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Background: The purpose of this study was to construct hollow mesoporous silica nanoparticles
(HMSN) decorated with tLyp-1 peptide ((HMSN) for dual-targeting drug delivery to tumor cells
and angiogenic blood vessel cells.

Methods: HMSN were synthesized de novo using a novel cationic surfactant-assisted selective
etching strategy and were then modified with tLyp-1. Multiple methods, including transmis-
sion electron microscopy, X-ray photoelectron spectroscopy, thermogravimetric analysis,
bicinchoninic acid assay, and nitrogen adsorption and desorption isotherms, were used to
characterize the tHMSN. Doxorubicin were chosen as the model cargo, and the uptake of
doxorubicin-loaded tHMSN into MDA-MB-231 cells and human umbilical vein endothelial
cells (HUVECs), as models of tumor cells and tumor neovascular endothelial cells, respectively,
were observed and detected by confocal laser scanning microscopy and flow cytometry. An in
vitro pharmacodynamic study and a study of the mechanism via which the nanoparticles were
endocytosed were also performed.

Results: HMSN with a highly uniform size and well oriented mesopores were synthesized.
After tHMSN were characterized, enhanced uptake of the cargo carried by tHMSN into MDA-
MB-231 cells and HUVECs compared with that of their unmodified counterparts was validated
by confocal laser scanning microscopy and flow cytometry at the qualitative and quantitative
levels, respectively. Further, the pharmacodynamic study suggested that, compared with their
unmodified counterparts, doxorubicin-loaded tHMSN had an enhanced inhibitory effect on
MDA-MB-231 cells and HUVECs: in vitro. Finally, a preliminary study on the mechanism by
which the nanoparticles were endocytosed indicated that the clathrin-mediated endocytosis
pathway has a primary role in the transport of tHMSN into the cytoplasm.

Conclusion: tHMSN might serve as an effective active targeting nanocarrier strategy for anti-
mammary cancer drug delivery.

Keywords: hollow mesoporous silica nanoparticles, tLyp-1 peptide, drug delivery, anti-
mammary cancer

Introduction

Active tumor-targeted drug delivery systems (ATT-DDS) have opened up a new area
for traditional chemotherapy. Typically, there are two paths (targeting to tumor cells
or tumor vessels) that can achieve effective enrichment of drugs in tumor tissues.!?
Unfortunately, current designed ATT-DDS of single-targeting model still have many
challenges for the existence of multiple barrier in vivo. For example, drugs targeting
to tumor cells may cause drug resistance, which in most cases is caused by high
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expression of P-glycoprotein.** On the other hand, the more
recent therapeutic strategy of targeting to tumor vessels (often
referred to as “starving tumors”) may inhibit the growth of
tumor locally but increase the probability of tumor invasion and
metastasis.>® Consequently, construction of anovel ATT-DDS
that could be dual-targeting to tumor cells and tumor vessels
is expected to make up for the shortcomings of the single-
targeting mode and have enhanced antitumor effects. More
importantly, there have been reports showing that the combina-
tion of two different targeting strategies can generate not only
a combined effect, but also a synergistic effect to achieve an
unprecedented therapeutic outcome in vivo.”! More recently,
Pan et al created mesoporous silica nanoparticle (MSN)-based
ATT-DDS exploiting RGD and TAT dual peptides (tumor-
homing peptides and cell-penetrating peptides, respectively) as
ligands to achieve sequential vascular-to-cell nuclear-targeted
drug delivery for efficient tumor regression.'!

Although implementation of dual-targeting to tumor cells
and tumor vessels simultaneously is a promising therapeutic
strategy, it is still a dilemma (for example, the preparation
process is boring and complicated, and immunogenicity is
increased in vivo) of multiple ligand-modified nanomaterials
to achieve such an attractive goal.'>!* To address these issues,
we hope to be able to construct single ligand-functionalized
nanoparticles to achieve dual-targeting to tumor cells and
tumor vessels.

Neuropilin (NRP), a modular transmembrane protein
identified as a receptor for various forms and isoforms of
vascular endothelial growth factor and members of the class 3
semaphorin family, is highly overexpressed on the surface of
both mammary cancer cells'*!’ and tumor vessels, ' where
NRP1 is involved in angiogenesis and NRP2 is involved in
lymphangiogenesis. Thus, NRP is a potential therapeutic
target for dual-targeted anti-mammary drug delivery. tLyp-1
(sequence CGNKRTR),?*?! a newly reported heptapeptide
which are screened by phage display library, is a ligand which
is selectively targeted both to NRP1 and NRP2. Therefore,
tLyp-1-decorated nanoparticles may be expected to have
dual-targeting functions, and previous studies**?* have shown
that such polymer nanoparticles have precise dual-targeting
efficacy and penetrate extensively into tumor parenchyma.

Newly developed structurally hollow MSN (HMSN)*
not only have the many advantages of traditional MSN,
including negligible cytotoxicity, high biocompatibility,
and appropriate stability in vivo,>2® but also have the
additional advantages of low density, a large surface area,
and high drug-loading capacity.?*** In previous studies, the
most widely used strategies for synthesis of HMSN are

hard-template®'* and soft-template* ¢ methods and the
procedures are time-consuming, cumbersome, and difficult
in terms of maintaining uniformity. Recently, a synthetic
cationic surfactant-assisted selective etching strategy was
developed® to allow reproducible preparation of large
amounts of monodispersed high-quality HMSN. Such
HMSN have a uniform shape with narrowly distributed
pore structures that can be adapted to allow controlled
drug release. At present, encouraging progress have been
reported with regard to reversal of multidrug resistance***!
and synergistic treatment* using MSN. However, there
have been no reports on tLyp-1 peptide-decorated HMSN
(tHMSN) being used to achieve dual-targeted drug delivery
to tumor cells and tumor vessels.

In this research, we synthesized HMSN using a cationic
surfactant-assisted selective etching strategy, and then
covalently linked them with polyethylene glycol (PEG)
and tLyp-1 successively. Subsequently, the dual-targeting
function and relative mechanism of the nanoparticles were
studied in human breast cancer (MDA-MB-231) cells and
human angiogenic blood vessel cells (human umbilical vein
endothelial cells [HUVECs]). All in all, tHMSN, in our opin-
ion, has strongly prospects in active targeted drug delivery
for human mammary cancer.

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS), cetyltrimethylammo-
nium bromide (CTAB), and 3-aminopropyltriethoxysilane
(APTES) were obtained from Sinopharm Co Ltd (Shanghai,
People’s Republic of China). Doxorubicin hydrochloride
was obtained from HuaFeng Technology Co Ltd (Beijing,
People’s Republic of China). Maleimido-PEG,, -N-hydrox-
ysuccinimide (MAL-PEG,,-NHS) was provided by JenKem
Technology Co Ltd (Beijing, People’s Republic of China).
tLyp-1 peptide was custom-synthesized by GL Biochem
Ltd (Shanghai, People’s Republic of China). Hoechst 33342
were purchased from Molecular Probes (Eugene, OR, USA).
Cell Counting Kit-8 (CCK-8) was purchased from Boster
Corporation (Wuhan, People’s Republic of China). Chlo-
rpromazine hydrochloride and colchicine were obtained from
Genestar Co Ltd (Shanghai, People’s Republic of China).
All other chemicals were of analytical or chromatographic
grade and were used without further purification.

Synthesis of HMSN
The synthesis of HMSN, PEG-HMSN (pHMSN), and
tHMSN is shown in Figure 1. The synthesis process used
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Figure | Schematic procedure for preparation of tLyp-l and polyethylene glycol
co-modified HMSN.

Abbreviations: APTES, 3-aminopropyltriethoxysilane; CTAB, cetyltrimethylam-
monium bromide; HMSN, hollow mesoporous silica nanoparticles; SSN, solid SiO,
nanospheres; TEOS, tetraethyl orthosilicate; MAL-PEG,, -NHS, maleimido-PEG, -
N-hydroxysuccinimide.

for HMSN followed that of previous reports®’*® with slight
modifications. Broadly, the process consisted of three steps,
as follows: first, solid SiO, nanospheres (SSN) were prepared
via a sol-gel process using a modified Stober method. Briefly,
74 mL of ethanol, 3.15 mL of aqueous ammonia solution
(26%—-28%), and 10 mL of ultrapure water were mixed and
heated to 50°C, at which point 6 mL of tetraethyl orthosili-
cate was added rapidly. After 3 hours of reaction at 50°C,
SSN were obtained by centrifugation and washed repeatedly
with ultrapure water and ethanol. Second, 50 mg of SSN
were homogeneously dispersed in a 1:2 (v/v) ethanol/water
mixture, and 75 mg of CTAB, 300 puL of aqueous ammonia
solution (26%—28%), and 125 uL of tetraethyl orthosilicate
were added successively to the above mixture. After 12
hours of reaction at room temperature, the formed solid
core-shell nanoparticles, denoted SSN@CTAB/SiO,, were
centrifugally separated from the suspension and washed
with ultrapure water. Third, 100 mg of SSN@CTAB/
SiO, nanomaterials were dispersed in 20 mL of water and
heated to 50°C. Next, 464 mg of Na,CO, was added into the
mixture. The reaction was allowed to react for 11 hours at
50°C before the acquired HMSN structures were harvested
by centrifugation. To remove the surfactant template in the
shell of the HMSN, the products were dispersed in 120 mL
of NH,NO, ethanol solution (10 mg/mL). The mixture was
heated to 45°C and stirred for 10 hours. The silica particles
were centrifugally separated from the suspension and finally
dispersed in dimethyl sulfoxide for further use.

Synthesis of tHMSN and pHMSN

The synthesis of tHMSN consists of three steps (Figure 1)
by the Michael addition reaction, and PEG, , was used as
a linker to connect HMSN with the tLyp-1 polypeptide.
First, 8 mg of HMSN were dispersed in 50 mL of dimethyl
sulfoxide and then 500 pL of 3-aminopropyltriethoxysilane
were added. After the mixture was stirred for 20 hours,

amine-functionalized HMSN (HMSN-NH,) were obtained
by centrifugation and washed with ethanol twice. Next,
HMSN-NH, was redispersed in 5 mL of dimethyl sulfoxide,
and 8 mg of NHS-PEG, -MAL was added. The mixture was
then stirred at room temperature for 2 hours under anhydrous
conditions before harvesting by centrifugation. The product
was then redispersed in dimethyl sulfoxide, and 3 mg of
thiol end-capped tLyp-1 peptide was added. After 24 hours
of reaction, 10 UL of B-mercaptoethanol was added to the
mixture to quench the unreacted maleimide groups. The
entire reaction was stopped one hour later by centrifugation,
and excess tLyp-1 was removed by repeatedly washing the
nanoparticles in distilled water. Finally, tHMSN were dis-
persed in water and stored at 4°C. For synthesis of pHMSN,
the same process was followed as for tHMSN, except that
tLyp-1 was not added.

Characterization of nanoparticles

The hydrodynamic size and zeta potential of HMSN,
pHMSN, and tHMSN were determined by dynamic laser
scattering analysis. Morphological examination of the
HMSN was also performed using a transmission electron
microscope. Nitrogen adsorption—desorption isotherms
were measured using a surface area and porosity analyzer.
Specific surface area was calculated by the Brunauer—
Emmett—Teller method and the pore size distribution was
calculated using the Barrett—Joyner—Halenda model. The
bicinchoninic acid assay, X-ray photoelectron spectroscopy,
and thermogravimetric analysis were used to verify the
surface modification of tHMSN and conjugation of tLyp-1
and PEG on the tHMSN surface. A detailed description of
the various methods used is given in the Supplementary
materials.

Drug-loading capacity and in vitro

release study

Doxorubicin was loaded into tHMSN, pHMSN, and HMSN
by mixing doxorubicin (I mg/mL) with the nanomateri-
als in dimethyl sulfoxide. The mixture was ultrasonicated
for 30 minutes and then stirred at 30°C for 24 hours. The
remaining free doxorubicin was removed by centrifuga-
tion and the precipitate was washed with ultrapure water
twice. To evaluate the doxorubicin-loading efficiency, the
supernatant was collected and the residual doxorubicin
content was determined using the calibration curve for
standard doxorubicin solutions with ultraviolet-visible mea-
surement at 496 nm. The amount of doxorubicin loaded into
the nanomaterials was calculated by subtracting the mass of
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doxorubicin in the supernatant from the total mass of drug
in the initial solution. The loading capacity (LC) of doxoru-
bicin in the nanoparticles was calculated using the following
equation (n=3): LC (%) = [amount of doxorubicin in the
nanoparticles/(nanoparticles weight + amount of doxorubicin
in the nanoparticles)] x100%.

In vitro release characteristics were investigated using
the dialysis method. Briefly, the drug-loaded hollow
nanoparticles were dispersed in phosphate-buffered saline
(PBS, 0.1 M, pH 7.4 or pH 5.0) and placed in a dialysis bag
(molecular weight cut-off, 3,500 Da) to simulate the sink
condition. The release study was performed at 37°C in a
shaking water bath (SHA-C, Jinda Instruments Inc, Ningbo,
People’s Republic of China) at 100 rpm. At designated time
intervals, 1 mL of solution was removed from outside of the
dialysis bag for analysis of fluorescence emission spectra
(excitation 467 nm, emission 557 nm) using a fluorescence
spectrophotometer (Fluoroma-4, Horiba Scientific, Tokyo,
Japan) and replaced with an equal amount of fresh PBS. To
assess the drug-release behavior, the cumulated amounts of
released drug were calculated, and the percentages of drug
released from the nanoparticles were plotted against time.

Cell lines and culture conditions

The MDA-MB-231 cell line was purchased from the Cell
Institute of the Chinese Academy of Sciences (Shanghai,
People’s Republic of China) and primary HUVECs were
obtained from Cell Applications Inc (San Diego, CA, USA).
The cells were cultured in Dulbecco’s Modified Eagle’s
Medium supplemented with 10% (v/v) fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin sulfate
at 37°C in 5% CO.,.

Cell viability assay

The cytotoxicity of the nanoparticles against MDA-MB-231
cells and HUVECs was evaluated by the CCK-8 assay. The
CCK-8 assay is highly sensitive for cell viability, and pre-
vious studies*** have shown that it may be more suited for
MSN than the MTT assay. The cells were seeded in 96-well
plates at a density of 5x10* cells/well and allowed to adhere
for 24 hours prior to the assay. The cells were then exposed
to nanoparticles loaded or not loaded with doxorubicin at the
designated doses. Cell viability, based on a CCK-8 assay,
was determined after each treatment by measuring absor-
bance at 450 nm using a microplate reader. Free doxorubicin
hydrochloride was used as a positive control and cells that
had not been incubated with the test nanoparticles were used
as a negative control.

Analysis of cellular uptake by flow

cytometry

MDA-MB-231 cells or HUVECs were seeded onto six-
well plates at 3x10° cells per well and cultured 24 hours
for the flow cytometric analysis. After the attachment
period, the cells were incubated with tHMSN, pHMSN,
or HMSN loaded with doxorubicin for 0.5-2 hours in
serum-free medium. After incubation, the cells were
washed twice with cold PBS (0.1 M, pH 7.4), detached
with 0.05% trypsin, and washed a further three times with
cold PBS. Finally, the cells were resuspended in PBS and
analyzed using a flow cytometer (BD Biosciences, San
Jose, CA, USA). The autofluorescence of the cells was
used as the control.

Direct observation of cellular uptake

To directly observe the cellular uptake, MDA-MB-231
cells or HUVECs were seeded onto cover glass in six-well
plates at 2x10° cells per well and cultured for 24 hours.
After the attachment period, the cells were incubated with
the different types of nanoparticles loaded with doxorubicin
for 0.5-2 hours in serum-free medium. After removing the
nanoparticles and washing the wells twice with cold PBS, the
cell nuclei were stained with Hoechst 33342 for 5 minutes
and then fixed by 4% polyoxymethylene for 10 minutes. The
cells were observed by confocal laser scanning microscopy
(LSM-710, Carl Zeiss AG, Germany). Doxorubicin and
Hoechst 33342 were excited with an argon laser at 488 nm
and 405 nm, respectively.

Investigation of mechanism involved in

cellular uptake

In order to study the mechanism of uptake of tHMSN in
MDA-MB-231 cells and HUVECs, cellular association
of the nanoparticles was determined in the presence of
various endocytosis inhibitors, including chlorpromazine
(an inhibitor of clathrin-mediated uptake, 10 pug/mL),
colchicine (an inhibitor of macropinocytosis, 4 pg/mL),
methyl-B-cyclodextrin (a lipid raft inhibitor, 5 mM), genistein
(an inhibitor of caveolin-dependent endocytosis, 200 uM),
wortmannin (an inhibitor of macropinocytosis and compensa-
tory RhoA-mediated endocytosis, 50 nM), and free tLyp-1
(160 ug/mL), respectively. The cells were pretreated with
these inhibitors (all chemical dilutions were prepared in
serum-free medium) for 30 minutes followed by immediate
incubation with tHMSN in serum-free medium at 37°C for
an additional 1 hour. The quantitative analysis was performed
by flow cytometry as described above.
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Statistical analysis

The data are expressed as the mean * standard deviation.
The resulting values from each experiment were compared
by one-way analysis of variance, and multiple comparisons
between the groups were performed using the Student—
Newman—Keuls method. Statistical significance was set at
a level of P<<0.05.

Results and discussion
Synthesis and characterization of

nanoparticles

Uniform and monodispersed SSN and HMSN were pre-
pared following the method proposed by Fang et al*’3* with
minor modifications. Transmission electron micrographs
of the particles showed clearly that both SSN (Figure 2A)
and HMSN (Figure 2B) had a spherical morphology and
uniform particle size. The mean size of HMSN according to
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dynamic light scattering was 258.1+9.4 nm (n=3, Figure 3A),
which was larger than the value obtained on transmission
electron micrographs due to the presence of hydrated layers
around the surfaces of the particles. Nitrogen adsorption—
desorption isotherm measurements indicated that the HMSN
had a relatively high specific surface area of 547.79 m?/g
(Figure 2C) and a well-defined mean pore size of 2.54 nm
(Figure 2D). Uniform particle sizes with a controllable
well-defined pore structure and a high specific surface area
indicated that these nanomaterials could be a promising
candidate for high-performance drug delivery.*

Zeta potential, bicinchoninic acid, X-ray photoelectron
spectroscopy, and thermogravimetric analysis assays were
carried out to confirm surface modification of the nanopar-
ticles. The particle size of tHMSN and pHMSN showed
minor amplification when compared with HMSN, but the
zeta potential showed a more marked change (Figure 3B).
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Figure 2 Transmission electron micrographs of (A) SSN and (B) HMSN. (C) N, sorption isotherm and (D) pore size distribution of HMSN.
Abbreviations: HMSN, hollow mesoporous silica nanoparticles; SSN, solid SiO, nanospheres; STP, standard temperature and pressure.
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Figure 3 Dynamic light scattering size (A) of HMSN and zeta potential (B) of tHMSN, pHMSN, HMSN-NH,, and HMSN (n=3).
Abbreviations: HMSN, hollow mesoporous silica nanoparticles; tHMSN, tLyp-1 and polyethylene glycol co-modified HMSN; pHMSN, polyethylene glycol-modified HMSN.

This change could be attributed to the different chemical
groups on the surfaces of the nanoparticles, including a
silicon hydroxyl group (Si-OH) on HMSN, a primary amino
group (NH,) on HMSN-NH,, and an alkyl hydroxyl group
(CH,-OH) originating from PEG (or B-mercaptoethanol)
on pHMSN and tHMSN. Further, bicinchoninic acid assay
identified peptides on the surfaces of tHMSN but not on
pHMSN or HMSN. X-ray photoelectron spectroscopy,
a surface chemical analysis technique, was performed.
Comparing the X-ray photoelectron spectrum (Figure 4A)
of tHMSN with that of HMSN, the peaks seen at 400.2 eV
and 286.2 eV indicate that there were additional N and C
elements on the surface of tHMSN, which were resourced
from tLyp-1 peptide and PEG, respectively. But such ele-
ments were not found in HMSN.

Thermogravimetric analysis is a thermal method via
which changes in the physical and chemical properties
of materials can be measured as a function of increasing
temperature. The thermogravimetric analysis curve
(Figure 4B) shown more obvious weight loss with increasing
temperature for tHMSN and pHMSN when compared with
HMSN, further demonstrating the difference in chemical
constituents of the three types of nanoparticles. Overall,
these results confirm successful synthesis of tHMSN from
HMSN nanoparticles.

Evaluation of drug-loading and

drug-release properties

Typically, HMSN had a huge internal cavity and large specific
surface area, ensuring a high drug loading capacity (LC). Not
surprisingly, the LC of doxorubicin, a model hydrophobic
drug, was calculated to be 29.5+1.3 wt%, 24.9+1.1 wt%, and
23.812.2 wt% for HMSN, pHMSN, and tHMSN, respectively
(n=3). The drug-release profiles for the nanoparticles in
neutral or acid PBS buffer were then investigated; similar
biphasic patterns were seen, as characterized by fast initial
release within the first 12 hours (Figure 5B) and slow continu-
ous release in the subsequent 84 hours (Figure SA). The rate
of release of doxorubicin from the nanoparticles at pH 5.0
was clearly more rapid than that at pH 7.4. These results may
be ascribed to the fact that the solubility of doxorubicin is
significantly influenced by pH in aqueous medium. It is worth
mentioning that such a characteristic (ie, pH-sensitive release
of cargo) is very favorable in antitumor treatment given that
the microenvironments of extracellular tissues of tumors and
intracellular lysosomes and endosomes are acidic.*®

Cytotoxicity of nanoparticles

To evaluation the cytotoxicity and targeting capability of
tHMSN vector, human mammary cancer MDA-MB-231
cells and HUVECsS, both of which NRP were abundantly
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Figure 4 X-ray photoelectron spectra (A) and thermogravimetric analysis curves (B) for HMSN, tHMSN, or pHMSN.
Abbreviations: HMSN, hollow mesoporous silica nanoparticles; tHMSN, tLyp-| and polyethylene glycol co-modified HMSN; pHMSN, polyethylene glycol-modified HMSN.

expressed, were used as the models of tumor cells and tumor
neovascular endothelial cells, respectively.?%-22234748

Low cytotoxicity of the carrier itself is a primary concern
in the development of a drug delivery system. Figure 6A and
B shows the viability of MDA-MB-231 cells and HUVECs
incubated with HMSN, pHMSN, or tHMSN for 48 hours
(as determined by CCK-8 assay). Obviously, these vehicles
showed very little toxicity to cells, even when the nanopar-
ticles reached concentrations up to 160 pg/mL. Importantly,
conjugation of the tLyp-1 peptide had a negligible influence
on the cytotoxicity of the nanomaterials.

Cellular uptake of nanoparticles
Given that overexpression of NRP has been noted on the
surface of endothelial cells in tumor angiogenic blood vessels

A
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and mammary cancer cells, tLyp-1 decorated nanoparticles
might be taken up in greater amounts by endothelial cells
in angiogenic blood vessels and by mammary cancer cells.
To test this hypothesis, the model cells were incubated with
tHMSN, pHMSN, and HMSN, respectively, and analyzed
by flow cytometry or observed by confocal laser scanning
microscopy.

As expected, the flow cytometry assay demonstrated
that tHMSN had the highest cellular uptake efficiency of
the three types of nanoparticles when loaded with the same
amount of doxorubicin (6 pg/mL), although the endocytosis
of tHMSN into MDA-MB-231 cells (Figure 7A and B,
P<0.01)orHUVECs (Figure 7Cand D, P<<0.01) was slightly
higher than that of HMSN, but was significantly higher than
that of their tLyp-1 unmodified counterparts (pHMSN).
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Figure 5 In vitro cumulative release of doxorubicin from pHMSN (b, c) and from tHMSN (a, d) in phosphate-buffered saline at pH 5.0 (a, b) or pH 7.4 (c, d) and 37°C.

Notes: (B) Shows the data in (A) specifically for the first 12 hours (n=3).

Abbreviations: HMSN, hollow mesoporous silica nanoparticles; tHMSN, tLyp-1 and polyethylene glycol co-modified HMSN; pHMSN, polyethylene glycol-modified HMSN.
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Figure 7 Cellular uptake after 0.5-2 hours of culture with HMSN, pHMSN, or tHMSN loaded with the same amount of doxorubicin in MDA-MB-231 cells (A, B) or human
umbilical vein endothelial cells (C, D) and then detection of mean fluorescent intensity by flow cytometry. The geometric mean of fluorescence for cells treated with tHMSN
after 2 hours was defined as 100% (n=3).

Notes: *P<<0.05, **P<0.01.

Abbreviations: HMSN, hollow mesoporous silica nanoparticles; tHMSN, tLyp-1 and polyethylene glycol co-modified HMSN; NS, not statistically significant; pHMSN,
polyethylene glycol-modified HMSN.
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Figure 8 Confocal laser scanning microscopic images of MDA-MB-231 cells (A) or human umbilical vein endothelial cells (B) incubated with HMSN, pHMSN, or tHMSN
loaded with the same amount of doxorubicin for different periods of time. Blue indicates Hoechst 33342. Red indicates doxorubicin.
Abbreviations: HMSN, hollow mesoporous silica nanoparticles; tHMSN, tLyp-1 and polyethylene glycol co-modified HMSN; pHMSN, polyethylene glycol-modified HMSN.

The lower uptake efficiency of pHMSN compared with that
of HMSN can be explained by the sterically hindered effects
of PEG chains grafted onto the surface of nanoparticles.
However, compared with HMSN and pHMSN, tHMSN,
which was tLyp-1 and PEG co-modified HMSN, exhibited
higher uptake efficiency into the cytoplasm of tumor cells or
angiogenic blood vessels cells and this might ascribed to the
specific recognition between tLyp-1 peptide and the over-
expressed receptor proteins of NRP on the cell membrane
of the target cells. Confocal laser scanning microscopy
was then performed to further visualize the behavior of
the nanoparticles in cells. After 30 minutes of incubating
the cells with nanoparticles loaded with the same amount

HMSN
BN pHMSN
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Il Free DOX

Cell viability (%)
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of doxorubicin (6 pg/mL), no significant difference of the
red fluorescence intensity was detected within each group.
However, with extension of the incubation time to 2 hours,
there was an increasingly discrepancy between the tHMSN
group and the pHMSN group (Figure 8A and B).

In vitro pharmacodynamic study

To investigate the pharmacodynamics of the nanoparticles,
we compared the cytotoxicity of the different drug-loaded
nanoparticles using the CCK-8 assay. The results (Figure 9A
and B) show that increased cytotoxicity of doxorubicin-
loaded tHMSN compared with doxorubicin-loaded pHMSN,
and the IC, value decreased by 65.06% (from 2.69 g/mL to
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Figure 9 Viability of MDA-MB-231 cells (A) and human umbilical vein endothelial cells (B) after incubation with doxorubicin-loaded HMSN, pHMSN, or tHMSN, or free

doxorubicin for 48 hours (n=4).

Abbreviations: DOX, doxorubicin; HMSN, hollow mesoporous silica nanoparticles; tHMSN, tLyp-1 and polyethylene glycol co-modified HMSN; pHMSN, polyethylene

glycol-modified HMSN.
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Figure 10 Cellular association of doxorubicin-loaded tHMSN in the presence of different endocytosis inhibitors in MDA-MB-231 cells (A) and human umbilical vein
endothelial cells (B). The geometric mean of fluorescence for cells treated with tHMSN without any inhibitors was defined as 100% (n=3).

Notes: *P<<0.05, **P<0.01.

Abbreviations: tHMSN, tLyp-| and polyethylene glycol co-modified hollow mesoporous silica nanoparticles; M-B-CD, methyl-B-cyclodextrin.

0.94 pg/mL for MDA-MB-231 cells) and by 51.02% (from
0.98 pug/mL to 0.48 pwg/mL for HUVECs). Accordingly,
tHMSN can not only be regarded as a specific and efficient
drug delivery carrier, but also as having huge potential for
targeted cancer therapy.

On the basis of the results for cellular uptake and cyto-
toxicity of the drug-loaded nanoparticles, it can be concluded
that tHMSN could enhance endocytosis of cargoes and
thereby mediating more robust cytotoxicity compared with
pHMSN. Meanwhile, given the overexpression of NRP in
many tumor cells and angiogenic blood vessel cells,'s2°
such an ability should have a degree of selectivity and dual-
targeting performance.

Cellular uptake mechanism of

nanoparticles

To explore the endocytic pathway of tHMSN further, the
influence of different endocytosis inhibitors (competitive and
noncompetitive) on the rate of uptake of the doxorubicin-
loaded nanomaterials by cells was investigated by flow cytom-
etry. The results shown that free tLyp-1, as the competitive
inhibitors, were effective in inhibiting the uptake of tHMSN
into cytoplasma of MDA-MB-231 (Figure 10A, P<<0.01)
or HUVECs (Figure 10B, P<<0.01). This finding indicates
that the tLyp-1 peptide, when covalently linked to tHMSN,
has an important role in the uptake of these nanoparticles.
Meanwhile, investigation of the inhibitory effect of five non-
competitive endocytosis inhibitors (chlorpromazine, colchi-
cine, genistein, wortmannin, and methyl-B-cyclodextrin) on

the uptake of tHMSN into the cytoplasm of MDA-MB-231
(Figure 10A, P<<0.01) and HUVEC:s (Figure 10B, P<<0.05)
showed that chlorpromazine both had the strongest inhibitory
effect. These results demonstrate (or at least to some extent
indicate) that clathrin-mediated endocytosis might play a
primary role in transport of tHMSN into the cytoplasm.*’

Conclusion

In this study, we developed a novel drug delivery system
based on incorporation of HMSN, PEG, and target peptides
(tLyp-1). The tHMSN vectors obtained had excellent
biocompatibility and a high endocytosis rate, thereby
mediating a remarkable dual-targeting cytotoxic effect on
both tumor cells and angiogenic blood vessels cells after
drug loaded. Therefore, we believe that this novel, high-
capacity, and efficient HMSN-based drug delivery system
has considerable potential for translation into a treatment
for cancer.
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Supplementary material

Detailed description of methods used

to characterize the nanoparticles
The particle hydrodynamic size and zeta potential of hol-
low mesoporous silica nanoparticles (HMSN), tLyp-1 and
polyethylene glycol co-modified HMSN (tHMSN), and poly-
ethylene glycol-modified HMSN (pHMSN) were determined
by dynamic light scattering analysis using a zeta potential/
particle sizer (Nicomp 380, Particle Sizing Systems, Horiba
Scientific, Edison, NJ, USA). Morphological examination
of HMSN was performed using a transmission electron
microscope (Tecnai G-20, FEI, Hillsboro, NJ, USA). Nitro-
gen adsorption—desorption isotherms were measured at 77
K using a surface area and porosity analyzer (ASAP2020,
Micromeritics Instrument Corporation, Norcross, GA, USA).
The specific surface area was calculated by the Brunau-
er—-Emmett—Teller method and the pore size distribution was
calculated using the Barrett—Joyner—Halenda model.
Bicinchoninic acid assay (BCA), X-ray photoelectron
spectroscopy, and thermogravimetric analysis were used to
confirm conjugation of tLyp-1 and polyethylene glycol on
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the surface of the tHMSN. Qualitative assessment of tLyp-1
bound on tHMSN was determined by BCA. Briefly, the
BCA working solution was prepared by mixing reagent A
with reagent B (reagent A:B 50:1, v/v) for further use. Next,
20 uL of tHMSN (HMSN and pHMSN acted as control)
were added into a 96-well plate, followed by incubation
with 200 uL of BCA working solution. After 30 minutes at
60°C, the assay was carried out at 570 nm using a microplate
reader (Synergy TM2, Bio-Tek Instruments Inc, Winooski,
VT, USA). The nanoparticle samples were also lyophilized
(0.180 mbar vacuum, —50°C) using a freeze dryer (Alpha 24,
Labconco, Kansas City, MO, USA) and then analyzed by
X-ray photoelectron spectroscopy (Escalab 250Xi, Thermo
Fisher Scientific, Waltham, MA, USA) to determine the
surface composition. Further, the samples were subjected
to thermogravimetric analysis (SDT-2960, TA Instruments,
New Castle, DE, USA) in a controlled atmosphere of nitrogen
from 90°C up to 590°C at a constant heating rate of 10°C
per minute.
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