International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Natural material-decorated mesoporous silica
nanoparticle container for multifunctional
membrane-controlled targeted drug delivery

Yan Hu'

Lei Ke?

Hao Chen'

Ma Zhuo'

Xinzhou Yang'

Dan Zhao'

Suying Zeng'

Xincai Xiao'

'Department of Pharmaceutics, School
of Pharmaceutical Science, South-
Central University for Nationalities,
2Department of Medicinal Chemistry,
School of Pharmacy, Tongji Medical
College, Huazhong University of

Science and Technology, Wuhan,
People’s Republic of China

Correspondence: Yan Hu; Xincai Xiao
School of Pharmaceutical Science,
South-Central University for
Nationalities, 182 Minyuan Road, Wuhan
430074, People’s Republic of China

Tel +86 189 4291 5517;

+86 27 6784 1196

Email huyan200277@ 163.com;
xcxiao@mail.scuec.edu.cn

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Number of times this article has been viewed

Abstract: To avoid the side effects caused by nonspecific targeting, premature release, weak
selectivity, and poor therapeutic efficacy of current nanoparticle-based systems used for
drug delivery, we fabricated natural material-decorated nanoparticles as a multifunctional,
membrane-controlled targeted drug delivery system. The nanocomposite material coated with
amembrane was biocompatible and integrated both specific tumor targeting and responsiveness
to stimulation, which improved transmission efficacy and controlled drug release. Mesoporous
silica nanoparticles (MSNs), which are known for their biocompatibility and high drug-loading
capacity, were selected as a model drug container and carrier. The membrane was established
by the polyelectrolyte composite method from chitosan (CS) which was sensitive to the acidic
tumor microenvironment, folic acid-modified CS which recognizes the folate receptor expressed
on the tumor cell surface, and a CD,, receptor-targeted polysaccharide hyaluronic acid.
We characterized the structure of the nanocomposite as well as the drug release behavior under
the control of the pH-sensitive membrane switch and evaluated the antitumor efficacy of the
system in vitro. Our results provide a basis for the design and fabrication of novel membrane-
controlled nanoparticles with improved tumor-targeting therapy.

Keywords: multifunctional, membrane-controlled, natural materials, mesoporous silica

nanoparticles, targeted drug delivery

Introduction
The majority of existing antitumor chemotherapeutic agents have toxic effects on
normal cells, leading to undesirable side effects.! An ideal drug delivery system
accurately releases the drug at a precise time and location, thereby reducing the pos-
sibility of premature or off-target effects.” Despite recent advances in nanoparticle
drug delivery systems, achieving an optimal therapeutic effect remains a significant
challenge.>* An advantage of nanoparticle carriers such as mesoporous silica nanopar-
ticles (MSNs),5 2 liposomes,'* '* and carbon nanotubes,'é which are usually considered
to be the drug storage “warehouse” for drug delivery, is their high drug-loading (DL)
capacity. However, there is a need to increase the stability and biocompatibility of
these carriers and improve their target specificity for effectively accurate release at
fixed time and location, to avoid off-target or leakage release.!”'®

Most existing nanoparticle carriers lack the capacity for both tumor targeting
and controlled release. Moreover, their preparation is a complicated process using
costly raw materials; they can also exhibit poor biocompatibility or even toxicity.
Surface modification of nanoparticles can improve their safety and efficacy in drug
delivery systems.
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Currently, the main idea of the intelligent design of
drug delivery system is controlling the drug release based
on the tumor surface receptor targeting and physiological
environment.' Natural materials have unique advantages
for drug delivery applications since they are not limited in
terms of availability, technology required for preparation,
amenability to target modification, or cost and are biocom-
patible, biodegradable, and safe. In addition, many natural
materials exhibit unique physiological characteristics. For
example, chitosan (CS) dissolves at low pH, which can be
exploited for acid-sensitive drug release in the acidic tumor
microenvironment.** Moreover, both the ~OH and —NH,
groups in the CS molecule are easily modified for increased
functionality. In addition to its moisturizing properties,
hyaluronic acid (HA) and its endogenous receptor cluster
of differentiation CD,,,
been linked to tumor growth, invasion, and metastasis.”!

a transmembrane glycoprotein, have

Drug delivery systems have been developed to combine the
specificity of the HA/CD,, interaction with their respective
carrier and targeting functions.”>* MSN has good potential
as a carrier for drug delivery due to its mesoporous structure,
high specific surface area, biocompatibility, and high DL
capacity.?*%

Therefore, the combination of natural materials and a
nanoparticle carrier first solves the problem of the biocom-
patibility of the drug delivery system, and second the excel-
lent physiological response and modification of the natural
materials lay the foundation for realizing the multifunctional
transportation of the drug delivery system and accurate
drug release at a fixed time and location. In this study, we
designed a multifunctional membrane-controlled MSN-based
drug delivery system that exploits the physiological respon-
siveness of natural materials. We evaluated its capacity for
drug delivery and antitumor efficacy in vitro. Our results
demonstrate that this system can improve the efficacy of
cancer chemotherapy.

Materials and methods

Materials

HA (molecular weight [MW]: 3.3x10°) was obtained from
Freda Biological Technology Co., Ltd (Shandong, People’s
Republic of China). CS (MW: 1x10°) with a deacetylation
degree of 95% was obtained from Jinke Biochemistry Co.,
Ltd (Zhejiang, People’s Republic of China). Cetyltrim-
ethylammonium bromide (CTAB), tetracthyl orthosilicate
(TEOS), ethylene glycol, and succinic anhydride were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, People’s Republic of China). 3-(Aminopropyl)

trimethoxysilane, doxorubicin (DOX), folic acid (FA),
1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide (EDC),
and N-hydroxysuccinimide (NHS) were purchased from
Aladdin Reagent Co., Ltd (Shanghai, People’s Republic of
China). Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal bovine serum (FBS), trypsase, penicillin—streptomycin
3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) and Hoechst33258 were purchased from
Sigma-Aldrich Co (St Louis, MO, USA). All the other
reagents were of analytical grade. HepG2 cells and L02
cells came from Shanghai Institutes for Biological Sciences
of the Chinese Academy of Sciences (Shanghai, People’s
Republic of China).

MSN synthesis

MSNs were prepared by adapting a previously described
sol-gel method.’*? Briefly, 1.2 g N-CTAB was dissolved
in ultrapure water at 60°C with vigorous stirring. A 30 mL
volume of ethylene glycol and 7.2 mL ammonia solution
(25%—-28%) were added with stirring until the solution was
clear; 2.4 mL TEOS was rapidly added, and the mixture
was stirred for 2 h at 60°C and then stored at 60°C for
24 h followed by storage at 4°C overnight. After washing
three times with ethanol, the product was vacuum dried at
50°C. To remove the surfactant, the as-synthesized product
was refluxed in 54.30 mL absolute ethanol with 0.54 mL
hydrochloric acid (36%-38%) at 80°C for 6 h; the process
was repeated six times. The final product was collected by
centrifugation, washed with ethanol followed by water four
times, and dried at 50°C under vacuum.

Amino-functionalized MSN synthesis and

carboxylation

The surface of MSNs was functionalized with amine groups
(-NH,) by treatment with 3-aminopropyl trimethoxysi-
lane (APTS).3** The as-synthesized MSNs (0.2 g) were
dispersed in anhydrous toluene (20 mL) containing APTS
(0.40 mL) under vigorous stirring. The mixture was gen-
tly stirred for 24 h at 120°C. The product (MSN-NH,)
was centrifuged and washed with ultrapure water and
methanol three times, and then vacuum dried at 50°C.
The MSN-NH, (0.2 g) was dispersed in acetone (20 mL)
under ultrasound with vigorous stirring for 4 h. Acetone
(20 mL) containing succinic anhydride (3 g) was added
to the solution with stirring for another 24 h. The resul-
tant powder (MSN-COOH) was filtered and rinsed with
ultrapure water and ethanol three times to remove residual
acidic compounds.*
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Synthesis of FA-modified CS (FA-CS)
FA (74 mg; 0.167 mmol) was added to 29.5 mL dimethyl
sulfoxide (DMSO) and dissolved thoroughly at room
temperature. Then, 322 mg EDC (1.68 mmol) and 190 mg
NHS (1.68 mmol) were added at room temperature in the
dark and stirred for 1 h to obtain the red-brown FA-activated
ester DMSO solution.** CS (29.7 mg) was dissolved in
7.5 mL acetic acid—sodium acetate buffer (pH 7.4), and
then the FA-active ester in DMSO solution was added with
magnetic stirring for 24 h in the dark at room temperature.
After the reaction, 0.1 mol/L NaOH solution was added
to the mixture, and the pH was adjusted to 9. The mixture
was dialyzed for 3 days in phosphate-buffered saline (PBS;
pH 7.4) to remove the phosphoric acid salt, and then in ultra-
pure water for 3 more days. Finally, FA-CS was obtained by
freeze-drying. To measure the FA content in the FA-CS, the
prepared FA-CS was dissolved in 1% acetic acid solution
and prepared to a certain concentration. According to the
characteristic absorption of FA at 363 nm, a standard curve
was used to calculate the FA content in FA-CS. FA coupling
ratio = (the amount of FA in the FA-CS/the amount of FA
used) X 100%. According to this equation, the FA coupling
ratio of FA-CS was calculated to be 27.0%.

Drug loading and capping with functional

membrane
Due to its water solubility and fluorescence properties, DOX
was selected as the model drug to evaluate the drug delivery
behavior of the carrier. DOX (1 mg/mL) was prepared in PBS
(7.4),” and the nanoparticles (MSN, MSN-NH,, or MSN-
COOH) were dispersed in the DOX aqueous solution. After
stirring in the dark for 24 h, the drug-loaded nanoparticles
were collected by centrifugation, rinsed twice with PBS, and
then freeze-dried. The liquid supernatants were combined and
determined to calculate DL and entrapment efficiencies.
Composite functional membranes were prepared by the
polyelectrolyte composite method and layer-by-layer (LbL)
self-assembly.’*** The nanoparticles (MSN, MSN-NH,, or
MSN-COOH) were resuspended in 10 mL ultrapure water
(1 mg/mL). The first layer was deposited by adding 5 mL of
CS (pH 3.5, 1 mg/mL) or HA (1 mg/mL) to the aforemen-
tioned solution. The mixture was incubated by gentle shaking
to allow the adsorption of CS onto the negatively charged
MSN (or MSN-COOH) or of HA onto the positively charged
MSN-NH,. Excess CS or HA was removed by three rounds of
centrifugation (18,000 rpm, 10 min) followed by washing and
re-dispersal in water. The subsequent layers were prepared in
the same manner. The two polyelectrolytes were alternately

deposited until the desired number of coating layers was
reached. The polyelectrolyte multilayers of CS and HA were
deposited onto the DOX-loaded MSN or MSN derivatives by
the same method. The membrane-controlled nanoparticles
with three layers and surface layer covered with HA were
labeled as DOX@MSN-NH, (HA/CS/HA); and nanoparticles
with four layers and a surface layer covered by FA-CS were
labeled as DOX@MSN-NH, (HA/CS/HA/FA-CS).

Characterization of MSN, MSN

derivatives, and membrane-coated MSN
The diameter, distribution, and dispersity of the MSNs
were evaluated by dynamic light scattering (DLS). MSNs
(0.1 mg/mL) were dispersed ultrasonically in ultrapure water.
After dilution in the detection pool, three parallel measure-
ments were performed for each sample and the average
value was calculated. The surface morphology of MSNs was
examined by scanning electron microscopy (SEM; JEOL,
Tokyo, Japan) after coating a small amount of sample (0.2 g)
with gold. MSN and membrane-coated MSN morphology
was examined by transmission electron microscopy (TEM).
Formvar was used to support the copper net; the sample
dispersed in ultrapure water (0.1 mg/mL) was added to the
copper net and dried before detection.

The small-angle X-ray diffraction (XRD) pattern of the
dried MSN sample was determined on a D8 Advance instru-
ment (Bruker Optik GmbH, Ettlingen, Germany). The tube
voltage and current were 40 kV and 40 mA, respectively.
N, adsorption was measured on a fully automatic physi-
cochemical adsorption analyzer (Autosorb-1C-Tcd-Mass;
Quantachrome Instruments, Boynton Beach, FL, USA).

The chemical structure of MSNs, modified MSNs, and
FA-CS was characterized by infrared (IR) spectroscopy. The
sample was mixed with KBr powder and pressed into tablets.
The spectra were measured on a Fourier transform (FT)-IR
spectrometer (Spectrum One; PerkinElmer Inc., Waltham,
MA, USA) in the wavelength range of 400—4,000 cm™" with
a resolution of 4 cm™.

The stability of MSNs, modified MSNs, and membrane-
coated MSNs dispersed in ultrapure water (0.1 mg/mL) was
determined using a potentiometer (Malvern Instruments,
Malvern, UK). The zeta potential of the membrane-decorated
nanocomposites in different physiological conditions (such
as saline solution at pH 7.4 and PBS solution) was also
determined. Thermogravimetric (TG) analysis of MSNs
and the modified MSNss (5 mg) (TG 209F3; Netzsch, Selb,
Germany) was carried out at a heating rate of 10°C/min from
40°C to 700°C under an N, atmosphere.
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Analysis of in vitro drug release
DOX@MSN, DOX@MSN-NH,, DOX@MSN-COOH,
and DOX@MSN-NH,(HA/CS/HA/FA-CS) (5 mg) were
dispersed in 1 mL PBS (pH 7.4) or acetic acid—sodium acetic
buffer solution (pH 5.0) and then transferred to a dialysis tube
(MW cutoff =14,000) that was immersed in a centrifuge tube
containing 5 mL PBS or acetic acid—sodium acetic buffer
solution, respectively, at 37°C with shaking at 100 rpm under
light-sealed conditions. At specific times (0.5, 1.5, 3.5, 5.5,
8.5,11.5,24, 36, and 48 h), the release medium was replaced
with an equivalent volume of fresh release medium. DOX
content in the release medium was determined by ultravi-
olet—visible light (UV-Vis) spectrophotometry (Lambda
35; PerkinElmer Inc.) at a wavelength of 483 nm and was
calculated with a standard curve equation. The DL efficiency
and encapsulation efficiency (EE) of the nanoparticles were
determined using the following equations:

DOX in feed — free DOX

Nanoparticles in feed

DL% =

x100% (1)

DOX in feed — free DOX
DOX in feed

EE% =

x100%  (2)

The cumulative release of DOX was calculated using the
following equation:

V,C,+VEC

Cumulative release (%) = 0D % 100% (3)

where C_and C(‘H)
n and n—1, respectively; V is the initial volume of the drug

are the DOX concentrations for samples

release medium; V is the sampling volume; and w is the
mass of drug loaded.

Cell culture and cell uptake experiments
Human normal liver (L02) and liver tumor (HepG2) cells
were seeded in DMEM containing 10% heat-inactivated
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin and
cultured in a humidified incubator at 37°C and 5% CO,. The
culture medium was changed every 2 days.

Cellular uptake and intracellular release behaviors of
DOX-loaded nanoparticles in HepG2 cells were evaluated
by fluorescence microscopy on an IX-51 inverted micro-
scope equipped with a 100 W mercury—xenon arc lamp as
an excitation light source and high-speed charge-coupled
device camera (Olympus Corporation, Tokyo, Japan). HepG2
cells seeded in six-well plates at a density of 1x10%/well

were incubated with free DOX and DOX-loaded composite
nanoparticles (final DOX concentration: 10 pg/mL) at 37°C
for 2 h. After fixing with 4% paraformaldehyde solution for
30 min, cells were washed three times with PBS, and nuclei
were stained with 10 pg/mL Hoechst 33258 in DMEM for
15 min. The culture supernatant was removed, and cells were
rinsed twice with PBS prior to observation.

The role of FA and CD,, receptors in receptor-mediated
uptake was investigated by confocal laser scanning micros-
copy (CLSM; LSM 700; Carl Zeiss Meditec AG, Jena,
Germany) according to the procedures reported in the
literature.** HepG?2 cells in logarithmic growth phase were
digested with 0.25% trypsin, and 5x10* cells/well were
seeded in a 12-well plate in culture medium without or with
FA (1 mM). After incubation at 37°C in 5% CO, for 24 h, the
DOX@MSN-NH_ (HA/CS/HA/FA-CS) carrier (final DOX
concentration: 10 pg/mL) was added, followed by incubation
for 2 h. The medium was discarded, and cells were washed
three times with PBS to remove dead cells and remaining
nanoparticles before observation by CLSM. In the same
manner, cell culture medium without or with HA (2 mg/mL)
was used to examine the role of HA and CD,, receptors
on the cellular uptake of DOX@MSN-NH_ (HA/CS/HA)
by CLSM.

In vitro cytotoxicity assay

As reported in our previous study, drug delivery materials
based on MSN are more toxic to HepG2 cells than to normal
cells.** Therefore, in this study, we evaluated the cytotoxicity
of empty (without DOX) MSN, MSN-COOH, and MSN-NH,
suspensions in L02 cells with MTT assay to determine their
safety as drug carriers. L02 cells in logarithmic phase were
digested with 0.25% trypsase and then seeded in 96-well
plates at a density of 1x10°%well and cultured at 37°C and
5% CO, for 24 h. MSN, MSN-COOH, and MSN-NH, sus-
pensions (200 uL) with concentrations of 0.001, 0.005, 0.01,
0.05, 0.1, 0.5, 1.0, 5.0, 8.0, and 10 pug/mL were added to
cells, with five replicates prepared for each treatment group.
Cells were cultured for 24 h, and the culture supernatant
was removed; MTT was added to each well followed by
incubation for 4 h. A 150 uL volume of dimethylsulfoxide
was added to dissolve the formazan crystals, and the absor-
bance at 572 nm was measured on a microplate reader. Cell
viability was calculated using the formula: % viability = A /
A, where A_and A_ are the absorbance of the treated and
untreated samples, respectively. The same method was used
to determine the cytotoxicity of free DOX and DOX-loaded
nanoparticles (DOX@MSN, DOX@MSN-NH,, DOX@
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MSN-COOH, DOX@MSN-NH,[HA/CS/HA]) at various
concentrations (final DOX concentration: 0.1, 0.5, 1, 5, and
10 ug/mL) in LO2 and HepG?2 cells.

Statistical analysis

All the experiments were performed at least three times, and
the acquired results are shown as mean + SD. The statistical
analysis was analyzed by using Origin 8.0 software (Origin-
Lab Corporation, Northampton, MA, USA) via one-way
analysis of variance (ANOVA) and Student’s z-test.

Results and discussion
Construction of multifunctional

membrane-controlled nanoparticles

We constructed an MSN-based drug delivery system in
which the MSN surface was covered with a functional
membrane by the polyelectrolyte composite method or LbL
self-assembly (Figure 1). Drug release was controlled by the
composite membrane switch, which consisted of the acid-
sensitive materials CS, FA receptor-targeted CS derivative
(FA-CS), and the CD,,
HA. The polyanion HA and polycation CS polymers alter-

receptor-targeted polysaccharide

nately covered the MSN surface. The outer layer was coated
with HA or CS-FA, which targeted the nanoparticles to the
CD,, or FA receptor, respectively. Thus, a multifunctional
membrane-controlled nanocomposite carrier was constructed

OH
o, L O
HO OH  Modified with -NH,
or —-COOH
HO OH ~R="COOH or -NH,
HO OH
HO oy
= Drug Polyelectrolyte
QDs or (HAor CS)
fluorescent tracer
T
Polyelectrolyte FA CS
(HAor CS) or HA

Figure | Fabrication mechanisms of multifunctional membrane-controlled MSNs
with drugs and fluorescent tracer.

Abbreviations: CS, chitosan; FA, folic acid; FA-CS, FA-modified CS; HA, hyaluronic
acid; MSN, mesoporous silica nanoparticle; QD, quantum dot.

that targeted tumor surface receptors and was pH responsive
to enhance the efficacy of the anticancer drug delivery and
reduce the cytotoxicity to normal cells.

Physicochemical characterization of
MSN, MSN derivatives, and membrane-
decorated MSN

MSN was synthesized according to the method outlined in
Figure 2A. To obtain insight into the morphology and struc-
tural properties of MSN, SEM, TEM, N, adsorption analysis,
and small-angle XRD analysis were used. The MSNs had
a spherical porous structure (Figure 2B). TEM analysis
confirmed that MSNs were uniform (Figure 2C); their size
was approximately 120 nm, making them suitable for drug
delivery. Consistent with this observation, DLS analysis
showed that the particle size was 125 nm and the polydis-
persity index (PDI) was <0.2 (Figure 2D). These results
indicate that MSNs had a solid and rigid structure that did
not deform in water. The N, adsorption analysis (Figure 3A
and B), and small-angle XRD pattern (in which the curve
shows a wide peak at approximately 20 =2.1°; Figure 3C),
indicated that MSNs had uniform mesoporous channels
and a relatively narrow pore size distribution. The specific
surface area of the MSNs was 540.5 m*/g (Figure 3A), and
the pore size was 8.19 nm (Figure 3B), which can facilitate
drug loading.

The synthesis of MSN-NH, and MSN-COOH was
performed as shown in Figure 2A. The physicochemical
characterization of MSN derivatives included IR spectra,
zeta potential, and thermal gravimetric analyses, as shown
in Figure 4. The IR spectra revealed peaks at 1,639 and
1,540 cm™ (Figure 4A) that were attributed to stretch
vibrations of amide I and flexural vibrations of the amino
group, respectively, indicating that the amino modification
was successful. The peaks near 1,711 and 1,418 cm™' were
assigned to symmetric and asymmetric —COO™ stretching
vibrations, indicating that the MSN structure was modi-
fied with a carboxyl group.’* Although there was no obvi-
ous difference in average diameter between MSN and its
derivative (Figure 4B and Table S1), the negative potential
of MSN (-25%0.75 mV) was changed to a positive poten-
tial (+16.710.42 mV; Figure 4B), confirming that the MSN
surface was modified with an amino group. Meanwhile,
the positive potential of MSN-NH, was changed to a nega-
tive potential (-29.61£0.56 mV), indicating that the surface
was modified with a carboxyl group. All the PDI <0.3
(Figure 4B), which meet the basic requirements for the effec-
tive size result, implied that the size distribution was narrow.
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Figure 2 (A) Synthesis schemes of MSN (I), MSN-NH, (Il), and MSN-COOH (lll). (B) SEM images of MSN. (C) TEM images of MSN. (D) The size distribution of MSN
determined by DLS (mean * SD, n=5).
Abbreviations: ACTN, acetone; CTAB, cetyltrimethylammonium bromide; DLS, dynamic light scattering; EG, ethylene glycol; MSN, mesoporous silica nanoparticle;
rt, room temperature; SEM, scanning electron microscopy; TEM, transmission electron microscopy; TEOS, tetraethyl orthosilicate.

Thus, the FT-IR spectra and zeta potentials revealed the

successful incorporation of the amine and carboxyl groups.

TG analyzer was used to analyze TG profile of MSN,
MSN/CTAB, MSN-NH,, and MSN-COOH. The weight
decrease in the TG curve of MSN/CTAB below 100°C was
attributable to the loss of adsorbed water (Figure 4C). When
heated to 300°C, a significant weight loss was observed that

was attributed to degradation of the surface-active agent
CTAB. In the curve for MSN, the weight decrease from the
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loss of adsorbed water occurred below 100°C. When the
temperature was increased to 300°C, the weight was 86.94%
of the original value, indicating that the mesoporous structure
of MSN was relatively stable, and that the CTAB was com-
pletely removed by repeated alcohol-acid reflux.*! The TG
curves of amino- and carboxyl-modified MSN are shown in
Figure 4C. Compared to the curve of MSN, a greater weight
loss was observed for MSN-NH, and MSN-COOH than for
MSN after heating to 300°C. This can be attributed to the
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Figure 3 (A) Nitrogen adsorption—desorption isotherms, (B) pore size distribution, and (C) the small-angle XRD patterns of MSN.
Abbreviations: MSN, mesoporous silica nanoparticle; XRD, X-ray diffraction.
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Abbreviations: CTAB, cetyltrimethylammonium bromide; FT-IR, Fourier transform infrared; MSN, mesoporous silica nanoparticle; PDI, polydispersity index; TGA,

thermogravimetric analysis.

decomposition weights of the amino and carboxyl groups.
These results confirmed that the MSNs were successfully
functionalized.

The folate receptor is overexpressed in several types of
human malignancy, including kidney, brain, lung, and breast
cancers. Its ligand folate is a vitamin that is used for the
biosynthesis of nucleotides and is present at high levels in
tumors to meet growth requirements. To achieve tumor FA
receptor targeting, we fabricated FA-grafted CS (FA-CS)
as a membrane material according to the method outlined
in Figure 5A and characterized the structure by FT-IR
(Figure 5B). The appearance of the peak at about 1,693 cm™
was attributed to the ester linkage, whereas the signal at
1,655 cm™ was ascribed to the aromatic ring of folate. These
results confirm that folate moieties were conjugated to CS.

The functional membrane covering the MSN surface
was prepared by the polyelectrolyte composite method or
by LbL self-assembly. The polycation CS and polyanion
HA polymers were used as raw materials. The presence of
the membrane on MSNs was confirmed by measuring the
zeta potential (Figure 6) and by TEM and DLS analyses
(Figure 7). After coating the surface with CS or HA, the zeta
potential of the nanoparticles changed alternately; values for

MSN-LbL (all layers), MSN-NH_-LbL (all layers), and
MSN-COOH-LbL (all layers) are shown in Figure 6A. The
result indicated that a membrane made from polyelectrolyte
material had already coated the surfaces of MSN, MSN-NH,,
and MSN-COOH. The surface zeta potential (=£25 mV)
reflects the stability of the colloid system; the higher zeta
potential is associated with the higher stability of the colloid
system; compared to LbL self-assembled on MSN and its
derivatives MSN-NH, and MSN-COOH, the zeta potential
of each polyelectrolyte layer on the MSN-NH, surface was
larger and thus more stable. We examined the stability of the
nanoparticles covered by membrane in aqueous medium by
comparing their average size and appearance after storage
for a given certain period. The native MSN showed obvious
precipitation, and the MSN-COOH-LbL covered with a layer
with low zeta potential also easily flocculated and precipi-
tated. Therefore, membrane-controlled MSN-NH, samples
were selected for physicochemical characterization and cell
activity experiments.

We next examined the stability of MSN-NH, nanopar-
ticles in different physiological solutions and found that the
zeta potentials were larger in PBS and saline solution than
in pure water (Figure 6B), implying that the particles were
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Abbreviations: CS, chitosan; DOX, doxorubicin; FA, folic acid; FA-CS, FA-modified CS; HA, hyaluronic acid; LbL, layer-by-layer; MSN, mesoporous silica nanoparticle.

more stable under physiological conditions due to the effects
of ions and that they have the potential to be used in the
human body. In the same manner, DOX-loaded MSN-NH,
was also coated with HA and CS. To increase the targeting
of membrane-decorated nanoparticles, FA-fabricated CS
was used to cover the nanoparticle surface. After the addi-
tion of four layers (labeled DOX@MSN-NH,[HA/CS/HA/
FA-CS]), the size was about 256 nm (PDI =0.18240.007) and
the nanoparticle was stable in medium with a zeta potential
of about +31 mV (Figure 6C).

A CD,, receptor-targeting membrane-controlled nano-
particle with three layers (with the outer face decorated by
HA) was also prepared (labeled DOX@MSN-NH,[HA/CS/
HAJ). MSN-NH, nanoparticles were covered with smooth
layers of polyelectrolyte membrane (Figure 7A). The
morphology of the composite nanoparticles suggested a
functional membrane coating the MSN-NH, surface, with a
diameter determined by DLS of 209 nm (PDI =0.167+0.009;
Figure 7B).

Intensity (%)

10 1

The number of layers to be used in the final formula-
tion was determined based on both the size and the zeta
potential. Nanoparticles with 1 or 2 layers exhibited a lower
zeta potential and easily flocculated and precipitated due to
the weak membrane on the surface. When the number of
nanoparticle layers increased to 5 or more, the size of the
nanoparticles also increased to greater than 300 nm, which
was not suitable for targeted drug delivery systems admin-
istrated by a systemic route. Hence, samples with three and
four layers were selected in the final formulation.

In vitro drug release

The capacity of composite nanoparticles for pH-triggered
payload release was characterized using DOX as a model
drug. Since the characteristic absorption peak of DOX is
around 483 nm, DOX-loading and entrapment efficiency of
nanoparticles was determined by UV—Vis spectroscopy and
calculated using a standard curve equation (Figure S1).#?
The DL efficiency of MSN, MSN-NH,, MSN-COOH and
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Figure 7 TEM images (A) and size distribution (B) of DOX@MSN-NH,(HA/CS/HA) (mean + SD, n=5).
Abbreviations: CS, chitosan; DOX, doxorubicin; HA, hyaluronic acid; MSN, mesoporous silica nanoparticle; TEM, transmission electron microscopy.
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DOX@MSN-NH, (HA/CS/HA/FA-CS) was 23.27%10.27%,
18.26%%1.24%, 25.29%10.23%, and 28.71%0.39%, respec-
tively, while entrapment efficiency was 53.62%=1.23%,
42.24%%2.17%, 54.12%%1.35%, and 59.31%=£1.43%,
respectively. Compared with the loading efficiency of other
nanoparticles, the highest loading efficiency of the nanopar-
ticles after LbL coating is probably that during the drug load-
ing: the washing was performed after the membrane coating
process for the LbL coating samples and then the membrane
on the surface allowed the drug to be effectively encapsulated
in the nanoparticle protected against drug leakage.

To study the pH-dependent drug release characteristics,
two different media with pH =7.4 and pH =5.0 were selected
to simulate the environment of blood and the tumor region,
respectively. The release performance of the four different
nanoparticles under these conditions was evaluated over
48 h at 37°C.

The cumulative drug release ratios of DOX@MSN,
DOX@MSN-NH,, DOX@MSN-COOH, and the membrane-
modified DOX@MSN-NH_(HA/CS/HA/FA-CS) at pH 7.4
were 52.65%+1.45%, 33.22%13.90%, 37.06%%0.63%, and
25.40%%2.24%, respectively (Figure 8A). At pH 5.0, the
ratios were 84.29%14.08%, 47.36%+4.44%, 43.53%%1.89%,
and 69.14%%1.89% (n=3), respectively (Figure 8B). Thus,
these four types of nanoparticles are more likely to release
loaded DOX under acidic conditions, such as that in the tumor
microenvironment. Once the drug-loaded nanoparticles
are taken up by tumor cells, they quickly release the drug,
thereby specifically targeting the tumor. Under physiological
conditions, DOX is released slowly from nanoparticles

60

Cumulative release (%) »
in pH 7.4 buffer
N
\4\

Time (h)

that persist in the body for a long time; this can reduce the
toxic side effects of DOX on normal tissues. Compared to
unmodified DOX@MSN, DOX@MSN-NH,, and DOX@
MSN-COOH, DOX@MSN-NH,(HA/CS/HA/FA-CS)
coated with membrane exhibited higher pH sensitivity and,
accordingly, released less under physiological condition
than under acidic conditions. Thus, membrane coating of
nanoparticles can reduce side effects on normal tissue and
prolong the circulation time of drug carriers to maintain an
adequate concentration of the drug in the blood.

In vitro cellular uptake

DOX exhibits red fluorescence at 488 nm. After staining
nuclei with Hoechst 33258, we obtained images of cells
at two different excitation wavelengths; the overlay of
the two images revealed whether the nanoparticles were
taken up by cells (Figure 9). Free DOX was internalized
by HepG2 cells and distributed in or around the nucleus
(Figure 9A). Compared to the Figure 9B and C, the fluores-
cence intensity of the membrane-controlled nanoparticles
was comparatively higher than that of the nanoparticle
without membrane, and the drug was mainly detected in
the endosomes and lysosomes (Figure 9D and E). By using
blue-fluorescent Hoechst 33258 as an indicator, after 2 h of
cultivation, red fluorescence of DOX could be observed in
both the cytosol and nucleus, indicating a release of DOX
from the membrane decorated nanoparticles. The results
further indicate that the membrane-decorated nanoparticles
are an effective intracellular drug delivery system that could
target the cancer region by specific recognition of the FA
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Figure 8 In vitro release profiles from DOX@MSN, DOX@MSN/NH,, DOX@MSN-COOH, and DOX@MSN-NH,(HA/CS/HA/FA-CS) core-shell particles at 37°C in

pH 7.4 buffer (A) and in pH 5.0 buffer (B).
Notes: Data are represented as mean + SD (n=3).

Abbreviations: CS, chitosan; DOX, doxorubicin; FA, folic acid; FA-CS, FA-modified CS; HA, hyaluronic acid; MSN, mesoporous silica nanoparticle.
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Figure 9 Representative fluorescence microscopy of HepG2 with (A) DOX, (B) DOX@MSN-NH,, (C) DOX@MSN-COOH, (D) DOX@MSN-NH,(HA/CS/HA), and

(E) DOX@MSN-NH,(HA/CS/HA/CS-FA) after administration for 2 h.

Abbreviations: CS, chitosan; DOX, doxorubicin; FA, folic acid; FA-CS, FA-modified CS; HA, hyaluronic acid; MSN, mesoporous silica nanoparticle.

receptor or CD,, receptors on the tumor cell surface, hold
DOX until endocytosis, and then release the drug within the
lysosomes by the acid-triggered dissolution of the coating
membrane.*

To improve the drug delivery efficiency, we designed
DOX@MSN-NH,(HA/CS/HA/FA-CS) and DOX@
MSN-NH,(HA/CS/HA) to further evaluate the receptor-
targeted release properties of the membrane-controlled
nanoparticles, and the competitive inhibitory effects of FA
and HA on cellular uptake were investigated by CLSM. The
folate receptor or CD,, receptor was blocked on the surface of
HepQG?2 cells by pre-cultivating HepG2 cells with free folate or

HA for 2 h.** As shown in Figure 10, after incubation for 2 h,
the nanoparticles in two different culture media were taken
up by HepG2 cells. However, the fluorescence intensity of
nanoparticles was lower in medium with FA and HA com-
pared to in medium without FA and HA. This suggests that
nanoparticles coated with FA or HA, which allows targeting
to the FA or CD,, receptors on the HepG2 cell surface, were
inhibited by free FA and HA molecules in the medium to
some extent. In contrast, nanoparticles in the medium lack-
ing FA and HA were readily taken up by the cells. Thus, the
results clearly indicate that membrane-controlled DOX@
MSN-NH,(HA/CS/HA/FA-CS) and DOX@MSN-NH,(HA/
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Figure 10 CLSM images of HepG2 cells after incubation with (A) DOX@MSN-NH,(HA/CS/HA) in the culture medium without HA or containing HA for 2 h and
(B) DOX@MSN-NH,(HA/CS/HA/FA-CS) in the culture medium without FA or containing FA for 2 h.
Abbreviations: CLSM, confocal laser scanning microscopy; CS, chitosan; DOX, doxorubicin; FA, folic acid; FA-CS, FA-modified CS; HA, hyaluronic acid; MSN, mesoporous

silica nanoparticle.

CS/HA) have tumor cell-targeting capacity and were an effec-
tive delivery system for targeted anticancer drugs.

Cytotoxicity of membrane-controlled
MSN
The biocompatibility of bare and DOX-loaded MSNs was
evaluated in LO2 and HepG2 cells with the MTT assay.
After 24 h of incubation, the blank nanoparticles showed
low toxicity toward LO2 cells, and the cell survival
remained >80% at concentrations higher than 20 pg/mL
(Figure 11A). According to the relationship between cell
proliferation rate (survival) and degree of cytotoxicity,*
since the concentration was <20 pg/mL and cell survival rate
was >80%, samples in the concentration range <20 pg/mL
were not toxic to cells.

We evaluated the cytotoxicity of different concentrations
of free DOX, DOX@MSN, DOX@MSN-NH,, DOX@MSN-
COOH, and DOX@MSN-NH, (HA/CS/HA) to HepG2 and

LO02 cells after 24 h of incubation. Compared to HepG?2 cells
(Figure 11B), L02 cells showed higher viability in the pres-
ence of DOX@MSN-NH, (HA/CS/HA) at every concentra-
tion tested (Figure 11C), indicating that the former cells were
more sensitive to membrane-controlled MSN. We calculated

the half-maximal inhibitory concentration (IC ) of drug-

50
loaded nanoparticles in HepG2 cells and LO2 cells based on
the percentage of cells surviving at different concentrations
(Figure 11D). The IC,, of free DOX and DOX@MSN-
NH,(HA/CS/HA) in HepG2 cells was 0.53 and 0.45 ug/mL,
respectively, indicating that the latter is more toxic. In L02
cells, membrane-controlled MSNs were less toxic, with an
IC,, of 1.57, 5.37, 6.34, 6.83, and 8.38 for DOX, DOX@
MSN, DOX@MSN-NH,, DOX@MSN-COOH, and DOX@
MSN-NH,(HA/CS/HA), respectively. This indicates that the
pH sensitivity and high cellular uptake by receptor targeting
enhanced the antitumor effect of the composite nanoparticles
and can reduce side effects to normal cells.
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Figure 11 In vitro cytotoxicity assay curves of blank MSN and modified MSN carrier (A) on L02 cells. In vitro cytotoxicity assay curves of DOX, DOX@MSN, DOX@
MSN-NH,, DOX@MSN-COOH, DOX@MSN-NH,(HA/CS/HA) on HepG2 (B) and L02 cells (C). (D) The IC,; value to HepG2 cells and LO2 cells. Data are represented as

mean * SD (n=>5). Statistical analysis versus the DOX group: *p<<0.05; **p<<0.001.

Abbreviations: CS, chitosan; DOX, doxorubicin; HA, hyaluronic acid; IC, the half-maximal inhibitory concentration; MSN, mesoporous silica nanoparticle.

It is well known that in HepG2 cells or other types of
cancer cells, overexpression of folate receptors and CD,,
receptors occurs. Nanoparticles with modification of FA or
HA were easily targeted to the cancer region by specific rec-
ognition of the FA receptor or CD,, receptors on the tumor cell
surface. Once the nanoparticles were taken up by the cancer
cells, the DOX in the membrane-decorated nanoparticles was
intracellularly released from the acid-sensitive membrane in
the specific acid tumor cell environment. On the one hand,
the membrane was helpful for reducing the drug leakage and
enhancing the stability of the nanoparticles in the transmis-
sion process. On the other hand, the membrane was a specific

switch, which had the ability to recognize the cancer cells
and stimulus response to open the warehouse. This type of
multifunctional integration of targeting and stimulus response
might give rise to specific cytotoxicity toward cancer cells but
not normal cells. Moreover, as seen in the cytotoxicity assay,
either HA or FA can be selected as the targeting ligand.

Conclusion

The novel membrane-controlled nanoparticle delivery system
developed in this study combined the high DL capacity
of MSN and the biocompatibility and capacity for pH-
responsive controlled release of natural membrane materials.
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The tumor cell surface receptor targeting by the nanoparticles
can improve treatment efficacy while reducing side effects
to normal cells. Hence, this system has great potential to be
employed for the targeted cancer treatment. Furthermore,
based on the membrane-controlled drug delivery system,
fluorescent quantum dots can also be loaded onto the MSN's
and combined with tracer imaging to allow simultaneous
tumor imaging and therapy to evaluate the targeting behavior
of the nanocomposite.*
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Table S| Physicochemical properties of MSN, MSN-NH,, and MSN-COOH (mean * SD, n=5)

Sample Size (nm) PDI Zeta potential (mV)
MSN 125+2.6 0.083+0.006 —25.03+0.75
MSN-NH, 128+3.1 0.128+0.007 16.73+0.42
MSN-COOH 1331+4.8 0.139+0.009 -29.51+0.56
Abbreviations: MSN, mesoporous silica nanoparticle; PDI, polydispersity index.
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Figure S1 Criterion curve of DOX at (A) pH 7.4 and (B) pH 5.0.
Abbreviation: DOX, doxorubicin.
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