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Redox stimuli-responsive hollow mesoporous
silica nanocarriers for targeted drug delivery in
cancer therapy†

Ye Tian,a Ranran Guo,a Yunfeng Jiao,a Yangfei Sun,b Shun Shen,c Yajun Wang,*d

Daru Lu,b Xingguo Jiangc and Wuli Yang*a

In order to specifically deliver drugs into cancer cells with targeted

recognition and controlled release, biocompatible hollow mesoporous

silica nanocarriers with tumor-targeting and glutathione-responsive

release dual properties were developed. These multifunctional nano-

carriers were fabricated by anchoring transferrin on the surface of

hollow mesoporous silica nanoparticles through disulfide bond con-

jugation, which could be cleaved in the presence of glutathione. In this

case, transferrin acted as the gatekeeper to control the drug release,

and as a tumor-targeting agent to improve drug accumulation at the

tumor site simultaneously. The detailed investigations indicate that the

anticancer drug (doxorubicin) release from the nanocarriers was

strongly dependent on the concentration of glutathione. The capacity

of the nanocarriers to selectively deliver doxorubicin to the tumor cells

was demonstrated in vitro and in vivo. The doxorubicin-loaded nano-

carriers showed enhanced inhibition of tumor growth and minimal

side-effects in vivo compared to free doxorubicin. These redox

stimuli-responsive nanocarriers that achieved a combination of

tumor targeting and controlled drug release provide a promising

platform for efficient cancer therapies.

Cancer has become a leading cause of death around the world,
with both the incidence and mortality of cancers continuously
increasing. Recently, various chemotherapeutics have been
exploited for effective cancer treatments, however, the cytotoxi-
city of these drugs to normal tissues is also prominent due to
the random distribution of them in the body. Therefore, the

development of elegant drug delivery systems (DDSs) that could
specifically transport drugs into the target sites with minimal
premature release has been widely studied to improve the
efficacy of chemotherapeutics as well as to minimize the severe
side effects on normal tissues.1–4

Among the various DDSs, mesoporous silica nanoparticles
(MSNs) are considered to be promising candidates due to their
high surface area, tunable pore size, controlled mesoporous
structure, good biocompatibility and well-defined surface
properties.5–9 The unique mesopore structures and facile surface
functionalization properties of MSNs make it feasible to design
various stimuli-responsive gatekeepers to control the opening
and closing of the mesopores for the triggered release of the
drugs that are loaded inside the porous particles. To date, several
materials, such as magnetic nanoparticles,10 gold nanoparticles,11

quantum dots,12 rotaxanes,13 cyclodextrins,14,15 DNA16 and
polymers,17 have been applied as gatekeepers to cap the meso-
porous openings on the surface of the MSNs. They block the
pores, avoiding the leakage of the loaded drug in the bloodstream,
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Conceptual insights
Various nanocarrier drug delivery systems (DDSs) have been exploited to
improve the treatment effect of chemotherapeutics. However, most of
these DDSs also have severe side effects on normal tissues due to the
premature release and a nonspecific targeting ability, which largely
restrict their further development in clinical applications. Here, we report
a hollow mesoporous silica nanoparticle based drug delivery system
which could achieve controlled drug release and specific cancer cell
targeting. In this study, transferrin is designed as a gatekeeper and
tumor-targeting unit simultaneously through disulfide linkage, which
could be removed by intracellular glutathione of cancer cells. The
subsequent experiments indicate that more drug is released from the
nanocarriers as the glutathione concentration increases. Moreover,
in vitro and in vivo experiments demonstrate that the nanocarriers
could greatly increase the amount of drug at the tumor site and
improve the therapeutic efficacy of chemotherapy with minimal side
effects. Therefore, the glutathione-responsive nanocarriers are expected
to be an effective chemotherapeutic platform in oncotherapy.

Nanoscale
Horizons

COMMUNICATION

Pu
bl

is
he

d 
on

 2
6 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

on
 4

/2
9/

20
25

 1
1:

04
:5

7 
PM

. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c6nh00139d&domain=pdf&date_stamp=2016-09-08
https://doi.org/10.1039/c6nh00139d
https://rsc.66557.net/en/journals/journal/NH
https://rsc.66557.net/en/journals/journal/NH?issueid=NH001006


This journal is©The Royal Society of Chemistry 2016 Nanoscale Horiz., 2016, 1, 480--487 | 481

and can be removed by specific internal or external stimuli such
as redox potential,13,18,19 pH,20,21 temperature,22 enzymes,23,24

and photo irradiation.11,25–27 However, the side effects of most
of these DDSs still cannot be ignored in practice since these
particles are often short of a specific cancer cell targeting capacity
and can be efficiently internalized by normal cells as well,28

which may be the reason why few MSN-based stimuli-responsive
drug delivery systems have been involved in the in vivo investigation.
Therefore, there is an urgent need to develop effecient stimuli-
responsive nanocarriers that could achieve improved drug
release control and specific drug enrichment in cancer tissue
simultaneously.19,29

Here, we report a versatile drug delivery system for tumor
cell-targeted, glutathione (GSH)-triggered release based on
transferrin (Tf)-capped hollow mesoporous silica nanoparticles
(HMSNs) (Scheme 1). HMSNs were used as they can effectively
enhance the drug loading and reduce the nanoparticles admini-
strated in treatment due to their unique hollow cores.30–32 The
mesopores in the HMSN shells were further covalently capped
with Tf through disulfide linkage to prevent anticancer drug
(i.e. doxorubicin, DOX) leakage during circulation. As an iron-
binding blood plasma glycoprotein, Tf is also considered as a
particularly effective tumor-targeting agent due to the signifi-
cantly higher expression of Tf receptors on tumor cells.33

Through the recognition of the Tf target site, the nanocarriers
could preferentially enter the target tumor cells. As the concen-
tration of GSH in the intracellular matrix of cells is 102–103

times higher than that in the extracellular environment,34 the Tf
gatekeeper would be removed from the surface of a mesopore by
GSH to trigger the release of DOX once the nanocarriers were
internalized into tumor cells. We demonstrated that Tf-capped
HMSNs could realize the specific accumulation of drugs in

tumor tissues to improve the therapeutic efficacy and minimize
the side effects in vivo.

Results and discussion
Preparation of Tf-capped HMSNs

The thiolated HMSN (HMSN-SH) nanocarriers were first pre-
pared using poly(tert-butylacrylate) (PTBA) microspheres as the
templates,35 through sol–gel co-condensation of TEOS and
3-mercaptopropyl-trimethoxysilane. After the removal of the
templates, HMSN-SH was treated with 2,20-dipyridyl disulfide
to yield HMSN-s-s-Py. TEM images reveal that both HMSN-SH
and HMSN-s-s-Py are monodisperse and show a similar hollow
structure (highlighted by the dotted circles in the TEM images)
with an average particle diameter of 100 nm and a shell
thickness of 15 nm (Fig. 1a and b). These particles have a
similar particle distribution with an average hydrodynamic
diameter of 108 nm as measured using dynamic light scattering
(DLS) (Fig. 2a). The N2 sorption results indicated that both
HMSN-SH and HMSN-s-s-Py possessed a type IV isotherm with a

Scheme 1 Schematic representation of the preparation and cancer cell
internalization of the Tf-capped HMSN nanocarriers with both tumor-
targeting and GSH-stimuli responsive properties. Stage I: functionalization
of the mercaptopropyl-derivatized HMSNs (HMSN-SH) with 2,2 0-dipyridyl
disulfide to yield 2-propyldisulfanyl pyridine-functionalized HMSNs
(HMSN-s-s-Py); stage II: loading DOX into the hollow core of HMSN-s-s-Py
to obtain DOX-HMSN-s-s-Py; stage III: conjugation of thiol groups function-
alized transferrin (Tf–SH) to the surface of the HMSN-s-s-Py nanocarriers
by disulfide linkage to yield Tf-capped HMSNs (HMSN-s-s-Tf); stage IV:
Tf-mediated cancer cell recognition and endocytosis of the nanocarriers; and
stage V: GSH-triggered release of DOX by uncapping the Tf gatekeeper.

Fig. 1 TEM images of (a) HMSN-SH, (b) HMSN-s-s-Py and (c) HMSN-s-s-Tf.
Scale bars: 50 nm. Insets are the cartoons used in Scheme 1 to show
different states of the nanocarriers. (d) The N2 adsorption–desorption
isotherms and (e) pore distributions of HMSN-SH, HMSN-s-s-Py and
HMSN-s-s-Tf.

Fig. 2 (a) Hydrodynamic diameters of HMSN-SH, HMSN-s-s-Py and
HMSN-s-s-Tf determined using DLS in PBS (pH 7.4). (b) The SDS-PAGE
analysis of pure Tf (lane 1) and HMSN-s-s-Tf incubated with 10 mM GSH
(lane 2) and 0 mM GSH (lane 3), respectively.
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high surface area of 1083 m2 g�1 and 746 m2 g�1 for HMSN-SH
and HMSN-s-s-Py, respectively (Fig. 1d). The average pore
diameter of HMSN-s-s-Py is slightly decreased from 3.2 nm (in
HMSN-SH) to 3.1 nm (Fig. 1e), which can be attributed to a layer
of 2-propyldisulfanyl pyridine-modification on the surface of
the mesopores.36 The success of the surface functionalization
can also be confirmed using thermal gravimetric analysis (TGA)
data (Fig. S1, ESI†), X-ray photoelectron spectroscopy (XPS) data
(Fig. S2, ESI†) and Fourier transform infared (FTIR) spectra
(Fig. S3, ESI†). The presence of the peak at 505 cm�1 and the
absence of the peak at 2583 cm�1 in the Raman spectrum of
HMSN-s-s-Py, as compared to that of HMSN-SH, further demon-
strated the formation of the disulfide bonds through the thiol-
disulfide exchange reaction (Fig. S4, ESI†).37

Transferrin functionalized with thiol groups (Tf–SH) was
prepared according to a reported procedure.38 The degree of
thiolation of Tf (–SH/Tf) was measured to be 3.0 from the
UV/Vis data (Fig. S5, ESI†).39 DLS results showed that the hydro-
dynamic diameter of Tf–SH was ca. 5 nm (Fig. S6, ESI†), which is
large enough to block the 3.1 nm pores on the mesoporous shells.
HMSN-s-s-Py was treated with Tf–SH to yield Tf-capped HMSNs
(HMSN-s-s-Tf) via the thiol-disulfide exchange reaction.40 The TEM
image revealed that HMSN-s-s-Tf remained a clear core–shell struc-
ture and had a similar particle size of ca. 100 nm (Fig. 1c). However,
the hydrodynamic diameter of HMSN-s-s-Tf was increased from
108 nm (HMSN-s-s-Py) to 131 nm (Fig. 2a), suggesting a successful
conjugation of a layer of soft Tf–SH moieties on the particle surface.
In contrast to the HMSN-s-s-Py that had a high surface area, HMSN-
s-s-Tf showed a type I sorption isotherm (typical of nonporous
materials) with a surface area of 283 m2 g�1 (Fig. 1d), and no
obvious pore distribution could be observed (Fig. 1e), suggesting
that most of the mesopores in the nanocarrier shells were blocked
by Tf. The success of the Tf–SH functionalization can also be
indicated from the significantly increased (ca. 25 wt%) weight loss
of the HMSN-s-s-Py particles in the TGA curves (Fig. S1, ESI†).
Functionalization of Tf–SH to the surface of HMSN-s-s-Py through
the formation of disulfide bonds was evidenced from the decrease
of the absorbance of Tf–SH at 412 nm in the supernatant after the
reaction of Tf–SH with HMSN-s-s-Py (Fig. S7, ESI†). As a control, the
UV/Vis absorbance spectrum of the supernatant showed no
variation when Tf–SH was treated with HMSN-SH (Fig. S7, ESI†),
suggesting that Tf could not be physically adsorbed on the
surface of HMSN-SH.

The mechanism of the GSH-triggered uncapping of the
mesopores was investigated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis (Fig. 2b).
When the concentration of GSH was 10 mM, the resulting solution
showed the same band (lane 2) as pure Tf solution (lane 1),
indicating that Tf was shed from HMSN-s-s-Tf as a result of cleavage
of the disulfide linkages by GSH.41,42 In the absence of GSH, the
resulting solution had no band of Tf (lane 3). These results con-
firmed that the Tf gatekeeper could be removed efficiently by GSH.

Glutathione-triggered drug release

To evaluate the GSH-triggered release properties of HMSN-s-s-Tf,
DOX was used as a model anticancer drug. The DOX-loaded

HMSN-s-s-Py (DOX-HMSN-s-s-Py) retained a type IV sorption
isotherm with a high surface area of 680 m2 g�1 (Fig. S8, ESI†),
suggesting that DOX was mainly loaded in the hollow core and
the mesoporous structure in the shell was hardly influenced.43

After capping the mesoporous shell with Tf, an ultimate DOX
loading of 265 mg g�1 was obtained, which is higher than that
in conventional MSNs (189 mg g�1, as reported in our previous
work),44 and the resulting DOX-HMSN-s-s-Tf showed good
colloidal stability in PBS buffer (pH 7.4) (Fig. S9, ESI†). The
release of DOX from the nanocarriers was also studied (Fig. 3a).
In the absence of GSH, a small leakage of DOX (ca. 5.2%) was
observed from DOX-HMSN-s-s-Tf in PBS buffer (pH 6.5) in 28 h.
Considering the variations of pH from extracellular to intra-
cellular,45,46 the stability of DOX-HMSN-s-s-Tf was further
evaluated at different pH values (Fig. S10, ESI†). In the absence
of GSH, the release of DOX was prevented by Tf in all the pH
ranges (pH 5–7.4) studied. In contrast, DOX reached ca. 78%
release from DOX-HMSN-SH under the same release conditions
(Fig. S11, ESI†). Once GSH was added to the suspension, the
release of DOX from DOX-HMSN-s-s-Tf could be triggered, and
the release rates were largely governed by GSH concentration
(Fig. 3b). The release amount of DOX could reach ca. 70% in
24 h when the GSH concentration was increased to 10 mM.
These results clearly demonstrate that the Tf gatekeeper could
effectively prevent the leakage of DOX during the circulation of
the nanocarriers and that the encapsulated drug could be
trigger-released once the Tf-cap was removed by GSH (Fig. 3c).

Interactions of DOX-HMSN-s-s-Tf with tumor cells

In vitro cell experiments were performed to evaluate the targeting
efficiency and specificity of DOX-HMSN-s-s-Tf. The human
adenocarcinoma alveolar basal epithelial cell line (A549 cells)
was chosen for the research because of their overexpression of

Fig. 3 (a) The release profiles of DOX after the addition of GSH with
different concentrations in PBS (pH 6.5). (b) The fluorescence spectra of
the solution measured at 24 h after the addition of GSH. (c) Schematic
illustration of the GSH-triggered DOX release through uncapping of the Tf
from the mesopores.
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Tf-receptors on the cell membrane. Fig. 4a shows the confocal
laser scanning microscope (CLSM) images of the A549 cells
incubated with DOX-HMSN-s-s-Tf for 2, 4 and 8 h, respectively.
The observation of the red fluorescence (from DOX) inside the
cells confirmed that DOX-HMSN-s-s-Tf could be endocytosed by
the A549 cells and then DOX was trigger-released into the
cytoplasm by intracellular GSH. In addition, with the incubation
time increased from 2 to 8 h, the fluorescence intensity of DOX
in the cell was significantly increased, which could be attributed
to the improved endocytosis of the nanoparticles and enhanced
DOX release with the incubation time increase. In the control
group, A549 cells incubated with DOX-HMSN-SH showed a
much weaker DOX fluorescence than that of the cells incubated
with DOX-HMSN-s-s-Tf in the same incubation time (Fig. 4b).
For quantitative analysis, the fluorescence intensity (MFI) per
cell was measured by flow cytometry analysis. The MFI per cell
with DOX-HMSN-s-s-Tf was 1.7-fold and 2.0-fold higher than
that of DOX-HMSN-SH after incubation with the cells for 2 and 4 h,
respectively (Fig. 4e). It could be interpreted that Tf units on the
surface of DOX-HMSN-s-s-Tf could enhance the internalization
efficiency of the nanoparticles through specific receptor-mediated
endocytosis.39,47

In addition, after the A549 cells were treated with free Tf, the
internalization efficiency of DOX-HMSN-s-s-Tf decreased as the
concentration of free Tf increased from 0 to 1 mg mL�1 (Fig. S12,
ESI†). It could be explained by the fact that the free Tf would
occupy part of the Tf-receptors on the cells, resulting in a decrease
of the binding sites with DOX-HMSN-s-s-Tf, which confirmed that

the uptake process by the A549 cells was indeed Tf-mediated
endocytosis.

To evaluate the role of GSH in cargo release, the A549 cells
were treated with 5 mM glutathione reduced ethyl ester (GSH-OEt)
to enhance the GSH level in the cell.48,49 Stronger DOX fluores-
cence could be observed in the GSH-OEt-treated cells after
incubating them with DOX-HMSN-s-s-Tf for 2, 4 and 8 h
(Fig. 4c). These results indicate that the release rate of DOX
from DOX-HMSN-s-s-Tf was dependent on the intracellular GSH
level, suggesting that the GSH-triggered DOX release mecha-
nism in solution is also applicable in the cell. We further
investigated the DOX fluorescence in normal cells (293T cells)
incubated with DOX-HMSN-s-s-Tf for 2, 4 and 8 h by CLSM
(Fig. 4d). The DOX fluorescence in the 293T cells was signifi-
cantly lower than that in the A549 cells incubated with DOX-HMSN-
s-s-Tf for the same period. The flow cytometry analysis results
indicate that the MFI per 293T cell was 2.2-fold and 2.4-fold
lower than the MFI per A549 cell for the samples with an
incubation time of 2 and 4 h, respectively (Fig. 4f). These results
could be attributed to the cooperative effects of Tf-mediated
targeting and GSH-triggered release because of the overexpression
of Tf receptors on the surface of the A549 cells and the higher
intracellular GSH level in cancer cells compared with normal
cells.50,51 Therefore, DOX-HMSN-s-s-Tf with tumor-targeting and
GSH-triggered release properties could effectively and preferentially
deliver DOX into cancer cells.

In vitro cytotoxicity assays

In cancer therapy, non-cytotoxic nanocarriers are desirable to
avoid unwanted side effects. Therefore, the cell viability incubated
with HMSN-s-s-Tf was evaluated using MTT assays in both A549
and 293T cells (Fig. S13, ESI†). The results revealed that there
was almost no cytotoxicity of HMSN-s-s-Tf to the cells under a
measured particle concentration (100 mg mL�1). To evaluate the
therapeutic efficacy of DOX-HMSN-s-s-Tf, the capability of free
DOX, DOX-HMSN-SH, and DOX-HMSN-s-s-Tf to kill cancer cells
was investigated (Fig. 5a). The half maximal inhibitory con-
centration (IC50) of DOX-HMSN-s-s-Tf was 1.93 mg mL�1, which
was lower than that of DOX-HMSN-SH (4.20 mg mL�1) and even
free DOX (2.84 mg mL�1). The higher cytotoxicity of DOX-HMSN-
s-s-Tf compared with free DOX and DOX-HMSN-SH indicated
that DOX-HMSN-s-s-Tf could be more effectively internalized by
A549 cells through Tf receptor-mediated endocytosis, resulting
in a higher intracellular concentration of DOX. To evaluate the

Fig. 4 CLSM images of A549 cells incubated with (a) DOX-HMSN-s-s-Tf
and (b) DOX-HMSN-SH. (c) A549 cells incubated with DOX-HMSN-s-s-Tf
containing 5 mM GSH-OEt and (d) 293T cells incubated with DOX-HMSN-
s-s-Tf for 2, 4, and 8 h. Scale bars: 50 mm. (e) MFI per cell of the A549 cells
incubated with DOX-HMSN-s-s-Tf and DOX-HMSN-SH for 2 and 4 h.
(f) MFI per cell of the A549 cells and 293T cells incubated with DOX-
HMSN-s-s-Tf for 2 and 4 h.

Fig. 5 The cytotoxicity of DOX-HMSN-s-s-Tf, DOX-HMSN-SH and free
DOX to the A549 cells (a) and 293T cells (b) for an incubation time of 24 h.
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selectivity of DOX-HMSN-s-s-Tf for cancer cells over normal
cells, the cytotoxicity of free DOX, DOX-HMSN-SH, and DOX-
HMSN-s-s-Tf to 293T cells was also investigated (Fig. 5b). The
IC50 of free DOX and DOX-HMSN-SH was 2.05 mg mL�1 and
3.16 mg mL�1, indicating that free DOX and DOX-HMSN-SH
had high cytotoxicity to 293T cells. Interestingly, the IC50 of
DOX-HMSN-s-s-Tf was increased to 12.2 mg mL�1, indicating
a much lower cytotoxicity to 293T cells in contrast to the
high cytotoxicity for A549 cells (1.93 mg mL�1). These results
undoubtedly demonstrated that DOX-HMSN-s-s-Tf had much

higher cytotoxicity for cancer cells and could reduce the side-
effects for normal cells due to the cooperative effects of
Tf-mediated targeting and GSH-triggered DOX release.

The tumor-targeted delivery in vivo

To confirm the potential of using HMSN-s-s-Tf as a drug delivery
system in vivo, A549 tumor-bearing mice were established and
indocyanine green (ICG), a near-infrared fluorescent (NIRF) dye,
was loaded into HMSN-s-s-Tf (ICG-HMSN-s-s-Tf) instead of DOX
for in vivo tracking (Fig. S14, ESI†). All animal experiments were

Fig. 6 (a) In vivo NIRF images of ICG-HMSN-s-s-Tf, ICG-HMSN-SH and ICG in tumor-bearing mice at 1, 12, 24 and 48 h post injection (the arrows show
the tumor location). (b) NIRF images of dissected organs and tumor tissues obtained from the mice treated with ICG-HMSN-s-s-Tf and ICG-HMSN-SH.
The mean NIRF intensity of the organs and tumor tissues from the mice treated with ICG-HMSN-s-s-Tf and ICG-HMSN-SH at 1 h (c) and 48 h (d) post
injection.
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performed according to the guidelines evaluated and approved
by the Ethics Committee of Fudan University. At 1 h post
injection, the tumor area showed the maximal NIRF intensity
(Fig. 6a). As a comparison, at 1 h post injection of ICG-HMSN-SH
or free ICG, the maximal NIRF signal presented at the liver
area. At 12 h post injection of ICG-HMSN-s-s-Tf, a clear tumor
delineation was observed. Importantly, the NIRF images
revealed a clearly delineated tumor for up to 48 h (Fig. 6a),
and the contrast index (tumor/normal tissues) improved over
time from 3.0 at 1 h to 4.7 at 48 h (Fig. S15, ESI†). These data
demonstrated that the ICG-HMSN-s-s-Tf was preferentially
retained in the tumor tissue and experienced a slower clearance
(Fig. S16, ESI†).52,53 In mice treated with free ICG, the NIRF
intensity decreased sharply at 12 h post injection and little NIRF
signal could be detected at 48 h due to the rapid clearance of the
dye from the body. At 12 h post injection of ICG-HMSN-SH,
the tumor with a weak NIFR signal could be observed, but
the contrast index was only 0.83 (Fig. S15, ESI†), which was
much lower than that of ICG-HMSN-s-s-Tf. The substantially
higher contrast index in the mice treated with ICG-HMSN-s-s-Tf
indicated that ICG-HMSN-s-s-Tf preferentially accumulated in
the tumor tissue.

The ex vivo evaluation of excised tissues was further per-
formed to investigate the biodistribution of ICG-HMSN-s-s-Tf
and ICG-HMSN-SH in mice (Fig. 6b). At 1 h post injection of
ICG-HMSN-s-s-Tf, the tumor tissue showed the strongest NIRF
signal compared with the other major organs including heart,
liver, spleen, lung and kidney, indicating that ICG-HMSN-s-s-Tf
could preferentially accumulate in the tumor tissue. As a
control, at 1 h post injection of ICG-HMSN-SH, the strongest
NIRF signal was observed in the liver. When the time was
prolonged to 48 h, the mice treated with ICG-HMSN-s-s-Tf still
showed the strongest NIRF signal in the tumor tissue, but in
contrast, the NIRF signals in the organs and tumor from the
mice treated with ICG-HMSN-SH became negligible. For the
quantitative analysis, the mean NIRF intensity of all the organs
and tumor were measured (Fig. 6c and d). In the mice treated
with ICG-HMSN-s-s-Tf, the tumor/liver ratio increased from
1.73 at 1 h to 6.26 at 48 h, which was much higher than
that for ICG-HMSN-SH (0.18 at 1 h and 0.89 at 48 h). These
data provided decisive evidence that ICG-HMSN-s-s-Tf could
effectively target tumor tissues in vivo.

Therapeutic efficacy of DOX-HMSN-s-s-Tf on the tumor in vivo

To investigate the therapeutic efficacy on the tumor in vivo,
the A549 tumor-bearing mice weights and tumor sizes were
periodically measured after injection of saline, DOX, DOX-
HMSN-SH and DOX-HMSN-s-s-T. Every group had six duplicate
A549 tumor-bearing mice (n = 6), and the injection was oper-
ated once every two days and lasted for 8 days. The mice treated
with saline, DOX-HMSN-SH and DOX-HMSN-s-s-Tf maintained
their weight around 25 g for 14 days. However, the average
weights of the mice treated with free DOX decreased from
24.5 to 17.2 g (Fig. 7a). These results indicated that the
functionalized HMSNs as drug carriers could effectively reduce
the side effects of DOX in mice.54,55 Meanwhile, the quantitative

analysis showed that in vivo tumor sizes increased upon feeding
time after injection of saline, DOX and DOX-HMSN-SH (Fig. 7b).
Compared with the control groups of saline, the growth of
tumor tissue was partly inhibited when injected with DOX
and DOX-HMSN-SH. Most importantly, the mice injected with
DOX-HMSN-s-s-Tf showed much better therapeutic efficacy than
the other groups. The growth of the tumor tissue was effectively
inhibited by DOX-HMSN-s-s-Tf, and the tumor size got smaller
after 14 days (Fig. 7b). The therapeutic efficacy was also confirmed
by the images and weights of the tumor tissues measured at the
final stage of the in vivo studies (Fig. 7c and d). The mice treated
with DOX-HMSN-s-s-Tf showed the smallest tumor tissues. All
these results indicated that DOX-HMSN-s-s-Tf could effectively
accumulate in tumor tissues following DOX release into the
cytoplasm triggered by intracellular GSH, accomplishing the
maximum inhibition of tumor growth.

Conclusions

In conclusion, we have demonstrated that the Tf linked on the
surface of the HMSNs through biologically cleavable disulfide
bonds could effectively prevent drug leakage from the nano-
carrier during circulation, and be removed by the high concen-
tration of intracellular GSH. In view of the overexpression of
Tf-receptors on the surface of tumor cells, tumor-targeted delivery
and GSH-controlled release could be achieved simultaneously,
which resulted in maximum therapeutic efficacy and minimized
side effects of the drugs. In vivo experiments have confirmed that
DOX-HMSN-s-s-Tf could specifically deliver DOX to tumor cells
and effectively inhibit the growth of tumor tissues. As this
Tf-capped HMSN system could achieve two things in one stroke,

Fig. 7 (a) Real-time weight analysis of mice injected with saline, DOX,
DOX-HMSN-SH and DOX-HMSN-s-s-Tf, respectively. Error bars represent
means � standard deviation (SD) for n = 6, ***p o 0.001. (b) Real-time
observation of tumor sizes in vivo after being injected with these samples.
Error bars represent means � SD for n = 6, *p o 0.05, **p o 0.01.
(c) Representative images of excised tumor tissues injected with these
samples for 14 days. (d) The final tumor weight of each group after
treatment for 14 days. Error bars represent means � SD for n = 6, *p o 0.05,
**p o 0.01.
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we anticipate that this facile yet efficient DDS will present a new
strategy to develop a controlled drug release system with target-
ing capacity for cancer treatment.
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