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ABSTRACT Mesoporous silica nanomaterial is one of the most promising candidates as drug carrier for

cancer therapy. Herein, in vitro and in vivo study of silica nanorattle (SN) with mesoporous and rattle-type structure

as a drug delivery system was first reported. Hydrophobic antitumor drug docetaxel (Dtxl) was loaded into the

PEGylated silica nanorattle (SN-PEG) with a diameter of 125 nm via electrostatic absorption. In human liver cancer

cell Hep-G2, the half-maximum inhibiting concentration (ICs,) of silica nanorattle encapsulated docetaxel (SN-PEG-

Dtxl) was only 7% of that of free Dtxl at 72 h. In vivo toxicity assessment showed that both nanocarrier of silica

nanorattle (40 mg/kg, single dose) and SN-PEG-DtxI (20 mg/kg of Dtxl, three doses) had low systematic toxicity

in healthy ICR mice. The SN-PEG-DtxI (20 mg/kg, intravenously) showed greater antitumor activity with about 15%

enhanced tumor inhibition rate compared with Taxotere on the marine hepatocarcinoma 22 subcutaneous model.

The results prove that the SN-PEG-DtxI has low toxicity and high therapy efficacy, which provides convincing

evidence for the silica nanorattle as a promising candidate for a drug delivery system.
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he past decade has witnessed a re-

newed interest in mesoporous silica

nanomaterials (MSNs) for biomedical
applications especially for cancer therapy.
Compared with conventional organic carri-
ers, the unique properties of MSNs, includ-
ing large specific surface area and pore vol-
ume, tailored mesoporous structure, high
chemical and mechanical stability, and fa-
vorable biocompatibility, endow them with
fascinating performances as an intelligent
drug delivery system."~* Functionalized
MSNs have been used as robust drug carri-
ers for on-demand drug release, co-delivery
of two kinds of therapeutic agents, encap-
sulation of hydrophobic anticancer drugs,
and so on.> ' It is worth noting that MSNs
with hollow and rattle structure show par-
ticularly higher drug loading efficiency be-
cause the interstitial hollow space can selec-
tively and efficiently accommodate drug
molecules.”' ¢
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Many intelligent drug delivery systems
based on MSNs have been designed; how-
ever, there have been few reports for in vivo
cancer therapy on animal models.'> We are
relatively ignorant about the in vivo behavior
and therapy efficacy of MSN. As known, al-
though the in vitro studies are somewhat rel-
evant with the in vivo ones, the complicated
environment in vivo could not be totally
mimicked.'®"” One example is that the nano-
particles would encounter the biological bar-
riers of opsonization once systematically
administrated.'®"® How the designed stealth
nanoparticles escape the capture of mononu-
clear phagocytic system (MPS) to get a rea-
sonable period of circulation time should be
carefully examined in vivo. Another important
issue is to evaluate the targeting efficiency in-
cluding active targeting by ligand
bioconjugation'®?° and passive targeting by
effective enhanced permeability and reten-
tion (EPR) effect,?'? which is difficult to
mimic in vitro. In addition, alteration of the
pharmacokinetics and biodistribution after
the drug was encapsulated into the nanocar-
rier, as well as the relationship between the
dose and systematic response of the formula-
tion compared with free drug, must be con-
sidered in vivo. Attributed to all of these in
vivo complexities, it is not surprising when
well-established formulation would not show
expected therapy efficacy in vivo. Only sys-
tematic evaluation shows irrefutable evi-
dence that the formulation is safe and effec-
tive, and clinical translation can be permitted.
So, it is critical to assess the in vivo toxicity
and evaluate the in vivo therapy efficacy for
the well-designed candidates of drug deliv-
ery systems.
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Recently, we reported a selective-etching method
to synthesize silica nanorattles (SNs).?* Several advan-
tages make the silica nanorattles a suitable drug deliv-
ery system. First, the silica nanorattles have hollow and
mesoporous structure. Drug molecules with suitable
size and spatial structure can be absorbed into the
pores and the interstitial hollow space of SN with high
drug loading amount. Second, once synthesized, the
silica nanorattles have amino groups on the surface, fa-
cilitating the surface functionalization and bioconjuga-
tion with biomolecules. Third, the silica nanorattles
have controllable size and narrow size distribution.
Silica nanorattles with suitable size can escape the clear-
ance of MPS, have long circulation time, and can effec-
tively accumulate in the tumor via EPR effect. The mon-
odispersity of the nanomaterials ensures controllable
in vivo biodistribution and reproducible experimental
results. Fourth, fluorescent molecules can be doped
into the inner core of the silica nanorattles. The fluores-
cent SNs with high fluorescent stability could be di-
rectly monitored when delivering the therapeutic
drugs. Fifth, it can be synthesized for as high as 10 g in
one reaction. The large-scale synthesis permits its future
bioapplications. In this study, the silica nanorattles were
first developed as a drug delivery system for the hydro-
phobic antitumor drug docetaxel for in vitro and in vivo
liver cancer therapy. The in vitro study of Hep-G2 cells
and in vivo study of the marine hepatocarcinoma 22
subcutaneous model proves that the silica nanorattle
encapsulated docetaxel has reduced toxicity and en-
hanced therapeutic efficacy.

RESULTS AND DISCUSSION

The silica nanorattles were synthesized with a two-
step selective-etching method as reported.?® First,
organic—inorganic hybrid silica nanoparticle of three
layers were synthesized via the modified Stéber reac-
tion with condensation of tetraethylorthosilane (TEOS)
and N-[3-(trimethoxysilyl)propyllethylenediamine
(TSD). Subsequently, hydrofluoric acid was used to
structurally etch the middle layer of the hybrid silica
nanoparticles to form silica nanorattles with mesopo-
rous and rattle structure. Silica nanorattle with a moder-
ate size of 125 nm was chosen to comply for the size
range of EPR effect (Figure 1). The SNs were PEGylated
to increase the dispersion stability and avoid aggrega-
tion of the SNs in the bloodstream by spatial repulsion
between the particles. Meanwhile, PEGylation can re-
duce the opsonization and prolong the blood circula-
tion. It is reported that, with covalently bound PEG
chains, nanoparticles achieve longer blood circulation
half-lives than the counterpart with only surface-
absorbed PEG.?*?> So here, the SNs were PEGylated
(SN-PEG) by directly reacting with succinimidyl carbon-
ate activated PEG derivatives of mPEG-SC (methoxy-
poly(ethylene glycol)succinimidyl carbonate) (5000 Da)
via coupling with the amino groups on the surface of
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Figure 1. Schematic diagram of the drug delivery system based on
silica nanorattles.

SNs. The hydrophobic antitumor drug docetaxel, which
has broad effectiveness against advanced breast carci-
noma, ovarian cancer, prostate cancer, and nonsmall
cell lung cancer,?® was loaded into the silica nanorat-
tles. With an appropriate solvent to simultaneously dis-
solve Dtxl and disperse SN-PEG, the drug molecule of
Dtx| can be electrostatically absorbed in the pore of the
shell and into the hollow cavity of the silica nanorattles.
The synthesized 125 nm silica nanorattles had nar-
row size distribution (Figure 2A). After PEGylation with
mPEG-SC, the morphology and diameter of the par-
ticles had no obvious change (Figure 2B). The hydrody-
namic diameter determined by dynamic light scatter-
ing (DLS) after PEGylation was increased from 145 to
152 nm (Figure 2C). After PEGylation, the polydisper-
sity of the nanorattle slightly increased from 0.04 to
0.09, which was still monodispersed. The SN-PEG sus-
pension was very stable. It was not sedimented in me-
dia including water, saline, 5% glucose, and DMEM cell
culture media for as long as 1 month. For drug loading,
the SN-PEG was soaked in 40 mg/mL ethanol solution
of Dtxl for 24 h, and then the unabsorbed drug and or-
ganic solvent were removed to obtain Dtx|-loaded SN-
PEG, denoted as SN-PEG-Dtxl. The drug loading amount
of SN-PEG-Dtx| was as high as 32% (48 mg DtxI/100
mg SN-PEG). Figure 2D shows the cumulative drug re-
lease of Dtxl from the SN-PEG-Dtxl at physiological pH
and temperature. It exhibited a low initial burst release
(within 10% of the loaded amount) within 60 min and a
two-phase drug release behavior. The initial rapid re-
lease rate in 0—20 h was attributed to the drugs weakly
interacting on the outside of the silica nanorattles, and
further sustained release with a lower release rate from
20 h to 5 days was attributed to the drugs being elec-
trostatically absorbed in the mesopores and located in
the hollow space of the silica nanorattles. About 80% of
drugs were released within 5 days. Two factors are con-
sidered to concurrently determine the sustained re-
lease of Dtx| from silica nanorattles. One is the electro-
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Figure 2. (A) TEM image of silica nanorattle (SN) with a size of 125 nm, (B) TEM image of the silica nanorattles after PEGyla-

tion (SN-PEG), (C) size distribution of SN and SN-PEG by dynamic light scattering, and (D) in vitro cumulative drug release pro-
file of docetaxel from SN-PEG-Dtxl in neutral PBS medium at 37 °C.

static interaction between the amino group in the larly, luminescent labeled SN (SN@FITC) with high fluo-
matrix of silica nanorattles and the hydroxyl group of rescence was designed and synthesized by incorporat-
Dtxl. The hydrophobic nature of Dtxl is another impor-  ing the fluorescent dye of fluorescein isothiocyanate

tant reason that decides if the Dtxl would be slowly dis-  (FITC) into the core of the SN (Figure S2, Supporting In-

solved from the silica matrix to the release medium. formation). The uptake of PEGylated SN@FITC
Efficient cellular internalization of nanoparticles is (SN@FITC-PEG) by human liver carcinoma cell of
necessary for intracellular drug delivery and efficient Hep-G2 was evaluated by fluorescence microscopy (Fig-

therapy. To monitor the trafficking of SN-PEG intracellu-  ure 3A—D). After incubating 100 pg/mL of SN@FITC-

Figure 3. Uptake and subcellular localization of the SN@FITC-PEG in Hep-G2 cells. (A—D) Colocalization of nucleus with

SN@FITC-PEG. The cells were incubated with 100 p.g/mL of SN-PEG for 4 h, fixed, and then stained with DAPI. (A) Blue fluo-
rescence shows nuclear staining with DAPI. (B) Green fluorescence shows the location of SN@FITC-PEG. (C) Overlaid image of
A and B, and (D) corresponding transmission image. (E—H) Colocalization of lysosome with SN@FITC-PEG. The cells were in-
cubated with 100 pg/mL of SN@FITC-PEG for 4 h, washed, and then stained with Lysotracker Red DND-99. (E) Green fluores-

cence shows the location of SN@FITC-PEG. (F) Red fluorescence shows the location of lysosome (Lysotracker Red DND-99). (G)
Overlaid image of E and F, and (H) corresponding transmission image.
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Figure 4. Cytotoxicity of SN-PEG, SN-PEG-Dtx|, and Dtxl on Hep-G2 cells by MTT assays. (A) Cell viability with concentra-
tions of SN-PEG from 0.0625 to 1 mg/mL for 72 h. Inhibition rate of Dtxl and SN-PEG-DtxI (concentration of Dtxl from 0.1 to
62.5 nM) on Hep-G2 cells for (B) 24 h and (C) 72 h, and (D) corresponding ICs, value for 24 and 72 h.

PEG with Hep-G2 cells for 4 h, the cells were fixed and
nuclei stained with DAPI (blue). SN@FITC-PEG distrib-
uted in almost all of the cells throughout the entire cell
cytoplasm (Figure 3B, green fluorescence). In some
cells, there were isolated spots of green fluorescence
showing higher fluorescence intensities, demonstrat-
ing the cluster of the nanorattles (the red arrow in Fig-
ure 3B). To distinguish the subcellular location of
SN@FITC-PEG, the Hep-G2 cells were incubated with
100 pg/mL of SN@FITC-PEG for 4 h and then stained
with Lysotracker Red DND-99 to label the lysosomes
(Figure 3E—H). The colocalization between SN@FITC-
PEG (green) and lysosome (red) shows that SN@FITC-
PEG is rarely colocalized with the lysosomal marker, in-
dicating that the SN@FITC-PEG has a high efficiency to
escape from the lysosome to the cytosol. This behavior
may be attributed to the “proton sponge” effect, which
is important for endosome escape.?” The results prove
that SN-PEG can penetrate the plasma membrane of
Hep-G2 cells and translocate into the cytoplasm with
high efficiency. In this study, Dtxl is a kind of hydropho-
bic and membrane-permeable drug that can directly
penetrate cell membrane and efficiently enter into the
cytoplasm of the cancer cells.?® For therapy, it does not
need a “chaperone” to help it penetrate the cell mem-
brane, but in the case of the membrane-impermeable
therapeutic molecules, such as proteins and genes, SNs
can facilitate them entering into the cells.?*° In an-
other case, for the multi-drug-resistant cells with de-
creased uptake of chemotherapeutic agents, the silica
nanorattles also can act as a transmembrane delivery
vehicle to help transport the drug molecules into the
cells. Thus it can increase the cell internalization, de-
crease the drug efflux, and increase the intracellular ac-
cumulation of the drugs.?'>?
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The cytotoxicity of the SN-PEG-Dtxl was evaluated
and compared with free Dtxl via the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay. To exclude the possible influence of SN-PEG on
cell viability, various concentrations of SN-PEG were in-
cubated for 72 h with Hep-G2 and then cell viability was
assessed. Within the tested concentration range even
as high as 1 mg/mL, the SN-PEG has no obvious adverse
effect on cell viability (Figure 4A), demonstrating the
SN-PEG itself has no cytotoxicity. Then, Hep-G2 cells
were incubated with a series of equivalent concentra-
tions of free Dtxl or SN-PEG-Dtxl for 24 and 72 h, respec-
tively. Both free Dtxl and SN-PEG-Dtxl showed obvious
cell inhibition after 24 or 72 h incubation (Figure 4B,C)
with Dtxl concentration from 0.1 to 62.5 nM. For 24 h,
the free Dtxl showed similar cytotoxicity to equivalent
concentration of SN-PEG-Dtxl in all concentrations. The
half-maximum inhibiting concentration (ICs, value) of
free Dtxl (12 nM) was comparable to that of SN-PEG-DtxI
(12.5 nM) (Figure 4D). For 72 h, SN-PEG-Dtx| exhibited
obvious advantage over Dtxl in cytotoxicity in all con-
centrations. The ICso value of Dtxl (9 nM) and SN-PEG-
Dtx| (0.6 nM) decreased to 75 and 4.8% of that at 24 h,
respectively. The increased cytotoxicity is contributed
from the sustained release of the drug molecules from
the SN-PEG and may be contributed from enhanced
Dtx| uptake by cells when encapsulated in the SN-PEG.

It is known that docetaxel kills cells via stabilizing
microtubules, inducing cell-cycle arrest and caspase-2-
and caspase-3-dependent apoptosis in breast cancer
cells and prostate cancer cells.>*3* It has also been re-
ported to induce non-apoptosis death (aberrant moto-
sis) in tumor cells, depending on the dose, cell type, and
tumor microenvironment.®* 37 Until now, there have
no reports on how docetaxel kills liver cancer cells. In
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Figure 5. Effect of SN-PEG, SN-PEG-Dtxl, and Dtxl on Hep-G2 apopto-
sis. Hep-G2 cells were treated with (A) 10 nM Dtxl, (B) SN-Dtxl of 10 nM
Dtxl, (C) 100 pg/mL of SN-PEG, and (D) negative control without treat-
ment, and then stained with Hoechst 33258 (blue). Apoptosis was
also evaluated after Hep-G2 cells were treated with (E) 10 nM Dtxl, (F)
SN-Dtxl of 10 nM Dtxl, (G) 100 pg/mL of SN-PEG, and (H) negative con-
trol, and then stained with Annexin-V-FITC and PI. Flow cytometry pro-
file represented Annexin-V-FITC staining on the X axis and Pl on the Y
axis.

this study, we first discovered that docetaxel induces
Hep-G2 cell death via the pathway of apoptosis. The
Hep-G2 cells were incubated with Dtxl (10 nM), SN-PEG-
Dtx| (10 nM), and SN-PEG (100 p.g/mL) for 24 h, fixed
with 4% paraformaldehyde, and then stained with Hoe-
chst 33258. Chromatin condensation and apoptotic-
body formation can be observed for most of the cells
treated with Dtxl (Figure 5A), as well as SN-PEG-DtxI
(Figure 5B). This result indicates that the cytotoxicity of
docetaxel on Hep-G2 was induced by apoptosis. Incor-
porating docetaxel into SN-PEG would not change the
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apoptosis pathway. The cells treated with a high con-
centration of SN-PEG (100 wg/mL) (Figure 5C) did not
show any abnormality compared to the control (Figure
5D), which further confirms the biocompatibility of SN-
PEG. The apoptosis of Hep-G2 induced by Dtxl (10 nM)
and SN-PEG-DtxI (10 nM) was also proven by flow cy-
tometry. The AnnexinV-FITC/PI staining could distin-
guish early apoptosis from late apoptosis/necrosis cells.
In the flow cytometry quadrantal diagram, the lower
left, lower right, and upper right quadrants denoted vi-
able, early apoptotic, and late apoptotic/necrotic re-
gions, respectively. Dtx| (Figure 5E) and SN-PEG-DtxI
(Figure 5F) treated cells were found in the lower right
quadrant (AnnexinV positive and Pl negative) and up-
per right quadrant (AnnexinV positive and Pl positive),
confirming cell death by apoptosis. No visible apopto-
sis and necrosis were observed of the cells treated with
SN-PEG (100 pg/mL) (Figure 5G) and control cells (Fig-
ure 5H).

Next, we evaluated systematic toxicity of the drug
nanocarrier of SN-PEG and the SN-PEG-Dtx| formula-
tion in vivo. SN-PEG suspended in saline was injected
through the tail vein into ICR mice with a single dose
of 40 mg/kg. The gross anatomy and pathomorphol-
ogy examinations (Figure 6A—D) showed that all of the
organs including MPS-related organs of liver (Figure
6A) and spleen (Figure 6B) had no obvious change in
morphology including the lymphoid follicles or the area
of the white pulp. The result shows that the drug car-
rier of SN-PEG is biocompatible. The current clinical for-
mulations of docetaxel, Taxotere, have severe adverse
effect due to the acute hypersensitive reaction induced
by nonionic surfactant polysorbate 80 (Tween-80) and
the severe systematic toxicity of Dtxl itself.*>3% By en-
capsulating Dtxl into silica nanorattles, the formulation
can be readily dispersed in physiological media without
any surfactants and cosolvents. To determine the func-
tion of SN-PEG for reducing the toxicity of Dtxl clinical
formulation, the systematic toxicities of Taxotere and
SN-PEG-Dtx| were evaluated in healthy mice. Eighteen
healthy female ICR mice with a body weight of about
20 g were randomly divided into three groups, SN-PEG-
Dtx| group (20 mg/kg Dtxl), Taxotere group (20 mg/kg
Dtxl), and control group (physiological saline). A total of
three i.v. administrations (day 1, day 5, and day 9) in a
span of 9 days was given. The mice were then kept for
another 3 days. Body weight and clinic manifestation
were monitored during the course. The mice in the Tax-
otere group suffered marked weight loss of about 14%,
indicating severe toxicity, whereas the mice in the con-
trol group and SN-PEG-Dtx| group gained 18 and 13%
body weight, respectively (Figure 7A). All the viscera in-
dexes of the SN-PEG-Dtxl group had no obvious change
compared with that of control group, whereas the vis-
cera index of liver in the Taxotere groups suffered obvi-
ous decrease, demonstrating damage to the liver (Fig-
ure S3). Just as reported, Dtxl often has severe

Wwww.acsnano.org



Figure 6. Systematic toxicity of SN-PEG (40 mg/kg, single dose, i.v.)
on healthy ICR mice. Histological section of (A) liver, (B) spleen, (C)
lung, and (D) kidney stained with H&E. The scale bar is 100 pm.

hematological adverse effects include neutropenia,
anemia, and thrombocytopenia. It also can result in sig-
nificant liver dysfunction.?®3° Standard hematologic
markers of absolute white blood cell count (WBC), lym-
phocyte count (LyC), monocytes count (MoC), neutro-
phil count (NeC) and red blood cell count (RBC) were
detected and compared among the three groups (Fig-
ure 7B). The significant decrease of WBC, MoC, and NeC
in the Taxotere group represents the severe hematolog-
ical toxicity. Although the level of the three markers in
the SN-PEG-Dtxl group also decreased compared with
that of the control group, the difference compared with
the control group was not as significant as that of the
Taxotere group. The results indicate that the SN-PEG-
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Dtx| shows lower toxicity than the Taxotere
with equivalent Dtxl concentration. Other he-
matologic markers including mean corpuscu-
lar hemoglobin, platelet count, corpuscular
hemoglobin concentration, and mean corpus-
cular volume had no obvious differences
among the three groups (data not shown).
The biochemical markers for liver function in-
cluding alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and total biliru-
bin (TBIL) were also analyzed (Figure S4A—C).
The predominant increase in ALT and AST ac-
tivity in the Taxotere group indicates severe
liver injury. Both Taxotere and SN-PEG-DtxI
had no obvious adverse influence on the
plasma creatinine (CRE) and urea nitrogen
(BUN) that represent kidney function (Figure
S4D,E). The histology results also indicate that
the liver has no obvious histopathological ab-
normalities in the SN-PEG-DtxI group relative
to the control (Figure 7C), but in the Taxotere group, 5
of 6 mice had remarkable microgranuloma formation in
the livers (Figure 7D, red arrow). It is estimated that
the necrosis of liver cells induced by Dtxl recruits the
monocytes and kupffers to the location. Other tissues
including spleen, lung, and kidney have no obvious his-
topathological abnormalities or lesions in all groups
(Figure S5). All of these results prove that the SN-PEG-
Dtx| has lower systematic toxicity compared with Taxo-
tere. It can be possibly attributed to three points. First,
the sequestration of Dtxl by SN-PEG-Dtxl reduces the
liver toxicity by reducing the systemic concentration of
free Dtxl. Second, the drug delivery system of SN-PEG
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Figure 7. Systematic toxicity of Taxotere and SN-PEG-Dtxl (20 mg/kg, three doses, i.v.) on healthy ICR mice. (A) Change of
body weight, (B) values of hematological markers, and histological section stained with H&E of liver samples of (C) SN-PEG-

Dtxl and (D) Taxotere group.

www.acsnano.org

VOL. 4 = NO. 11 = 6874-6882 = 2010 W}

11DI1Ld

6879



ARTICLE

6880

B "

2000 - '[

9
-
[+2]
o
o

1

—

N

o

o
[
—

800 -

400 -

Tumor weight (m

0
SN-PEG-Dtxl Taxotere control

Figure 8. In vivo antitumor activities of SN-PEG-Dtx| and Taxotere on
H22 liver cancer subcutaneous model (20 mg/kg of DtxI, four doses, i.v.).
(A) Photographs of tumors from (a) SN-PEG-DtxI group, (b) Taxotere
group, and (c) control group with saline. (B) Tumor sizes of each group.

with good biocompatibility can be readily suspended
in the injection media without any toxic excipients such
as Tween-80. Last, the PEGylated SN with suitable size
may have decreased accumulation in and more rapid
clearance from organs.*°

In vivo therapeutic efficacy for liver cancer was as-
sessed using the marine hepatocarcinoma 22 (H22) sub-
cutaneous model. Fifteen tumor-bearing ICR female
mice with tumor size of about 200 mm? at the right
flank were divided into three groups, (a) SN-PEG-DtxI
group (20 mg/kg Dtxl), (b) Taxotere group (20 mg/kg
Dtxl), and (c) control group (physiological saline) with
minimal weight and tumor size differences. The drugs

were intravenously administered (i.v.) through the tail
vein every 4 days (day 1, day 5, day 9, and day 13) for a
total of four times. No mice died during the course of
therapy. By the planned end point of day 17, all of the
animals were euthanized to evaluate the tumor sizes
and inhibition rates. The picture of tumors excised from
the mice of each group (Figure 8A) showed that the tu-
mor sizes of both of the Taxotere and SN-PEG-Dtxl
group were visibly smaller than that of the control
group, which means tumor inhibition for both groups
(Figure 8B), but the tumors in the SN-Dtx| group were
smaller than that in the Taxotere group. The average in-
hibition rate calculated from tumor weight by Taxo-
tere was about 57%, while that of the SN-PEG-DtxI
group was as high as 72%. Although liver cancer is re-
sistant to most anticancer drugs, our results here prove
that the Dtxl has a high suppression effect on Hep-G2
cells and H22 liver cancer. The enhanced tumor inhibi-
tion of the SN-Dtxl may be attributed to the sustained
Dtxl release from SN-PEG in vivo and as well as the ac-
cumulation of drug-loaded SN in the intratumor due to
EPR effect once intravenously administered. It is be-
lieved by further bioconjugating the SN with cancer-
specific targeting ligands (for example, antibody, pep-
tide, and aptermer), the specificity of the delivery
system for cancer cells and the therapeutic efficacy

can be further enhanced.'®*°

CONCLUSION

In summary, this study represents a significant
progress of in vivo cancer therapy with mesoporous
silica nanomaterials. The silica nanorattles show advan-
tages for in vivo enhancement of therapy efficacy and
reducing the systematic toxicity of the antitumor drugs.
It has the potential to be developed as a versatile and
robust drug delivery platform for accommodating a
wide range of therapy modalities with high drug load-
ing amount, including hydrophobic and hydrophilic
pharmaceutical drugs, siRNA, and therapeutic proteins.
Notwithstanding future challenges about their long-
term biocompatibility, the present data provide a path-
way for the application of the mesoporous silica nano-
materials as an efficient drug carrier. We believe our
preliminary work would promote further understand-
ing of other silica mesoporous nanomaterials and pave
the way for future clinical translation.

EXPERIMENTAL METHOD

Synthesis and PEGylation of Silica Nanorattle. SN and SN@FITC of
about 125 nm were fabricated via a modified Stober reac-
tion according to our previously reported method.?* For PE-
Gylation, 1 g of silica nanorattles was mixed with 200 mg of
mPEG-SC (methoxypoly(ethylene glycol)succinimidyl carbon-
ate) (4 KD, Kaizheng Biotech., Beijing) and reacted for 4 h at
room temperature, and then the unreacted molecules were
removed by repeated centrifugation.

@NA]NK) VOL.4 = NO.11 = LI ET AL

In Vitro Drug Loading and Release. To load Dtx| (Sanwei Pharma-
ceutical.,, Shanghai) into the pores of the particles, SN-PEG was
dispersed in a solution of Dtxl (40 mg/mL in ethanol) and stirred
for 24 h, followed by centrifugation and washing extensively
with PBS to obtain the drug-loaded SN-PEG (SN-PEG-Dtxl). For
drug release assay, the SN-PEG-Dtx| samples were placed in di-
alysis tubing (10 000 Da) and immersed in 20 mL of release me-
dium, stirring at room temperature. The release medium (8 mL)
was taken at given time intervals. The concentration of Dtxl was
determined by UV/vis spectroscopy measurements at a wave-
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length of 230 nm. Drug loading amount was calculated accord-
ing to the equation of drug loading amount (%) = 100 X Wp/
(Wsn-peG-pta), Where Wiy is the weight of Dtxl loaded into the
nanorattle, and Wsy.pe.oa is the weight of SN-PEG-Dtx.

Cellular Uptake and Internalization. Human liver carcinoma cells
of Hep-G2 cells (ATCC) were maintained in high glucose Dulbec-
co’'s modified Eagle’s medium (DMEM) (Gibco), supplemented
with 10% FBS (Hyclone) at 37 °C in a humidified atmosphere of
5% CO,. The cell culture media were supplemented with 100
units/mL penicillin and 100 pg/mL streptomycin. The Hep-G2
cells were seeded on glass-bottom dishes (35 mm, kindly pro-
vided by MatTek Corporation). A final concentration of 100
rg/mL SN@FITC-PEG was added to the cells and incubated for
4 h. The cells were washed with PBS three times, fixed with 4%
paraformaldehyde, and then stained with 10 wg/mL DAPI (2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride, Sigma).
Micrographs were taken on a Nikon fluorescence microscope
(Nikon Eclipse Ti-S, CCD: Ri1). For colocalization with lysosome,
the cells were coincubated with 100 wg/mL of SN@FITC-PEG for
4 h, and then washed, stained with 60 nM Lysotracker Red
DND-99 (Beyotime Institute of Biotechnology, Haimen, China)
for 1 h, and observed on a fluorescence microscope.

In Vitro Cell Viability. The cytotoxicity of SN-PEG, SN-PEG-Dtxl,
and Dtx| was evaluated by MTT viability assay. Dtx| was dis-
solved using DMSO, and the final concentration of DMSO in cul-
ture media was less than 0.5%. For 24 h detection, the cells were
seeded at a density of 8000 cells/well on 96-well plates (Costar),
and for 72 h detection, the cell density was 2000 cells/well. After
incubating the cells with silica nanorattles, Dtxl, and SN-PEG-
Dtxl for 24 h (or 72 h), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Sigma) (final concentration of
0.5 mg/mL) was added to each well. After 4 h of incubation at
37 °C, colorimetric measurements were performed at 570 nm on
a scanning multiwell spectrometer (Multiskan MK3 Thermo lab-
systems). Data were expressed as mean = standard deviation
(SD) of at least six independent experiments.

Cell Apoptosis Assays. The cell apoptosis was detected by assess-
ment of nuclear morphology staining with Hoechst 33258. Cells
were treated with SN-PEG (100 wg/mL), SN-PEG-DtxI (10 nM), and
Dtxl (10 nM) for 24 h. Then the cells were washed and fixed
with 4% paraformaldehyde. After being stained with the fluores-
cent probe of Hoechst 33258 (Sigma) (10 pwg/mL) at room tem-
perature for 10 min, the cells were observed on a fluorescence
microscope. Cell apoptosis was also determined by FACS with an
AnnexinV-FITC apoptosis detection kit. Hep-G2 cells were seeded
at 5 X 10° cells in 6-well plates and incubated with SN-PEG (100
rg/mL), SN-PEG-Dtxl (10 nM), and Dtx| (10 nM) for 24 h. The cells
were washed with PBS, resuspended in binding buffer, and incu-
bated with Annexin V and Pl at room temperature for 10 min
and then analyzed immediately using the FACSCalibur system
(Becton Dickinson) with CellQuest software.

In Vivo Systematic Toxicity. ICR mice (purchased from Vital River
Corp., Beijing) weighing 18 *+ 2 g were kept in an environment
complying with the NIH guidelines for the care and use of labo-
ratory animals. All animal procedures were performed following
protocol approved by the Institutional Animal Care. A total of 18
healthy female ICR mice were allocated to three groups and in-
travenously administrated with (a) SN-PEG-Dtx| (Dtxl of 20 mg/
kg, 200 wL, dispersed in saline), (b) Taxotere (Dtxl of 20 mg/kg,
200 pL, dispersed in saline), and (c) control group (200 L saline)
every 4 days (day 1, day 5, and day 9) through tail veins until a to-
tal of three administrations were completed. Body weights and
clinic manifestation were observed and recorded carefully
throughout the experiment period. On day 12, blood samples
were collected from the ocular vein (about 0.8—1 mL each
mouse) and centrifuged twice at 3000 rpm for 10 min to sepa-
rate serum. The coefficients of liver, kidneys, and spleen to body
weight were calculated as the ratio of tissues (wet weight, mg)
to body weight (g). Tissues recovered from the necropsy were
fixed in 10% formalin, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E) for histological exami-
nation using standard techniques. After hematoxylin/eosin stain-
ing, the slides were observed and photos were taken using an
optical microscope.
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In Vivo Antitumor Effect. The female mice were injected subcuta-
neously in the right axillary region with 0.1 mL of cell suspen-
sion containing 5 X 10° hepatoma 22 (H22) cells (ATCC). After tu-
mor size had reached about 200 mm?, the mice were divided
into three groups (n = 5), minimizing weight and tumor size dif-
ferences. The mice were intravenously administered with (a) Tax-
otere (20 mg/kg, 200 pL, diluted with saline), (b) SN-PEG-Dtx|
(20 mg/kg Dtxl, 200 uL, dispersed in saline), and (c) saline (200
wL) (control group) every 4 days through tail veins (day 1, day 5,
day 9, and day 13). On day 17, after four times of therapy, all of
the animals were euthanized, and the tumors were dissected and
weighed. Tumor growth inhibition rates were calculated using
the formula inhibition (%) = 100 X (C — T)/C, where C is the av-
erage tumor weight of the control group and T the average tu-
mor weight of each treated group.
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