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A dual-loaded multi-targeted drug delivery nanosystem was constructed to simultaneously load paclitaxel

(PTX) and 5-fluorouracil (5-FU) for targeted delivery and sustained release at tumor sites. Hollow

mesoporous silica nanoparticles (HMSNs) were prepared by the inverse microemulsion method, then

modified with folic acid and pH- and temperature-responsive materials, co-loaded with PTX and 5-FU,

and finally encapsulated into lipid membranes. The obtained nanosystem was selectively internalized by
human breast cancer MCF-7 cells that overexpress folate receptors through an energy-dependent
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process, and it released both drugs in vitro in a simulated tumor microenvironment. Moreover, the

inhibitory effect of the dual-loaded nanoparticles was significantly better than that of the free drugs,
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Introduction

Breast cancer is the malignant tumor with the highest incidence
in women." Current treatment strategies include surgical
resection, radiation, and chemotherapy,” but their efficacy is
low due to high drug resistance, toxicity, and hormonal inter-
actions. Recent studies have shown that paclitaxel (PTX) and 5-
fluorouracil (5-FU) can be synergistically used to treat breast
and gastric cancer.>® PTX is a hydrophobic drug commonly
used for the treatment of breast, ovarian, and lung cancers.’
However, its extremely poor water solubility requires the use of
special solubilizers, such as Cremophor EL and absolute
ethanol (1:1)," which lead to allergic reactions, significantly
limiting the application of PTX in cancer treatment. 5-FU is
a hydrophilic first-line chemotherapeutic widely used for the
treatment of various malignancies. However, it must be
administered repeatedly and intravenously due to poor oral
bioavailability and short half-life, making it inconvenient and
increasing the risk of toxic side effects."* Indeed, both PTX and
5-FU have low target specificity, so they can induce several
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suggesting that the composite nanosystem has the potential to selectively target tumor sites and
perform the synergistic effect of PTX and 5-FU, while reducing their toxic effects on normal tissues.

adverse reactions, such as myelosuppression, allergies, and
gastrointestinal complications.”** In addition, they have
different physicochemical properties and they require a fixed
sequence of administration during combination therapy: PTX
must be administered before long-term administration of 5-
FU.>*%® These two factors make their co-delivery and controlled
release challenging in the clinic.

Hollow mesoporous silica nanoparticles (HMSNs) have
a large surface area, high porosity, regular and ordered pore
structure, uniform and adjustable pore size, as well as large
pore volume and good biocompatibility, which endow them
with the ability to carry and deliver drugs. The particle size of
HMSNSs is about 10-200 nm, which favors prolonged blood
circulation in vivo and enhances passive targeting ability.** In
addition, the HMSN surface consists of a large number of silyl
hydroxyl groups, which enables their functionalization with
tumor-specific biomolecules for active targeting and controlled
drug release, such as folic acid (FA), monoclonal antibodies,
glycoproteins, peptides, and nucleic acids.***” Modification of
HMSNs with groups that can participate in the enhanced
permeability and retention (EPR) effect and react to the acidic
pH (6-6.5) in the tumor tissue microenvironment can also favor
the interactions between surface groups and drug molecules,®
thereby improving their drug loading capacity and achieving
sustained drug release.” However, further research is still
needed to enhance the drug loading efficiency of such
nanoparticles.'®*°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of dual-modified hollow mesoporous silica nanoparticles (HMSNs) for the co-delivery of paclitaxel (PTX) and 5-fluo-
rouracil (5-FU). APS, (3-aminopropyl)triethoxysilane; CTAB, cetyltrimethylammonium bromide; DSPE-PEG,qq0, 1,2-distearoyl-sn-glycero-3-
phosphatidyl ethanolamine-N-[methoxy(polyethylene glycol),oo0l; FA, folic acid; FR, folate receptor; p(NIPAAmM-co-MAA), poly(N-isopropyl

acrylamide-co-a-methacrylic acid).

To our knowledge, the co-loading of HMSNs with PTX and 5-
FU has not yet been reported. In this study, we constructed
a dual-loaded delivery system using PTX and 5-FU as model
drugs for targeted synergistic breast cancer treatment
(Scheme 1). HMSNs were synthesized using the inverse micro-
emulsion method, then modified with FA to improve their
internalization of breast cancer cells overexpressing folate
receptors. After co-loading with 5-FU and PTX, the nanoparticle
surface was modified with pH- and temperature-responsive
materials for enhanced tumor targeted delivery and controlled
drug release since tumor tissues have acidic microenvironment
(pH 6-6.5) and higher temperature than normal tissues, then
coated with a lipid membrane to improve permeability through
biological membranes. The targeting specificity, cell selectivity
and drug release properties of the FA-modified nanosystem
were evaluated in human breast cancer MCF-7 cells over-
expressing o-folate receptors, and evaluation in human hepa-
toma HepG2 cells underexpressing o-folate receptors was
performed as a control.>** The uptake mechanism and syner-
gistic antitumor effect of the dual drug-loaded composite
nanoparticles were also studied in vitro.

Experimental part
Materials

(3-Aminopropyl)triethoxysilane (APS), Triton X-100, tetraethyl
orthosilicate (TEOS), (3-aminopropyl)trimethoxysilane, N-
hydroxysuccinimide, N,N'-dicyclohexylcarbodiimide, triethyl-
amine, 2,2-azobisisobutyronitrile (AIBN), N-iso-
propylacrylamide (NIPAM), n-hexane, and 5-FU were purchased
from Shanghai Aladdin Biochemical Polytron Technologies
(Shanghai, China). Cetyltrimethylammonium bromide (CTAB),
ammonium hydroxide solution, acetone, dimethyl sulfoxide
(DMSO), a-methacrylic acid (MAA), chloroform, and ethanol
were purchased from Chengdu Kelong Chemical Reagent Plant

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Chengdu, China). FA and PTX were purchased from Wuhan
Biocar Bio-Pharm Co., Ltd. (Wuhan, China). 1,2-Dipalmitoyl-sn-
glycero-3-phosphocholine, 1,2-distearoyl-sn-glycero-3-
phosphatidyl ethanolamine-N-[methoxy(polyethylene
glycol)ro00] (DSPE-PEG,0¢0), cholesterol, and hydrogenated
lecithin were purchased from Shanghai Yuanye Biotechnology
Co., Ltd. (Shanghai, China). Fluorescein isothiocyanate (FITC)
was obtained from BioFroxx (Einhausen, Germany) and the Cell
Counting Kit-8 (CCK-8) from Dojindo China Co., Ltd. (Kuma-
moto, Japan). High-glucose Dulbecco’'s modified Eagle's
medium (DMEM), RPMI1640 medium, and trypsin 0.25% (1x)
were purchased from HyClone (Logan, CO, USA), phosphate-
buffered saline (PBS) was from Wuhan Boster Biological Tech-
nology Co., Ltd. (Wuhan, China), and fetal bovine serum (FBS)
was from Gibco (Uxbridge, UK). The Hoechst staining kit was
purchased from the Beyotime Institute of Biotechnology
(Jiangsu, China), and Annexin V-FITC/PI and cell cycle detection
kits were purchased from Jiangsu KeyGEN BioTech Co., Ltd.
(Jiangsu, China). All other reagents were of analytical grade and
were used as obtained.

Human breast cancer cells (MCF-7) and human liver cancer
cells (HepG2) were obtained from the Biomechanics and
Nanomedicine Laboratory at the University of Electronic
Science and Technology of China (Chengdu, China). Human
breast cancer cells (MDA-MB-453, BT474) and human embry-
onic kidney cells (Hek-293t) were obtained from the State Key
Laboratory of Biotherapy, Sichuan University (Chengdu, China).
All cell lines were cultured in DMEM or RPMI1640 medium
supplemented with 10% FBS and were incubated at 37 °C in
a humidified atmosphere containing 5% CO,.

Preparation of (5-FU+PTX)@FHPL

For the synthesis of 5-FU@FA-HMSNs@PTX@p(NIPAAm-co-
MAA)@LB [(5-FU+PTX)@FHPL] nanoparticles, HMSNs were

RSC Adv, 2022, 12, 32534-32551 | 32535
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first prepared by reverse microemulsion method following an
existing protocol,"*® modified with FA, and loaded with 5-FU to
obtain 5-FU@FA-HMSNs (ESIt). The optimum conditions for
preparation of HMSNs and 5-FU@FA-HMSNs were studied
(ESIf). The phospholipid film PTX@p(NIPAAmM-co-MAA)@LB
was also prepared using PTX, DSPE-PEG,q, and the tempera-
ture- and pH-responsive copolymer p(NIPAAm-co-MAA), which
was synthesized from NIPAM, MAA, and AIBN (ESI).>* The
NIPAM/MAA ratios were also investigated during the prepara-
tion of p(NIPAAm-co-MAA) (ESI). The doses of 5-FU and PTX
were determined after evaluating their synergistic antitumor
effect. Subsequently, 5-FU@FA-HMSNs (25 mg) were dissolved
in 5 mL of deionized water and added to an eggplant-shaped
flask covered with the PTX@p(NIPAAm-co-MAA)@LB film.
After probe-sonication at 33 W (15 s on/off) for 20 min, the
mixture was centrifuged at 14 942 g for 10 min and washed twice
with deionized water. The resulting precipitate was dissolved in
deionized water and dried in vacuo at 30 °C for 24 h to give (5-
FU+PTX)@FHPL.

Similar processes were used to synthesize the following
nanoparticles: FA-HMSNs@LB (FHL), FA-HMSNs@p(NIPAAm-
c0-MAA)@LB (FHPL), 5-FU@FA-HMSNs@PTX@LB [(5-FU+PTX)
@FHL], 5-FU@HMSNs@PTX@p(NIPAAM-co-MAA)@LB  [(5-
FU+PTX)@HPL], 5-FU@FA-HMSNs@p(NIPAAm-co-MAA)@LB
(5-FU@FHPL), FA-HMSNs@PTX@p(NIPAAm-co-MAA)@LB
(PTX@FHPL), FITC@FA-HMSNs, and FITC@FA-HMSNs@p(NI-
PAAm-co-MAA)@LB (FITC@FHPL).

Nanoparticle characterization

The particle size distribution and zeta potential of the synthe-
sized nanoparticles were determined by dynamic light scat-
tering (DLS; Zetasizer Nano ZS 90, Malvern Instruments,
Malvern, UK), and their morphology was observed by scanning
electron microscopy (SEM; Sigma 300, Zeiss, Oberkochen,
Germany) and transmission electron microscopy (TEM; JEM
2010, JEOL, Tokyo, Japan). The successful surface modification
with FA was verified by Fourier-transform infrared spectroscopy
(FTIR; Nicolet 380, Thermo Fisher Scientific, Waltham, MA,
USA). N, adsorption/desorption isotherms were collected using
a Micromeritics ASAP2020 sorptometer (Norcross, GA, USA) to
determine the adsorption type and pore structure of HMSNs.
FITC loading was assessed using a F-4500 fluorescence spec-
trophotometer (Hitachi, Tokyo, Japan), while thermogravi-
metric analysis of free drugs and nanoparticles was performed
using a thermal gravimetric analyzer (TA Instruments, Milford,
MA, USA). The lower critical solution temperature (LCST) of
p(NIPAAm-co-MAA) was determined by differential scanning
calorimetry (DSC200F3, Netzsch, Selb, Germany),>** and the
stability of the FHPL nanocarrier was examined in deionized
water by determining the particle size.

In vitro drug release

Drug loading (DL) and encapsulation efficiency (EE) of 5-FU
were determined using UV-visible spectrophotometry (Thermo
Fisher Scientific, Madison, WI, USA) at 265 nm, while those of
PTX were determined wusing high-performance liquid
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chromatography (Agilent Technologies, Santa Clara, CA, USA) at
227 nm using acetonitrile/water/methanol (36 :41: 23, v/v/v) as
the mobile phase and C18 column as the stationary phase.

To determine the drug release profiles of (5-FU+PTX)@FHL
and (5-FU+PTX)@FHPL in vitro, 100 mg of the nanoparticles was
first dissolved in 20 mL of deionized water. Next, 1 mL of the
resulting homogeneous suspension was placed into a pre-
swelled dialysis bag with a molecular weight cutoff of
8000 Da. The dialysis bag was then immersed into 50 mL of
phosphate-buffered solution containing 30% ethanol (pH 5.0,
6.8, 7.4) and placed in a constant temperature shaker. After
shaking (100 rpm) at 37 °C or 41 °C, 5 mL aliquots were
collected at 0.5, 1, 2, 6,12, 18, 24, 36, and 48 h and replaced with
the same volume of fresh buffer. Each experiment was per-
formed in triplicate. DL and EE were calculated as follows:

weight of drug in nanoparticles

100
initial feeding amount of drug x

EE(%) =

weight of drug in nanoparticles
total weight of nanoparticles

DL (%) = 100

Synergistic antitumor effect of free 5-FU and PTX

To study the ability of free PTX and 5-FU alone to inhibit the
proliferation of breast and liver cancer cells, MCF-7 and HepG2
cells were seeded into 96-well plates (5 x 10> cells per well) and
cultured overnight at 37 °C in RPMI1640 or DMEM, respectively,
in an incubator containing 5% CO,. Then the medium was
discarded and 100 pL of fresh medium containing 5-FU or PTX
(pre-dissolved in DMSO) at different concentrations was added.
After incubation at 37 °C for 24 h, the medium was discarded,
and cells were incubated with fresh medium and 10 puL of CCK-8
at 37 °C for 4 h. Optical density (OD) at 450 nm was measured
using a microplate reader (VersaMax, Molecular Devices, San
Jose, CA, USA), and cell viability was calculated using the
formula:

OD of experimental group-OD of blank
OD of control-OD of blank
x 100

cell viability(%) =

Medium without drugs served as the control, while medium
without drugs or cells served as the blank.

The synergistic inhibitory effect of 5-FU and PTX on MCF-7
cell proliferation at various concentrations was evaluated
using the above method and the combination index (CI)-
isobologram equation.’® Dose-effect curves and CI values were
calculated using CompuSyn©1.0 (ComboSyn, Paramus, NJ,
USA).>” The CI values were interpreted as follows: CI = 1,
additive; CI < 1, synergistic; CI > 1, antagonistic.>®

The same process was also used to determine the cytotoxicity
of HMSNs, FA-HMSNs, and FHPL nanoparticles toward normal
Hek-293t cells, HepG2 cells, and human breast cancer cells with
different phenotypes (MCF-7, BT474, and MDA-MB-453).
Double positive breast cancer MCF-7 cells express the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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estrogen receptor (ER) and the progesterone receptor (PR) but
not human epidermal growth factor receptor-2 (HER-2).2®
Double negative breast cancer MDA-MB-453 cells express HER-2
but not ER or PR.* Triple positive breast cancer BT474 cells
express the ER, PR and HER-2.”® The same procedure was also
used to evaluate the inhibitory effect and tumor selectivity of (5-
FU+PTX)@FHL, (5-FU+PTX)@HPL, and (5-FU+PTX)@FHPL
against MCF-7 and HepGz2 cells.

MCF-7 cell apoptosis

To examine the synergistic effect of the two drugs on cell
apoptosis, 5-FU and PTX were dissolved in culture medium to
prepare a series of solutions with various concentrations. MCF-7
cells were seeded into 12-well plates (2 x 10> cells per well) and
incubated overnight at 37 °C. The medium was discarded, 1000
uL of the examined drug solution was added, and the plates were
incubated for 24 h at 37 °C. The cells were then harvested with
500 pL of EDTA-free trypsin, resuspended in 500 pL of binding
buffer, and stained with 5 pL of Annexin V-FITC and 5 pL of
propidium iodide (PI) at room temperature for 15 min in the
dark. Stained cells were detected by flow cytometry (NovoCyte
3130, ACEA Biosciences Inc, San Diego, CA, USA). Drug-free
medium was used as the control. The same process was used
to assess the effect of 5-FU@FHPL, PTX@FHPL, and (5-FU+PTX)
@FHPL on the apoptosis of MCF-7 cells.

Nuclear morphology in MCF-7 cells

MCF-7 cells were seeded on coverslips in six-well plates (1 x 10°
cells per well) and incubated overnight at 37 °C. The medium was
discarded, 2000 pL of drug solution (prepared as described
above) was added, and the plates were incubated for 24 h at 37 ©
C. Next, the solution was discarded and the isolated cells were
washed twice with PBS and fixed with 500 pL of fixative solution
for 15 min. The fixative solution was removed, the cells were
washed twice with PBS and stained with 500 pL of Hoechst 33258
solution for 15 min. Finally, the staining solution was discarded,
the cells were washed with PBS, and the coverslips with cells were
placed onto glass slides containing 10 pL of anti-fluorescence
quenching solution. Blue stained nuclei were observed with an
inverted fluorescence microscope (IX71, Olympus Optical, Tokyo,
Japan). The same process was used to investigate the effect of (5-
FU+PTX)@FHPL on the morphology of MCF-7 cell nuclei.

Cell cycle arrest

0.5 ug mL~" free 5-FU, 1 pg mL™" free PTX, 2.5 ug mL™ "' 5-
FU@FHPL+2.5 ug mL ™' PTX@FHPL, and 5 ug mL ™" (5-FU+PTX)
@FHPL were prepared using the culture medium. MCF-7 and
HepG2 cells were seeded into six-well plates at a density of 1 x
107 cells per well and incubated overnight at 37 °C. Next, the
medium was discarded, 2000 uL of the examined solution was
added, and the plates were incubated for 24 h at 37 °C. The cells
were then harvested with EDTA-free trypsin and resuspended in
300 pL of pre-chilled PBS. The resulting cell suspension was
added dropwise to 700 pL of pre-chilled absolute ethanol, and
the cells were fixed at 4 °C overnight. After centrifugation at 140
¢ for 3 min, the cells were washed twice with 1 mL of PBS and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stained with 200 pL of PI/RNase A (9 : 1) at room temperature for
30-60 min in the dark. Stained cells were finally resuspended in
PBS and detected by flow cytometry. Drug-free medium was
used as the negative control.

Wound healing assay

Free 5-FU, free PTX, FHPL, and (5-FU+PTX)@FHPL were dis-
solved in culture medium (10 pg mL '). MCF-7 cells were
seeded into six-well plates (5 x 10" cells per well) and incubated
overnight at 37 °C. After the cells were completely attached and
covered 90% of the well, the medium was discarded, and the
cells were scratched with a pipette tip to create a wound about
1 mm wide.?* Next, 1000 pL of the examined solution was added
and the cells were incubated for 0, 6, 12, and 24 h, at which time
they were photographed using an inverted fluorescence micro-
scope. The relative wound area was calculated using Image-Pro
Plus 6.0 software (Media Cybernetics, Santa Clara, CA, USA).*
Drug-free medium was used as the negative control.

Cellular uptake

MCF-7 and HepG2 cells were seeded into six-well plates (1.6 x
10° cells per well) and incubated overnight at 37 °C. The medium
was discarded and the cells were incubated at 37 °C for 30 min
with 2000 pL of medium (negative control) or medium contain-
ing one of the following: 10 ug mL ™" chlorpromazine (CPZ), an
inhibitor of clathrin-mediated endocytosis; 10 pg mL ™" filipin,
an inhibitor of caveolae-mediated endocytosis; 5 g mL ™" cyto-
chalasin D, an inhibitor of actin-mediated endocytosis; or
supersaturated FA. Other cultures were treated in the same ways
but incubated at 4 °C for 30 min to serve as the low-temperature
group. After incubation, drug solutions and medium were dis-
carded, 1 mL of FITC@FHPL suspension (10 pg mL™") in fresh
culture medium was added, and the plates were incubated at 37 ©
C or 4 °C for another 4 h. The medium was subsequently dis-
carded, and the cells were washed twice with pre-cooled PBS and
fixed with 500 uL of fixative solution for 15 min. The fixative
solution was removed, and the cells were washed twice with PBS
and observed using an inverted fluorescence microscope.

In some experiments, cells were washed twice with pre-
cooled PBS, digested with 400 puL of 0.25% trypsin, washed
again with pre-cooled PBS twice for 3 min each, then centri-
fuged at 700 g. The pelleted cells were resuspended in 0.5 mL of
PBS and analyzed by flow cytometry.

Statistical analysis

Statistical analysis was performed using SPSS 13.0 (IBM, Chi-
cago, IL, USA). All results were expressed as mean =+ standard
deviation (SD). Differences between two groups were evaluated
for significance using two-way analysis of variance. Differences
associated with P < 0.05 were considered statistically significant.

Results
Preparation and characterization of nanoparticles

The preparation of HMSNs was optimized using various reac-
tion conditions and different doses of the core template APS

RSC Adv, 2022, 12, 32534-32551 | 32537
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Table 1 Particle size distribution, polydispersity index, and zeta potential of various nanoparticles®
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Nanoparticle Size (nm) Polydispersity index Zeta potential (mV)
HMSNs 84.53 £ 1.58 0.16 £ 0.06 —22.23 £ 0.45
FA-HMSNs 103.73 £ 3.50 0.20 + 0.15 —18.93 £ 0.75
FA-HMSNs@LB 145.23 + 20.52 0.18 £+ 0.09 —28.97 £ 0.49
FA-HMSNs@p(NIPAAm-co-MAA)@LB 205.33 £ 5.32 0.28 + 0.16 —20.07 £ 1.53
5-FU@FA-HMSNs 105.50 + 8.69 0.19 £+ 0.03 —18.20 £ 0.50
5-FU@FA-HMSNs@PTX@p(NIPAAM-co-MAA)@LB 224.53 £ 6.18 0.19 £ 0.02 —16.50 = 0.70
FITC@FA-HMSNs 134.14 + 7.80 0.21 + 0.02 —18.60 £ 1.25
FITC@FA-HMSNs@p(NIPAAM-co-MAA)@LB 215.26 + 6.84 0.32 £ 0.14 —15.30 £ 1.28

% Data are shown as mean =+ SD (n = 3). FA, folic acid; FITC, fluorescein isothiocyanate; 5-FU, 5-fluorouracil; HMSNs, hollow mesoporous silica
nanoparticles; p(NIPAAm-co-MAA), poly(N-isopropyl acrylamide-co-a-methacrylic acid); PTX, paclitaxel.

and the pore-generating template CTAB (Table S1 and Fig. S17).
The preparation of 5-FU@FA-HMSNs was also optimized, and
the highest DL and EE values were achieved when the FA-
HMSNs/5-FU ratio was 1:2 and the reaction time was 24 h
(Table S27).

DLS measurements revealed that the average particle size of
bare HMSNs increased after surface modification with FA (FA-
HMSNs), after encapsulation into the lipid membrane (FA-
HMSNs@LB), as well as after loading with FITC, 5-FU, and
PTX. These results indicate that HMSNs can be effectively
modified and loaded while maintaining their negative charge
(Table 1). TEM and SEM also showed that drug-free HMSNs

were regular hollow mesoporous spheres with a uniform size
distribution and average sizes ranging between 59.76 + 3.02 nm
and 61.77 £ 5.20, good dispersibility, and no aggregation
(Fig. 1A and C). A uniform lipid membrane around the nano-
particles was observed after drug loading (Fig. 1B). The particle
size of 5-FU@FA-HMSNs, FITC@FA-HMSNs, FITC@FHPL, and
(5-FU+PTX)@FHPL was within the range of the EPR effect (Table
1), suggesting that they could be used for passive targeting.
The successful synthesis of HMSNs was verified based on the
characteristic FTIR absorption peaks of SiO, at 459, 801, and
1050 em ™. FA modification was also confirmed based on the
characteristic FTIR absorption peaks of the amide bond at

Fig. 1 Transmission electron micrographs of (A) drug-free nanoparticles [(a) HMSNs, (b) FA-HMSNS, (c) FA-HMSNs@LB, (d) FA-HMSNs@p(NI-
PAAmM-co-MAA)@LB] and (B) drug-loaded nanoparticles [(a) 5-FU@FA-HMSNS, (b) 5-FU@FA-HMSNs@p(NIPAAmM-co-MAA)@LB, (c) FITC@FA-
HMSNs@p(NIPAAM-co-MAA)@LB, (d) 5-FU@FA-HMSNs@PTX@p(NIPAAmM-co-MAA)@LB]. (C) Scanning electron micrographs of HMSNS. FA, folic
acid; FITC, fluorescein isothiocyanate; 5-FU, 5-fluorouracil; HMSNs, hollow mesoporous silica nanoparticles; p(NIPAAmM-co-MAA), poly(N-

isopropyl acrylamide-co-a-methacrylic acid); PTX, paclitaxel.
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co-MAA)]. (D) Thermogravimetric analysis of free drugs and various nanoparticles. (E) N, adsorption/desorption isotherms and pore size
distribution of HMSNs. (F) Changes in the particle size of FA-HMSNs@p(NIPAAmM-co-MAA)@LB (FHPL) over time at different temperatures. Data
are shown as mean + SD (n = 3). FA, folic acid; FITC, fluorescein isothiocyanate; 5-FU, 5-fluorouracil; HMSNs, hollow mesoporous silica

nanoparticles; PTX, paclitaxel.

1560 cm™ ' (Fig. 2A), indicating that FA conjugated to HMSNs
via an amide bond. Free FITC and FITC@FA-HMSNs showed
the same characteristic fluorescence peaks (Fig. 2B), indicating
that FITC was successfully loaded on FA-HMSNs.

Differential scanning calorimetry showed that the LCST of
p(NIPAAm-co-MAA) varied significantly depending on the
NIPAM/MAA ratio. Interestingly, when the ratio was 85: 15, the
LCST of the polymer (38.95 °C) was close to the temperature of
tumor tissues, thus was chosen as the optimum ratio for
preparation of p(NIPAAm-co-MAA) (Fig. 2C). The polymer also
formed a clear and transparent solution in deionized water at
room temperature, but a white precipitate was observed when
the temperature was above the LCST (Fig. S2t); the polymer
gradually redissolved when the temperature dropped to room
temperature. In addition, thermogravimetric analysis showed
that the weight of FA-HMSNs, 5-FU@FA-HMSNs, and (5-
FU+PTX)@FHPL decreased with increasing temperature by
about 20%, 25%, and 62%, respectively (Fig. 2D), indicating the
successful modification of FA-HMSNs with p(NIPAAm-co-MAA).

According to the IUPAC classification, the N, adsorption/
desorption isotherms of HMSNs were typical type IV isotherms
with an obvious H1 hysteresis loop at P/P, = 0.8-1.0 (Fig. 2E),
confirming that HMSNs had a hollow, mesoporous structure.
Using the Barret-Joyner-Halenda method, we determined the
average pore diameter of HMSNs to be 21.85 + 1.21 nm, the
Brunauer-Emmett-Teller surface area to be 188.39 £ 2.35 m®
g~ !, and the average pore volume to be 2.55 + 0.46 cm® g ™.
These results indicate that HMSNs contained a large hollow
volume, a large mesopore volume and a large specific surface
area; these characteristics are highly desirable for drug loading.

The FHPL nanoparticles were also dissolved in deionized water,
and changes in their particle size were monitored for 15 days at

© 2022 The Author(s). Published by the Royal Society of Chemistry

room temperature and 4 °C. Although significant aggregation was
observed at 25 °C over time, the particle size remained almost
unchanged at 4 °C (Fig. 2F), suggesting that the nanocarriers
should be stored at low temperature. We also found that the FHPL
nanoparticles remained stable for 24 h at room temperature in
PBS, saline, RPMI1640 medium, and DMEM (Fig. S37).

In vitro drug release

The DL and EE values of 5-FU in FA-HMSNs were calculated at
28.49 £ 3.25% and 20.52 £ 3.31%, respectively (Table S2t), while
the DL of PTX in (5-FU+PTX)@FHPL was 14.29 + 2.11%, and the
EE of PTX was close to 100% since it was completely loaded in the
lipid membrane. In addition, the maximum release rate of 5-FU
from (5-FU+PTX)@FHL and (5-FU+PTX)@FHPL at 37 °C and pH
5.0 was 11.34 + 5.21%, while that of PTX was 15.15 + 4.47%.
Lower rates were observed at the same temperature but higher
pH of 6.8 or 7.4 (Fig. 3A-D), indicating that both nanocarriers
were stable under physiological conditions and might have fewer
toxic effects on normal tissues and organs. In contrast, the
release rate of PTX from (5-FU+PTX)@FHPL at pH 5.0 and 41 °C
reached about 50% within 6 h and 85.68 + 5.52% within 48 h
(Fig. 3H). Similarly, the release rate of 5-FU under the same
conditions reached ~40% within 12 h and 82.45 £ 4.31% within
48 h (Fig. 3F). However, when the pH increased to 6.8 or 7.4, (5-
FU+PTX)@FHPL showed weaker drug release properties than at
pH 5.0, indicating that the (5-FU+PTX)@FHPL nanoplatform has
good pH- and temperature-responsive properties and has the
potential to release both drugs in the tumor microenvironment
in a targeted, sustained manner.

The drug release curves of (5-FU+PTX)@FHPL at 41 °C and
pH 5.0 were also fitted to six commonly used in vitro models of

RSC Adv, 2022, 12, 32534-32551 | 32539
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Fig. 3

In vitro release profiles of 5-fluorouracil (5-FU) and paclitaxel (PTX) from 5-FU@FA-HMSNs@PTX@LB [(5-FU+PTX)@FHL] and 5-FU@FA-

HMSNs@PTX@p(NIPAAM-co-MAA)@LB [(5-FU+PTX)@FHPL] at (A-D) 37 °C and (E—H) 41 °C. Data are shown as mean + SD (n = 3). HMSNs,
hollow mesoporous silica nanoparticles; p(NIPAAmM-co-MAA), poly(N-isopropyl acrylamide-co-a-methacrylic acid).

sustained drug release preparations using Origin Plus 2016
software (Table S3 and Fig. S51).>>* Goodness of fit (R*) indi-
cated that the in vitro release of 5-FU and PTX fitted well into all
models except the zero-order dynamics model, suggesting that
(5-FU+PTX)@FHPL can release both drugs in a sustained
manner through diffusion and erosion processes.

32540 | RSC Adv, 2022, 12, 32534-32551

Inhibitory effect of free 5-FU and PTX on cell proliferation

The effects of free 5-FU and PTX, alone or in combination, on
tumor cell proliferation were assessed using the CCK-8 assay.
Both free drugs inhibited the proliferation of MCF-7 and
HepGz2 cells in a concentration- and time-dependent manner,
while the optimum activity was observed after treatment for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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24 h (Fig. 4). The ICs, values for 5-FU were 0.26 pg mL™ ' group was significantly better than that of the individual drugs
against MCF-7 cells and 5.0 ug mL~' against HepG2 cells, at all concentrations examined (Fig. 5B). The isobologram
while the corresponding values for PTX were 0.4 pg mL~" and demonstrated a synergistic effect at all concentrations except
1.2 pg mL~'. These results indicate that free 5-FU and PTX 0.0625 ug mL ™" (Fig. 5E and F).
have a better inhibitory effect on MCF-7 cells than on The synergistic effect of 5-FU and PTX on MCF-7 cell
HepG2 cells. apoptosis was further assessed using PI/Annexin V-FITC
Compared to each drug on its own, the combination of 5-FU  double staining and flow cytometry. The combined applica-
and PTX at different ratios had a better inhibitory effect on tion of 5-FU and PTX at two different concentrations led to an
MCF-7 cell proliferation at 24 h, but no significant increase was apoptosis rate of around 27%, which was considerably higher
observed with increasing drug dosage (Fig. 5A). Five points than that of either drug on its own (5-FU: 10.4% and 12.5%;
corresponding to 5-FU/PTX ratios of 1:2, 2:5, 4:5, 5:6, and PTX: 15.8% and 19.1%) (Fig. 6A), confirming their synergistic
13:20 were below the line of 1 in the respective isobologram inhibitory activity.
(Fig. 5C and D), suggesting that the two drugs synergistically The nuclei of MCF-7 cells treated with both drugs were also
inhibited the proliferation of MCF-7 cells. When the 5-FU/PTX stained with Hoechst 33258 and observed by fluorescence
ratio was set at 13:20, the inhibitory effect of the 5-FU+PTX microscopy (Fig. 6B). The nuclei in the control group had
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Fig. 6 (A) Apoptosis of MCF-7 cells after treatment with different concentrations of 5-fluorouracil (5-FU) and paclitaxel (PTX), alone or in
combination, as determined by PI/Annexin V-FITC staining and flow cytometry. Ql-upper left, PI* (cells undergoing necrosis); Ql-upper
right, Annexin V-FITC + PI* (cells in late apoptosis and secondary necrosis); Ql-lower right, Annexin V-FITC + PI~ (cells in early apoptosis);
Q1-lower left, Annexin V-FITC — PI™ (living cells). The total apoptotic rate was calculated as the sum of the proportions in the Ql-upper right
and Q1l-lower right areas. (B) MCF-7 cell nuclei stained with Hoechst 33258 (magnification, 20 x) after treatment for 24 h with (a) control (O
pg mL™Y), (b) 5-FU (0.52 pg mL™Y), (c) PTX (0.8 pg mL™Y), (d) 5-FU (0.52 pg mL™%) + PTX (0.8 pg mL™), (e) 5-FU (1.04 pg mL™Y), (f) PTX (1.6 pg
mL™Y), or (g) 5-FU (1.04 pg mL™) + PTX (1.6 pg LY. Red arrows indicate chromatin condensation, nuclear fragmentation, and apoptotic
bodies. All conditions were analyzed in triplicate in at least three independent experiments. FITC, fluorescein isothiocyanate; Pl, propidium
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3). FA, folic acid; p(NIPAAmM-co-MAA), poly(N-isopropyl acrylamide-co-a-methacrylic acid).

a regular or nearly round shape and uniform size, and the blue
color was evenly distributed. In contrast, cell nuclei in the drug-
treated groups were densely stained, while some nuclei
appeared to shrink and divide, indicating that 5-FU and PTX
can effectively induce cancer cell apoptosis.

Cytotoxicity of drug-free nanoparticles

Drug-free nanoparticles showed no significant cytotoxicity
against normal or tumor cells, suggesting the safety of HMSNs
(Fig. 7). FHPL nanoparticles were more cytotoxic to MCF-7 cells

© 2022 The Author(s). Published by the Royal Society of Chemistry

than HMSNs and FA-HMSNs (Fig. 7A) but less cytotoxic to
normal Hek-293t cells (Fig. 7E), suggesting that they can be
used to selectively target MCF-7 cells.

Inhibitory effect of (5-FU+PTX)@FHPL on tumor cell
proliferation

The proliferation of MCF-7 and HepG2 cells was significantly
reduced after treatment with six different formulations. In
particular, MCF-7 cells treated with (5-FU+PTX)@FHPL for 24
and 48 h showed significantly lower proliferation than cells

RSC Adv, 2022, 12, 32534-32551 | 32543
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Fig. 8 Proliferation of MCF-7 and HepG2 cells after treatment with various doses of free drugs and drug-loaded nanoparticles for (A-B) 24 h and
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treated with free 5-FU, free PTX, 5-FU@FHPL, or PTX@FHPL at
most concentrations, and significant difference was observed
between the (5-FU+PTX)@FHPL and 5-FU@FHPL+PTX@FHPL
groups at three concentrations after treatment for 48 h (Fig. 8A
and C). Similar results were obtained for HepG2 cells treated
with (5-FU+PTX)@FHPL for 48 h, however, no significant
difference was observed between HepG2 cells treated with (5-
FU+PTX)@FHPL and 5-FU@FHPL+PTX@FHPL (Fig. 8D).
Besides, almost no significant difference was observed between
the (5-FU+PTX)@FHPL group and the other five groups after
treatment for 24 h (Fig. 8B), suggesting that the dual-loaded
nanoparticles exert stronger effects against MCF-7 cells than
against HepGz2 cells.

Tumor cell selectivity

(5-FU+PTX)@FHL, (5-FU+PTX)@HPL, and (5-FU+PTX)@FHPL
at concentrations of 0-50 pg mL ™" had insignificantly different
inhibitory effects on MCF-7 cell proliferation after 24 h of
treatment (Fig. 9A), as well as on HepG2 cell proliferation after
24 and 48 h (Fig. 9B and D). (5-FU+PTX)@FHPL at concentra-
tions of 10, 20, 30, or 50 pg mL " had a significantly stronger
inhibitory effect against MCF-7 cells compared to the other two
groups after 48 h of treatment (Fig. 9C), indicating that the dual-
modified nanoparticles can selectively inhibit the proliferation
of MCF-7 cells.

32544 | RSC Adv, 2022, 12, 32534-3255]

Effect of drug-loaded FHPL nanoparticles on tumor cell
apoptosis

To examine the effect of the developed formulations on cell
apoptosis, MCF-7 cells treated with drug-loaded nanoparticles
were stained with PI/Annexin V-FITC and analyzed by flow
cytometry. Treatment of MCF-7 cells with 5 or 10 pg mL ™" (5-
FU+PTX)@FHPL for 24 h resulted in respective apoptosis rates of
26.15% and 35.85%, which were considerably higher than those
achieved with 5-FU@FHPL (8.27% and 23.48%) and PTX@FHPL
(17.09% and 26.96%), suggesting that 5-FU and PTX act syner-
gistically to induce apoptosis in cancer cells (Fig. 10A).

The nuclei of MCF-7 cells treated with (5-FU+PTX)@FHPL
were also stained with Hoechst 33258 and observed by fluores-
cence microscopy. Cell nuclei in the control group had uniform
size and regular or nearly round shape, and the blue color was
evenly distributed. In contrast, the nuclei in the drug-treated
groups were densely stained, while some of them appeared to
shrink or divide, confirming that (5-FU+PTX)@FHPL can effec-
tively induce apoptosis in MCF-7 cells (Fig. 10B).

Cell cycle arrest

Free drugs and drug-loaded nanoparticles effectively blocked the
cell cycle at the S phase in MCF-7 cells, with (5-FU+PTX)@FHPL
showing a more significant effect (Fig. 11A and B). Some cells
were also detected in the sub-G1 phase, probably due to cell

© 2022 The Author(s). Published by the Royal Society of Chemistry
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apoptosis induced by (5-FU+PTX)@FHPL. In contrast, none of the
examined formulations induced cell cycle arrest in HepG2 cells
(Fig. 11C and D), suggesting that (5-FU+PTX)@FHPL nano-
particles can selectively induce cell cycle arrest in MCF-7 cells.

Wound healing

Wounds in the control and FHPL-treated groups were
completely healed after 24 h treatment (Fig. 12). In contrast,
only 20% of wound healing was achieved in the free drug-
treated groups, suggesting that 5-FU and PTX can partially
inhibit the migration of MCF-7 cells. Interestingly, (5-FU+PTX)
@FHPL further hindered the wound healing process after 24 h
treatment, indicating that the two drugs act synergistically to
inhibit cell migration.

Cellular uptake

In order to investigate the cellular uptake of the prepared
nanoparticles, MCF-7 and HepG2 cells were treated with
FITC@FHPL, and the green fluorescence of FITC was observed
by fluorescence microscopy. The uptake of FITC@FHPL was
significantly inhibited in the low-temperature group (Fig. 13A

© 2022 The Author(s). Published by the Royal Society of Chemistry

and C), suggesting that the nanoparticle endocytosis is an
active, energy-dependent process. In addition, CPZ, filipin, and
cytochalasin D significantly reduced the uptake of nano-
particles by HepG2 cells compared to control, indicating that
the nanoparticles enter HepG2 cells through clathrin-, caveolae-
and actin-mediated endocytosis. In contrast, CPZ, but not fili-
pin or cytochalasin D, significantly reduced the uptake of
FITC@FHPL by MCF-7 cells, suggesting that the developed
nanoparticles enter MCF-7 cells through a clathrin-mediated
process. Furthermore, we found that supersaturated FA signif-
icantly inhibited the uptake of FITC@FHPL by MCF-7 cells but
not by HepG2 cells, indicating that the nanoparticles were
internalized by MCF-7 cells through folate receptor-mediated
endocytosis. These results were confirmed by flow cytometry
(Fig. 13B and D) and semi-quantification of flow cytometry
results (Fig. 13E).

Discussion

In this study, we constructed a composite nanoplatform with
large hollow and mesopore volume and high specific surface

RSC Adv, 2022, 12, 32534-32551 | 32545
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(A) Apoptosis of MCF-7 cells after treatment with single- or dual-loaded nanoparticles, as determined by Pl/Annexin V-FITC staining and

flow cytometry. Ql-upper left, PI* (cells undergoing necrosis); Ql-upper right, Annexin V-FITC + PI* (cells in late apoptosis and secondary
necrosis); Ql-lower right, Annexin V-FITC + PI™ (cells in early apoptosis); Ql-lower left, Annexin V-FITC — PI™ (living cells). The total apoptotic
rate was calculated as the sum of the proportions in the Ql-upper right and Q1-lower right areas. (B) MCF-7 cell nuclei stained with Hoechst
33258 (magnification, 20 x) after treatment with (5-FU+PTX)@FHPL [(a) 0 pg mL™* (control), (b) 5 ug mL™?, (c) 10 ug mL™?, (d) 20 pug mL™Y. Red
arrows indicate chromatin condensation, nuclear fragmentation, and apoptotic bodies. All conditions were analyzed in triplicate in at least three
independent experiments. FITC, fluorescein isothiocyanate; 5-FU, 5-fluorouracil; Pl, propidium iodide; PTX, paclitaxel.

area for the targeted co-delivery of chemotherapeutic drugs with
different physicochemical properties.

At first, HMSNs were modified with FA to reduce their
internalization by normal cells and enhance their targeting
ability to tumor cells, such as MCF-7, which are known to
overexpress d-folate receptors. Our results revealed that (5-
FU+PTX)@FHPL nanoparticles can specifically target MCF-7
cells over HepG2 cells and induce cell apoptosis and cell cycle
arrest. Similarly, another group has developed shape-controlled
HMSNs modified with polyethylene glycol and FA, which
selectively targeted human cervical cancer HeLa cells over-
expressing o-folate receptors.’” According to this, our FHPL

32546 | RSC Adv, 2022, 12, 32534-3255]

nanoparticles may have application prospects in the synergistic
treatment of cervical cancer and other tumors which over-
express a-folate receptors.

In order to achieve controlled drug release in the tumor
microenvironment and reduce toxic side effects on normal
tissues, the HMSNs were also modified with the pH- and
temperature-responsive polymer P(NIPAAmM-co-MAA).*®
Furthermore, the nanoparticles were encapsulated into lipid
membranes to improve the poor solubility of PTX and enhance
biocompatibility.***® Another group constructed a carrier con-
sisting of lipid-coated hollow mesoporous silica nanospheres
(L-HMSNs) for co-delivery of doxorubicin (DOX) and PTX to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synergistically inhibit the proliferation of human lung cancer
A549 cells.** The team loaded the water-soluble DOX and water-
insoluble PTX into L-HMSNs similarly to how we loaded
hydrophilic 5-FU into HMSNs and wrapped hydrophobic PTX in
the lipid membrane. However, they did not include any
stimulus-responsive materials in the lipid membrane of L-

© 2022 The Author(s). Published by the Royal Society of Chemistry

HMSNSs, nor did they further modify the hollow mesoporous
silica nanospheres. Similarly, other previously reported meso-
porous silica nanoparticles (MSN)-based composite carriers
have not included stimulus-responsive materials or modifica-
tions.*** By contrast, our HMSNs were modified with FA and
the polymer p(NIPAAm-co-MAA), which endowed HMSNs with

RSC Adv, 2022, 12, 32534-32551 | 32547
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(A) Wound healing micrographs (magnification, 10x) and (B) relative wound areas after treatment with various formulations for different

periods. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (two-way analysis of variance). Data are shown as mean + SD (n = 3). 5-FU, 5-fluorouracil;

PTX, paclitaxel.

tumor cell selectivity and tumor microenvironment respon-
siveness. Another group has developed a light/redox dual-
stimuli responsive MSN to target HepG2 cells, but these parti-
cles were loaded with single drug, DOX, so it is unclear whether
this platform can support combination therapy.**

Cancer cell membrane-coated MSNs loaded with super-
paramagnetic ferroferric oxide and PTX have been reported that
can target MDA-MB-231 cells, but the PTX inside the MSNs was
released within 1 h, which cannot provide sustained drug
release.” In contrast, our in vitro studies showed that the release
of PTX from (5-FU+PTX)@FHPL reached ~50% within 6 h at
41 °C and pH 5.0, while only 40% release of 5-FU was achieved
within 12 h under the same conditions. Our drug release
properties are consistent with the fact that in combination
chemotherapy, PTX is administered before long-term adminis-
tration of 5-FU.>*%® In addition, less than 20% of 5-FU and PTX
were released from our (5-FU+PTX)@FHPL at 37 °C and pH 6.8,
in contrast to the release of 80% of DOX and 100% of PTX

32548 | RSC Adv, 2022, 12, 32534-32551

within 12 h from L-HMSNs under the same conditions.** These
results confirm that drug release from (5-FU+PTX)@FHPL is
pH- and temperature-responsive.

Our study provides new insights into the application of 5-FU
and PTX in the synergistic treatment of cancer and the devel-
opment of new anti-tumor treatments. In future studies, we will
evaluate the targeting ability, tumor inhibitory effect and
biocompatibility of the nanoparticles in vivo, as well as explore
their potential application to the delivery of other active
substances and the treatment of other tumors.

Conclusions

HMSNs modified with FA and a pH- and temperature-
responsive polymer were co-loaded with 5-FU and PTX and
encapsulated into lipid membranes for synergistic breast
cancer treatment. The synthesized nanodelivery system showed
good biocompatibility in vitro, released both drugs in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a sustained manner, selectively targeted tumor cells over-
expressing o-folate receptors, and improved the effect of free
drugs on cell cycle arrest and cell migration, while reducing the
necessary dosage and side effects. We expect that this nano-
delivery system will provide a new thinking for the development
of new strategies for the synergistic treatment of tumors.
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