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Lipid/PAA-coated mesoporous silica nanoparticles for
dual-pH-responsive codelivery of arsenic trioxide/paclitaxel

against breast cancer cells

Bing-bing Zhang', Xiao-jie Chen', Xu-dong Fan', Jing-jing Zhu', Ying-hui Wei', Hang-sheng Zheng', Hong-yue Zheng?, Bin-hui Wang?,

Ji-gang Piao' and Fan-zhu Li’

Nanomedicine has attracted increasing attention and emerged as a safer and more effective modality in cancer treatment than
conventional chemotherapy. In particular, the distinction of tumor microenvironment and normal tissues is often used in stimulus-
responsive drug delivery systems for controlled release of therapeutic agents at target sites. In this study, we developed
mesoporous silica nanoparticles (MSNs) coated with polyacrylic acid (PAA), and pH-sensitive lipid (PSL) for synergistic delivery and
dual-pH-responsive sequential release of arsenic trioxide (ATO) and paclitaxel (PTX) (PL-PMSN-PTX/ATO). Tumor-targeting peptide
F56 was used to modify MSNs, which conferred a target-specific delivery to cancer and endothelial cells under neoangiogenesis.
PAA- and PSL-coated nanoparticles were characterized by TGA, TEM, FT-IR, and DLS. The drug-loaded nanoparticles displayed a
dual-pH-responsive (pHe = 6.5, pHendo = 5.0) and sequential drug release profile. PTX within PSL was preferentially released at
pH = 6.5, whereas ATO was mainly released at pH = 5.0. Drug-free carriers showed low cytotoxicity toward MCF-7 cells, but ATO
and PTX co-delivered nanoparticles displayed a significant synergistic effect against MCF-7 cells, showing greater cell-cycle arrest in
treated cells and more activation of apoptosis-related proteins than free drugs. Furthermore, the extracellular release of PTX caused
an expansion of the interstitial space, allowing deeper penetration of the nanoparticles into the tumor mass through a tumor
priming effect. As a result, FPL-PMSN-PTX/ATO exhibited improved in vivo circulation time, tumor-targeted delivery, and overall

therapeutic efficacy.
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INTRODUCTION

Cancer is considered one of the leading causes of death
worldwide [1]. However, as a major clinical treatment option,
chemotherapy has various severe side effects due to excessive
and nondiscriminatory toxicity in healthy tissues [2]. Paclitaxel
(PTX) has been widely used as a first-line anticancer drug and
clinically used as a potent antineoplastic agent with broad
cytotoxicity against multiple solid tumors (e.g., breast, ovarian,
lung, prostate, and other cancers) that exerts cytotoxic effects and
induces apoptosis through microtubule function interference and
mitosis alteration [3], but it is limited in clinical chemotherapy
treatment due to its severe multidrug resistance [4]. Combination
therapy with other chemotherapeutic agents with similar or
antagonistic effects could be an appropriate way to overcome its
limits [5, 6]. It has been reported that arsenic trioxide (ATO) can
reduce the multidrug resistance of tumor cells via multiple
mechanisms, suggesting its potential as part of a combination
regimen with PTX [7, 8]. ATO has been approved by the Food
and Drug Administration (FDA) for the treatment of acute

promyelocytic leukemia [9]. ATO also induces apoptosis and
may have broad utility in other cancers [10-12]. Braguer et al. [13]
reported that the combined use of ATO and PTX could promote
the apoptosis of cancer cells, showing that microtubules and
mitochondria are involved in the antagonistic activities of ATO
and PTX. However, due to the differences in the pharmacologic,
pharmacokinetic, and pharmacodynamic properties of the sea-
gents, the synergistic effect achieved in vitro may not translate to
in vivo applications. Therefore, the treatment may be compro-
mised [14, 15]. Multiple agents have achieved therapeutic effects
against cancer cells through different action mechanisms that can
efficiently induce suppression of drug resistance and increase
therapeutic efficacy [16-19]. Consequently, codelivery of multiple
therapeutic agents has displayed huge advantages for cancer
therapy over individual treatment [20-23].

In recent decades, nanomedicine has attracted increasing
attention and emerged as a safer and more effective modality
in cancer treatment than conventional chemotherapy [24-28].
Nanoparticles have displayed superior physicochemical properties
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due to their tunable size at the nanoscale, ability to envelop both
hydrophilic and hydrophilic agents, ease of functionality, and
passive targeting through the enhanced permeability and
retention (EPR) effect [29]. In particular, the distinction of the
tumor microenvironment (TME) and normal tissues is often used
in stimulus-responsive drug delivery systems for the controlled
release of therapeutic agents at target sites [30, 31]. For example,
the extracellular pH of the TME (pH. = 6.5-6.8) is lower than that
of normal tissues (pH = 7.4) due to insufficient oxygenation and
further pH reduction inside late endosomes and lysosomes, which
are often triggers for acid-responsive drug release [32-37].

Silica, as an endogenous substance, is considered “generally
safe” by the FDA [38, 39]. Silica nanoparticle-based drugs have
been implemented in human phase | clinical trials in recent years.
Furthermore, the C-dot form of MSNPs was approved for a stage 1
clinical trial in 2014 [40, 41]. Mesoporous silica nanoparticles
(MSNs) have been widely used as efficient drug carriers, with a
focus on cancer-targeted drug delivery and TME-responsive drug
release due to their ease of preparation, high surface area, and
pore volume [42-46]. However, the applications of MSNs as a drug
carrier have been restricted owing to burst release and poor
stability [47]. Thus, identifying a simple and effective surface
modification is essential to be found to improve relevant
properties and make full use of the superb drug-loading capacity
of MSNs. In recent years, due to the outstanding properties of
liposomes, lipid-coated MSNs have been reported to be an ideal
model for designing targeted codelivery nanosystems of antic-
ancer therapeutics, enabling synergistic functional properties and
mechanisms [48-52].

This study developed pH-sensitive lipid (PSL) and polyacrylic
acid (PAA)-coated MSNs (FPL-PMSNs) for the coformulation of ATO
(a water-soluble drug) and PTX (a highly lipophilic agent) (FPL-
PMSN-PTX/ATO) for targeted delivery and controlled release to
breast cancer cells both in vitro and in vivo. As a proof of concept,
FPL-PMSN-PTX/ATO responded to both extracellular and endoso-
mal/lysosomal pH values in a programmed and sequential release
of PTX and ATO and displayed enhanced in vitro cytotoxicity and
improved in vivo pharmacokinetics. As a result, codelivery of ATO
and PTX to a specific target to exert a synergistic therapeutic
effect against a murine breast cancer orthotopic transplantation
model was achieved.

MATERIALS AND METHODS

Materials

Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate
(TEOS), 4',6-diamidino-2-phenylindole (DAPI), Phalloidin-Fluor 555,
fluorescein isothiocyanate (FITC), and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). (3-Aminopropyl) triethoxysi-
lane (APTES) was obtained from Aladdin (Shanghai, China). Chloro
(dimethyl)octadecylsilane was provided by Tokyo Chemical
Industry Co., Ltd. (Shanghai, China). DSPE-PEG and CHEMS were
supplied by Avanti (Shanghai, China). A Chemicon in vitro
angiogenesis assay kit was purchased from Millipore (Massachu-
setts, USA). ATO (As,0s3, 90%) was purchased from Alfa Aesar
(Shanghai, China). PTX was obtained from Yuanye Biological
Technology (Shanghai, China). Arsenic standard solution
(1 mg/mL) was obtained from Beijing Century Audiocodes
Biological Technology Co., Ltd. (Beijing, China). Annexin V-FITC/PI
dual staining kit was purchased from BD (Oxford, UK).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were kindly
provided by Professor Gao at Zhejiang University. The human
breast carcinoma cell line MCF-7 was purchased from ATCC, and
cells were cultured with RPMI-1640 supplemented with 10%
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fetal bovine serum and 100 units/mL penicillin and streptomy-
cin. The cells were cultured in a humidified atmosphere at 37 °C
in 5% CO,.

Preparation of FPL-PMSN-PTX/ATO

For the preparation of MSNs, 225-mg CTAB, 22.5-mL ethanol, and
150-mL ultrapure water were mixed in a 250-mL round bottom
flask and subjected to ultrasonication for 20 min. Then, the pH was
adjusted to 11.5 with 25% ammonia, and 1.25-mL TEOS was
dropwise added and stirred into the mixture at 75 °C for 2 h. Then,
the mixture was incubated for 24 h at room temperature and
washed via centrifugation twice with ultrapure water (20,440 x g,
15 min). MSNs were obtained after the solution was dried in an
oven at 60 °C and calcined at 550 °C for 6 h. MSNs (100 mg) were
resuspended in 50-mL ethanol, after which 250-uL APTES was
slowly added, and the mixture was stirred at 45°C for 8 h. The
NH,-MSNs obtained were centrifuged and washed with ethanol
(27220 x g, 30 min) three times. NH,-MSNs (100 mg) were mixed
with 0.5-mL chloro(dimethyl)octadecylsilanein in 50-mL CHCl; and
stirred for 12 h. The obtained NH,-CMSNs was centrifuged and
washed with hexane (48380 x g, 30 min) three times and dried in a
vacuum. To prepare NH,-CMSN-ATO, 40 mg of NH,-CMSNs was
dispersed into an aqueous solution of ATO (1 mg/mL) in a 25-mL
round bottom flask and stirred at room temperature for 24 h. The
NH,-CMSN-ATO obtained was centrifuged and washed with water
(48380 x g, 30 min). NH,-CMSN-ATO (50 mg) was dispersed in
50-mL DMF, and 50-mg PAA was added before the solution was
stirred at 100 °C for 2 h. The resulting PMSN-ATO was centrifuged
and washed with deionized water three times (48,380 x g, 30 min).
DSPE-PEG (32.5mg), 1-mg F56, 10-mg CHEMS, and PTX were
dissolved in 15-mL CHCl; and evaporated at 45°C in a rotary
evaporator for 20 min to remove CHCl;. PMSN-ATO (10 mg) in
10-mL ethanol was added to dissolve the film, and the ethanol
was evaporated at 45 °C for 20 min. FPL-PMSN-PTX/ATO was finally
obtained after hydration with 10 mL of preheated ultrapure water
(45°C), sonication for 4 min, centrifugation (12,100 x g, 10 min)
and three washes. Different ATO/PTX formulations were con-
structed by adjusting the amount of ATO and PTX added.

The in vitro release of ATO and PTX from PL-PMSN-PTX/ATO was
investigated by using the dialysis bag method. Briefly, PL-PMSN-
PTX/ATO was sealed in a dialysis bag (My, 3500) and fully
submerged into the release medium (100 mL, pH 7.4, 6.5 or 5.0).
The release experiment was conducted at 37°C with constant
shaking. Samples were collected from the media at predetermined
time intervals and instantly replaced with an equal volume of
fresh PBS. ATO concentrations were measured by the inductively
coupled plasma mass spectrometry (ICP-MS; iCAP-QC, Thermo
Electron Corporation, Waltham, MA, USA) method, and PTX
concentrations were detected by high-performance liquid chro-
matography (HPLC; 1260 Infinity I, Agilent, USA).

In vitro cytotoxicity and median-effect analysis
The cytotoxicity of NH,-MSNs, NH,-CMSNs, PMSNs, L-PMSNSs,
PL-PMSNs, and FPL-PMSNs, and the antitumor effects of various
ATO/PTX formulations on MCF-7 cells were evaluated. Briefly, 8 x 10°
MCF-7 cells in RPMI-1640 were seeded in 96-well plates and cultured
at 37°C for 24h. Then, the cells were incubated with culture
medium containing drug-free carriers or ATO/PTX formulations at
various concentrations. After 48 h, the medium was replaced with
fresh culture medium containing MTT (0.5 mg/mL), and cells were
incubated for another 4 h. Then, the MTT was removed, and 150-pL
DMSO was added. Relative cell viabilities were determined by
measuring the absorbance in each well at 570nm using a
microplate reader (Synergy TM2, BIO-TEK Instruments Inc. USA).
The synergistic cytotoxic effect of ATO and PTX in MCF-7 cells
was evaluated with Calcusyn software (Biosoft, England) based on
Chou and Talalay’s principle. The combination index (Cl) of ATO
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and PTX was calculated according to the two-drug combination
equation as follows: Cl = 1/DRlp + 1/DRlp = D4/Day + Dp/Dp,, where
DRI, and DRIy denote the dose-reduction index of ATO and PTX,
respectively, D, and Dp denote the dose of ATO and PTX,
respectively, in the combination therapy that kills x% of cells, Dy,
denotes the dose of ATO that kills x% of cells alone, and Dp,
denotes the dose of PTX that kills x% of cells alone. The interaction
between ATO and PTX was categorized based on the Cl, where
Cl<1, d=1, and ClI>1 indicates synergistic, additive, and
antagonistic interactions, respectively.

Cell cycle and apoptosis analysis

MCF-7 cells (2 x 10% were seeded into six-well plates and cultured
overnight at 37°C. The cells were harvested after incubation
with different concentrations of various ATO/PTX formulations for
24 h, followed by fixation with 70% ethanol for 8 h at 4°C. Then,
1-mg/mL RNase A and 50-pug/mL propidium iodide (Pl) were added
and incubated for 30 min at 37°C in the dark. Subsequently, cells
were acquired and analyzed by flow cytometry with a Guava Easy
Cytometer (Guava Easycyte, Merck Millipore, Darmstadt, Germany).
All experiments were performed in triplicate.

The apoptosis of MCF-7 cells was determined using flow
cytometry with an Annexin V-FITC/PI dual staining kit. Briefly,
5x 10° cells were seeded in six-well plates and allowed to grow
until they reached 80% confluence. After treatment with different
ATO/PTX MSN formulations for 24 h, the cells were harvested and
washed with PBS for subsequent Annexin-FITC staining for 20 min
and Pl staining for 10 min in the dark. Then, the cells were
analyzed within 1 h of staining and analyzed with Modift software.

Western blotting

Western blotting experiments were used to evaluate the expres-
sion of the apoptosis-related proteins Bcl-2, Caspase-7, Cleaved
Caspase-7, Cyclin B-1, Cyclin D-1, Caspase-9, Cleaved Caspase-9,
cdc2, and P-cdc2; B-actin served as a loading control. Briefly, MCF-7
cells were seeded in six-well plates at a density of 5 x 10° cells/well
and cultured for 24h at 37°C. The different ATO/PTX MSN
formulations in fresh medium were added to the cells and
incubated for 24 h. The proteins were extracted, denatured at
98°C, and analyzed according to the standard Western blotting
protocol.

In vitro cellular uptake and intracellular distribution

The intracellular localization of coumarin-6-loaded nanoparticles
in MCF-7 cells was detected by confocal laser scanning micro-
scopy (CLSM, Olympus, Tokyo, Japan). Cells were cultured in
chambered coverslips at a density of 4x 10° cells/well for 24 h,
and then the medium was replaced with culture medium
containing coumarin-6-loaded nanoparticles at coumarin-6 con-
centrations of 0.2 or 0.4 ug/mL and incubated for 2 h. Cells were
then washed with PBS three times, fixed with 4% paraformalde-
hyde, and counterstained with DAPI and Phalloidin-Fluor 555
before observation.

To quantitatively analyze the cellular uptake of nanoparticles,
2% 10° MCF-7 cells were seeded in six-well plates. When the cells
reached ~80% confluence, the medium was replaced by culture
medium containing coumarin-6-loaded nanoparticles comprising
PL-PMSN and FPL-PMSN or FPL-PMSN (which were preincubated
with free F56 for 30 min). The coumarin-6 concentrations were 0.2
or 0.4 pg/mL. After incubation for 2 h, the nanoparticle-containing
medium was removed, cells were washed three times with PBS,
and the fluorescence intensity was determined by flow cytometry.

3D tumor spheroid penetration and endothelial cell tube
formation assay

To establish a tumor spheroid model, MCF-7 cells were seeded at a
density of 5x 10® cells/well into a 96-well plate pretreated with
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2% low-melting agarose, followed by centrifugation (1000 x g,
10min) to promote spheroid formation. The progress was
monitored under a microscope, and the cells were ready for
treatment after 7 days. Then, coumarin-6-loaded nanoparticles of
FPL-PMSN, FPL-PMSN-PTX, and FPL-PMSN-ATO were incubated
with spheroids for 24 h, after which the cells were washed with
PBS three times and fixed with 4% paraformaldehyde in PBS.
Finally, the treated spheroids were subjected to confocal
microscopy at different depths (20, 40, 60, and 80 pm) to evaluate
the penetration of coumarin-6-loaded nanoparticles.

The HUVEC tube formation assay was performed with a
Chemicon in vitro angiogenesis assay kit. In brief, 50-uL chilled
Matrigel was added to each well of a precooled 96-well plate and
then incubated at 37 °C for 1 h to solidify. HUVECs were seeded on
the Matrigel at a density of 1 x 10° cells/well and then cultured in
medium supplemented with saline, PTX, PL-PMSN, and FPL-PMSN
for 10 h.

In vivo pharmacokinetics and distribution studies

All animal procedures complied with the guidelines of the
Zhejiang Chinese Medical University Animal Care and Use
Committee. Fifteen tumor-bearing female ICR mice were randomly
divided into three groups. To evaluate the pharmacokinetics of
the nanoparticles, 200 pL of 1-mg/kg ATO, NH,-CMSN-ATO, PMSN-
ATO, L-PMSN-PTX/ATO, PL-PMSN-PTX/ATO, or FPL-PMSN-PTX/ATO
was administered via tail vein injection. Blood samples were
collected at different time intervals following injection and
subjected to ICP-MS.

To study the biodistribution of the nanoparticles in various
tissues, fifteen tumor-bearing ICR mice were randomly divided
into three groups and injected with FITC-labeled L-PMSN-PTX/
ATO, PL-PMSN-PTX/ATO, or FPL-PMSN-PTX/ATO. Twenty-four
hours after injection, the mice were euthanized, and their liver,
kidney, spleen, lung, heart, and tumor were collected from each
mouse and subjected to imaging with an IVIS Spectrum Imaging
System (Perkin Elmer, Waltham, Massachusetts, USA). The fluores-
cence intensity was quantified.

In vivo tumor vessel targeting and penetration study

For the tumor vessel targeting study, mice bearing MCF-7-derived
tumors were intravenously injected with 200-pL L-PMSN-PTX/ATO,
PL-PMSN-PTX/ATO, or FPL-PMSN-PTX/ATO labeled with coumarin-
6 (coumarin-6 concentration: 1 mg/kg). The mice were sacrificed at
24 h after administration, and cryostat sections (8 um) of the
tumor were prepared. CD31-labeled antibody was used to stain
the tumor vasculature as described by Wang et al. [1]. Then, the
slides were observed under CLSM.

MCF-7 tumor-bearing mice were intravenously injected with
200-pL L-PMSN-PTX/ATO, PL-PMSN-PTX/ATO, or FPL-PMSN-
PTX/ATO labeled with coumarin-6 (coumarin-6 concentration:
1 mg/kg). After 24 h, the mice were sacrificed, and cryostat
sections (8 um) of the tumor were prepared for further
observation under an Olympus Macro Zoom Microscope
(VS120-S6-W, OLYMPUS, Japan).

In vivo antitumor evaluation

On day 1, MCF-7 tumor-bearing mice with a tumor volume of
~100 mm?® were randomly divided into seven groups (n =5 per
group), and each group was injected with saline, NH,-CMSN-ATO,
PMSN-ATO, a mixture of ATO and PTX, L-PMSN-PTX/ATO, PL-
PMSN-PTX/ATO, and FPL-PMSN-PTX/ATO via tail vein every 2 days
at a dose of ATO: 1mg/kg and PTX: 0.5mg/kg. During the
subsequent 24-day treatment period, the tumor volumes and
body weights of the mice were recorded every other day. After the
treatment, the mice were sacrificed, and major organs, including
the heart, liver, spleen, lung and kidney, and tumor, were
collected. Organ tissue sections were subjected to hematoxylin
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PMSN-ATO

Tumor cell

Fig. 1 Schematic illustration of the preparation process of FPL-
PMSN-PTX/ATO, the blood circulation, the accumulation at the
tumor site, and the preferential release of PTX at pH. and ATO at

pHendo-

and eosin (H&E) staining, and tumor tissue sections from each
group were subjected to TUNEL and Ki67 staining.

Statistical analysis

Data were presented as mean +standard deviation. Statistical
significance was determined by SPSS 20. P < 0.05 was considered
to be statistically significant, and a extreme significance was
indicated by P < 0.01.

RESULTS AND DISCUSSION

FPL-PMSN was designed to achieve targeted codelivery of ATO
and PTX (Fig. 1). ATO was loaded into the nanochannels of MSNs,
and PTX was inserted into the lipid bilayer membrane, which also
sealed the pores of the MSNs and prevented a burst release of
ATO. The presence of polyethylene glycol (PEG)-modified lipids
prolonged the circulation time of the drug-loaded MSNs and
reduced the immunogenicity of MSNs, thereby facilitating
accumulation at the tumor site via the EPR effect. Furthermore,
functionalization with a tumor-targeting peptide (F56) at the
extremity of PEG enabled target-specific delivery to cancer cells
and sites of neoangiogenesis [53]. Upon encountering to the
tumor site, PSL responded to the extracellular pH (pH = 6.5-6.8) to
preferentially release PTX, whereas PAA was mainly disassembled
at endosome/lysosome pH (pH = 5) to release ATO.

Characterization of FPL-PMSN-PTX/ATO

MSNs with a diameter of 117.7 = 1.51 nm were prepared using the
Stobber method. MSNs displayed uniform and spherical morphol-
ogy under a transmission electron microscope (TEM; Fig. 2a).
Moreover, the Fourier transform infrared spectroscopy (FT-IR)
spectra confirmed the composition of MSNs via the adsorption
peak at 1083.82 cm ™', which corresponds to the Si-O-Si asymmetric
stretching vibration. In addition, the symmetric stretching and
bending vibrations of the Si-O-Si adsorption peak were 800.33 and
46284 cm™, respectively (Fig. 2e). Amine groups were introduced
to both the internal and external surfaces of MSNs, as evidenced by
the appearance of an adsorption peak at 1508.09 cm™". NH,-MSNs
had a slight increase in diameter of 124.3 £+ 1.53 nm (Fig. 2c), and the
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zeta potential switched from —30.3 £1.15 to 37.3 + 1.16 mV (Fig. 2d).
The positively charged amines could absorb ATO and attract the
COO functional groups of PAA. The successful modification of NH,-
MSN with CDOS was confirmed by the appearance of a C-H
stretching absorbance at 2800-3000 cm ™' from —CHs in the FT-IR
spectra (Fig. 2e). Surface attachment with CDOS brought about Van
der Waals forces and hydrophobic interactions and enabled the
association of hydrocarbon chains between the external CMSN and
phospholipids. The formation of a core-shell structure in aqueous
solutions stabilized MSNs within the circulation [54]. After ATO
loading, the zeta potential of NH,-CMSN-ATO decreased to 19.7 +
0.58 mV due to partial neutralization of the charges by the drug
molecules. A subsequent PAA layer was formed through electronic
interactions between the NH,-CMSN amine groups and the
PAA carboxyl groups, which further increased the diameter to
149.7 £ 6.56 nm and decreased the zeta potential to 11.7 £1.01 mV
(Fig. 2c, d). The presence of peaks at 1652 cm™' in the FT-IR spectra
indicated the successful formation of a PAA layer. The coating lipid
was composed of DSPC, DSPE-PEG,qq,, cholesterol, and cholesteryl
hemisuccinate, which self-assembled and fused to the PMSN-ATO
surface during hydration using surface-anchored octadecylsilane
chains as a support, leading to the formation of PL-PMSN-PTX/ATO
with an increased diameter of 169.7 + 2.08 nm. The F56 peptide was
added to the lipid bilayer to achieve targeted drug delivery to MCF-7
cells. The presence of the F56 peptide reduced the zeta potential to
—35mV, and the negative surface charges may reduce nonspecific
interactions between nanoparticles and proteins within the blood.
TEM characterization of FPL-PMSN-PTX/ATO further demonstrated
the successful assembly of lipid bilayers with an intact lipid bilayer
9-nm thick (Fig. 2b).

The MSNs displayed a type-IV pattern in N, adsorption-
desorption characterization. In addition, the specific surface area
and the cumulative pore volume of the MSNs were 1203.453 m%/g
and 1.088 cm®/g, respectively (Fig. 2f, g). Meanwhile, the pore size
distribution of the MSNs was within a narrow distribution of
3.0nm. Amine modification significantly reduced the specific
surface area and the cumulative pore volume to 485.338 m%/g
and 0.474 cm?®/g, respectively. Subsequently, the specific surface
area, cumulative pore volume, and pore size of MSNs were further
reduced to 272.418 m%/g, 0.216 cm>/g, and 0.92 nm, respectively,
after CDOS modification and PAA grafting. Finally, the lipid coating
rendered all of these parameters undetectable, indicating a full
blockage of the pores by the lipid bilayer. Thermogravimetric
analysis was conducted to estimate the weight percentage of each
component within the FPL-PMSNs (Fig. 2h). The percentage of
weight loss of the MSNs, NH,-MSNs, NH,-CMSNs, PAA-NH,-CMSNs,
and PL-PMSNs was 96.36%, 86.07%, 82.06%, 78.03%, and 63.96%,
respectively, when heated from 100 to 800 °C. Accordingly, the
calculated weight percentages of the amine group, octadecylsi-
lane, PAA, and lipid were 10.29%, 4.01%, 4.03%, and 14.07%,
respectively.

In vitro cytotoxicity and median-effect analysis

Various formulations of PTX and ATO were tested against MCF-7
cells to identify and achieve the optimal drug ratio for maximal
synergistic cytotoxicity and combined drug mechanisms. The
outcomes were analyzed using the Cl as the evaluation criteria for
the median-effect analysis. The formulations of ATO:PTX at ratios
of 1:1, 1:2, and 2:1 displayed better cell inhibition rates and smaller
Cls than did the 1:4 formulation, indicating that further experi-
ments should be performed to determine the best drug ratio that
will achieve a synergistic effect (Fig. 3a—c).

Cell cycle and apoptosis analysis

MCF-7 cells were treated with various PTX-ATO formulations,
stained with Pl to analyze the cell-cycle distribution with flow
cytometry and characterize the combined effect of PTX-ATO on cell
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Fig. 2 Characterization of FPL-PMSN-PTX/ATO. TEM images of a MSNs and b FPL-PMSN-PTX/ATO. ¢ Hydrodynamic diameters and d zeta
potential of each obtained intermediate during preparation and the final product of FPL-PMSN-PTX/ATO. e FT-IR spectra of MSNs, NH,-MSNs,
NH,-CMSNs, and PAA-NH,-CMSNs. f Pore size distribution, g N, adsorption-desorption isotherm, and h thermogravimetric analysis of each

obtained product during the preparation of FPL-PMSN-PTX/ATO.

inhibition (Fig. 3d). As a result, the formulations of ATO:PTX at
ratios of 1:2 and 2:1 specifically arrested 29.5% and 29.9% of MCF-7
cells at G,/M phase, respectively, which were higher than the
percentages of cells arrested after single treatment with ATO
(15.7%) or PTX (18.1%). These results showed that the combination
of ATO and PTX synergistically inhibited the proliferation of MCF-7
cells via cell-cycle arrest and induced synergistic cytotoxicity.

Annexin V-FITC/PI staining-based flow cytometry analysis was
performed to examine the apoptosis rate of the MCF-7 cells
treated with ATO and PTX alone or in combination (Fig. 3e). After a
24-h treatment with different ATO/PTX formulations at various
concentrations, treatments with ATO:PTX ratios of 1:2 and 2:1
resulted in 21.45% and 61.48% of apoptotic cells, both of which
were significantly higher than the percentage of apoptotic cells
after treatment with ATO or PTX alone (7.56% and 7.41%,
respectively). Considering all these results, the ATO:PTX formula-
tion at a ratio of 2:1 was selected for subsequent cellular and
animal experiments.

Western blotting

To further confirm and evaluate the possible mechanism of
synergistic action, the expression levels of apoptosis-related
proteins in MCF-7 cells were determined using Western blotting
analysis (Fig. 3f). The combination treatment of ATO and PTX
displayed a superior inhibitory effect on the expression of Bcl-2,
caspase-7, caspase-9, cyclin B-1, and cyclin D-1 compared with
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that in response to single treatment with either ATO or PTX.
Furthermore, the involvement of caspase-7 and caspase-9 was
clearly shown from the combination treatment, whereas that after
either ATO or PTX treatment was negligible. In addition, the
combination treatment also resulted in better activation and
reduced phosphorylation of the cdc2 protein.

Drug loading and release behavior evaluation

PTX and ATO were loaded into the lipid bilayer and the
nanochannels of the MSN nanoparticles, respectively. The respective
loading efficiencies of PTX and ATO were 2.4% and 16.2% according
to the HPLC and ICP-MS results, which was in correlation with our
expectations. Cholesteryl hemisuccinate is an essential component
of PSL, which becomes unstable at the extracellular pH of
the TME, causing lipid disruption and PTX release. Furthermore, as
a pH-responsive material, PAA protonates at pH < 5.5 and induces
pH-responsive drug release. Thus, the PTX and ATO release profiles
from PL-PMSN-PTX/ATO were then monitored in different pH
environments (pH=74, 6.5, or 55; Fig. 4a, b) using non-pH-
responsive lipid-coated MSNs (L-PMSN-PTX/ATO) as a control
(Figs. S1 and S2). Nearly 80% of ATO was released from NH,-
CMSN-ATO at all pH values (Fig. S1). PAA layer formation and the
lipid coating significantly suppressed ATO release, and the release in
response to pH was observed. At a physiological pH of 7.4, the
release of PTX and ATO was 55.6% and 38.8%, respectively, and a
sustained release profile was observed during the 48-h release
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In vitro synergistic therapeutic study. a Cell inhibition rate and b 1C5y values of ATO and PTX when combined as various formulations.

¢ Combination index values of ATO and PTX in various formulations. d Cell cycle and e apoptosis analysis of MCF-7 cells treated with various
formulations of ATO and PTX. f Western blotting analysis of apoptosis-related proteins in MCF-7 cells treated with ATO and PTX either alone or

in combination.

period. Faster PTX (77.1%) and ATO (63.1%) releases were observed
at pH 6.5, which could be explained by lipid disruption. Thus, PTX
was preferentially released at pH 6.5, and PAA grafting suppressed
the release of ATO at pH > 5.0. At pH < 5.0, 76% and 97% of ATO and
PTX were released, respectively, which is likely ascribed to the
simultaneous effects of lipid disruption, the dissociation between
the PAA and amine groups, and the contraction of the hydrated
polymer upon partial protonation of the COO™ groups. In contrast,
L-PMSN-PTX/ATO exhibited a similar release rate of ~60% at all
tested pH values (Fig. S2). Thus, it can be concluded that PL-PMSN-
PTX/ATO possesses pH-responsive drug release characteristics and
enables a dual-pH-triggered sequential release profile of both
enveloped drugs.

In vitro cytotoxicity evaluation

Cytotoxicity studies of PL-PMSN-PTX/ATO against MCF-7 cells were
conducted at different concentrations with L-PMSN-PTX/ATO as a
control. First, each component of PL-PMSN-PTX/ATO, including
NH,-MSNs, NH,-CMSNs, PMSNs, LPs, PSLs, and FPLs, was
incubated with MCF-7 cells. No sign of cytotoxicity was observed
up to the 50-pug/mL concentration, which suggested that these
components are intrinsically biocompatible (Fig. S3). Second, both
PL-PMSN-PTX/ATO and FPL-PMSN-PTX/ATO were exposed to MCF-
7 cells at various concentrations to evaluate their cytotoxicity. FPL-
PMSN-PTX/ATO displayed a better antitumor efficiency than did
PL-PMSN-PTX/ATO, which could be attributed to enhanced cellular
uptake facilitated by the targeting ability of the F56 modification
(Fig. 4c).
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In vitro cellular uptake and intracellular distribution

The intracellular localization of coumarin-6-loaded PL-PMSN-
PTX/ATO and FPL-PMSN-PTX/ATO in MCF-7 cells was detected
by CLSM (Fig. 4d). FPL-PMSN-PTX/ATO displayed a significantly
stronger fluorescence intensity than did the nanoparticles
without the F56 modification, indicating that the presence
of F56-targeting ligands enhanced the cellular uptake of
the nanoparticles. In addition, the cellular uptake of FPL-
PMSN-PTX/ATO significantly decreased if the cells were
preincubated with free F56, indicating the targeting ability
mediated by F56. The same results were observed in the flow
cytometry profiles.

3D tumor spheroid penetration and endothelial cell tube
formation assay

The tumor penetration of nanoparticles with or without PTX
loading was evaluated in a 3D spheroid tumor model (Fig. 5a).
Treatment of cells with apoptosis-inducing drugs could transiently
enlarge the interstitial space and thereby promote the intratu-
moral diffusion of drugs delivered by the nanoparticles [55, 56].
Coumarin-6-coloaded FPL-PMSN with ATO or PTX was incubated
with 3D spheroids and scanned via CLSM at different depths.
Minimal fluorescence could be observed at a depth of 60 um,
illustrating that ATO loading did not improve the penetration of
FPL-PMSN. However, coumarin-6 coloaded FPL-PMSN-PTX/ATO
exhibited a strong green fluorescence signal as deep as 80 um. It is
believed that PSL could respond to the tumor extracellular pHe
and release loaded PTX, which would cause an enlargement of the
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interstitial space, thus facilitating the deep penetration of
nanoparticles into tumors and enhancing the bioavailability of
PTX and ATO [57].

Consequently, an endothelial tube formation assay was
conducted at various pH values to evaluate the inhibitory effect
of PTX on the angiogenesis. Briefly, HUVECs were treated with PTX
and FPL-PTX at pH 7.4, 6.5, or 5.0, and saline treatment was used
as a control. FPL-PTX displayed a more potent inhibitory effect at
pH 6.5 and 5.0, possibly due to the pH-responsive PTX release,
than did free drug or FPL-PTX at pH 7.4 (Fig. 5b).

In vivo pharmacokinetics and distribution studies

To assess the in vivo pharmacokinetics of ATO, ATO-loaded
nanoparticles (e.g., NH,-CMSN-ATO, PMSN-ATO, L-PMSN-PTX/ATO,
PL-PMSN-PTX/ATO, and FPL-PMSN-PTX/ATO) were intravenously
injected into ICR mice, and blood was collected at different
time intervals. The pharmacokinetics results over a 48-h period
after intravenous injection are shown in Fig. 6a. ATO in saline
was quickly cleared with a plasma concentration of 0.015 pg/mL
at 48h post administration, whereas amine modification
and PAA grafting improved retention in blood (serum con-
centration 0.027 and 0.042 ug/mL, respectively). In addition,
the lipid coating of LP or PSL resulted in further enhancement
of blood retention. The plasma concentrations were 0.079 and
0.089 pg/mL, which were almost six- and two fold more than
that of ATO in saline and PMSN-ATO, respectively, indicating
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that lipid and PEG modifications prolonged the blood circula-
tion of the nanoparticles. Extension of pharmacokinetic
behavior by surface modification could allow for sustained
systemic delivery, enhanced tumor uptake, and improved
treatment efficiency.

A biodistribution study of FITC-labeled nanoparticles was
conducted to monitor the in vivo behaviors. As depicted in
Fig. 6b, ¢, the fluorescence signals of L-PMSN-PTX/ATO at 24 h
after injection were primarily distributed in the liver and spleen,
whereas a small signal was observed at the tumor site.
Furthermore, PL-PMSN-PTX/ATO displayed slightly more accumu-
lation in the tumor, a limited decrease in the liver, and
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unnoticeable changes in the spleen. However, FPL-PMSN-PTX/
ATO displayed significantly enhanced accumulation approxi-
mately sixfold that of PL-PMSN-PTX/ATO, whereas much fewer
nanoparticles were distributed within the liver and spleen,
indicating improved biodistribution by the F56 modification.

In vivo tumor vessel targeting and penetration study

At 24 h after administration, the tumor sections were stained
with CD31 and DAPI to evaluate in vivo tumor vessel targeting
of the various formulations. As shown in Fig. 6d, compared
with L-PMSN-PTX/ATO and PL-PMSN-PTX/ATO, FPL-PMSN-PTX/
ATO exhibited higher fluorescence intensity around vessels
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and broader distribution within the tumor site, benefiting
from the binding affinity of F56 to sites of neoangiogenesis.
Then, the penetration of various formulations in vivo was
observed under an Olympus Macro Zoom Microscope (Fig. 6e).
Little fluorescence was observed at the tumor site in
the coumarin-6 coloaded L-PMSN-PTX/ATO group, while the
PL-PMSN-PTX/ATO group exhibited a stronger green fluores-
cence signal due to the extracellular pH-sensitive release
of PTX, leading to expansion of the interstitial space and
deeper penetration of the nanoparticles. Furthermore, the
strongest fluorescence of coumarin-6 could be seen inside
tumors after treatment with FPL-PMSN-PTX/ATO, which should
be achieved to enhance accumulation facilitated by the F56
modification and therefore strengthen the tumor priming
effect achieved by PTX.

In vivo antitumor evaluation

Furthermore, in vivo therapeutic studies were performed on
tumor-bearing mice (Fig. 7a-d). The results showed that the
tumor volumes of the ATO-loaded NH,-CMSN-ATO and PMSN-
ATO treatments had comparable reductions in tumor growth
and weight, respectively. Combination treatment of ATO
and PTX without carriers exhibited a better antitumor effect
than did treatment with either drug alone, which should be
attributed to a synergistic interaction of ATO and PTX. However,
the incidence of adverse effects, as indicated by body weight
loss, was overwhelming, despite the cytotoxicity of these
compounds against cancer cells (Fig. 7b). All other formulations
kept the body weight relatively stable during the treatment,
suggesting acceptable side effects. Moreover, treatment with

PL-PMSN-PTX/ATO resulted in a smaller tumor volume than did
L-PMSN-PTX/ATO, although ATO and PTX codelivery with MSNs
with LP and PSL coatings significantly increased the antitumor
efficacy. The F56 modification conferred the nanoparticles with
targeting ability and selectivity and showed the best inhibitory
effect on tumor growth (Fig. 7c, d). For the histopathology
analysis, the results of the TUNEL and Ki67 staining indicated
that FPL-PMSN-PTX/ATO caused more damage to the tumor
than did either L-PMSN-PTX/ATO or PL-PMSN-PTX/ATO (Fig. 7e).
Moreover, tumor damage caused by free ATO and PTX was
better than that after single treatment with PMSN-ATO or NH,-
CMSN-ATO, suggesting the advantages achieved by codelivery
of ATO and PTX. Histological analysis of the major organs
(including the heart, liver, spleen, lung, and kidney) by H&E
staining showed that the formulations of the delivery system did
not cause noticeable damage compared with that observed
after control treatment (Fig. 8).

CONCLUSION

In conclusion, a drug delivery system comprising FPL-PMSN-PTX/
ATO based on MSNs with a double coating of PAA and PSL for
synergistic delivery and dual-pH-responsive sequential release of
ATO and PTX was formed. The codelivery of ATO and PTX loaded
in nanoparticles demonstrated significant synergy for the effective
treatment of MCF-7 cells through greater cell-cycle arrest and
more activation of apoptosis-related proteins than single-drug
treatment. In addition, improved in vivo circulation time, tumor-
targeted delivery, and overall therapeutic efficacy were observed
with in vivo experiments.
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