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M
alignant tumors such as lung and
breast tumors are the leading
cause of human death worldwide,

with an estimated 7.6 million deaths in
2008.1 Although conventional chemothera-
peutic strategies have been exploited for
cancer treatment, healthy organs are also
adversely affected due to severe toxicity of
chemotherapeutics.2 It is, therefore, urgent
to develop novel and efficient therapeutic
methods to selectively kill cancer cells for
curing tumor illness, while with fewer side
effects to healthy organs.2,3 Nanotechnol-
ogy presents a great potential to revolution-
ize cancer therapy by providing targeted
drug delivery nanosystems to realize optimal
treatments.2,3 Mesoporous silica nanoparti-
cles (MSNs), as one of the most promising
therapeutic drug carriers, have been em-
ployed to fabricate responsive drug delivery

systems, mainly owing to their unique fea-
tures of uniform mesopores, tunable pore
sizes, large surface areas, and good biocom-
patibility in vitro and in vivo.4�8 Since abun-
dant silanol groups (Si-OH) on the surfaces of
the nanoparticles are available for further
modifications,4�8 various types of MSN-
based stimuli-responsive drug delivery systems
havebeendeveloped.4�32 These systemscould
be divided into three categories according to
the capping agents functionalized on MSNs:
(1) MSNs sealedby inorganicnanoparticles,9�13

(2) MSNs capped by organic (bio)molecules
and (bio)macromolecules,14�18,30�32 and
(3) MSNs mechanized with responsive mo-
lecular machines.19�29 A key issue for these
systems is how to “switch off” and “switch
on” themesopores in response to biological
signals or external stimuli for controlled
drug delivery.4�8
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ABSTRACT In order to selectively target malignant cells and

eliminate severe side effects of conventional chemotherapy, bio-

compatible and redox-responsive hollow nanocontainers with tumor

specificity were fabricated. The mechanized nanocontainers were

achieved by anchoring mechanically interlocked molecules, i.e.,

[2]rotaxanes, onto the orifices of hollow mesoporous silica nano-

particles via disulfide bonds as intermediate linkers for intracellular glutathione-triggered drug release. The [2]rotaxane employed was mainly composed of

U.S. Food and Drug Administration approved tetraethylene glycol chains, R-cyclodextrin, and folic acid. In this study, folate groups on the mechanized

hollow nanocontainers act as both the tumor-targeting agents and stoppers of the [2]rotaxanes. Detailed investigations showed that anticancer drug

doxorubicin loaded mechanized nanocontainers could selectively induce the apoptosis and death of tumor cells. The drug-loaded nanocontainers enhanced

the targeting capability to tumor tissues in vitro and inhibited the tumor growth with minimal side effects in vivo. The present controlled and targeted drug

delivery system paves the way for developing the next generation of nanotherapeutics toward efficient cancer treatment.

KEYWORDS: hollow mesoporous silica nanoparticles . in vivo . redox-responsive release . molecular machines .
tumor-targeted therapy
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Mechanized MSNs are usually achieved by immobi-
lization of functional supramolecular machines,19�22

monolayer nanovalves,23�25 and artificial interlocked
molecules26,27 onto the surfaces of MSNs. They have
been exploited to store and release therapeutic agents
on account of their good drug encapsulation capability
and high sensitivity to external stimuli.5 For instance,
Stoddart and Zink functionalized (supra)molecular
machines onto MSNs by employing switchable
[2]rotaxanes or [2]pseudorotaxanes as gates to control
cargo release under external stimuli.5,19�22,26,27 We
also constructed redox-, pH-, enzyme-, and light-
responsive release systems based onMSNs for controlled
and targeted drug delivery.28�32 A classic model of
[2]rotaxane-functionalized MSNs is usually composed
of four parts:5 (1) linear stalks, which are tailored onto
the surfaces of MSNs, (2) movable macrocyclic rings,
such as tetracationic cyclophanes, crown ethers, cu-
curbiturils, and cyclodextrins, which are threaded onto
the stalks by specific molecular recognitions, (3) cleav-
able bonds or stimuli-responsive binding sites, which
are introduced onto stalks to control the movement of
rings, thus leading to opening or closure of the meso-
pores, and (4) stoppers, which are conjugated onto the
termini of stalks for completing [2]rotaxanes on MSNs.
All components employed in the fabrication of molec-
ular machines onto MSNs are highly modular for
specific requirements.5,19�27 However, previously re-
ported mechanized MSNs were not endowed with
tumor-specific capability, and almost all the studies
did not involve in the investigation and evaluation of
MSN-based delivery systems in vivo. Thus, it is impor-
tant to accumulate proof of controlled and targeted
intracellular drug delivery using mechanized MSNs,
interaction mechanisms between tumor cells and me-
chanized MSNs, and animal curative effects of mecha-
nized MSN-based drug release systems for potential
clinical applications.
Herein, we functionalized novel [2]rotaxanes onto

hollow mesoporous silica nanocontainers (HMSNs) by
using disulfide bonds as intermediate linkers and
investigated their applications for controlled and tar-
geted drug delivery in vitro and in vivo (Figure 1).
HMSNs were employed as drug storage nanocontainers
with enhanced drug loading capacity as compared
with conventional MSNs. Multifunctional [2]rotaxanes
on HMSNs were fabricated by using the biocompatible
products tetraethylene glycol (TEG), R-cyclodextrin
(R-CD), and folic acid (FA). Briefly, HMSNs were
first functionalized with disulfide bond containing
amino groups. After that, a TEG derivative was immo-
bilized onto the above nanoparticles, acting as a
dumbbell-like component of the [2]rotaxane. A
movable R-CD ring was threaded onto the TEG unit
with high complexation affinity between the linear
�(CH2�CH2O)4� chain of TEG and the hydrophobic
cavity of R-CD.22 The R-CD rings on the HMSN surface

could physically block the loaded drugs within the
hollow pores on account of the unique three-
dimensional structure.16,21 Finally, [2]rotaxane-function-
alized HMSNs were achieved by anchoring FA onto the
end of the TEG chain via click chemistry. The FA unit
with 2-amino 4-hydroxyl pteridin structure as well as
three �NH� groups (red dashed circles in Figure 1A)
could prevent R-CD from dethreading.5,29 Thus, the FA
unit acts as both the stopper of [2]rotaxane on the
HMSN surface and a targeting agent toward tumor
cells. Since the disulfide bond linkage can be cleaved
by intracellular reducing agents, i.e., glutathione (GSH),
removal of the [2]rotaxane capping agents on the
HMSN surface leads to the release of loaded drugs.
Here, we demonstrated that [2]rotaxane-mechanized
HMSNs were a biocompatible and efficient redox-
responsive drug delivery system with tumor specificity
in vitro and in vivo.

RESULTS AND DISCUSSION

Preparation of Mechanized HMSNs. The precursors of
S-(2-pyridylthio)-cysteamine hydrochloride, p-toluene-
sulfonate tetraethylene glycol azide (Tos-TEG-N3), and
acetylated folic acid (FA-CtC) were first synthesized
according to previous reports with slight modifica-
tions,22,33 which were described in the Supporting
Information (SI). Successful synthesis of those mol-
ecules was confirmed by nuclear magnetic resonance
(NMR) spectroscopy (Figure S1 in the SI) and mass
spectroscopy (MS) (Figure S2 in the SI). It is interesting
to note that correlative cross-peaks appeared (red
arrows in Figure S3 of the SI) when the R-CD ring was
threaded onto the OH-TEG-OH molecule in a DMSO/
D2O mixture solution. The observation indicates that
the linear �(CH2�CH2O)4� chain of the TEG molecule
was included in the R-CD cavity, suggesting that the
inclusion complexation between theR-CD ring and the
TEG molecule could also be achieved on the HMSN
surface. Then, HMSNs were prepared by using a tem-
plate method according to previous reports with some
changes (Figure S4 in the SI).34 The synthesized HMSNs
displayed a uniform hollow structure and well-defined
mesoporous shell with an average diameter of 155 (
20 nm (Figure 2a,c). The average thickness of the
shell was 20 ( 2.5 nm. It was reported that nano-
scale drug delivery systems smaller than 200 nm
could be eliminated from the body after long-term
circulation in vivo.2,35 Consequently, the obtained
HMSNs could be exploited as promising drug
nanocarriers.

Mechanized HMSNs were finally obtained after
loading with the anticancer drug doxorubicin hydro-
chloride (DOX) and modifications with multifunctional
R-CD-based [2]rotaxane (Figure 1A and Figure 2b,d).
The detailed grafting procedure and reaction principle
are described in the SI. Briefly, the synthetic procedure
includes six steps: (1) HMSNs were first modified with a
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sulfhydryl unit (�SH) using mercaptopropyltrimethoxy-
silane,11,12 denoted as HMSNs-SH; (2) HMSNs were
functionalized with a disulfide bond containing amino
groups through the disproportionation reaction be-
tween HMSNs-SH and S-(2-pyridylthio)cysteamine hy-
drochloride,11 denoted as HMSNs-S-S-NH2; (3) Tos-TEG-
N3 was immobilized onto the orifices of MSNs-S-S-NH2

by the reaction between a toluenesulfonate group and
an amino group,22 denoted as HMSNs-S-S-NH-TEG-N3;

(4) model drug DOX or fluorescein isothiocyanate (FITC)
was loaded into HMSNs-S-S-NH-TEG-N3 via diffusion,
denotedasHMSNs-S-S-NH-TEG-N3@DOXorHMSNs-S-S-
NH-TEG-N3@FITC; (5) the R-CD ring was threaded onto
the TEG chain on the nanoparticle surface,22 denoted as
HMSNs-S-S-NH-TEG-N3/R-CD@DOX or HMSNs-S-S-NH-
TEG-N3/R-CD@FITC; and finally (6) acetylated folic acid
(FA-CtC) was anchored onto the end of the TEG chain
to achieve the mechanized HMSNs via click chemistry

Figure 1. (A) Fabrication ofmultifunctional [2]rotaxanes onto the orifice of HMSNs. (B) Redox-responsivemechanizedHMSNs
with tumor specificity for drug delivery in vitro and in vivo.
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between azide and alkynyl units, denoted as HMSNs-S-
S-NH-TEG-FA/R-CD@DOX or HMSNs-S-S-NH-TEG-FA/
R-CD@FITC.

Tomonitor themodification processes, the samples
were fully characterized by scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM),
Brunauer�Emmett�Teller (BET) surface area measure-
ments, Barett�Joyner�Halenda (BJH) pore size distri-
bution analysis, Fourier transform infrared spectros-
copy (FTIR), fluorescamine spectroscopy, zeta potential
measurements, and thermogravimetric analysis (TGA).
The SEM and TEM images confirmed that both HMSNs
and mechanized HMSNs displayed uniform hollow
structures with an average diameter of 155 ( 20 nm
andaverage shell thickness of 20(2.5 nm (Figure 2a�d).
However, the mesoporous structure of mechanized
HMSNs (HMSNs-S-S-NH-TEG-FA/R-CD) cannot be clearly
observed compared with bare HMSNs as a result of the
surface functionalization (Figure 2b,d).32,36 The BET sur-
face areasofnanoparticlesdecreased from1291.7m2g�1

to 416.5 m2 g�1 after HMSNs were mechanized with
[2]rotaxane (Figure S5 and Table S1 in the SI). The BJH
pore sizes of nanoparticles also decreased after the
grafting process (Figure S5 and Table S1 in the SI).37

These results suggest that the mesopores (around
3.8 nm in diameter) of mechanized HMSNs were capped
byR-CD-based [2]rotaxane. FTIR spectra (Figure S6 in the
SI) further demonstrated that HMSNs-S-S-NH-TEG-FA/R-
CD was successfully synthesized after step-by-step reac-
tions. Fluorescamine spectra (Figure S7 in the SI) proved
that HMSNs-S-S-NH2 and HMSNs-S-S-NH-TEG-N3 were

prepared. Fluorescamine detection is based on the fact
that primary amine groups (�NH2) can react with
fluorescamine to generate significant fluorescence.32

Thus, the fluorescence intensity indicates the amount
of primary amine groups on the nanoparticles. The
fluorescence intensity of HMSNs-S-S-NH-TEG-N3 be-
came much lower than that of HMSNs-S-S-NH2, since
the primary groups (�NH2) were consumed in the
grafting reaction. Zeta potential indicated that �SH,
�NH2,�N3, and�OH fromR-CDwere introduced onto
the surface of HMSNs, since the charge values of the
samples varied after each step of the modification
(Table S2 in the SI).7 Furthermore, TGA confirmed that
around 20 wt % of DOX was loaded into the mecha-
nizedHMSNs (Figure S8 in the SI), a loading value that is
much higher than that of conventional MSNs (less than
10 wt %). The amount of other functional species
immobilized onto the surface of HMSNs was measured
quantitatively as well (Figure S8 in the SI).

Redox-Responsive Drug Release. The release behavior of
an anticancer drug from DOX-loaded mechanized
HSMNs under intracellular redox stimuli was investi-
gated. In this study, after loadingDOX intomechanized
HMSNs, HMSNs-S-S-NH-TEG-FA/R-CD@DOXwas exposed
to neutral Tris buffers containing various amounts of
intracellular reducing agent, i.e., GSH. Real-time release
behavior of the system was monitored using a fluores-
cence spectrometer (Figure 3a). At physiological con-
ditions (Tris buffers), a negligible amount of DOX was
leaked fromHMSNs-S-S-NH-TEG-FA/R-CD@DOXwithin
2 h, indicating good capping efficiency of R-CD-based

Figure 2. Morphology ofHMSNs andmechanizedHMSNs. SEM images of (a) bareHMSNs and (b)mechanizedHMSNs (HMSNs-
S-S-NH-TEG-FA/R-CD), scale bar: 100 nm; TEM images of (c) bare HMSNs and (d) mechanized HMSNs (HMSNs-S-S-NH-TEG-FA/
R-CD), scale bar: 50 nm.

A
RTIC

LE



LUO ET AL . VOL. 7 ’ NO. 11 ’ 10271–10284 ’ 2013

www.acsnano.org

10275

[2]rotaxane on the nanoparticle surface.19,21,28,29 In
comparison, when mechanized HMSNs were exposed
to 1 mM and 10 mM GSH solutions in Tris buffer for
redox-triggered release, the fluorescence intensity of
DOX drastically increased to 285 (au) and 590 (au),
respectively (Figure 3a). This phenomenon could be
explained by GSH causing the cleavage of the disul-
fide bonds due to its reducibility, thus leading to the
removal of the [2]rotaxane capping agents from the
nanoparticle surface for quick cargo release.38,39 It has
been also reported that GSH is extensively distributed
in the cytoplasm of tumor cells.40,41 To some extent,
the DOX release rate from mechanized HMSNs was
dependent on the concentration of the reducing
agent.38,39 These results indicate that the HMSNs-S-S-
NH-TEG-FA/R-CD@DOX drug delivery system was
highly sensitive to the redox stimulus provided byGSH.

To further investigate the long-term redox-triggered
drug release behavior of mechanized HMSNs, the
system was incubated with 1 mM and 10 mM GSH
solutions for 26 h, respectively. At physiological condi-
tions, the leakage amount of DOX from mechanized
HMSNs still remained at a low level (nearly l0%) when
incubated for more than one day (Figure 3b), further
demonstrating that the [2]rotaxane capping agents
could keep the loaded anticancer drugs within the
nanocontainers.38,39 A possible reason for the drug
leakage was that some DOX might be adsorbed onto
the surface of HMSNs or reside in the ditches among
the [2]rotaxane capping agents, which was released
quickly into the buffer solution via free diffusion within
4 h.28�32,38,39 In contrast, the released amount of DOX
increased to over 50% and 85% when the delivery
system was treated with 1 mM and 10 mM GSH
solutions for 26 h, respectively. The mechanism is that
the disulfide bonds between the [2]rotaxane capping
agents and HMSNs were stable at physiological condi-
tions, leading to robust blocking of the mesopores by
the [2]rotaxanes (off state). When the delivery system
was exposed to a reductive environment, the disulfide
bonds would be cleaved, resulting in the removal of
the [2]rotaxane capping agents from the HMSN surface
as well as the uncapping of themesopores for the DOX

release (on state).38,39 Moreover, the release profiles of
DOX-loaded mechanized HMSNs under endosome-
mimetic circumstances (pH = 5.0) were also investi-
gated, since the delivery system would be trapped
inside the endosome after being endocytosed by HeLa
cells. As shown in Figure S9 of the SI, nearly 13%of DOX
was leaked from mechanized HMSNs after incubation
for 1 day, which was similar to the release profiles at
physiological conditions. The results further demon-
strated that the [2]rotaxane capping agents could
maintain the loaded anticancer drugs within the nano-
containers even under acidic conditions.

Interactions of Mechanized HMSNs with Tumor Cells. To
evaluate the interaction between mechanized HMSNs
(HMSNs-S-S-NH-TEG-FA/R-CD) and tumor cells in vitro,
TEM was first used to monitor the distribution of
HMSNs and HMSNs-S-S-NH-TEG-FA/R-CD within HeLa
cells.42,43 The cells on tissue culture polystyrene plates
(TCPP) were used as the control group. It was observed
that HeLa cells treated with the nanoparticles still
displayed a well-spread morphology compared with
the control group (Figure 4b,c vs 4a). The cell mem-
branes and nuclei were intact and distinct. These
results indicate that both HMSNs and HMSNs-S-S-
NH-TEG-FA/R-CD were of good biocompatibility,42,43

which was also supported by the cell viability assay of
the nanoparticles (Figure S10 in the SI). Moreover, the
nanoparticles entered into the cytoplasm without any
interactions with the cell nuclei. This observation is
consistent with previous studies.42,43 Interestingly, the
endocytosed amount of HMSNs-S-S-NH-TEG-FA/R-CD
by HeLa cells was much higher than that of HMSNs. It
could be interpreted that the targeting ligands, FA
units, in HMSNs-S-S-NH-TEG-FA/R-CD specifically inter-
acted with tumor cells, thus improving its cellular
uptake. Furthermore, we also found that an endosome
was formed to contain the nanoparticles in situ after
they were endocytosed by cells (Figure 4b vs 4e, red
line, and Figure S11 in the SI).30 The formation of the
endosome is a cellular immune response for self-
protection when exogenetic species come into cells.44

Our previous studies have confirmed that internalized
nanoparticles with positive charges could escape from

Figure 3. Redox-responsive release profiles of DOX from the mechanized HMSNs. (a) Real-time release profiles over 120 min
and (b) long-term release profiles over 26 h.
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the endosome owing to the cellular “sponge effect”.28,45

After that, the escaped nanoparticles would enter the
cytoplasmof tumor cells andbeexposed to the reductive
environment provided by intracellular GSH.

Second, confocal laser scanningmicroscopy (CLSM)
was utilized to quantitatively evaluate the amount of
nanoparticles endocytosed by tumor cells.16,30,43,45

FITC was loaded into bare HMSNs and mechanized
HMSNs, denoted as HMSNs@FITC and HMSNs-S-S-NH-

TEG-FA/R-CD@FITC, respectively. After being incu-
bated with HMSNs@FITC and HMSNs-S-S-NH-TEG-FA/
R-CD@FITC for 12 and 24 h, respectively, HeLa cells
were fixed and stained with dyes to reveal their cell
morphology in vitro. CLSM observation demonstrated
that, after taking up the nanoparticles, HeLa cells
displayed well-spreading morphologies compared
with the controlled group with FITC only (Figure 4e,f
vs 4d; 4e1,f1 vs 4d1). These cell nuclei (blue) and cell

Figure 4. TEM images showing untreated HeLa cells (a, control group) and the distributions of endocytosed HMSNs (b) and
mechanized HMSNs (c) within HeLa cells after 12 h. Representative CLSM images of free FITC (d and d1), HMSNs@FITC (e and
e1), and HMSNs-S-S-NH2-TEG-FA/R-CD@FITC (f and f1) endocytosed by HeLa cells for 12 and 24 h, respectively. Scale bar:
50 μm. Red: cytoskeleton, blue: cell nuclei, green: FITC-labeled nanoparticles. (g) Quantitative flow cytometry analysis
showing the percentageof HeLa cells withfluorescence after incubationwith FITC, HMSN@FITC, andHMSNs-S-S-NH2-TEG-FA/
R-CD@FITC, respectively. (h) Quantitative flow cytometry analysis showing the percentage of HeLa cells and endothelial cells
with fluorescence after incubation with HMSNs-S-S-NH2-TEG-FA/R-CD@FITC, n = 6.
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cytoskeletons (red) also remained intact with regular
structures. The internalized nanoparticles with green
fluorescence were mainly located in the cytoplasm,
without penetration into the cell nucleus.30,43,45 Inter-
estingly, the endocytosis efficiency of the nanoparti-
cles increased with the incubation time (Figure 4e vs

4e1; 4f vs 4f1). Among them, HMSNs-S-S-NH-TEG-FA/
R-CD@FITC displayed higher cell internalization effi-
ciency than that of HMSNs after incubation for 12 and
24 h, respectively (Figure 4f vs 4e; 4f1 vs 4e1). For
quantitative analysis, mean fluorescence intensity
(MFI) per cell was measured to investigate the cell
uptake ability. The MFI per cell with HMSNs-S-S-NH-
TEG- FA/R-CD@FITC was 2.5-fold and 1.9-fold higher
than that of HMSNs after incubation for 12 and 24 h,
respectively (Figure S12 in the SI). The mechanism is
that FA units on the surface of HMSNs-S-S-NH-TEG-FA/
R-CD@FITC could improve the internalization effi-
ciency of the nanoparticles through specific receptor-
mediated endocytosis.46 In addition, the interaction
between the nanoparticles and fetal bovine serum
(FBS) confirmed that the adsorption amount of FBS
onto HMSNs-S-S-NH-TEG-FA/R-CD was much lower
than that of HMSNs. It could be interpreted that the
TEG units on HMSNs-S-S-NH-TEG-FA/R-CD prevent the
protein attachment to the nanoparticle surface (Table S3
in the SI), which ensured that the FA units targeted
cancer cells. As shown in Tables S4 and S5 of the SI,
although the FBS protein adsorption on the nanopar-
ticle could increase the nanoparticle sizes, it still did not
result in nanoparticle aggregation.

Third, we quantified the targeted uptake ability of
HMSNs-S-S-NH-TEG-FA/R-CD@FITC by comparing tu-
mor cells with normal cells through a flow cytometry
assay.30,32 FITC was employed as the marker for intra-
cellular tracing. After incubation with HMSNs-S-S-NH-
TEG-FA/R-CD@FITC for 2 and 4 h, the percentage of
HeLa cells with fluorescence was around 2.86 times
and 2.58 times higher than that of HeLa cells incubated
with HMSNs@FITC for the same duration, respectively
(Figure 4g). It is noted that HeLa cells hardly endocy-
tose free FITC, since such a small molecule in solution
could not easily permeate the cell membranes.3,47 In
order to further investigate the targeting capability
of mechanized HMSNs, tumor cells (HeLa cells) and
normal cells (endothelial cells) were incubated with
HMSNs-S-S-NH-TEG-FA/R-CD@FITC, respectively. We
found that the uptake efficiency of HMSNs-S-S-NH-
TEG-FA/R-CD@FITC by HeLa cells was nearly two times
higher than that of endothelial cells (Figure 4f). The
significant difference could be explained by the fact
that the amount of folate receptors on tumor cells was
muchhigher than that onnormal cells, which facilitates
specific receptor-mediated endocytosis of HMSNs-S-S-
NH-TEG-FA/R-CD@FITC by HeLa cells.46

Inhibitory Effects of DOX-Loaded Mechanized HMSNs on the
Activity of Tumor Cells in Vitro. To apply DOX-loaded

mechanized HMSNs for in vivo tumor therapy, we first
investigated their inhibiting effects on the growth of
tumor cells in vitro. We initially visualized the cell
morphology by CLSM after the cells were treated with
DOX and DOX-loaded nanoparticles for 24 h, respec-
tively.30,32,45,47 In this study, DOX was trapped into
bare HMSNs and mechanized HMSNs, denoted as
HMSNs@DOX and HMSNs-S-S-NH-TEG-FA/R-CD@DOX,
respectively. HeLa cells incubated with TCPP and
HMSNs displayed oval or round nuclei with discernible
boundaries (Figure 5a and b). However, the cell nuclei
deformed and ruptured after treatment with DOX,
HMSNs@DOX, and HMSNs-S-S-NH-TEG-FA/R-CD@DOX
for 24 h, respectively (Figure 5c�e). These observations
indicate that the cells were in an apoptotic stage.45

Interestingly, the cell nuclei displayed red-blue mixed
color after incubation with DOX or DOX-loaded nano-
particles. The reason might be that pure DOX or
released DOX from mechanized HMSNs could cleave
the double-stranded DNA in the cell nuclei.16 On the
other hand, a small amount of DOX (red color) re-
mained in the cytoplasm after HeLa cells were incu-
bated with HMSNs-S-S-NH-TEG-FA/R-CD@DOX. This
observation could be interpreted that DOX was re-
leased into the cytoplasm in the presence of intracellular
reducing agents. The released DOX had no interaction
with the cell nucleus at the time. All these results
confirmed thatHMSNs-S-S-NH-TEG-FA/R-CD@DOXcould
be endocytosed by HeLa cells and then release DOX into
cytoplasm triggered by intracellular reducing agents,
i.e., GSH. Finally, the released DOX specifically affiliates
with DNA of tumor cells to induce apoptosis and cell
death.

Then, we quantitatively evaluated the inhibition
effects of free DOX and DOX-loaded nanoparticles on
the growth of HeLa cells using the methylthiazolyl
tetrazolium (MTT) assay.28 As shown in Figure S13 of
the SI, the growth of tumor cells was severely inhibited
after incubation with DOX, HMSNs@DOX, and HMSNs-
S-S-NH-TEG-FA/R-CD@DOX, compared with that of
TCPP for 24 h. The inhibition efficiency of HMSNs-S-S-
NH-TEG-FA/R-CD@DOX on the growth of HeLa cells
was similar to that of HMSNs@DOX over 6 and 12 h. It
could be interpreted that DOX was released quickly
from HMSNs@DOX to inhibit the growth of HeLa cells
in the initial stage. In contrast, the release of DOX from
HMSNs-S-S-NH-TEG-FA/R-CD@DOX would only occur
after the nanoparticles were endocytosed byHeLa cells
and triggered by intracellular reductive GSH. The via-
bility of HeLa cells after incubation with HMSNs-S-S-
NH-TEG-FA/R-CD@DOX over 24 h was lower than that
of HMSNs@DOX, which could be attributed to the fact
that the FA units facilitated cellular uptake of HMSNs-S-
S-NH-TEG-FA/R-CD@DOX via folate receptor-mediated
endosytosis. Then, DOX was released into the cyto-
plasm induced by intracellular reductive GSH, result-
ing in high inhibition effects on the cell growth.46

A
RTIC

LE



LUO ET AL . VOL. 7 ’ NO. 11 ’ 10271–10284 ’ 2013

www.acsnano.org

10278

Moreover, the viability of HeLa cells treated with pure
DOX was the lowest one among all three groups. A
possible reason is that pure DOX could be rapidly
dissolved into the culture medium, leading to a high
transient DOX concentration to quickly inhibit the
growth of HeLa cells at the initial stage.28

We further performed a DNA ladder analysis to
reveal the apoptosismechanism of the cells after being
treated with DOX and DOX-loaded nanoparticles
(Figure 5f).30,45,48 DOX was reported to interact with
DNA and topoisomerase II in tumor cell nuclei to result
in apoptosis by inducing DNA fragmentation.16,49,50

As shown in Figure 5f, DNA fragmentation was not
observed when HeLa cells were incubated on TCPP
or with bare HMSNs for 12 and 24 h, respectively
(Figure 5f: lanes a vs d and a1 vs d1). The phenomenon
confirms that HMSNs had a good biocompatibil-
ity and did not destroy the DNA structures within

cells.30�32,48 In contrast, DNA fragmentation was visi-
ble when the cells were incubated with DOX,
HMSNs@DOX, and HMSNs-S-S-NH-TEG-FA/R-CD@DOX
for 12 and 24 h, respectively (Figure 5g: lanes c�e and
c1�e1). Moreover, HeLa cells treated with HMSNs-S-S-
NH-TEG-FA/R-CD@DOX presented a higher intensity of
fragmentation than those of other groups. The me-
chanism is that the [2]rotaxane capping agents on the
HMSN surfaces could efficiently prevent DOX release
from the nanocontainers until they were endocytosed
byHeLa cells anddistributed into the cytoplasm. Under
intracellular reductive conditions, the disulfide bonds
between the [2]rotaxane capping agents and HMSNs
were cleaved. Then, the loaded DOX was released into
the cytoplasm, leading to efficient cancer cell death.
TheHMSNs@DOXnanoparticles lacked cleavable capping
agents on the surface, so that the loaded DOX could be
partially leaked out even before the nanoparticles were

Figure 5. Representative CLSM images of HeLa cells incubated with TCPP (a and a1, as the control group), HMSNs (b and b1),
DOX (c and c1), HMSNs@DOX (d and d1), and HMSNs-S-S-NH-TEG-FA/R-CD@DOX (e and e1) for 24 h, respectively. Scale bar:
20 μm. Merged figures from H33258 and DOX channels: a�e; DOX channels: a1�e1. Red: DOX; blue: cell nuclei. (f) DNA
fragmentation assay (apoptosis) after treatmentwith TCPP (lanes a and a1), DOX (lanes b andb1),MSNs@DOX (lanes c and c1),
HMSNs (lanes d and d1), and HMSNs-S-S-NH-TEG-FA/R-CD@DOX (lanes e and e1) for 12 and 24 h, respectively.
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internalized by tumor cells. Therefore, the efficiency
of the apoptosis induced by HMSNs@DOX was lower
than that by HMSNs-S-S-NH-TEG-FA/R-CD@DOX.30,45,48

On the other hand, the folate targeting units on HMSNs-
S-S-NH-TEG-FA/R-CD@DOX played a key role in facilitat-
ing receptor-mediated endocytosis, further enhancing
the efficiency of tumor cell apoptosis and death.46

Curative Effects of DOX-Loaded Mechanized HMSNs on Tumor
in Vivo. To finally investigate curative effects of DOX-
loaded mechanized HMSNs on tumor in vivo, tumor

models on nude mice were established by injection of
HeLa cells into subcutaneous tissues.51 After injection
for 1 week, nude mice (around 19�20 g) with similar
tumor size were utilized to carry out the studies.

We periodically measured the mouse weights after
tail injection of DOX and DOX-loaded nanoparticles.
The mice treated with saline were used as the control
group. Every group has six duplicate mice samples
(n = 6). In the initial stage, the weights of nude mice
were recorded to be approximately 19.3( 0.5 g. All the

Figure 6. (a) Representative images of tumor tissues when treated with saline (I, control group), HMSNs (II), DOX (III),
HMSNs@DOX (IV), and HMSNs-S-S-NH-TEG-FA/R-CD@DOX (V) for 0 day, 7 days, and 21 days, respectively. Scale bar: 1 cm. (b)
Real-time observation of tumor sizes by digital vernier caliper in vivo after treatmentwith these samples. Error bars represent
means( standard deviation (SD) for n = 6, *p < 0.05, **p < 0.01. (c) Final weights of tumor tissues after treatment for 21 days.
Error bars represent means ( SD for n = 6, *p < 0.05, **p < 0.01. Histological observation of tumor tissues, using the tunnel
method, after treatment with HMSNs (d and d1), DOX (e and e1), HMSNs@DOX (f and f1), and HMSNs-S-S-NH-TEG-FA/
R-CD@DOX (g and g1) for 7 and 21 days, respectively. Red: apoptosis DNA; blue: cell nuclei.
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injections were operated three times per week. As
shown in Figure S14 of the SI, the mice still maintained
their weight around 20 g after injection with DOX and
feeding for 21 days. However, the average weights of
the mice treated with saline, HMSNs, HMSNs@DOX,
and HMSNs-S-S-NH-TEG-FA/R-CD@DOX increased to
24.7, 24.4, 23.8, and 22.4 g, respectively. The results
indicate that HMSNs had a good biocompatibility and
could reduce the side effects of DOX to nude mice
when they were utilized as drug carriers.52�54

We then measured the tumor sizes at fixed time
intervals in order to investigate the tumor growth after
injection with DOX and DOX-loaded nanoparticles
(Figure 6a). Quantitative analysis showed that in vivo

tumor sizes increased upon feeding time after treating
with saline, HMSNs, DOX, and HMSNs@DOX, respec-
tively. As compared with the control groups of saline
(negative) and HMSNs (positive), the growth of tumor
sizes was inhibited when treated with DOX and
HMSNs@DOX.52�54 Curative effects of HMSNs@DOX
on nude mice were better than that of pure DOX.
Meaningfully, the nude mice treated with HMSNs-S-S-
NH-TEG-FA/R-CD@DOX showed much better curative
effects than those of other groups. HMSNs-S-S-NH-
TEG-FA/R-CD@DOX could efficiently inhibit the growth
of tumors after curing for 21 days (Figure 6b). The
inhibition was also supported by the measurement of
the final tumor tissue weight (Figure 6c). All results
indicate that pure DOX could not easily reach tumor
sites and interact with tumor cells in vivo.2 After injec-
tion, DOX could only retain a transient high plasma
drug concentration for a short time. It caused some
damage or severe side effects to the normal cells and
tissues in vivo.51 Then, free DOXwas quickly distributed
into other tissue organs, lost its bioactivity, and was
finally excreted out of body via blood circulation and
metabolism.51 To some extent, HMSNs@DOX retains a
blood drug concentration at a certain level through
sustained release when they were injected. Although
HMSNs@DOX might relieve some side effects of DOX
on the body, DOX still cannot be delivered to the target
tumor tissues.51 Interestingly, HMSNs-S-S-NH-TEG-FA/
R-CD@DOX efficiently inhibited the growth of tumor
tissues on nude mice. The mechanism could be inter-
preted that the [2]rotaxane capping agents on HMSNs
prevented DOX release when the nanoparticles were
injected into the mouse blood. The folate targeting units
could then enable HMSNs-S-S-NH-TEG-FA/R-CD@DOX to
accumulate in tumor tissues followedbyDOX release into
the cytoplasm triggered by intracellular reductive GSH.

Lastly, we performed histological evaluation of tumor
tissues by tunnel apoptosis assay.53,55 After treatment
with HMSNs, DOX, HMSNs@DOX, and HMSNs-S-S-NH-
TEG-FA/R-CD@DOX for 7 and 21 days, relevant tumor
tissues were removed from nude mice and frozen-cut
into thin sections for histological observation using a
tunnel apoptosis assay kit. The tunnel apoptosis assay

kit was utilized to specifically conjugate with the
broken double-stranded DNA. As shown in Figure 6d,
tumor cells were in good condition after being treated
with HMSNs for 7 days. Then, the tumor cells formed
more compact structures in situ after being treated
with HMSNs for 21 days (Figure 6d1). The phenomenon
confirmed that, after treatment with bare HMSNs, the
amount and activity of the tumor cells were increased
in vivo over time. In contrast, the growth of tumor cells
was inhibited after treatment with DOX, HMSNs@DOX,
and HMSNs-S-S-NH-TEG-FA/R-CD@DOX for 7 days,
respectively (Figure 6e�g). Interestingly, the nude
mice treated with HMSNs-S-S-NH-TEG-FA/R-CD@DOX
exhibited much better curative effects than those of
other groups, showing a lot of apoptotic DNA (in red
color) in tumor tissues. In addition, the cell nuclei were
also deformed and cracked. The therapy effects of
HMSNs@DOX on nude mice were also better than that
of pure DOX. The same trends were also observed after
treatment for 21 days (Figure 6e1�g1). The results firmly
demonstrated that HMSNs-S-S-NH-TEG-FA/R-CD@DOX
could efficiently deliver DOX to tumor cells for inducing
apoptosis and cell death in vivo.53,55

Generally, the limitations inherent to most clinical
anticancer chemotherapeutic agents (e.g., DOX) are
their severe side effects on normal organs and their
lack of tumor selectivity.56�58 For efficiently curing
tumor illness, the current study presented a novel type
of intracellular redox-responsive drug delivery system
with tumor specificity. After injection into the tail vein
of mice, HMSNs-S-S-NH-TEG-FA/R-CD@DOX could es-
cape from renal clearance, extend its blood circulation
time, and selectively pass through the vascular well via
enhanced permeability and retention (EPR) effects.56

The EPR effects are based on leaky vasculature and
dysfunctional lymphatic drainage near the tumor
sites.56 Then, the delivery system self-accumulated
around the tumor tissues. The FA units functionalized
on the surface of HMSNs-S-S-NH-TEG-FA/R-CD@DOX
further facilitated specific internalization of the deliv-
ery systemwithin tumor cells in vivo through receptor-
mediated endocytosis.46 After that, the loaded DOX
within the delivery system was released into the
cytoplasm triggered by an intracellular reducing agent,
leading to apoptosis and cell death.58 Previous studies
have confirmed that the amount of GSH within tumor
cells is about 103-fold higher than that of GSH in the
extracellular matrix.40,41 Indeed, the HMSNs-S-S-NH-
TEG-FA/R-CD@DOX delivery system demonstrated its
excellent performance and efficiency in therapeutic
treatment on tumor cells with minimal side effects. It is
an efficient redox-responsive carrier for controlled
drug delivery with tumor specificity in vitro and in vivo.

CONCLUSION

In conclusion, we have designed and constructed a
biocompatible and intracellular redox-responsive drug
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delivery system by immobilizing cleavable [2]rotaxanes
onto hollow mesoporous silica nanocontainers con-
nected through disulfide bonds. The [2]rotaxane cap-
ping agent was composed of tetraethylene glycol,
R-cyclodextrin, and folic acid. The folate unit could
endow themechanized HMSNs with targeting capabil-
ity to tumor cells via receptor-mediated endocytosis.
Doxorubicin-loaded mechanized HMSNs (HMSNs-S-S-
NH-TEG-FA/R-CD@DOX) have been proven to be su-
perb for specifically delivering DOX into tumor cells
with minimal side effects in vitro and in vivo.

DOX delivered by HMSNs-S-S-NH-TEG-FA/R-CD@DOX
could effectively inhibit the growth of tumors. Encour-
aged by the promising results, in the following studies,
we will (1) synthesize degradable HMSNs by doping
zinc or iron elements, which may enable the nanopar-
ticles to be excreted from the body after the drug
release,59 and (2) investigate biological response of the
nanoparticles with some organs, including immuno-
response, metabolic activities, and excretion behavior,
which will help us accumulate proof for future clinical
applications.60

MATERIALS AND METHODS
Materials. Chemicals and reagents were purchased from

Sigma-Aldrich and used without further purifications. All sol-
vents and inorganic reagents were commercially available.

General Procedures. 1H NMR and two-dimensional 1H NMR
were operated on a Bruker BBFO-400 spectrometer. Mass
spectrometry was carried out on a ThermoFinnigan LCQ Fleet
MS spectrometer. SEM and TEM images were collected on JSM-
7100F (JEOL, Japan) and JEM-1400 (JEOL) operated at 100 kV,
respectively. The drug release behavior was monitored in real
time by a fluorospectrophotometer (RF5301PC, Shimadzu,
Japan) using a 1 cm quartz cell. Confocal laser scanning micro-
scopy (LSM 510 Metanlo, Zeiss Co., Germany) was used to
investigate the nanoparticle distribution within cells. Flow
cytometry (Coulter Epice XL, Beckman Coulter, USA) was em-
ployed to quantitatively determine the percentage of cells
internalized with nanoparticles and the amount of endocytosed
nanoparticles inside the cells. DNA ladder analysis for tumor
cells was performed on a wide mini-sub GT cell (110 V, Biorad
Co., USA) and observed by Gel Doc XRþ (Biorad Co., USA). To
perform histological examination of tumor tissues, related
tissues removed from nude mice were frozen-sliced into thin
sections (Leica CM1950, Germany) and observed by CLSM
(510 Metanlo, Germany).

Synthesis ofCompounds. ThesynthesesofS-(2-aminoethylthio)-
2-thiopyridine hydrochloride, p-toluenesulfonate-tetraethylene
glycol (Tos-TEG-OH), azide glycol (OH-TEG-N3), p-toluenesulfonate-
tetraethylene glycol-azide (Tos-TEG-N3), and propargylamine-
functionalized folic acid (FA-CtC) are described in the SI. Theywere
characterized by 1H NMR and MS (see SI for details).

Preparation of HMSNs. To obtain HMSNs, silica dioxide
(SiO2) nanoparticles and surfactant CTAB (hexadecyltrimethyl-
ammonium bromide)-covered SiO2@CTAB-SiO2 core/shell nano-
particles were synthesized according to previous reports with
some modifications.34 Then, sodium carbonate (Na2CO3) was
employed to selectively etch the SiO2 core at 50 �C. Finally,
HMSNs were prepared after extracting CTAB from the nanopar-
ticles using a methanol/hydrochloric acid mixture solution. The
detailed procedures are presented in the SI.

Preparation of Mechanized HMSNs. To synthesize mecha-
nized HMSNs, functional [2]rotaxane was immobilized onto the
orifices of HMSNs. Briefly, the preparation procedures were
divided into four steps.

First, HMSNs were modified with sulfhydryl groups.11,12

Synthesized HMSNs (0.2 g) were refluxed with anhydrous
toluene (50 mL) containing 3-mercaptopropyltrimethoxysilane
(0.5mL) at 60 �C for 20 h. After centrifugation, the products were
extensively washed with acetone and ethanol. The obtained
sample was obtained as HMSNs-HS.

Second, HMSNs were functionalized with disulfide bonds.11

Synthesized HMSNs-HS nanoparticles (0.5 g) were dispersed
into an ethanol solution (30 mL) containing acetic acid (1.2 mL).
Then, S-(2-aminoethylthio)-2-thiopyridine hydrochloride (0.5 g)
was added to the solution, and the mixture was stirred at room
temperature for another 48 h. The resulting product was washed
with ethanol and distilled water three times, respectively, and

dried under vacuum at 30 �C for 12 h. The product was obtained
as HMSNs-S-S-NH2.

Third, HMSNs were grafted with TEG molecules.22 Synthe-
sized HMSNs-S-S-NH2 nanoparticles (0.5 g) were dispersed into
methanol (80 mL) with vigorous stirring at 45 �C for 6 h. Then,
Tos-TEG-N3 was added to the above solution and the mixture
was stirred overnight. The reaction occurred between the
toluenesulfonate group of Tos-TEG-N3 and the �NH2 group
on the HMSNs-S-S-NH2 nanoparticles. The resulting product
was collected by centrifugation. Then, the product was washed
with ethanol and distilled water three times, respectively, and
dried under vacuum at 30 �C. The final product was obtained as
HMSNs-S-S-NH-TEG-N3.

Fourth, HMSNs were functionalized with the [2]rotaxanes.
Synthesized HMSNs-S-S-NH-TEG-N3 nanoparticles (20 mg) and
DOX (20 mg) were dispersed into distilled water (12 mL) with
stirring for 24 h. After loading DOX, a solution of R-CD (0.3g) in
distilled water (10 mL) was slowly added to the above solution,
which was stirred at 4 �C for 24 h. The R-CD ring was threaded
onto the TEG chain of HMSNs-S-S-NH-TEG-N3 via a hydrophobic
interaction.22 Then, FA-CtC (10mg) inN,N-dimethylformamide
(DMF) (2 mL), CuSO4 (2 mg), and ascorbic acid (5 mg) in distilled
water (2 mL) were sequentially added to the above mixture
solution. The click reaction was carried out under N2 protection
for 24 h.22,29 After centrifugation, the sample was washed with
DMF and distilled water four times, respectively, followed by
vacuum freeze-drying. The resulting product was obtained as
HMSNs-S-S-NH-TEG-FA/R-CD@DOX. When DOX was not added
in the fourth step, the resulting product was obtained as
HMSNs-S-S-NH-TEG-FA/R-CD.

When DOX was replaced by FITC (10 mg) in the fourth step,
the resulted product was obtained as HMSNs-S-S-NH-TEG-FA/
R-CD@FITC. The preparation of mechanized HMSNs was mon-
itored by FITR, BET, SEM, TME, and TGA.

Redox-Responsive Drug Release by HMSNs-S-S-NH-TEG-FA/r-
CD. To investigate redox-responsive drug release of HMSNs-S-
S-NH-TEG-FA/R-CD under intracellular reductive GSH, the anti-
cancer drugDOXwas used as amodel therapeutic agent.38,39 DOX
can generate emission fluorescence at 545 nm under the excita-
tion wavelength of 480 nm. The real-time and long-term drug
release behavior of HMSNs-S-S-NH-TEG-FA/R-CD@DOX was mon-
itored by fluorospectrophotometer and was illustrated in the SI.

Cell Culture. HeLa cells and human endothelial cells were
cultured with DMEM and RPMI1640 medium containing 10%
FBS(Gibco),penicillin (100UmL�1), andstreptomycin (100μgmL�1)
at 37 �C under 5% CO2 atmosphere. The cell culture medium was
changed every 48 h. Then, HeLa cells were seeded into 24-well
plates or cell culture flasks at an initial cell density of 2 � 104 cells
per cm2.When cell confluence reachedaround60�70%, the culture
medium was replaced with fresh medium containing samples of
HMSNs, HMSNs-S-S-NH-TEG-FA/R-CD, DOX, and HMSNs-S-S-NH-
TEG-FA/R-CD@DOX, respectively, for the following studies.

Characterization of Nanoparticle Distribution within HeLa
Cells by TEM. To investigate the nanoparticle distribution
within cells, HeLa cells were treated with normal cell culture
conditions, HMSNs (70μgmL�1), andHMSNs-S-S-NH-TEG-FA/R-CD
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(70 μg mL�1) for 24 h, respectively. The samples for the TEM
observation were prepared according to previous reports.42,43

Briefly, cells were first collected and fixed with a mixture solution
of glutaraldehyde (2% w/v) and paraformaldehyde (2% w/v) at
4 �C for 2 h, followed by washing with cacodylate buffer three
times. Then, the samples were postfixed in osmic acid (2%) for
15 min and stained in a uranyl acetate solution for another
15 min. After dehydration in a graded series of ethanol, the
samples were incubated with a mixture solution of dehydrated
ethanol and Spurr's medium (1:1, v/v) for another 1 h. The samples
were kept in a vacuum oven at 60 �C overnight. Finally, the
samples were cut into ultrathin sections by a microtome and
stained with uranyl acetate on the grid for 5 min. The distribution
of HMSNs-S-S-NH-TEG-FA/R-CDwithin cells was observed by TEM.

Characterization of Nanoparticle Distribution within HeLa
Cells by CLSM. To investigate the nanoparticle distribution
within cells, HeLa cells were incubated with FITC, HMSNs@FITC,
and HMSNs-S-S-NH-TEG-FA/R-CD@FITC (70 μg mL�1), respec-
tively.16,30,32 After culture at 37 �C for 12 and 24 h, respectively,
typan blue (200 μg mL�1) was added into the incubation
medium to quench intracellular fluorescence for 10 min. Then,
cells were fixed with 2% glutaraldehyde for 20min and permea-
bilized with 0.2% Triton X-100 at 4 �C for 2 min. Subsequently,
cells were stained with rhodamine-phalloidin (5 UmL�1) at 4 �C
overnight. To further observe cell nuclei, cells were stained with
Hoechst 33258 (10 μg mL�1) for 5 min. Finally, the stained
samples were mounted with 90% glycerinum. Cell nuclei and
intracellular fluorescent nanoparticles were observed by CLSM.
In addition, average fluorescence intensity per cell was analyzed
by the software Image-Pro Plus 6.0.

Quantitative Analysis of Nanoparticle Distribution within
Different Cells. To quantify the fraction (percent (%) of FITC-
positive cells) of cells that internalized with nanoparticles, flow
cytometry was used to determine the percentage of cells
internalized with nanoparticles and the amount of endocytosed
nanoparticles inside the cells.30,32 HeLa cells were cultured into
a 24-well plate at an initial seeding density of 2� 104 cells cm�2.
After being treated with nanoparticles (30 μgmL�1) at 37 �C for
2 and 4 h, respectively, cells were collected, and the extracellular
fluorescence was quenched by typan blue (200 μg mL�1) at
room temperature for 10 min. Cells were then washed and
resuspended in PBS. Finally, the percentage of cells internalized
with nanoparticles and the amount of endocytosed nanoparti-
cles inside the cells were analyzed by flow cytometry.

Cytotoxicity Assay by MTT. The culture medium was re-
placed with fresh medium containing HMSNs, HMSNs-S-S-NH-
TEG-FA/R-CD, DOX, and HMSNs-S-S-NH-TEG-FA/R-CD@DOX, re-
spectively, when cell confluence reached around 60�70%.28,32,45

After incubation at 37 �C for 6, 12, and 24 h, respectively, the
medium was changed with fresh culture medium. Then, MTT
solution (0.1 mL, 5 mgmL�1) was added to each well, which were
incubated for another 4 h. Finally, MTT-containing medium was
removed, and dimethyl sulfoxide (0.5 mL) was added to dissolve
formose crystals. After centrifugation, optical density of the solu-
tion was measured by the enzyme-linked immunosorbent assay
(ELISA) at a wavelength of 490 nm.28,32,45

Cell Apoptosis Assay by CLSMandDNA Ladder Analysis. HeLa
cells were cultured with HMSNs, HMSNs-S-S-NH-TEG-FA/R-CD,
DOX, and HMSNs-S-S-NH-TEG-FA/R-CD@DOX under the same
procedure as mentioned above.16,17,52 After incubation at
37 �C for 12 and 24 h, respectively, cells were fixed with 2%
glutaraldehyde for 20 min and stained with Hoechst 33258
(10 μg mL�1) for 5 min. Finally, the stained samples were
mounted with 90% glycerinum. Cell nuclei were observed by
CLSM. Meanwhile, DNA fragmentation assay was also per-
formed. DNA was extracted according to the operation manual
of the cell apoptosis DNA ladder isolation kit, followed by
identification via gel electrophoresis with 0.8% agarose gel.

Establishment of Tumor Models on Nude Mice. Normal nude
mice (average weight 19.3 ( 0.3 g) were provided by Xingqiao
Hospital of The Third Military Medical University (Chongqing,
China) for studies in vivo. Animal experiments were carried out
according to the Animal Management Rules of the Ministry of
Health of the People's Republic of China (Document No. 55, 2001)
and the guidelines for the Care and Use of Laboratory Animals of

The ThirdMilitaryMedical University. HeLa cells (0.2mL, 1.5� 107

cells mL�1 in PBS) were injected into subcutaneous tissue of the
nude mice.51�53 After that, all the treated nude mice were
observed every day to monitor the sizes of tumors by using a
digital caliper. When the tumor size of the mice grew to an
average volume of 25 mm3, calculated by the formula volume =
(tumor length)� (tumorwidth)2/2, themicewere used for further
studies.54 Themicewith themaximumsize and theminimum size
of tumors were discarded. Finally, six representative mice were
analyzed. Tumor tissues were removed from the bodies of the
mice to investigate the initial stage of the tumor morphology.

Treatment of Nude Mice Bearing Tumor. In this study, 60
mice bearing lipoma tumorwere divided into five groups, which
were intravenously injectedwith saline, HMSNs, HMSNs-S-S-NH-
TEG-FA/R-CD, DOX, and HMSNs-S-S-NH-TEG-FA/R-CD@DOX, re-
spectively, three times per week.51�53 The mice treated with
saline (100 μL) were used as the control group. Themice treated
with HMSNs-S-S-NH-TEG-FA/R-CD@DOX were injected with a
dose of ∼0.1 mg per animal (100 μL, 1 mg mL�1) each time,
which is equivalent to a DOX dose of ∼0.02 mg per animal
(100 μL, 0.2 mg mL�1). The concentrations used for the groups
treated with HMSNs and HMSNs-S-S-NH-TEG-FA/R-CD were the
same as that of HMSNs-S-S-NH-TEG-FA/R-CD@DOX. When sal-
ine and nanoparticles were injected, the tumor size and mice
weight were measured by a digital caliper and digital calcula-
tion balance, respectively. After treatment for 1 week and 3
weeks, respectively, relatedmice were sacrificed, and the tumor
tissues were removed from the bodies in order to investigate
the morphology and use for further studies.53,55

Evaluation of Cell Apoptosis in Tumor Tissues. To perform
histological examination of tumor tissues in mice, the tumor
was removed from the nude mice and frozen-sliced into thin
sections.53,55 All the sections were immobilized onto glass slides
via glue, fixed with 4% paraformaldehyde for 1 h, and washed
with PBS two times. After that, the samples were permeabilized
with 0.2% Triton X-100 at 4 �C for 2 min. Subsequently, cells were
stained with tunnel staining reagent (50 μL, rhodamine B-labeled
tunnel apoptosis assay kit) at 37 �C for another 1 h. For nucleus
visualization, cells were stained with Hoechst 33258 (10 μg mL�1)
for 10 min. Finally, the stained samples were mounted with 90%
glycerinum.Cell nuclei andapoptoticDNAwereobservedbyCLSM.
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