zeta potential and dynamic light scattering (DLS) of
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MPEG-PAE gradually increased, while at pH 6.5, the
polymer size decreased sharply, thus indicating complete
dissolution of the polymer.

TEM images showed that the outer layer of FA-
MSNR/LMDI@MP/MPCM was a macrophage cell
membrane, and the next layer was MPEG-PAE. Then,
the mesoporous structure of the internal MSNRs was
unclear, and the electron density was increased (Fig. 2D,
Additional file 1: Figure S2D). Furthermore, the zeta
potentials of MSNRs and FA-MSNR/LMDI@MP/MPCM
were — 15.8£2.74 mV and —27.9+3.87 mV, respectively
(Fig. 2K).

In addition to FA-MSNR/LMDI@MP/MPCM, we also
prepared FA-MSNR/LMDI, which lacked MPEG-PAE
and a macrophage cell membrane (Fig. 2C, Additional
file 1: Figure S2B), FA-MSNR/LMDI@MPCM, which
lacked MPEG-PAE (Additional file 1: Figures S1C, S2C),
and FA-MSN/LMDI with spherical MSNs as the carrier,
which lacked MPEG-PAE and a macrophage cell mem-
brane (Additional file 1: Figures S1D, S2F). They were
all examined to assess their immune evasion abilities,
tumor-targeted phagocytic and penetration effects.

Cell uptake and tumor penetration of nanocarriers
Phagocytosis by macrophage cells in RES can accelerate
the clearance of nanocarriers in vivo and reduce drug
accumulation in tumor sites [17]. Therefore, the uptake
of the four types of nanocarriers by macrophage cells was
examined. The results showed that compared with that
of FA-MSNR/LMDI and FA-MSN/LMD], the uptake of
FA-MSNR/LMDI@MP/MPCM and FA-MSNR/LMDI@
MPCM by macrophage cells was significantly reduced
(Fig. 3A and Additional file 1: Figure S5). This result indi-
cated that the macrophage cell membrane on the sur-
face of the nanocarriers successfully provided immune
camouflage and enabled the evasion of macrophage
phagocytosis.

Then, the uptake of the four types of nanocarriers by
4T1 breast cancer cells was evaluated. In the blood-mim-
icking environment (pH 7.4), the uptake of FA-MSNR/
LMDI and FA-MSN/LMDI by 4T1 cells was more sig-
nificant than that of FA-MSNR/LMDI@MP/MPCM and
FA-MSNR/LMDI@MPCM due to the obstruction caused
by intact macrophage cell membranes. However, in the
tumor microenvironment-mimicking environment (pH
6.5), the uptake of FA-MSNR/LMDI@MP/MPCM signif-
icantly increased owing to the weakly acidic environment
triggering macrophage cell membrane coating detach-
ment, which then exposed the surface-modified FA and
promoted the phagocytosis of tumor cells. Because the
FA-MSNR/LMDI@MPCM did not have MPEG-PAE, the
macrophage cell membrane coating was still wrapped in
a weakly acidic environment, and therefore, tumor cell
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Fig. 3 Cell uptake and tumor penetration of the four types of nanocarriers in vitro. A LSCM images showing the uptake of the four types of
nanocarriers by 4T1 cells and macrophages. Blue: DAPI; red: nanocarriers. B TEM images of 4T1 cells incubated with FA-MSNR/LMDI@MP/MPCM
(indicated by the arrows) for 1, 2 and 4 h. C LSCM images of 4T1 cell spheroids incubated with the four types of nanocarriers at pH 7.4 and pH 6.5. (I:
FA-MSNR/LMDI@MP/MPCM; II: FA-MSNR/LMDI; Ill: FA-MSNR/LMDI@MPCM; IV: FA-MSN/LMDI)

uptake was not obviously increased at pH 6.5 (Fig. 3A
and Additional file 1: Figure S5). Additionally, FA-MSNR/
LMDI@MP/MPCM particle uptake in 4T1 cells gradu-
ally increased with time (Fig. 3B).

When assessing the antitumor efficacy of a nanocarrier,
deep tumor penetration is an important factor. Herein,
4T1 cell spheroids were built as in vitro tumor models
to evaluate tumor penetration. Figure 3C revealed that,
at pH 7.4, the fluorescence intensity of MSNR/LMDI@
MP/MPCM and FA-MSNR/LMDI@MPCM within the
4T1 cell spheroids was weak owing to the obstruction
of macrophage cell membranes; however, at pH 6.5, FA-
MSNR/LMDI@MP/MPCM eliminated macrophage cell
membranes and targeted tumor cells actively through
exposed FA, and then, the fluorescence within the 4T1
cell spheroids was obviously enhanced. Furthermore, due
to the limitation of size and morphology, FA-MSN/LMDI
mainly gathered at the periphery of the 4T1 cell spheroids

at both pH 6.5 and pH 7.4. Subsequently, tumor penetra-
tion was examined in vivo. After injecting the nanocar-
riers into tumor-bearing nude mice, DAPI and CD34
staining of tumor sections was utilized to visualize the
tumor cells and vessels. The images showed that, due to
its morphology, FA-MSN/LMDI was localized only to
areas lining tumor vessels, while the other three types
of nanocarriers that contained MSNRs were distributed
within the tumor parenchyma away from the tumor ves-
sels (Fig. 4A). Among them, FA-MSNR/LMDI@MP/
MPCM showed the highest fluorescence intensity. More-
over, FA-MSNR/LMDI@MP/MPCM gradually moved
from the vessels to the surrounding tumor tissues with
time (Additional file 1: Figure S6).

Pharmacokinetics and distribution of nanocarriers in vivo
First, the in vivo pharmacokinetics of free DOX, FA-
MSNR/LMDI and FA-MSNR/LMDI@MP/MPCM were
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Fig. 4 Tumor penetration and biodistribution of nanocarriers in vivo. A tumor sections of tumor-bearing nude mice 24 h after injection with the
four types of nanocarriers. Blue: DAPI; green: CD34; red: nanocarriers. B In vivo real-time fluorescence images of tumor-bearing nude mice before
and after injection with four types of nanocarriers. The black circles show the tumor areas. C Ex vivo organ fluorescence images of tumors and
various organs 24 h postinjection. D Fluorescence intensities of various organs 24 h postinjection. *P < 0.05, **P <0.01 was analyzed by one way
analysis of variance (ANOVA). (I: FA-MSNR/LMDI@MP/MPCM; II: FA-MSNR/LMDI; IlI: FA-MSNR/LMDI@MPCM; IV: FA-MSN/LMDI)
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carried on (Additional file 1: Figure S7, Table S1). Com-
pared with free DOX and FA-MSNR/LMDI, FA-MSNR/
LMDI@MP/MPCM displayed good pharmacokinetics,
which significantly prolonged the elimination phase

half-life period (T, yg), increased the maximum plasma
concentration (C_,,) and reduced the clearance rate
(CI). This is because macrophage cell membrane coat-
ing could help nanocarriers to escape the immune sys-
tem and prolong blood-circulation life time.
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Next, the in vivo biodistribution experiment was per-
formed, which was monitored with live fluorescence
images of tumor-bearing nude mice. The results showed
that after tail vein administration, the fluorescence inten-
sity at the tumor sites gradually increased, reaching a
peak 24 h later, and then gradually decreased (Fig. 4B).
The fluorescence intensity of FA-MSNR/LMDI@MP/
MPCM at the tumor site was stronger than that of the
other three groups at all of the time points, and it lasted
up to a certain extent until 72 h after administration,
while the FA-MSN/LMDI group had the weakest and
shortest duration of the four groups. Then, ex vivo organ
fluorescence imaging was employed to examine the dis-
tribution of nanocarriers in various organs and tumors
at 24 h postinjection. The results were consistent with
the living images, in which the FA-MSNR/LMDI@MP/
MPCM group showed the highest intensity in tumors,
while the levels were low in other main organs, especially
the liver and spleen (Fig. 4C, D).

Collectively, these findings demonstrated that FA-
MSNR/LMDI@MP/MPCM could effectively promote
targeted aggregation to tumors, increase tumor cell
uptake, prolong the retention time of drugs in tumor
tissue, and decrease the distribution of drugs in other
organs.

Photothermal and photodynamic effects and DOX release
Given the properties of ICG, the photothermal effect of
FA-MSNR/LMDI@MP/MPCM was examined in vitro.
A test tube containing FA-MSNR/LMDI@MP/MPCM
(400 pug mL™! ICG) was exposed to NIR, and its tempera-
ture rose from 25.0 to 45.5 °C after 5 min. After 10 min,
a temperature of 51.2 °C was achieved. As the concen-
tration of ICG decreased, its photothermal effect also
declined (Fig. 5A). We then studied its photothermal
effect in vivo. tumor-bearing nude mice were subjected
to NIR for 20 min 24 h post FA-MSNR/LMDI@MP/
MPCM injection into the tail vein. Prior to NIR irradia-
tion, the tumor surface temperature was approximately
33 °C. During the course of irradiation, the temperature
reached 47.7 °C for 20 min (Fig. 5B).

Intracellular ROS can oxidize 2,7-dichlorofluorescein
diacetate (DCFH-DA) into a highly fluorescent DCF mol-
ecule. Since the fluorescence intensity of DCF is directly
proportional to the amount of intracellular ROS, the
DCFH-DA probe was employed to evaluate intracellular
ROS production. The green fluorescence of DCFH-DA
was observed and detected through laser scanning confo-
cal microscopy (LSCM) and flow cytometry. As shown in
Fig. 6A, B, there were no obvious fluorescence signals in
the cells incubated with FA-MSNR/LMDI@MP/MPCM
without NIR irradiation, but the green fluorescence
intensities were strong following NIR exposure. Similarly,

Page 9 of 16

ex vivo analysis of dissected tumor tissue also exhibited
strong green fluorescence following irradiation (Fig. 6C).
These results suggested that FA-MSNR/LMDI@MP/
MPCM had good photodynamic effects in vitro and
in vivo.

In the physiology-mimicking milieu (pH 7.4, 37 °C),
the DOX release rate of FA-MSNR/LMDI@MP/MPCM
was low. The release rate reached 6.2% after 12 h, while at
pH 6.5 (37 °C), the DOX release rate was 24.1% after 12 h
(Fig. 5C). This result revealed that MPEG-PAE and mac-
rophage cell membrane coatings could also prevent drug
release in addition to LM. Furthermore, when NIR irradi-
ation was performed at pH 6.5, DOX release significantly
accelerated and reached 29.2% 10 min later (Fig. 5D). In
contrast, when NIR irradiation was performed at pH 7.4,
the DOX release rate was significantly lower and only
reached 8.5% after 10 min. This difference was attributed
to the LM phase transition temperature being reached
when ICG was heated via NIR irradiation, which subse-
quently led to pore opening and the rapid release of the
loaded DOX. Additionally, in a weakly acidic environ-
ment (pH 6.5), MPEG-PAE swelling resulted in detach-
ment of the macrophage cell membrane, which further
accelerated DOX release. Compared with the Dox release
curves of FA-MSNR/LMDI and FA-MSNR/LMDI@
MPCM (Additional file 1: Figure S8), FA-MSNR/LMDI@
MP/MPCM exhibted excellent thermosensitive and pH-
sensitive release performances.

Subsequently, the release behaviours of FA-MSNR/
LMDI@MP/MPCM with alternating NIR irradiation on/
off cycles were determined. Figure 5E showed that pulsa-
tile release could be detected, indicating powerful NIR-
triggered prompt release.

Before NIR irradiation, the green fluorescence of DOX
was observed in the cytoplasm (Fig. 5F) because FA-
MSNR/LMDI@MP/MPCM also predominantly accu-
mulated in the cytoplasm. When NIR irradiation was
not carried out, the loaded DOX was not released as free
DOX and could not enter the nucleus to exert its cyto-
toxic effect. However, following irradiation, DOX was
released into the nucleus, where it was able to initiate
cellular apoptosis. These results indicated that NIR irra-
diation could synchronize photothermal effects and DOX
release to achieve the synergistic effect of photothermal
chemotherapy.

Biocompatibility and cytotoxicity of MSNRs

Cytotoxicity and biocompatibility are issues that should
be considered when designing nanocarriers. When exam-
ining the hemolysis percentages in MSNR samples at con-
centrations ranging from 100 pg mL™" to 1000 pg mL™",
the percentages were lower than the international
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standard of 5% (Additional file 1: Figure S9A), indicating
that MSNRs had excellent hemo-compatibility.

Next, the stability of MSNRs in human blood serum
was tested. Additional file 1: Figure S9B showed that the
size distribution of nanoparticles changed littlen within
14 days, indicating their good stability in human blood
serum.

We used MTT to detect the cytotoxicity of MSNRs.
After incubation with MSNRs for 48 h, the Mice breast

cancer cells (4T1), human hepatocytes (L-02) and human
embryonic kidney cells (293T) viabilities were more than
90% (Fig. 7A, Additional file 1: Figure S9C, D), exhibiting
no significant cytotoxicity.

Then, blood samples of nude mice injected with
MSNRs were collected to detect liver and kidney func-
tion indices. We found that even when the doses of
MSNRs reached 10.0 mg kg ™!, there were no significant
differences between the experimental group and the
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control group (Additional file 1: Table S2). This demon-
strated that MSNRs did not damage liver or kidney func-
tion. Subsequently, H&E staining of the main organs
from nude mice injected with MSNRs displayed no obvi-
ous lesion areas (Additional file 1: Figure S10A). MSNRs
induced no notable toxicity to the heart, liver, spleen,
lung or kidney. These results indicated that the MSNRs
had good biocompatibility and low cytotoxicity.

In vitro and in vivo antitumor efficacy studies

Then, the killing effect of FA-MSNR/LMDI@MP/MPCM
on tumor cells was evaluated in vitro. Without NIR irra-
diation, the DOX release rate of FA-MSNR/LMDI@MP/
MPCM was very low, and the macrophage cell membrane
coating hindered tumor cell phagocytosis. Therefore, in
treated 4T1 cells (pH 7.4), and FA-MSNR/LMDI@MP/
MPCM had the lowest growth inhibition rate, while
the free DOX treatment had the highest (Fig. 7B). This
finding indicated that the cytotoxicity of FA-MSNR/
LMDI@MP/MPCM was relatively low under physi-
ological conditions. Under pH 6.5 and NIR irradiation,
the cytotoxicity of FA-MSNR/LMDI@MP/MPCM was
markedly increased, and the cell viability was significantly

decreased; it was lower than that of tumor cells incubated
with free DOX at the same concentration (Fig. 7B).

The survival state of tumor cells can be visualized
directly by AM-PI live (green) and dead (red) staining
(Fig. 7C). The FA-MSNR/LMDI@MP/MPCM + NIR
group (pH 6.5) displayed the most red-stained dead cells,
followed by the FA-MSNR/LMDI@MP/MPCM group
(pH 6.5) and FA-MSNR/LMDI@MP/MPCM group (pH
7.4), with the MSNR-treated group being predominantly
green-stained living cells. We analysed apoptosis quanti-
tatively through flow cytometry using Annexin-V-FITC/
PI staining. Figure 7D shows that the percentages of early
and late apoptotic cells (Q2+ Q3): from high to low, they
were the FA-MSNR/LMDI@MP/MPCM+NIR group
(pH 6.5) (78.76%), FA-MSNR/LMDI@MP/MPCM group
(pH 6.5) (37.67%), FA-MSNR/LMDI@MP/MPCM group
(pH 7.4) (12.54%) and MSNRs (3.69%). These findings
were the results of a weakly acidic environment, in which
the nanocarriers separated from the macrophage cell
membrane coating to promote the uptake of tumor cells
and then synergistically killed the tumor cells through the
combined PTT and PDT effects of ICG and the released
DOX.
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To evaluate the antitumor effect of FA-MSNR/LMDI@
MP/MPCM in vivo, the tumor volume was measured. We
divided tumor-bearing nude mice into 4 groups based on
various experimental methods: (I) PBS; (II) free DOX;
(I1I) FA-MSNR/LMDI@MP/MPCM and (IV) FA-MSNR/
LMDI@MP/MPCM + NIR. At the end of treatment
(Day 18), Group IV exhibited the highest relative tumor

volume reduction, of approximately 85%. The tumors in
the remaining three groups grew faster, and the tumors
in Groups I and II increased to more than sevenfold that
of the original tumor volume, while the tumors in Group
III increased 5.5-fold. In contrast to the in vitro results,
the cytotoxicity of FA-MSNR/LMDI@MP/MPCM was
not as high as that of free DOX. Compared with free
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DOX, the tumor inhibitory rate of FA-MSNR/LMDI@
MP/MPCM in vivo was higher (Fig. 8A, B). This result
might have been due to the fast clearance, short reten-
tion time, and low tumor uptake of free DOX in vivo.
Furthermore, previous experimental results showed that
FA-MSNR/LMDI@MP/MPCM could increase tumor cell
uptake and that DOX was slowly released at the tumor
site; hence, FA-MSNR/LMDI@MP/MPCM had a bet-
ter antitumor effect in vivo than free DOX. After treat-
ment, H&E staining of tumor slices showed that the
majority of tumor cells were seriously damaged (Fig. 8D),
and there was a large area of coagulated necrosis in the
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tumor tissues of Group IV. Together, these results dem-
onstrated that FA-MSNR/LMDI@MP/MPCM with NIR
could obtain effective tumor suppression and destruction
via synergistic treatment in vivo. In addition, as seen with
percent survival curves (Additional file 1: Figure S11), the
survival time of Group IV was significantly prolonged.
Above results displayed that tumor-bearing nude mice
treated with FA-MSNR/LMDI@MP/MPCM + NIR vali-
dated the commendable antitumor effect.

Moreover, the body weights of the nude mice in each
group were found to be significantly different after treat-
ment. Compared with Group I (PBS), the body weight
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Fig. 8 In vivo antitumor effect of FA-MSNR/LMDI@MP/MPCM. A Photos of the tumor tissues of various groups after treatments (day 18). B tumor
growth curves of various groups at the end of treatment. C Relative body weights of the mice after various treatments. D H&E staining of tumor
slices of the mice after various treatments. **P <0.01 was analyzed by one way analysis of variance (ANOVA)
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of Group 1II (free DOX) decreased, but the body weights
of Groups III and IV did not significantly decrease; the
mice in Group IV even showed a slight increase (Fig. 8C).
Moreover, the heart, liver, spleen, lung, and kidney of
group IV mice had no obvious lesions (Additional file 1:
Figure S10B), and there was no significant damage to
liver or kidney function (Additional file 1: Table S2).
These results indicated that FA-MSNR/LMDI@MP/
MPCM had good biocompatibility and could effectively
reduce DOX-related side effects.

Conclusions

In summary, we designed a multilevel intelligent respon-
sive nanodrug delivery system with a macrophage cell
membrane coating to evade the immune system and
facilitate tumor targeting and a rod-shaped MSNR to
optimize deep tumor penetration. The pH-sensitive cati-
onic polymer proton sponge effect was also employed to
induce macrophage cell membrane detachment and thus
increase tumor phagocytosis. This drug delivery system
was based tissue-specific multilevel targeted accumula-
tion, precisely controlled drug release, and the synergis-
tic effects of PTT, PDT and chemotherapy to effectively
kill tumor cells and reduce the toxic side effects of DOX.
These experimental results showed that FA-MSNR/
LMDI@MP/MPCM, as a new type of nanocarrier, has
great potential for use in tumor therapy and may provide
a new foundation for tumor targeted therapy.
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