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Abstract: A novel strategy to construct a therapeutic system based on functionalized SLNs which can specifically re-
spond to tumor microenvironment was reported. In the therapeutic system, doxorubicin was conjugated to SLNs via
disulfide bond by using a peptide substrate, CPLGLAGG, which can be specifically cleaved by the MMP-2 protease.
In vitro and in vivo study in HepG2 cells and HepG2 tumor-bearing mice show that over-expressed protease of MMP-
2 in tumor tissue and intracellular GSH can lead to the rapid release of the anti-tumor drug (doxorubicin) from the
functionalized SLNs, simultaneously realizing inhibition of tumor growth and fluorescently imaging, which in turn,
can further improve the anti-tumor efficacy and reduce side effects significantly.
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Introduction

Liver cancer is one of most deadly cancers
worldwide, which responsible to more than
732000 deaths across the world in 2013 alone
[1]. Although chemotherapy is considered as
one of the most commonly applied approach
to treat cancer, the inefficient and unspecific
delivery of chemotherapeutic drugs usually
limits its therapeutic efficacy and leads to
unwanted side effects [2]. To overcome these
limitations, many efforts have been recently
devoted to seek multifunctional devices for ver-
satile cancer therapy [3, 4]. In particular, func-
tionalized silica nanoparticles (SLNs) have
attracted great interest in research due to their
well biocompatibility, great optical properties
and excellent potential in biomedical applica-
tions, especially cancer therapy, as diagnostic
agents and drug carriers [5, 6]. Furthermore,
the functionalized SLNs with reasonable modi-
fication can intelligently release the drug in
response to external stimuli, including pH, light,
and competitive molecules (such as glutathi-
one (GSH)) [7-9]. There has been an increasing
research interest to combine cancer treatment
and diagnosis within one nanocarrier platform
simultaneously, which holds great potential to

revolutionize cancer therapy and diagnosis [10,
11].

In this regard, the dual-intelligent SLNs which
on one hand response to the microenvironment
distinction of tumor sites, and on the other
hand realize fluorescent imaging were devel-
oped. It has been well established that some
enzymes, such as the matrix metalloproteinas-
es (MMPs), are overexpressed in tumor which
play critical role in tumor progressing and are
crucial to extracellular matrix remodeling [12,
13]. Therefore, the MMP-2 protease sensitive
SLNs were designed and prepared. Firstly, a
peptide substrate, CPLGLAGG, which can be
specifically cleaved by MMP-2 [14], was
employed as linker to conjugate anti-cancer
drug doxorubicin (Dox) to SLNs via disulfide
bond. Owing to self-quenching effect, the
fluorescence of Dox can be quenched once Dox
is absorbed onto or into the SLNs [15, 16]. After
arriving at tumor sites, the overexpressed
MMP-2 protease can readily hydrolyze the pep-
tide substrate to trigger the release of Dox,
which results in pronounced fluorescence of
Dox recovered from quenching state to exciting
state. This switchable fluorescence property
can be applied for tumor imaging, at the same
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time, the released Dox can exert its therapeutic
effect to achieve tumor inhibition. Besides, the
disulfide bond between the peptide substrate
and SLNs, when these SLNs are internalized by
tumor cells via endocytosis, can realize acceler-
ated release of Dox to improve the anti-tumor
efficiency using the exchange reaction between
disulfide bond and the abundant glutathione
(GSH) in the cytoplasm. Noted here, an ideal
therapeutic system based on SLNs we designed
is capable of inducing the accelerated release
of Dox from SLNs with switchable fluorescence
of Dox from quenching to exciting, which can
simultaneously realize in vivo cancer imaging
and therapy.

Materials and methods
Materials

Triton X-100, tetraethyl orthosilicate (TEOS),
(3-mercaptopropyl)-trimethoxysilane (MPTMS)
were obtained from Sigma Aldrich (St. Louis,
MO, USA). Doxorubicin hydrochloride was pur-
chased from Zhejiang Hisun Pharmaceutical
Co. (Taizhou, China), 1,10-phenanthroline mo-
nohydrate and tecnazene (TCNB) were pur-
chased from Aladdin Reagent Co. Ltd. (Shang-
hai, China). Matrix metalloproteinase (MMP-2),
glutathione (GSH), TIMP-2, 1,10-phenanthro-
line monohydrate, 3-[4,5-Dimethylthiazol-2-yl]-
2,5-diphenyltetra-zoliumbromide (MTT), DMEM
medium, fetal bovine serum (FBS), penicil-
lin streptomycin, trypsin, molecular probe
(Hoechst 33258) and Dulbecco’s phosphate
buffered saline (PBS) were purchased from
Invitrogen (California, USA). All other reagents
and solvents were of analytical grade and pro-
vided by Shanghai Chemical Co. (Shanghai,
China).

Synthesis of the peptide Ac-Cys(Trt)-Pro-Leu-
Gly-Leu-Ala-Gly-Gly-OH

The peptide Ac-Cys(Trt)-Pro-Leu-Gly-Leu-Ala-
Gly-Gly-OH was synthesized manually by stan-
dard Fmoc solid phase peptide synthesis
according to previous reported method [14].

Synthesis and purification of the protease
sensitive peptide substrate Ac-Cys-Pro-Leu-Gly-
Leu-Ala-Gly-Gly-Dox

The peptide substrate Ac-Cys-Pro-Leu-Gly-

Leu-Ala-Gly-Gly-Dox was prepared by reacting
the peptide with doxorubicin hydrochloride in
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dimethylformamide (DMF) using a standing
coupling procedure as reported previously
[14].

Preparation of SSLNs

Thiol-terminated silica nanoparticles (SSLNs)
were directly synthesized according to previous
report with minor modifications [17] by using
the synchronous hydrolysis of TEOS and MPTMS
in water-in-oil microemulsion. Briefly, a water-
in-oil microemulsion was prepared by mixing
1.8 ml Triton X-100, 7.5 ml cyclohexane, 1.6 ml
n-hexanol, and 480 uL of water. After stirring
for 0.5 h, 180 yL TEOS and 60 yL MPTMS were
then added as precursors for silica matrix for-
mation, followed by the addition of 100 ul
NH,OH to initiate the polymerization process.
The reaction was allowed to continue for 24 h
at room temperature. After that, the SSLNs
were precipitated by addition of ethanol and
were washed with ethanol and water respec-
tively for several times to remove the surfactant
from the particles.

Preparation of Dox-peptide/SSLN

The protease sensitive functionalized silica
nanoparticle (Dox-peptide/SSLN) was prepared
by using the covalent bonding interactions
between the thiol groups of peptides and SLNs.
The protease sensitive peptide substrate (Dox-
peptide) was dissolved in water at a concentra-
tion of 6 uM, then 9 nM of SLNs was added to
Dox-peptide solution under stirring for 24 h at
room temperature with the protection of nitro-
gen. After that, the mixture was dialyzed in a
dialysis bag (MWCO: 14,000 Da) against DI
water (2 L x 3) followed by lyophilization to
obtain Dox-peptide/SSLN.

Characterization of SSLNs and Dox-peptide/
SSLN

Dynamic light scattering (DLS) techniques with
a Zetasizer Nano ZS (Malvern Instruments, UK)
was employed to measure the particle size of
SSLNs and Dox-peptide/SSLN. The morpholo-
gies were further observed by transmission
electron microscopy (TEM) under an Electron
Microscope (JEM-2100, JEOL, Japan). Thermal
gravitational analysis (TGA) was performed
with a thermal analyzer (TGS-Il, PerkineElmer,
USA) to analyze the content of Dox-peptide in
Dox-peptide/SSLN and to calculate the Dox
loading efficiency.

Int J Clin Exp Med 2016;9(7):13584-13594



Smart silica nanoparticles for liver cancer imaging and therapy

In vitro release of Dox

The release of Dox under external stimuli of
MMP-2 and GSH was performed as reported
previously [14]. In brief, 2 ml of Dox-peptide/
SSLN solution were suspended in four different
media: (@) 2 ml TCNB buffer containing MMP-2
(2 ug/mL, 100 pL); (b) TCNB buffer (2 mL) with
10 mm GSH; (c) TCNB buffer (2 ml) containing
MMP-2 (2 ug/mL, 100 uL) and MMP-2 protease
inhibitor 1,10-phenanthroline monohydrate (1
mm); (d) TCNB buffer (2 ml), respectively,
and transferred into dialysis tubes (MWCO:
14,000 Da). Subsequently, the dialysis tube
was immersed in 10 ml of TCNB buffer solution
and incubated at 37°C. The incubation medium
was analyzed by spectrofluorophotometer
(Uv2450, Shimadzu, Japan) at A_ = 470 nm at
pre-determined time intervals.

Cell culture

HepG2 cells (Human hepatoma cells) incubat-
ed in DMEM supplied with 10% FBS and 1%
antibiotics (penicillin-streptomycin, 10,000 U/
mL) were placed at 37°C in a humidified atmo-
sphere with 5% CO,,.

In vitro cytotoxicity of Dox-peptide/SSLN

In vitro cytotoxicity was performed with HepG2
cells by standard MTT assay. Briefly, HepG2
cells were seeded at a density of 1 x 103 cells
per well in 96-well plates and cultured over-
night at 37°C in 200 pL of culture medium.
Afterwards, the medium was removed, and the
cells were incubated for 48 h in a serum-free
medium containing Dox-peptide/SSLN at vari-
ous concentrations. Then, 20 uL of MTT solu-
tion (5 mg/ml) was added to each well, and the
cells were further incubated for 4 hours. The
supernatant in the wells was discarded, and
150 pl of DMSO was added to dissolve the sub-
strate for 10 minutes. The absorbance in each
well was recorded at 570 nm using a microplate
reader (Bio-rad 680, Bio-rad, USA) [18].

Cellular uptake of Dox-peptide/SSLN

HepG2 cells were seeded in a glass bottom
dish at a density of 1 x 10° cells/well and cul-
tured overnight to give 60%-70% confluence.
Thereafter, Dox-peptide/SSLN (containing 1.5
ug/ml of Dox) dispersed in culture medium was
added with further incubated at 37°C for anoth-
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er 4 h. After removing the medium and washing
with PBS, cells were stained by Hoechst 33258
for 20 min and observed using Confocal Laser
Scanning Microscopy (CLSM, Nikon C1-si, BD
Laser, USA). To further determine the MMP-2
related internalization of Dox-peptide/SSLN,
HepG2 cells were pretreated with MMP-2 prote-
ase inhibitor TIMP-2 0.5 h before the addition
of Dox-peptide/SSLN.

Flow cytometry analysis

HepG2 cells were seeded in 24-well plates at a
density of 5 x 10% cells/well overnight. Then all
cells were incubated with Dox-peptide/SSLN
(1.5 pg/mL of free Dox) for another 4 h. After
that, the medium was discarded and the cells
were washed thoroughly with PBS. Then all the
cells were suspended by trypsin and collected
within centrifuge tubes by centrifugation. The
cells were re-suspended and subjected to red
fluorescence determination by flow cytometry
(TM Ill, FACSAria, USA).

In vivo optical imaging

BALB/c nude mice (5-weeks old, Shanghai
Laboratory Animal Center, Shanghai, China)
were used for animal experiments. Subcu-
taneous tumors were established by injecting
HepG2 (1 x 10° cells in 200 uL PBS) into the
flank of mice [19]. When tumors reached
approximately 100 mm? in volume, 100 pl of
Dox-peptide/SSLN (Dox dosage: 5 mg/kg) in
PBS (pH 7.4) were subcutaneous injected. To
confirm that the MMP-2 is related to the res-
tore of fluorescence of Dox, TIMP-2 was in-
tratumorally administered into the HepG2
tumors 0.5 h prior to the injection of
Dox-peptide/SSLN. The optical images were
obtained with an in vivo imaging system
(FXPRO, Kodak, USA) using 465-529 nm excita-
tion and 565 nm long-pass emission filters
[14].

Therapeutic efficacy of Dox-peptide/SSLN in
HepG2 tumor-bearing mice

To further study the therapeutic efficacy of Dox-
peptide/SSLN, the tumor-bearing mice model
established as mentioned in the above Section
was employed when the tumor volume approxi-
mately reached 100 mm?3. The mice were ran-
domly divided into four groups, which are phos-
phate buffered saline (PBS), free Dox and Dox-
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Figure 1. Particle size distribution and morphology of (A) SSLNs and (B) Dox-peptide/SSLN. Scale bar: 100 nm.
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Figure 2. Release profile of Dox from Dox-peptide/
SSLN in different media: (1) TCNB buffer. (2) TCNB
buffer with MMP-2 (2 mg/ml) and MMP inhibitor
(1,10-phenanthroline monohydrate (1 mm). (3) TCNB
buffer with 10 mM GSH. (4) TCNB buffer with 100 pl
MMP-2 (2 ug/ml). Data were shown as mean + S.D.
(n=23).

peptide/SSLN (Dox dosage: 5.0 mg/kg) with
subcutaneous injection. Mice in all groups were
injected every 2 days for 14 days. The body
weight and tumor growth of every mouse were
monitored before the injection. Tumor size was
evaluated by measuring perpendicular diame-
ters using a caliper and calculated using the fol-
lowing formula V = W2 x L/2 (W and L were the
shortest and longest diameters, respectively).

Histology analysis

The tumor, heart, liver, spleen, lung and kidney
were fixed by 4% formalin and embedded in
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Figure 3. The viability of HepG2 cells incubated with
Dox-peptide/SSLN and free Dox for 48 h. Data were
shown as mean = S.D. (n = 3).

paraffin and then sectioned. The sections were
stained with Hematoxylin/eosin and then pic-
tured by microscopy (Olympus, CX21BIM-SET5,
Japan).

Results and discussion

Preparation and characterization of Dox-
peptide/SSLN

In this study, mono-dispersed SLNs were fabri-
cated by classical reverse water-in-oil micro-
emulsion method. After conjugation Dox-
peptide to the surface of mono-dispersed
SSLNs (100 nm), the obtained Dox-peptide/
SSLN was characterized by dynamic light scat-
tering (DLS), electronic light scattering (DLS)
and transmission electron microscopy (TEM)
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the disulfide bond and the
abundant glutathione (GSH)
in the cytoplasm is expected
to accelerate the Dox relea-
se from Dox-peptide/SSLN. It
was inferred that when in-
cubating Dox-peptide/SSLN
with the protease MMP-2 or
the reductive GSH, accelerat-
ed Dox release could be
observed. As a proof of con-
cept that drug release of Dox-
peptide/SSLN is responsive
to both protease and reduc-
tive, MMP-2 protease and
GSH were respectively em-
ployed as external stimuli.
According to Figure 2, it was
observe that the Dox released
from Dox-peptide/SSLN in the
absence of MMP-2 protease
and GSH was slow (only
11.2%) within 72 h, revealing
that the Dox-peptide/SSLN
was highly stable and under-

Merge
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Figure 4. In vitro uptake of Dox-peptide/SSLN in HepG2 cells after 4 h of in-

cleavage, which is favorable
for its circulation in the blood

cubation was qualitatively analyzed by (A) CLSM and quantitatively analyzed

by (B) flpt cytometry, respectively. Data were shown as mean + S.D. (n =

P <0.05and **P < 0.01.

(Figure 1). It was observed that both SSLNs
and Dox-peptide/SSLN showed favorable
mono-dispersion and stability. It was worth
mentioning that compared with SSLNs, the
Dox-peptide/SSLN displayed a slightly increase
diameter (128 nm) with evident core-shell
structure, which indicated that the Dox-peptide
was successfully coated to the surface of the
SSLNs. On the other hand, thermogravimetric
analysis (TGA) indicated that the content of
Dox-peptide in Dox-peptide/SSLN was around
6.5 wt% and the amount of Dox loading was
2.8 wt% (data not shown).

In vitro release

CPLGLAGG has been reported to be a prefera-
ble linker which can be specifically cleaved by
MMP-2 [14]. Since the Dox-peptide substrate
was conjugated to SLNs via disulfide bond,
when these SLNs are internalized by tumor
cells, thiol group exchange behavior between
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3). stream. By contrast, the

steady and rapid release of

Dox was triggered with the

presence of MMP-2 or GSH,
and the percentages of accumulated release
were approximately 83.7% and 60.8%, respec-
tively, after 72 h. However, when MMP-2 was
co-incubated with inhibitor 1, 10-phenanthro-
line, a MMP-2 inhibitor, the release rate signifi-
cantly slowed down, which suggested the
important role of MMP-2 in the accelerated
release of Dox from Dox-peptide/SSLN. It was
inferred that Dox-peptide/SSLN was stable in
the plasma without releasing the drug after
intravenously administered, whereas rapid
release of drug could be achieved in tumor cells
with the abundant presence MMP-2 and/or
GSH, which is favorable in drug delivery.

In vitro anti-tumor effect of Dox-peptide/SSLN

The inhibition ability of Dox-peptide/SSLN to
tumor cells was evaluated by MTT assay (Figure
3). The results showed that the anti-tumor
effect of Dox-peptide/SSLN followed a dose-
dependent manner as the viability of HepG2
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Figure 5. In vivo optical images of subcutaneous HepG2 tumor bearing nude
mice after injection of Dox-peptide/SSLN without (A) and with (B) inhibitor
and the normal mice after injection of the Dox-peptide/SSLN without inhibi-

tor were taken as control (C).

cells decreased with the increase of Dox-
peptide/SSLN concentration. The viability of
HepG2 cells was around 20.4% after incuba-
tion with Dox-peptide/SSLN at a Dox concen-
tration of 7.5 yg/ml for 48 h. It was noted men-
tioning that compared with free Dox at the
same Dox concentration, Dox-peptide/SSLN
exerted lower cell viability. This difference in
cell viability implied that more Dox in Dox-
peptide/SSLN can fully exert its anti-tumor
effect than that in free Dox group, inducing
more cell apoptosis. This might be attributed to
the enhanced uptake of Dox molecule (Dox-
peptide/SSLN by-passing the multidrug resis-
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tance of HepG2 cells) and the
responsive burst-release of
Dox from Dox-peptide/SSLN.
All these results suggested
that Dox-peptide/SSLN have
strong capability to enter
tumor cells, and at the same
time can responsive release
Dox, leading to the apoptosis
of tumor cells.

In vitro uptake of Dox-
peptide/SSLN

The in vitro anti-tumor effect
of Dox-peptide/SSLN was
investigated in HepG2 cells
with positive expression of
MMP-2 [20]. As displayed
in confocal laser scanning
microscopy (CLSM) images in
Figure 4, the red fluorescence
of Dox can be observed in
both HepG2 cells. To further
elucidate the mechanism of
internalization, a competitive
experiment was performed by
treating HepG2 cells with
prior to incubation with the
nanoparticles. As expected,
compared with untreated
ones, the cells pretreated
with MMP-2 protease inhibi-
tor displayed a significantly
1000.00 drop in fluorescence intensity.
The results of flow cytometry
quantitative analysis were
consistent with CLSM obser-
vation. As displayed in Figure
4B, the mean fluorescence
intensity (MFI) of untreated
cells (1437) was higher than that of inhibitor
pretreated cells (784). These results indicated
that MMP-2 protease is greatly related to the
release of Dox from Dox-peptide/SSLN.

In vivo tumor optical imaging of Dox-peptide/
SSLN

The in vivo tumor imaging of Dox-peptide/SSLN
was investigated using HepG2 tumor bearing
mice model. To evaluate the in vivo imaging
possibility, all the mice subcutaneous injected
with Dox-peptide/SSLN were subjected to small
animal in vivo imaging system at predetermined

Int J Clin Exp Med 2016;9(7):13584-13594
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Figure 6. (A) Tumor volume and (B) body weights of HepG2 tumor xenografted nude mice after treatment with
Saline, free Dox and Dox-peptide/SSLN (Dox dosage: 5.0 mg/kg), respectively, for a period of 14 days. Data were
shown as mean + S.D. (n = 6). (C) H&E staining images (200x%) of the tumor, heart and liver sections of the mice

with different treatments. P < 0.05 and **P < 0.01.

time points. As shown in Figure 5A, the
fluorescence of Dox could be clear visualized at
tumor region after the injection of Dox-peptide/
SSLN for 1 h and the fluorescence intensity
increased steadily as a function of time. In con-
trast, for the animal administered with TIMP-2
(the MMP-2 inhibitor) 30 min before the injec-
tion of Dox-peptide/SSLN, the fluorescence
faded significantly in tumor region (Figure 5B).
Normal nude mice without tumor model was
employed as a control, it was also difficult to
observe the flto observe of Dox at the flank
upon injection of Dox-peptide/SSLN for 4 h
(Figure 6C). These results indicated that the
Dox is well-preserved within Dox-peptide/SSLN
undere normal physiological conditions and
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released only at the tumor site where
over-expressed protease MMP-2 could readily
cleave the peptide substrate to recover the
fluorescence of Dox. By this way, in vivo tumor
imaging is realized smartly.

In vivo anti-tumor evaluation of Dox-peptide/
SSLN

To evaluate the in vivo anti-tumor capability of
Dox-peptide/SSLN, subcutaneous tumors were
artificially constructed in the flank of BALB/c
nude mice by injecting HepG2 cells. Three
groups of tumor bearing mice with a single sub-
cutaneous injection (phosphate buffered saline
(PBS)), free Dox (5.0 mg/kg) and Dox-peptide/

Int J Clin Exp Med 2016;9(7):13584-13594
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SSLN were studied. As shown in Figure 6A, the
relative xenografted tumor volume of Dox-
peptide/SSLN group was 412 + 67 mm? after
14-day the treatment, which was rather less
than that of the PBS group (1523 + 187 mm?).
As a control, the tumor volume of the free Dox
(5.0 mg/kg) group was 918 + 114 mm3. The
therapeutic efficacy was further studied by his-
tological examination. Hematoxylin/eosin (H&E)
staining (Figure 6C) showed that the tumors
treated with PBS were composed of abundant
acidophilous cells with no obvious damage,
which is typically for tumor cells. However, the
apoptotic cells and areas of dead cells without
nuclei were observed in the tumors treated
with free Dox. Moreover, Dox-peptide/SSLN
group showed most satisfied results with exten-
sive apoptotic cells and large area of dead cells
being obtained. In addition, the body weight of
mice in the free Dox group reduced sharply,
while the mice in other groups showed no
apparent weight changes (Figure 6B). This
observation implied that Dox-peptide/SSLN did
not cause apparent toxicity, whereas the free
Dox group showed severe toxicity which com-
prise the living quality of the mice. It has been
widely recognized that the subacute toxicity
(such as cardiotoxicity, hepatotoxicity and other
toxicities) of free Dox is inevitable in normal
chemotherapy [21]. This was also confirmed by
H&E staining of heart and liver tissue of the
treated animals. It was observed that free Dox
exhibited severe myocardial damage and hepa-
totoxicity characterized as indicated by nuclear
shrinkage, cell necrosis and inflammatory cell
infiltration. However, the tumor-responsive drug
release systems, Dox-peptide/SSLN, can relief
this dilemma by ensuring the anti-cancer drug
only be released in the tumor region, which can
in turn, improve the treatment effect.

Conclusion

In summary, we have designed and prepared a
therapeutic system based on functionalized
SLNs (Dox-peptide/SSLN) which can response
to the microenvironment distinction of tumor
sites. The overexpression MMP-2 protease in
tumor tissue can hydrolyze nanoparticles, lead-
ing to the recovery of the fluorescence of Dox
and rapidly release of Dox to realize tumor
imaging and therapy. In addition, the thiol
exchanging reaction between disulfide bond
and intracellular GSH led to accelerated intra-
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cellular release of Dox from Dox-peptide/SSLN
and enhanced efficacy of in vivo tumor imaging
and tumor growth inhibition. The Dox-peptide/
SSLN with tumor triggered drug release stealth
behavior show a great potential in application
for cancer therapy and diagnosis.
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