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ABSTRACT: In the present study, a kind of single-hole glutathione (GSH)-
responsive degradable hollow silica nanoparticles (G-DHSNs) was synthesized
and used as carriers of doxorubicin (DOX) (DOX-G-DHSNs). The G-DHSNs
were accurately designed and fabricated with a simple and convenient method,
and without any extra pernicious component. The composition, morphology
and properties of the G-DHSNs had been characterized by 1HNMR spectra,
Fourier transform infrared spectrograph, thermo gravimetric analysis, trans-
mission electron microscope, and scanning electron microscope. The
degradation study of G-DHSNs showed that the G-DHSNs would be broken
into pieces after interacting with GSH. Besides, the negligible hemolytic activity
and low cytotoxicity of the G-DHSNs demonstrated its excellent biocompat-
ibility. pH- and GSH-triggered release of DOX followed by the decomposition
of G-DHSNs within TCA8113 cancer cells was further confirmed by flow
cytometry and confocal laser scanning microscopy studies. All of these results indicated that G-DHSNs can be used as safe and
promising drug nanocarriers.
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1. INTRODUCTION

During the past few years, remarkable improvement had been
made in the research of drug delivery systems (DDS) for their
great potential to cure cancers,1 which was attributed partly to
the developments in nanotechnology involving the fabrication
of different structures with attractive functions for DDS. A
variety of nanoplatforms, such as silica nanoparticles,2−5

polymer nanoparticles,6−8 semiconductor nanocrystals,9 gold
nanoparticles,10−12 superparamagnetic iron oxide nanopar-
ticles,13,14 and graphene15−17 were actively developed for
drug delivery. As we all know, nanoparticle-based DDS tended
to have increased accumulation in tumors through the leaky
tumor neovasculature by the enhanced permeability and
retention effect (EPR), known as the passive targeting,18,19

which decreased the side effects of drugs on normal tissues
greatly. The efficient and safe drug delivery vectors were always
the research aim for drug therapy. However, poor stability,20−22

limited drug loading23 and the cytotoxicity24,25 remained
prohibitive for practical applications of nanoparticle-based
DDS.
Silica was generally recognized as safe by the US Food and

Drug Administration (FDA), silica nanoparticles, especially
hollow silica nanoparticles (HSNs), with high pore volumes,
low density, excellent stability, easy functionalization and
significant biocompatibility, had gained much attention for
their biological and medical applications.26−31 Efforts had been
made to demonstrate that HSNs were efficient carriers for

various therapeutic agents. Zink et al.32 reported three simple
and new pH-responsive supramolecular nanovalves on both
hollow and conventional mesoporous silica. The authors found
that mesoporous HSNs released double times more drug
molecules than did conventional HSNs. Leventis et al.33

evaluated in detail the biocompatibility of a new material of
dysprosia aerogel and compared the results with the ordered
mesoporous silica. The results showed that the ordered
mesoporous silica had accepted biocompatibility too. Tang et
al.34 used mesoporous HSNs as DDS via cell and animal
experiments to examine their cytotoxicity and the effect of
disease therapy. The clinical features, mortality, pathological
examinations and blood biochemical indexes revealed the
mesoporous HSNs had low toxicity after injected with the
repeated doses. Lin et al.35 synthesized a kind of MCM-41
mesoporous silica nanosphere-based DDS, in which they used
surface-derivatized and cytotoxic cadmium sulfide (CdS)
nanocrystals36,37 as chemically removable caps to encapsulate
drugs. To be successful, HSNs usually needed to be
functionalized with additional modifications to control the
delivery of the bioactive drugs.27−29,31,38 The complicated and
cumbersome fabrication of HSNs DDS hindered the wide use
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in clinical treatment, and these additional modifications might
lead to extra cytotoxicity.
Among the various redox sensitive drug delivery systems,

disulfide bond was of great interest because of its instability
under the reducing glutathione (GSH). The dramatic difference
in the GSH concentrations between intracellular (2−10 mM)
and extracellular compartments (2−20 μM) in living cells had
recently been utilized as a trigger for the intracellular delivery of
cancer therapy drugs.39 Moreover, the GSH concentration in
some cancer cells had been reported to be several times higher
than that in the normal cells.40 The disulfide bonds would be
cleaved under the high GSH concentration when the DDS
enter the cancer cells, resulting in the intracellular release of the
drug molecules, which avoided the premature drug leakage in
the extracellular environment. A number of redox-responsive
drug delivery systems based on the disulfide bonds had been
successfully fabricated.41−47 However, in stimuli-sensitive DDS,
dual and multistimuli responsive nanoparticles had shown
unprecedented control over drug delivery and release, such as
redox/pH dual-responsive DDS.48 The pH-response had been
well studied due to the different pH values in normal and tumor
tissues and lower pH in tumor cells and tissues had been used
for selective releasing of anticancer drugs in tumor tissues and
cells.
Herein, we synthesized a novel single-hole GSH-responsive

degradable HSNs (G-DHSNs) by introducing a kind of
disulfide bond bridged silane (BTOCD)49 to the G-DHSNs
for efficient intracellular drug delivery (Scheme 1), which also
showed the pH trigger property. By etching the polystyrene
(PS) nanospheres core coated with a GSH-responsive
degradable silica shell (PS/G-DSS), the single-hole G-DHSNs
were successfully prepared. The construction of G-DHSNs
DDS was simple and convenient in a biological friendly solvent
without any extra pernicious factor. DOX, a classic anticancer
drug, was chosen as a model drug to assess the drug loading
and releasing behaviors of the carriers. The G-DHSNs DDS
carried out the DOX release with simultaneous G-DHSNs
decomposition driven by cleaving the disulfide bond via GSH

and pH stimulation. These excellent features made the G-
DHSNs useful in the biomedical field such as cellular
therapeutics, imaging and biosensing.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Styrene (St, 99%), potassium

persulfate (KPS, 99.5%), ethanol (C2H5OH, 99.7%), sulfuric acid
(H2SO4, 98%), ammonia solution (NH3·H2O, 25%−28%), and diethyl
ether (Et2O, 99%) were purchased from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). Tetrahydrofuran (THF,
99.5%) and triethylamine (TEA, 99%) purchased from Tianjin
Chemical Reagent (Tianjin, China) were used after being stirred
overnight over CaH2 and distilled under reduced pressure.
Tetraethoxysilane (TEOS, 99.99%), (3-aminopropyl)trimethoxysilane
(APTMS, 97%), cystamine dihydrochloride (CADHC, 97%) were
supplied by alfa aesar (Tianjin, China). 3-(Triethoxysilyl) propyliso-
cyanate (IPTS, 95%) and glutathione (GSH, 98%) were purchased
from Aladdin Chemistry Co., Ltd. (Beijing, China). Stroke-
physiological saline solution (SPSS, 0.9% NaCl) was obtained from
Hunan Kelun Pharmaceutical Co., Ltd. (Hunan, China). Deionized
(D.I.) water was prepared from Millipore (Bedford, MA, America). All
these reagents were of analytical grades.

2.2. Characterization. Transmission electron microscopy (TEM)
micrographs were carried out on a JEM-1200EX TEM (Tykyo, Japan)
using the copper grid as the sample holder, operating at an accelerated
voltage of 100 kV. Scanning electron microscope (SEM) images of
materials were obtained using an S-94 4800 SEM (Hitachi, Japan).
The size distribution of materials were determined by dynamic light
scattering (DLS) using a BI-200SM (Brookhaven, USA) with angle
detection at 90°. The 1H NMR spectrum of the samples were recorded
with a JEOL-ECS-400 MHz spectrometer (Tykyo, Japan) using
tetramethylsilane as an internal standard at 25 °C. The Fourier
transform infrared (FTIR) spectrum were acquired with a Nicolet 20
NEXUS 670 FTIR spectrophotometer (Ramsey, MA, USA) using KBr
pellets. Fluorescence spectra were recorded with a RF-5301PC
fluorescence spectrometer (Shimadzu, Japan). Thermo gravimetric
analysis (TGA) was taken on a STA PT1600 Thermal Analyzer
Instruments (Linseis, Germany) with the heating rate of 10 °C min−1

under N2 atmosphere. The cellular images were acquired with a
confocal laser scanning microscope (CLSM, ZEISS, LSM 510 Meta,
Germany).

Scheme 1. Schematic Illustration of the Fabrication of G-DHSNs and Its Drug Release Mechanism in Cancer Cell
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2.3. Fabrication of GSH-Responsive Degradable HSNs (G-
DHSNs). 2.3.1. Synthesis of Disulfide Bond Bridged Silane BTOCD.
The BTOCD was synthesized according to our previous work.49

CADHC (0.5 g, 2.25 mmol) and TEA (1 mL) were added with
stirring into 40 mL of anhydrous THF. After the mixture was stirred
for 1 h, 2 equiv of IPTS (1.2 mL, 4.5 mmol) were added, and the
reaction lasted for 24 h. The above experiments were carried at 25 °C.
The mixture was then filtered to remove the salt, and the crude
product was recovered by evaporation of THF. The resulting product
BTOCD was isolated by precipitation in cold diethyl ether, filtration,
and drying in vacuo.
2.3.2. Preparation of PS Nanospheres Functionalized with

Sulfonic Group (PS/SO3H). PS/SO3H particles were prepared
according to the ref 50. Monodispersed PS nanospheres were
synthesized by surfactant-free emulsion polymerization first. In a
typical process, 1.5 mL of St and 150 mL of D.I. water were introduced
into a three-neck round-bottom flask equipped with a mechanical
stirrer, reflux condenser, nitrogen inlet, and temperature controller.
After the mixture was deoxygenated and ultrasonic treated, the flask
was placed in a 70 °C oil bath and prepolymerized for 10 min, then
followed by adding 0.17 g of KPS (in 5 mL of D.I. water).The reaction
was lasted for 6 h at 70 °C. Finally, the PS nanospheres were washed
with D.I. water and then collected by centrifugation at 12000 rpm. The
obtained PS nanospheres were dispersed in 30 mL of concentrated
sulfuric acid to finish the sulfonation reaction at 40 °C for 4 h. The
product of PS/SO3H was obtained by centrifugation at 12000 rpm and
washed with D.I. water to remove the residual acid.
2.3.3. Preparation of PS/G-DSS and Etching the PS Core. The

obtained PS/SO3H particles (0.5 g) were directly dispersed in 20 mL
of water, and 60 μL of APTMS was added to the mixture under
stirring. The reaction between −SO3H and the −NH2 group was
carried out with stirring for 12 h at 25 °C, then, the functionalized
nanoparticles were obtained by centrifugation at 12000 rpm for 15 min
and washed with ethanol repeatedly.
The above functionalized nanoparticles obtained were dispersed in

35 mL of ethanol and 5 mL of ammonia solution. Then, the mixture
was heated to 50 °C, BTOCD (0.15 g, 0.23 mmol) and TEOS (60 μL,
0.27 mmol) were rapidly added under vigorous stirring. After the
mixture was stirred at 50 °C for 3 h, the white product was collected
by centrifugation at 12000 rpm for 15 min and washed three times
with D.I. water.
Next, to remove the PS template, the as-synthesized materials were

soaked in 30 mL of THF for 2 h. Finally, G-DHSNs were obtained by
centrifugation at 12000 rpm for 15 min and washed five times with
D.I. water.
2.4. GSH-Responsive Studies. 2.4.1. Degradation Study of G-

DHSNs in Response to GSH. To estimate the degradation of G-
DHSNs in response to GSH, 500 μg of G-DHSNs were dispersed in 5
mL of PBS (50 mM, pH 7.4) with 20 mM GSH and placed in a water
bath with gentle shaking at 25 °C. At a predetermined time (6 h, 24 h,
48 h), a drop of the above suspension was taken for TEM
measurement. In addition, the suspension was centrifuged at 12000
rpm for 15 min, and the obtained solid was used for SEM
measurement.
2.4.2. Drug Loading Capacity, Entrapment Efficiency, and in

Vitro Release Studies. DOX was used as a model drug to estimate the
drug loading capacity and entrapment efficiency and drug release
behaviors of the G-DHSNs DDS. First, 10 mg of G-DHSNs was
incubated in 5 mL of 0.9% NaCl buffer containing 2 mg DOX for 24 h
in dark at 25 °C. The DOX-loaded G-DHSNs were obtained by
centrifugation at 12000 rpm for 15 min and washed by buffer solution
to remove free DOX. The fluorescence spectra of supernatants were
recorded and the loading capacity and entrapment efficiency of DOX
was calculated by the following expressions:

= ‐
‐ ‐

×

drug loading capacity %
amount of DOX in G DHSNs

amount of DOX loaded G DHSNs
100%

= ‐ ×

drug entrapment efficiency %
amount of DOX in G DHSNs

total amount of DOX for loading
100%

For in vitro drug release, the release studies were performed at 37
°C in phosphate buffer (PBS, 50 mM, pH 7.4 and 5.0) by the dialysis
method. First, 5 mg of the DOX-loaded G-DHSNs were dispersed in 5
mL of medium and placed in a dialysis bag (cutoff molecular weight
3500 Da). Then, the dialysis bag was soaked in 45 mL of PBS (50 mM,
pH 7.4 and 5.0) with 10 mM GSH in a water bath with gentle shaking.
At desired time intervals, 3 mL of release media was taken out and
replenished with an equal volume of fresh medium. The control
experiment was finished as above with absence of GSH. Finally, the
released DOX was estimated by the fluorescent spectrometry signal of
DOX (excitation at 488 nm and emission at 586 nm). The drug
release studies were performed in triplicate for each of the samples.

2.5. Toxicity Assessment. 2.5.1. Hemolysis Assay of G-DHSNs in
Vitro. The hemolysis assay was carried out according to our previous
report with some improvements to evaluate the blood compatibility of
G-DHSNs nanocarriers.51,52 Ethylenediamine tetraacetic acid
(EDTA)-stabilized human blood samples were freshly obtained from
Gansu Blood Center (Lanzhou, China). First, 3 mL of blood sample
was added to 6 mL of isotonic SPSS to separate the serum and red
blood cells (RBCs). The RBCs were further washed with 6 mL
isotonic SPSS more than five times to ensure the removal of any
released hemoglobin and then dispersed in 15 mL of SPSS. The G-
DHSNs suspended in isotonic SPSS with different concentrations
were prepared immediately before incubation with RBCs. In a typical
process, 0.3 mL of the diluted RBCs suspension was mixed with (a)
1.2 mL of D.I. water as the positive control and isotonic SPSS as
negative controls; (b) 1.2 mL G-DHSNs at concentrations of 10, 50,
100, 250, and 500 μg/mL. All the sample tubes were kept in static
condition at 25 °C for 3 h. Finally, the mixtures were centrifuged and
the absorbance values of the supernatants at 575 nm were determined
by using UV−visible absorption spectrum. The percent hemolysis of
RBCs was calculated using the following formula:

=
−

−

×

hemolysis %
sample absorbance negative control absorbance

positive control absorbance negative control absorbance

100%

2.5.2. Cell Viability Assay. The cytotoxicities of G-DHSNs and
DOX-G-DHSNs nanocarriers were assessed by the MTT assay. The
human tongue squamous cell carcinoma TCA8113 cell lines were
seeded into a 96-well plate at a density of approximate 3 × 104 cells
per well and incubated for 24 h. The cells were then exposed to
various concentrations of free DOX, G-DHSNs and DOX-G-DHSNs
in culture medium. After treatment for 24 h, the medium was removed
from the 96-well plate and 100 μL of 10% trichloroacetic acid were
added in for 1 h at 4 °C. Then the wells were gently washed with
deionized water and stained with 100 μL of 0.4% Sulforhodamine B
(SRB) solution per well for 30 min. After that, 1% acetic acid was used
to rinse out unbound SRB. Finally, 150 μL of aqueous tris base
(tris(hydroxymethyl)amino-methane) was added in each well. When
the SRB dyes were dissolved completely, the spectrophotometrical
absorbance was measured on a microplate reader (Huake, Shanghai) at
570 nm. The pure growth medium without treatment of material was
used as the negative control.

2.6. Cellular Uptake and Flow Cytometry Studies. For
investigation on cell uptake of G-DHSNs nanocarriers, a Confocal
laser scanning microscope (CLSM, ZEISS, LSM 510 Meta, Germany)
was used for live TCA8113 cell imaging. The human tongue squamous
cell carcinoma TCA8113 cells lines were seeded into 6-well plates at
densities of 3 × 104 cells/well, and incubated at 37 °C for 24 h. Free
DOX and DOX-G-DHSNs at concentration of 5 μg/mL equivalent
DOX were added and incubated with TCA8113 cells for 3 and 24 h. 4,
6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) was used to stain
the cell nucleus. The cells were washed by phosphate buffered saline
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(PBS) three times to remove the dead cells and the DAPI adsorbed on
the outer surface of the cell membrane. Subsequently, the Free DOX
and DOX-G-DHSNs uptake were visualized at 586 nm with an
excitation wavelength of 488 nm.
To measure the internalization of DOX quantitatively, the flow

cytometry was used for the study. Free DOX and DOX-G-DHSNs at
concentration of 5 μg/mL equivalent DOX were added and incubated
with TCA8113 cells at 37 °C under 5% CO2 atmosphere for 3 and 24
h, respectively. The cells were washed with PBS before they were
removed from the culture dish with 0.02% EDTA, counted,
resuspended in fresh medium. After washing with a solution of PBS,
the cells were centrifuged at 450 rpm, and the supernatant was
removed. Then the cells resuspended in 500 μL precooling PBS, and
analyzed immediately by flow cytometry. The same concentration of
G-DHSNs was used as the control.

3. RESULTS AND DISCUSSION
3.1. Formation and Characteristics of G-DHSNs. The

fabrication of G-DHSNs was done using PS nanospheres as the

sacrificial template and GSH-responsive degradable silica shell
as the major structure. The PS nanospheres were chosen as the
sacrificial template because they could be prepared with the
surfactant-free emulsion polymerization process in which no
emulsifiers were used. Besides, hollow structure could be easily
fabricated by placing the PS nanospheres in THF, owing to the
dissolving of PS nanospheres core. Meanwhile, the PS could
swell and burst out through the shell and make a hole on the
shell. It was well-known that nanoparticle-based DDS with sizes
in the range of 20−200 nm could avoid renal filtration, leading

to prolonged residence time in the bloodstream which achieved
more effective targeting of diseased tissues by the EPR effect.53

First, BTOCD was successfully synthesized, which was
reported in our previous work.49 The synthetic route and
1HNMR spectrum of the BTOCD were clearly shown in
Supporting Information Figure S1. According to the 1HNMR
spectrum, the disulfide bond (Hi) and formation of urea (Hg,
Hf) in product clearly demonstrated the successful synthesis of
the BTOCD. In addition, the FTIR spectrum of BTOCD
(Supporting Information Figure S2) showed the characteristic
absorption peaks of urea at 1629 cm−1(νCO), 1588
cm−1(δN−H), 1440 cm−1(νC−N), and the asymmetrical stretch-
ing vibration of Si−O−C bond was found at 1080 cm−1.
FTIR spectroscopy was employed to further investigate the

functional groups and components in the samples, the results
are shown in Figure 1. The observed strong FTIR absorption
bands at 3026, 1601, 1493, 1452, 756, and 698 cm−1 agreed
well with the typical PS absorption bands. In the spectrum of
PS/SO3H, the asymmetric stretching vibration of SO group
at 1181 cm−1 was observed. The FTIR spectrum of the PS/G-
DSS and G-DHSNs revealed characteristic bands associated
with Si−O−Si asymmetric stretching at 1090 cm−1, Si−O−Si
symmetric vibration at 802 cm−1, and Si−OH stretching at 953
cm−1 and bending at 468 cm−1. The typical PS absorption
bands were absent in the G-DHSNs spectra, demonstrating that
the PS cores were dissolved and removed by THF.
TGA data showed the weights change of PS, PS/G-DSS and

G-DHSNs samples during the heat-treatment process (Figure
2). The weight loss stage below 350 °C was attributed to the
evaporation of physically adsorbed water and residual solvent in
the samples.54 As shown in Figure 2, a narrow weight-loss stage
of PS nanospheres occurred in the region of 348−450 °C, the
major weight loss of the PS nanospheres core was completed at
450 °C, whereas the residue of PS/G-DSS remained about
9.9%. It was found that the weight loss of the G-DHSNs was
about 48.2%, which was attributed to the decomposition of
organic groups in BTOCD. This fact indicated that PS
nanospheres core was coated with about 19.1% of GSH-
responsive degradable silica shell.
The elemental analysis data was given in Supporting

Information Table S1, which also indicated the successful
fabrication of PS/SO3H, PS/G-DSS, and G-DHSNs.
To confirm the morphologies of fabrication of G-DHSNs,

the TEM and SEM images of fabrication of G-DHSNs are
shown in Figure 3. After a series of optimized conditions, PS
nanospheres of an average diameter of 180 ± 5 nm were
obtained with good monodispersity (Figure 3a). Next, PS/
SO3H particles were produced (Figure 3b) via sulfonation
reaction, which could enhance the deposition of silica shell on
the surface of PS nanospheres. As shown in Figure 3b, the
average particle diameters of the PS/SO3H were about 190 ± 5
nm and an obvious sulfonation shell could be observed. To
prepare G-DHSNs with a good structure and better drug
delivery efficiency, the molar ratio of TEOS and BTOCD was
chosen at 1:1. Finally, the G-DHSNs were obtained by
removing the PS nanospheres core. Figure 3c-d showed the
TEM and SEM images of G-DHSNs. It could be clearly
observed that the morphologies of G-DHSNs were predomi-
nated with hollow spheres, and the average size was around 200
± 5 nm. The hole could be clearly seen in the SEM images of
G-DHSNs (Figure 3d). The size distributions of PS nano-
spheres and G-DHSNs were further confirmed by dynamic
light scattering (DLS) (Supporting Information Figure S3). It

Figure 1. FTIR spectra of PS nanospheres, PS/SO3H, PS/G-DSS, and
G-DHSNs.

Figure 2. TGA curves of PS nanospheres, PS/G-DSS, and G-DHSNs.
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must be noted that THF was not a biocompatibility reagent,
but it could be easily removed by D.I. water due to its excellent

water-solubility. In all, such a surfactant-free nanoparticle
without any extra pernicious functionalization should be
advantageous for many clinical practices and potential develop-
ment.

3.2. Degradation Study of G-DHSNs. On the basis of our
design, the disulfide bond would be widely distributed in the
structure of G-DHSNs, due to the introduction of the BTOCD
in the preparation process of G-DHSNs. As mentioned earlier,
the disulfide linkage could be cloven by GSH. Furthermore, the

Figure 3. TEM images of (a) PS nanospheres, (b) PS/SO3H, (c) G-DHSNs, SEM images of (d) G-DHSNs; TEM images (e, f, g, h), and SEM
images (i, j, k, l) of G-DHSNs incubated with PBS (50 mM, pH 7.4) containing 20 mM GSH for 0 (e, (i), 6 (f, j), 24 (g, k), 48 h (h, l).

Scheme 2. Degradation Process of G-DHSNs in Response to
GSH

Figure 4. Time course of DOX release from DOX-G-DHSNs at 37 °C
at pH 5.0 or 7.4 in the presence or absence of 10 mM GSH. Released
DOX was separated by dialysis and quantified by spectrophotometer.

Figure 5. (a) The hemolysis percentages of G-DHSNs in SPSS at
concentrations of 8, 40, 80, 200, and 400 μg/mL; isotonic SPSS as
negative control (−) and D.I. water as positive control (+). (b)
Photograph of hemolysis assay to detect the presence of hemoglobin
in the supernatant of G-DHSNs in SPSS at above concentrations.
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disulfide bond cleavage was expected to be followed by
intramolecular cyclization and cleavage of the neighboring
amide bond, which led to the degradation of G-DHSNs
(Scheme2). To investigate the release mechanism, especially
under stimulus, the degradation study of G-DHSNs was carried
out. The corresponding decomposition of the G-DHSNs in
response to GSH was illustrated by the morphological
evolution of G-DHSNs using TEM and SEM images taken as
a function of time (Figure 3). The G-DHSNs were immersed in
PBS (50 mM, pH 7.4) with 20 mM GSH for specified period of
times (6 h, 24 h, 48 h) at room temperature. The
corresponding morphological evolutions of G-DHSNs were
observed. After 48 h in PBS (50 mM, pH 7.4) without GSH,
the morphology of G-DHSNs (Supporting Information Figure
S4) presented a negligible change. By contrast, as shown in
Figure 3e−h and Figure 3i−l, one could observe that the
hollow feature started partly broken in the early time, and

eventually leading to complete fragmentation of the G-DHSNs.
The above experimental results suggested possible control over
the drug release with simultaneously carrier decomposition,
which was driven by breaking the disulfide bond in the G-
DHSNs via GSH.

3.3. Drug Loading and in Vitro Release Studies. DOX
was used as a model drug because of its inherent fluorescence.
Through measurement and calculation, the DOX loading
capacity was 14 ± 3.2% and 78 ± 6.5% DOX was effectively
encapsulated into the G-DHSNs, The relatively high loading
capacity in the current study was assumed to be a result of the
hollow structure and the hole of G-DHSNs.
Then, the release of DOX from DOX-loaded G-DHSNs in

response to GSH and pH was investigated in PBS buffer (pH
7.4 and 5.0) in the presence or absence of 10 mM GSH. Figure
4 showed the significant dependence of DOX cumulative
release upon GSH, and pH also played an important role in the

Figure 6. Relative cell viabilities of TCA8113 cells incubated with different concentrations of (a) G-DHSNs and (b) free DOX and DOX-G-DHSNs
for 24 h.

Figure 7. CLSM images of TCA8113 cells incubated with free DOX and DOX-G-DHSNs. For each panel, the images from left to right show DOX
fluorescence in cell nuclei stained by DAPI (blue), cells (red), and overlays of the two images. (a) Free DOX, 3 h incubation; (b) DOX-G-DHSNs, 3
h incubation; (c) DOX-G-DHSNs, 24 h incubation.
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release of DOX. At pH 7.4 without the presence of GSH, only
about 23% of DOX in the DOX-loaded G-DHSNs was released
in 48 h. By contrast, it was found that the drug release was
significantly enhanced by addition of 10 mM GSH, the
cumulative release of DOX was more than twice over that with
absence of GSH. The release of DOX was also boosted under a
simulating tumor environment containing 10 mM GSH at pH
5.0, in which 74% of DOX was released in 48 h. These results
clearly indicated that G-DHSNs presented GSH and pH double
effect in drug release. However, the above release properties
were favorable for enhanced DOX accumulation in the
cytoplasm of cancer cells following endocytosis and reduced
DOX release from the DOX-loaded G-DHSNs in normal
tissue.
3.4. Hemolytic Activity Assay. The hemolytic activity

assay was used to study the cytotoxic effect of G-DHSNs on
human RBCs so as to evaluate the blood compatibility of G-
DHSNs under physiological conditions. Hemolysis was
evaluated by measuring the amount of hemoglobin released
in the supernatant from the RBCs incubation with isotonic
SPSS containing the materials studied at room temperature for
3 h. (Figure 5a). As shown in photographs of hemolysis of
RBCs (Figure 5b), the positive control showed a significantly
higher hemoglobin release than others, due to the destroying of
cell membrane. Nevertheless, the G-DHSNs sample even at the
high concentration of 400 μg/mL indicated a significantly low
hemoglobin release. The hemolytic activity as low as 2.34 ±
0.79%, which could promote the application of G-DHSNs DDS
in vivo when administered intravenously in the broad
concentration range of 0−400 μg/mL.
3.5. Cell Viability Assay, Cellular Uptake, and Flow

Cytometry Studies. MTT assay was used to investigate the
TCA8113cell viability of free DOX, G-DHSNs, and DOX-G-
DHSNs after 24 h incubation. As shown in Figure 6a, the G-
DHSNs were found to be noncytotoxicity for TCA8113 cells
(cell viability above 87%) in the concentration range 3.125−
100 μg/mL, which exhibited excellent biocompatibility. Once
DOX was loaded, cell death of DOX-G-DHSNs group nearly
caught that of free DOX, cell-killing ratio was about 75.5% at
the drug concentration of 10.0 μg/mL (Figure 6b). The DOX-

G-DHSNs, upon uptake by cells, the loaded DOX would be
released in cytoplasm because of the higher concentration of
GSH, and thereby inhibit TCA8113 cells growth.
Because of the inherent fluorescence properties of DOX, the

intracellular delivery of DOX was possible by observing CLSM
images of TCA8113 cells treated with free DOX and DOX-G-
DHSNs after incubation for 3 and 24 h, respectively. The
CLSM results are shown in Figure 7. Obviously, the red
fluorescence was from free DOX or DOX-G-DHSNs, and the
blue fluorescence was from DAPI-stained cell nuclei. Compared
to free DOX as a control (Figure 7a), the images from DOX
fluorescence suggested that DOX-G-DHSNs were internalized
and DOX was released to reach cell nuclei within 24 h (Figure
7c). The stronger DOX fluorescence was observed in TCA8113
cells following incubation with free DOX for 3 h, for the fast
passive diffusion of DOX. However, as shown in Figure 7b,
after incubation with DOX-G-DHSNs for 3 h, no obvious red
fluorescence could be detected. In such a short time period, it
was difficult for the materials to go through a whole procedure
of endocytosis. These results confirmed that DOX-G-DHSNs
were able to deliver and release DOX into the nuclei of cancer
cells.
To investigate the cellular uptake of DOX in the cells

quantitatively, the penetration of DOX into cells were
measured by flow cytometry after TCA8113 cells were
incubated with free DOX and DOX-G-DHSNs. The longer
uptake time of DOX-G-DHSNs increased the fluorescence
intensity and the ratio of fluorescence-positive cells (M2)
(Figure 8c−d). These flow cytometry results were consistent
with the CLSM results.

4. CONCLUSION

In summary, we had reported a type of intelligent material G-
DHSNs for drug delivery in cancer cells, which exhibited an
efficient cancer-targeted intracellular controlled release of the
drug. G-DHSNs exhibited excellent colloidal stability, good
biocompatibility, and accessible hollow structure. Antineo-
plastic drug DOX could be effectively loaded in G-DHSNs, the
loading efficiency of DOX was approximately 14 ± 3.2%. In
vitro cell viability assay results indicated that DOX-G-DHSNs

Figure 8. Penetration of DOX into cells measured by flow cytometry after TCA8113 cells incubated with (a) control; (b) free DOX, 3 h; (c) DOX-
G-DHSNs, 3 h; (d) DOX-G-DHSNs, 24 h. Dot-plot of cells forw and light scatter (FSC) and side light scatter (SSC) (top), the distribution of
fluorescence intensities of cells (middle, bottom). M1, negative cells; M2, positive cells.
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could efficient inhibit TCA8113 cells growth. The cellular
uptake studies showed that the DOX-G-DHSNs were able to
deliver and release DOX into the nuclei of TCA8113 cells
because of the increased GSH concentration and lower pH. As
a novel biomaterial, the G-DHSNs were expected to be useful
for controlled drug delivery.
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of Nucleic Acids via Disulfide-Based Carrier Systems. Adv. Mater.
2009, 21, 3286−3306.
(42) Muniesa, C.; Vicente, V.; Quesada, M.; Saéz-Atieńzar, S.; Blesa,
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