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ABSTRACT: Targeting nanocontainers to the pathological zone . LU
and controlling release of their cargoes, in particular delivery of p P 2 . . 4
anticancer drugs to specific tumor cells in a targeted and kg;- — ‘g \‘;
controlled manner, remain the key challenges in drug delivery. = NS Ciag
This paper reports the development of a traceable and tumor- ®0 & h o Ag‘lReducing
targeted intracellular drug release nanocontainer. The nano- v/’}‘,\f,',’ . \ws - A

container is obtained by in situ growth of silver nanoparticles e :. o .L 2 N o
(AgNPs) on the surfaces of mesoporous silica nanospheres jq’fa G, ';’ F ‘f:g &% -

(MSNs) using a DNA-templated process. Additionally, drug Ve WL T o

release from the nanopores is achieved by selective glutathione

(GSH)-triggered dismantle of the AgNPs, and the concurrent fluorescence change allows real-time monitoring of drug release
efficacy and facile visualization of in vivo delivery events. After being functionalized with sgc8 aptamer on the outer shell of the
AgNPs, the targeted nanocontainers are delivered into acute lymphoblastic leukemia cells by aptamer-mediated recognition and
endocytosis. Moreover, the GSH-responsive process presents an improvement in the cell-specific drug release and

chemotherapeutic inhibition of tumor growth.
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Bl INTRODUCTION

Encapsulation of drugs within nanocontainers that selectively
target malignant cells has emerged as a promising tool to
improve the pharmacological effect of small-molecule drugs
against cancer.! To date, MSNs have emerged as robust
nanocontainers for drug delivery because of their remarkable
biocompatibility and good stability.>* However, the practical
application of MSNs in vivo still faces many critical barriers,
such as nonspecific drug accumulation at tumor sites and
premature release in the circulatory system. For facilitating drug
uptake and controlled release, various kinds of nanogates have
been fabricated that allow the release of loaded drug molecules
into a specific environment in response to external or internal
stimuli, such as pH, redox reaction, temperature, and enzymatic
activity,»* while such stimuli can be activated in both tumor
and normal cells due to the small differences between tumor
cells and peripheral normal tissues. To improve targeted
delivery, biomarker-targeting ligands have been used to
specifically interact with receptors expressed on the cell surface
of interest to promote nanocontainers binding and internal-
ization."® This strategy requires that receptors should be
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highly overexpressed in cancer cells (10*—10° copies/cell)
relative to normal cells to maximize selectivity and therapeutic
efficacy.” However, many tumor biomarkers are expressed in
both cancer cells and healthy cells, leading to side effects in
patients.

Another critical barrier for in vivo application of MSNs is
drug leakage during transport in the complex biological
environment. The premature release of drug molecules before
reaching the target cell not only limits the dose achievement
within tumors, but also results in systemic toxicity and
undesired side effects. Although poly(ethylene glycol) (PEG)
polymers have been known to prolong the circulation time in
the bloodstream to improve accumulation at the tumor sites by
the enhanced permeation and retention (EPR) effect,'® PEG
functionalization is often not efficient enough to eradicate drug
leakage and to exert the anticancer therapy selectively in cancer
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cells, because most endogenous stimuli are expressed not only
in cytosol, but also in extracellular fluid.

Recognizing these flaws, we report here a new MSNs-based
delivery system that allows facile modulation of cell-specific
release and tumor therapy by intracellular GSH (Scheme 1).

Scheme 1. (A) Synthetic Route to the DNA-Guided in Situ
Growth of Ag Nanogates on Drug-Loaded MSNs”
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“Reaction process: (1) attachment of 3-isocyanatopropyltriethoxysi-
lane; (2) grafting of DNA labeled with 6-carboxylrthodamine (ROX)
tag and an amino group; (3) loading of drug molecules; (4) addition
of AgNO;, followed by reducing agents; (S) conjugation of aptamer
and PEGylation. (B) Schematic illustration of multifunctional PTX-
MSNs@AgNPs-PEG/sgc8 for targeted and intracellular GSH-
controlled drug delivery and tumor therapy.

GSH, as the most abundant cellular thiol species, plays central
roles in many biochemical processes.'"'> Moreover, while GSH
presents low concentration (<10 uM) in the extracellular fluid,
it is relatively concentrated within the cytosol (1—10 mM)."* In
recent years, a range of nanogates have been fabricated and
then attached to the surfaces of MSNs through disulfide
linkages that are reduced subsequently by antioxidants,"*~"
causing the removal of the nanogates to release the loaded drug
molecules. However, the preparation of the nanogates and their
capping on MSNs are usually carried out separately, resulting in
time-consuming, and technology-intensive. Specially, these
systems suffer from undesirable drug leakage, since the
antioxidants exist abundantly not only in tumor cells, but also
in extracellular compartments. Different from the previous
strategies, the nanogates of our MSNs-based delivery system
are obtained by in situ growth of AgNPs on MSNs surface
through a DNA template-protected process,"* ' and cargo
release from the nanopores is achieved by selective detachment
of the AgNPs by GSH-mediated ligand exchange process, that
is, a special Ag—S interaction.'®~** Importantly, through in situ
formation, the hybrid AgNPs are easily optimized to ensure
drug release triggered only by a high concentration of
intracellular GSH and species, as well as lower drug leakage
in the biological system. Although significant research progress
has been made in developing various functionalized MSNs-
based materials for drug delivery and biosensing applica-
tions,>**** several unique functions and features have been
incorporated into the present system to deliver drugs in an
optimal fashion. First, the DNA strands conjugated on the

MSNSs’ surface act as a “universal molecular glue” to provide a
simple and accessible way to cap metal nanostructures, which
can be easily modulated to meet different degrees of GSH
stimuli. Furthermore, the further functionalization of the outer
shell of AgNPs with a tumor-targeting ligand, aptamer sgc8,25
and the hydrophilic PEG polymer,” improves the cancer
targeting ability and the long-term stability of the system under
physiological conditions. Finally, based on the fluorophore-
labeled DNA strand, the emission from the fluorescent tag can
be greatly quenched by the formed DNA-templated AgNPs,
while the quenched fluorescence would be restored by the
GSH-mediated dismantle of AgNPs, thereby providing a simple
and facile approach for the visualization of drug delivery/
release. The engineering of the MSNs with these functionalities
can significantly enhance the therapeutic efficacy and reduce
the undesired side effects of the anticancer drug. We also
demonstrate that the high drug delivery efficacy of the
nanocontainer is attributed to the cooperative effects of
aptamer-mediated targeting and intracellular GSH-triggered
drug release.

B EXPERIMENTAL SECTION

Materials. Sartorius ultrapure water (18.2 MQ; Millipore Co.,
Billerica, MA) was used for the preparation of all buffers. N-
cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate
(TEOS), 3-isocyanatopropyltriethoxysilane (3-ICP), silver nitrate
(AgNO;), 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES), paclitaxel (PTX), glutathione (GSH), and 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophen-
yl)-2H-tetrazolium (MTS) were purchased from Alfa Aesar Chemical
Ltd. All chemicals were of analytical grade and used as received
without further purification. The oligonucleotides were synthesized by
TaKaRa Biotechnology Co., Ltd., (Dalian, China). The CCRF-CEM
cells (T cell line, human acute lymphoblastic leukemia), and Ramos
cells (B cell line, human Burkitt’s lymphoma) were obtained by the
Cell Center of our lab.

Characterizations. Transmission electron microscopy (TEM)
images were obtained with a JEOL-3010 instrument. Scanning
electron microscopy (SEM) images were obtained on a JEOL JSM-
6700F microscope. Zeta potential experiments and DLS measure-
ments were performed by ZetaSizer Nanoseries. Fourier transform
infrared (FT-IR) spectra were obtained from a TENSOR 27
spectrometer (Bruker Instruments Inc., Germany). UV—vis absorption
spectra were collected using a Hitachi U-4100 spectrophotometer
(Kyoto, Japan). Small-angle powder X-ray diffraction patterns (XRD)
were obtained in a Scintag XDS-2000 powder diffractometer. The
nitrogen adsorption—desorption isotherm at 77 K was obtained on a
Micromeritics ASAP 2010 Sorptometer by static adsorption
procedures. All fluorescence measurements were performed on a
PTI QM4 Fluorescence System (Photo Technology International,
Birmingham, NJ). Drug concentration was quantified by reversed-
phase HPLC (Shimadzu, Japan). Confocal laser scanning microscopy
(CLSM) images were obtained on a Fluo View FV 1000 (Olympus,
Japan). MTS assay was obtained on a Synergy 2 Multi-Mode
Microplate Reader (Bio-Tek, Winooski, TV). Flow cytometric analysis
was obtained in a BD FACSCalibur cytometer. In vivo images were
acquired using an IVIS Imaging System (Lumina xr).

Synthesis of MSNs. CTAB (0.5 g) and sodium hydroxide aqueous
solution (1.75 mL, 2.0 M) were dissolved in 240 mL of deionized
water, and the solution temperature was adjusted to 353 K
Tetraethoxysilane (TEOS, 2.5 mL) was added dropwise to the
surfactant solution under vigorous stirring and aged for 2 h. Then, the
solid product was centrifuged, washed with deionized water and
ethanol, and dried in air to yield the as-synthesized MSNs. To remove
the surfactant template (CTAB), 0.50 g of the as-synthesized MSNs
were refluxed for 16 h in a mixture of 2.5 mL of HCI (37.4 wt % in
water) and SO mL of methanol. The resulting material was filtered,
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extensively washed with deionized water and methanol, and dried
under high vacuum.

Synthesis of DNA-Modified MSNs (MSNs-DNA). One gram of
the surfactant-free MSNs was refluxed in 80 mL of anhydrous toluene
with 0.25 mL (0.25 g, 1.00 mmol) 3-isocyanatopropyltriethoxysilane
(3-ICP) under nitrogen atmosphere for 20 h to immobilize the
isocyanate group on the surface. The isocyanatopropyl-functionalized
MSNs (MSNs-ICP) was collected and washed with anhydrous toluene
three times and dried under vacuum. Next, 100 mg of MSNs-ICP was
dispersed in 2.0 mL of deionized water, and the amino-modified
oligonucleotides with a concentration of 200 M were then added and
stirred overnight at room temperature to obtain the DNA-function-
alized MSNs (MSNs-DNA). After centrifugation, the absorbance of
the supernatant was measured to calculate the amount of DNA
attached on the MSNs, which was approximate 5.75 umol g™* SiO,.

Cargo Loading and MSNs Capping. The purified MSNs-DNA
(30 mg) was dispersed in 1.0 mL DMSO solution of paclitaxel (PTX)
at room temperature. After stirring for 24 h in dark, the PTX-loaded
MSNs-DNA was centrifuged and washed with DMSO, and dried
under vacuum. Then, the solid was dispersed in SO mL PBS (10 mM,
pH 7.4) and cooled to 4 °C. An aliquot of AgNOj solution (r,: npxa
= 20:1, 40:1 or 80:1) was then added and stirred for 30 min.
Subsequently, HEPES solution (100 mM, pH 7.4) was added as
reducing agents for 72 h at 40 °C in dark. The PTX-loaded AgNPs-
capped MSNs (PTX-MSNs@AgNPs) were obtained by centrifuging
and washing extensively with PBS to remove uncapped drug molecules
from the exterior surface of the material. To evaluate the PTX loading
amount and efficiency, the supernatant solutions were collected and
measured by HPLC (Shimadzu, Japan). The mobile phase consists of
acetonitrile/water (70:30 v/v). The quantitative analysis was carried
out on a Inertsil ODS-SP. The column temperature is maintained at 30
°C. The flow rate is set at 1.0 mL/min, the detection wavelength was
229 nm, and the sample injection volume was 50 yL. The loading of
PTX was evaluated to be 48 mg g™* SiO,.

Synthesis of PTX-MSNs@AgNPs-PEG/sgc8. Before conjugation,
thiolated aptamer sgc8 (1.0 mM) was reduced by TCEP (1.0 mM,
freshly prepared) in acetate buffer (S0 mM, pH S.2) for 1 h at room
temperature. Then, freshly activated aptamer sgc8 (2.0 uL, 100 uM)
and methoxy-poly(ethylene glycol)-thiol (MW 2000) (2.0 uL, 100
uM) were added to the PTX-MSNs@AgNPs suspension (2.0 mL, 1.0
mg mL™") with gentle hand shaking. The mixture was magnetically
stirred at room temperature overnight and stored at room temperature
for 24 h. After centrifugation at 10,000 rpm for S min, PTX-MSNs@
AgNPs-PEG/sgc8 hybrids were obtained by drying under high
vacuum.

TEM and SEM Measurements. TEM measurement was carried
out using a JEOL JEM-3010 Ex microscope and HRTEM was
measured with a JEOL F-20 microscope. TEM samples were prepared
by dropwise adding a solution of redissolved MSNs in DI water on a
carbon-coated copper grid. After the solvent evaporated, TEM images
were obtained from different spots of each grid. SEM images were
obtained on a JEOL JSM-6700F microscope. SEM samples were
prepared by dropwise adding a solution of redissolved MSNs in DI
water on a silicon wafer. After the solvent evaporated, SEM images
were obtained from different spots of each grid.

Drug Release in Buffer. A sample of 1.0 mg PTX-MSNs@AgNPs
was placed into beakers containing 2.0 mL PBS (10 mM, pH 7.4) and
different concentrations of GSH at room temperature under magnetic
stirring. At various times, 300 uL of solution was removed from the
beaker and centrifuged at 10,000 rpm for 3 min at 4 °C, followed by
measurement of the supernatant by HPLC. The mobile phase consists
of acetonitrile/water (70:30 v/v). The quantitative analysis was carried
out on a Inertsil ODS-SP. The column temperature is maintained at 30
°C. The flow rate is set at 1.0 mL/min, the detection wavelength was
229 nm, and the sample injection volume was S0 yL. After that, the
nanoparticles were refreshed with fresh buffer for further incubation.
The cumulative release (wt %) was calculated as the released quantity
of drug divided by the total quantity of loaded nanoparticles.

Flow Cytometric and Confocal Imaging Analysis. Cells (1 X
10°, CEM or Ramos) were treated with PTX-MSNs@AgNPs-PEG/

sgc8 or sgc8 in 200 uL of cell culture medium for 2 h. Afterward, cells
were incubated with trypsin for S min, washed three times with 200 yL
of washing buffer, suspended in 200 pL of binding buffer, and
subjected to flow cytometry analysis using a BD FACSCalibur
cytometer by counting 10 000 events.

CEM (1 X 10° cells per well) were pretreated with glutathione
monoester (GSH-OEt, 5.0 mM) or N-methylmaleimide (NMM, 5.0
mM) in 5% CO, at 37 °C for 2 h. After washing twice and adding of
fresh medium, the cells were incubated with 100 ug mL™" of PTX-
MSNs@AgNPs-PEG/sgc8 for 2 h. The cells were then washed twice
with washing buffer and then visualized under a Fluo View FV 1000
(Olympus, Japan). The fluorescence emission spectrum of ROX after
being released from MSNs (excitation/emission = 560 nm/610 nm)
are detected in the red channel (559 nm/580—640 nm).

In Vitro Cytotoxicity Assay. CEM or Ramos cells (2 X 10° cells
per well) were seeded in 96 well plate. After overnight incubation, the
cells were treated with 200 uL of cell media containing PTX-MSNs@
AgNPs-PEG/sgc8 with or without 5.0 mM GSH-OEt, PTX-MSNs@
AgNPs-PEG/sgc8 and free PTX (the equivalent dosage of PTX
released from PTX-MSNs@AgNPs-PEG/sgc8) for 2 h, respectively.
After the medium was removed, 200 uL of fresh cell medium was
added and the 96 well plate was returned to the incubator for another
24 h. Next, the cell culture medium was replaced with 100 uL of fresh
cell medium, followed by the addition of 20 yL of MTS solution to
each well. After incubation for 30 min, the cell viability was determined
by a Synergy 2 multi-mode microplate reader (Bio-Tek, Winooski,
TV). Each experiment was repeated at least three times, and the error
bars represent the standard derivations.

Animal Culture. Athymic BALB/c nude mice were purchased
from the Changsha SLAC Laboratory Animal Co. Ltd. and maintained
under pathogen-free conditions. To establish tumor xenografts, 5 X
10° in vitro-propagated CEM cells (in 100 yL of saline) were injected
s.c. into the dorsal region of 18—20 g nude mice. All animal operations
were performed in accordance with institutional animal use and care
regulations, according to protocol No. SYXK (Xiang) 2008—0001,
approved by the Laboratory Animal Center of Hunan. Once the
tumors had grown to a volume of ~100 mm?, they were ready for the
in vivo antitumor efficacy evaluation detailed below. All animals were
acclimated to the animal facility for at least 48 h prior to
experimentation.

Specific Uncapping Studies In Vivo. Before imaging, mice were
anesthetized under isoflurane gas (2.0 mL min~') supplemented with
oxygen (1.0 mL min™') to be motionless, then a 100 uL of
physiological saline containing PTX-MSNs@AgNPs-PEG/sgc8 or
PTX-MSNs@AgNPs-PEG was intravenously (iv.) injected via the
tail vein, and the PTX dosage was kept the same at 1.0 mg kg™". At
specified times, fluorescence images of the dorsal region of three mice
were taken by a Maestro in vivo fluorescence imaging system. All the
fluorescence images were acquired using an IVIS Imaging System
(Xenogen).

In Vivo Anticancer Efficacy Evaluation. Tumor-bearing mice
were randomly assigned to four groups, with four mice in each group
treated with saline, free PTX, PTX-MSNs@AgNPs-PEG and PTX-
MSNs@AgNPs-PEG/sgc8 with the same dosage of PTX at 1.0 mg
kg™! body weight. Drugs were injected through tail veins every other
day, and tumor length and width for each mouse were measured by a
digital caliper every other day. The tumor volume was calculated using
the following equation:

tumor volume = length X width?/2

The body weight of each mouse was also measured every other day
to monitor the potential drug toxic side effects. Mice were sacrificed
when tumor volume exceeded 4.0 cm’® or at the end of the
experiments.

B RESULTS AND DISCUSSION

Preparation of Drug-Loaded MSNs. MCM-41 silica
nanoparticles were prepared using a surfactant-templated sol—
gel process.”® SEM and TEM micrographs shows the
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constructed MSNs are uniform, monodisperse and spherical in
shape with an average diameter of approximately 90 nm and a
hexagonally ordered porous array of uniform channel (Figure
1A, B and Supporting Information Figure S1A).”” MCM-41
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Figure 1. (A) SEM image, (B) TEM image and (C) XRD pattern of
the MSNs, and (D) TEM image of PTX-MSNs@AgNPs. Inset is the
HR-TEM images of MSNs. The concentration ratio of Ag* to P1 =
40:1.

nanoparticles is further confirmed by the powder XRD pattern
(Figure 1C), in which the ratio of the four diffraction peak is

approximately 1:/3:2:4/7 in consistent with previous re-
ports.28_30 To graft DNA strands, the MSNs were first
functionalized with isocyanatopropyl groups (ICP) to obtain
ICP-functionalized MSNs (MSNs-ICP). After the conjugation,
a sharp stretching vibration of the N=C=0 group at 2275
cm™" is shown by FT-IR spectroscopy (Supporting Information
Figure S2),>' which proved the successful immobilization of
ICP moieties on the MSNs surface. Thereafter, the samples
were reacted with a 27-mer single-stranded DNA scaf-
fold,"®'*3* which was labeled with a 6-carboxylrhodamine
(ROX) tag and an amino group (P1, Supporting Information
Table S1) to give MSNs-P1 for the formation of DNA-
templated AgNPs,'®** evidenced by the disappearance of the
peak at 2275 cm™ (Supporting Information Figure S2), the
decrease of zeta potential from +1.3 mV to —40 mV
(Supporting Information Figure S3), and the increase of size
distribution (Supporting Information Figure S4). On the basis
of all the data, we can conclude that the negatively charged P1
strands had been successfully attached onto the MSNs surface
in a covalent manner.

After the drug molecules (paclitaxel, PTX) were loaded into
MSNs-P1 cavities (PTX-MSNs-P1), AgNPs were formed by
reducing the PTX-MSNs-P1/Ag" mixture (nag,: np; = 40:1)
with HEPES buffer, which is a popular pH buffer used
extensively in chemical and biochemical experiments and has a
mild reducing ability,>* to obtain PTX-MSNs@AgNDPs. As
shown in Figure 1D and Supporting Information Figure SS,
dark spots on the outside edges of the mesopores can be clearly
visualized, representing the aggregation of AgNPs on the
exterior surface of MSNs. This event was accompanied by a

remarkable increase of zeta potential (Supporting Information
Figure S3), and a dramatic decrease of the ROX fluorescence
emission (Supporting Information Figure S6), the surface area
and pore size distribution during the functionalized process
(Supporting Information Figure S7 and Table S2). The
presence of AgNPs was also confirmed by EDX analysis
(Supporting Information Figure S8), and four distinct
diffractions were observed in the high-angle XRD diffraction
patterns of PTX-MSNs@AgNPs samples, which were attrib-
uted to the diffraction the AgNPs attached to the mesoporous
silica nanospheres (Supporting Information Figure $9).>° In
contrast to (MSNs-P1 + AgNO,) with AgNPs capped on the
surface of MSNs after reduction, TEM micrographs of the
reduction products of mixtures of (MSNs + AgNO;) or (MSNs
+ P1 + AgNO;) showed that AgNPs were far away from the
MSNs surface (Supporting Information Figure S10), indicating
the DNA-directed formation of AgNPs on the MSNs surface.

GSH-triggered PTX Release from PTX-MSNs@AgNPs.
To demonstrate GSH-triggered uncapping of AgNPs from the
MSNs surface and the resultant controlled drug release, both
the AgNPs absorbance and the ROX fluorescence of PTX-
MSNs@AgNPs were examined. As shown in Figure 2A, in
phosphate buffered saline solution (PBS, 10 mM, pH 7.4),
PTX-MSNs@AgNPs exhibits an electronic transition band
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Figure 2. (A) UV—visible absorbance spectra of PTX-MSNs@AgNPs
in (a) PBS buffer (10 mM, pH 7.4); (b), PBS buffer containing 50%
FBS; (c), (b) + 5.0 mM GSH. Inset: the corresponding color of a, b,
and c. (B) Fluorescence emission spectra of PTX-MSNs@AgNPs (4.,
= 560 nm) upon incubation of (a), PBS buffer; (b), S0% FBS; (c), (b)
+10.0 uM GSH; (d), (b) + 1.0 mM GSH; (e), (b) + 5.0 mM GSH;
and (f), (b) + 10.0 mM GSH after 2.0 h incubation. Inset: fluorescence
enhancement of PTX-MSNs@AgNPs in the presence of various GSH
concentrations. F, and F denote ROX fluorescence intensity of PTX-
MSNs@AgNsP at 610 nm in 50% FBS without and with GSH,
respectively. (C) The corresponding cumulative PTX release from
PTX-MSNs@AgNPs in 50% FBS with or without GSH. (D)
Correlation between cumulative PTX-release and fluorescence signal
of PTX-MSNs@AgNPs after 16 h incubation of different concen-
trations of GSH (0, 0.01, 0.1, 0.5, 1.0, 2.0, 5.0, and 10 mM from a to
(i). Fy and F are ROX fluorescence intensity of PTX-MSNs@AgNSsP at
610 nm in 50% FBS without and with GSH, respectively.
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centered at 410 nm, which is attributable to the surface
plasmon resonance of AgNPs.>* Moreover, in the PBS buffer
containing 50% fetal bovine serum (FBS, v/v), the absorbance
of PTX-MSNs@AgNPs is scarcely influenced, indicating that
PTX-MSNs@AgNPs is highly stable in biological environment.
However, a quick and dramatic decrease of the AgNPs
absorbance is observed in the presence of 5.0 mM GSH in
50% FBS, accompanied by a distinguishable color change
(Figure 24, inset) and the restoration of hexagonally packed
mesopores of the MSNs (Supporting Information Figure S11),
suggesting that the AgNPs were detached from the MSNs
surface. Figure 2B shows the fluorescence emission spectra of
PTX-MSNs@AgNPs under different conditions. In 50% FBS,
PTX—MSNS@A§NPS is weakly fluorescent due to AgNPs
quenching,'®*”** However, appreciable emission enhancement
is observed as the result of the treatment with GSH, and the
intensity increased in a GSH concentration-dependent manner
(Figure 2B, inset). Upon addition of 10 uM GSH,
physiologically corresponding to the maximum extracellular
GSH concentration level,"> the ROX fluorescence is slightly
increased, while a dramatic increase in ROX fluorescence
intensity is observed by 5.0 mM GSH, the intracellular GSH
concentration level,* suggesting that the bound AgNPs were
detached from MSNs through a special Ag—S reaction due to
the interaction between template-synthesized AgNPs and DNA
is much weaker than that of thiol group and silver."*™>* This
utility was further supported by evaluating the effects of
substrates containing different functional groups on the
fluorescence of PTX-MSNs@AgNPs. As shown in Supporting
Information Figure S12, the sulthydryl group is the key factor
for triggering detachment of AgNPs from the DNA template,
thereby forming the basis for constructing the GSH-triggered
AgNPs uncapping system proposed in this paper.

Since the detachment of AgNPs from the MSNss is integrated
with the uncapping event, in vitro release of PTX with
corresponding GSH  concentrations was performed by using
reversed-phase HPLC analysis.”"*° In agreement with GSH-
induced fluorescence signal enhancement, the data show
cumulative release of PTX in a dose-dependent fashion with
increasing GSH concentration. In the absence of GSH, little
PTX was released into the solution both in PBS and in 50%
FBS under stirring for 16 h, signifying the efficient confinement
of the drug in the pores of the MSNs by AgNPs capping
(Figure 2C). Especially, 10.0 M GSH induced a relatively slow
release (less than 2% PTX was released over a period of 16 h),
while 5.0 mM of GSH led to a burst release of the drug and a
maximal cumulative release of ~50% reached within 12 h. The
releasable amount of PTX was consistent with previous
reports.*”*! The PTX release corresponded to the restoration
of ROX fluorescence, which could serve as an indicator of drug
release. Thus, we evaluated the relationship between the
amount of released PTX and the degree of ROX fluorescence
enhancement in GSH concentration ranges of 0—1.0 mM or
1.0-10 mM (Figure 2D). Results indicated that the PTX
released from the nanocontainer was dependent on the GSH
level, meanwhile, the increase in GSH concentration led to a
further enhancement of fluorescence signal, proving that the
drug delivery system is capable of fluorescent tracking drug
release.

Furthermore, because AgNPs capped on the MSNs surface
are formed by in situ reduction of the bound Ag" ions, it is
extremely easy to manipulate the concentration of AgNOj; to
meet the stimuli of different concentrations of GSH in the

various biological environment.” To demonstrate these
advantages, another two types of AgNPs-capped MSNs with
the concentration ratios of Ag* to P1 of 20:1 and 80:1 were
prepared, and GSH-triggered ROX fluorescence recoveries and
subsequent PTX releases of three PTX-MSNs@AgNPs systems
were determined. Figure 3A shows the ROX fluorescence
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Figure 3. Effects of different concentration ratios of Ag* to P1 of PTX-
MSNs@AgNPs on GSH-induced fluorescence restoration and PTX
release. (A) Fluorescence intensity changes of PTX-MSNs@AgNP at
610 nm (4.,= 560 nm) with various concentration ratios of Ag* to P1:
(a), in PBS buffer; (b), in 50% FBS; and (c), (b) + 5.0 mM GSH at
room temperature. (B) The corresponding cumulative PTX-release of
the three types of PTX-MSNs@AgNPs systems triggered by different
concentrations of GSH at room temperature for 16 h. Data shown
represent the mean, with standard deviation, of three separate
measurements.

emission changes of the three systems with GSH stimulus. In
term of the concentration ratio of Ag" to P1 to be 20:1,
appreciable fluorescence readouts were observed in PBS, and
were more prominent in 50% FBS, indicating an undesirable
uncapping of the AgNPs. Increasing the ratio of Ag* to P1 to
40:1 led to negligible changes both in PBS and in 50% FBS in
the absence of a trigger, demonstrating good stability in
biological environment. After treatment with 5.0 mM of GSH,
the fluorescence signal became intensified further, indicating
the substantial gate-opening of the nanocontainers. However,
further increase of the Ag" to P1 ratio to 80:1, the system did
not give better fluorescence response to GSH than that of Ag"
to P1 of 40:1 under the identical conditions. With the
concentration ratios of Ag" to P1 of 40:1, an almost linear GSH
concentration dependence of the fluorescence intensity was
observed at 10 uM < [GSH] < 2.0 mM (Supporting
Information Figure S13), which matched quite well with the
intracellular relevant concentration of GSH (10 M to 10
mM). 133942

Consistent with GSH-induced fluorescence enhancement,
the cumulative PTX release is related to the amounts of Ag*
and P1. Figure 3B shows the cumulative releases in detail of
PTX-MSNs@AgNPs triggered by different concentrations of
GSH with a fixed stirring time of 16 h at room temperature. At
a concentration ratio of Ag" ions to P1 of 20:1, appreciable
release (>20%) of the loaded PTX molecules was observed
upon addition of GSH with a concentration of 1.0—10 uM,
which is too low for selective intracellular drug release.
Increasing the concentration of Ag" ions can satisfactorily
control release of the loaded PTX molecules. In term of Ag*
ions to P1 of 40:1, < 2% PTX was released at extracellular GSH
concentrations over a period of 16 h, yet ~50% release of the
total encapsulated drug molecules was observed in the presence
of 5.0 mM GSH. However, with further increase in the amount
of Ag* to 80:1, much higher concentrations of GSH would be
needed to remove the capped AgNPs from MSNs, resulting in
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reduced release efficiency. The differences in cumulative release
are solely attributed to the AgNPs anchored on the MSNs
surface, effectively preventing free elution of the drug, thereby
providing the capability for selective controlled drug release.
Therefore, this DNA-directed simultaneous synthesis of AgNPs
and capping on the MSNs surface provided an efficient and
facile route for fabrication of nanogates to avoid premature
release and to release drug in a controlled manner. TEM
micrographs showed AgNPs can efficiently cap the nanopores
with the ratio of Ag" to P1 of 40:1 (Supporting Information
Figure SS), which was employed in the following studies.

Specific Recognition and Endocytosis. Sgc8 is an active
tumor-targeting ligand that can bind a cancer cell membrane
receptor, such as protein tyrosine kinase-7 (PTK?7), which is
closely associated with CCRF-CEM cells (CEM cells).*" To
develop a targeted and controlled drug delivery system,
aptamer sgc8 was linked to the AgNPs surface of PTX-
MSNs@AgNPs by a silver-thiol linkage to yield PTX-MSNs@
AgNPs-sgc8. Moreover, to avoid the systemic clearance
associated with long circulation time,”*> PTX-MSNs@
AgNPs-sgc8 was further functionalized with methoxy-poly-
(ethylene glycol)-thiol (mPEG-SH, 2KD) to obtain a
PEGylated nanocontainer, PTX-MSNs@AgNPs-PEG/sgc8.
Compared to PTX-MSNs@AgNPs, PTX-MSNs@AgNPs-
PEG/sgc8 showed an increase in both zeta potential and
average hydrodynamic diameter (Supporting Information
Figure S14), and exhibited improved stability in physiological
environment (Supporting Information Figure S15). To evaluate
the targeting efficiency and specificity of PTX-MSNs@AgNPs-
PEG/sgc8, flow cytometry assay and confocal laser scanning
microscopy (CLSM) were performed by determining the
fluorescence of the labeled ROX. Since sgc8 can specifically
bind to PTK?7 with high affinity and selectivity, CEM cell with
high PTK7 expression was chosen as target cancer cell, whereas
Ramos cell without PTK7 on the cell membrane was used as
control.>"*** As shown in Figure 4A, CEM cells treated with
PTX-MSNs@AgNPs-PEG/sgc8 present a higher fluorescence
signal than PTK7-negative Ramos cells (Figure 4B). These
results proved that the uptake of PTX-MSNs@AgNPs-PEG/
sgc8 is mainly induced by the specific interaction between sgc8
and PTK?7. The targeting specificity of sgc8 toward CEM was
further confirmed by flow cytometry analysis, as shown in
Figure 4C, 4D. To provide the binding specificity of PTX-
MSNs@AgNPs-PEG/sgc8, random DNA (Supporting Infor-
mation Table S1) was anchored onto the surfaces of AgNPs to
yield PTX-MSNs@AgNPs-PEG/random DNA. Compared to
PTX-MSNs@AgNPs-PEG/random DNA, PTX-MSNs@
AgNPs-PEG/sgc8 exhibited a stronger binding affinity to
CEM cells, while both of them present much less binding
ability toward Ramos cells evidenced by only small fluorescence
peak shifts. These corroborating results clearly indicated that
PTK7-mediated PTX-MSNs@AgNPs-PEG/sgc8 can selectively
recognize and internalize into target CEM cells. Supporting
Information Figure S16 shows that most of the nanoparticles
are located in the endosome/lysosome judged by the yellow
fluorescence.

Intracellular GSH-Controlled PTX Release. To inves-
tigate that the PTX release from PTX-MSNs@AgNPs-PEG/
sgc8 was effectively induced by intracellular GSH, CLSM was
used to further confirm the GSH-dependent drug release. A
GSH sgmthesis enhancer (glutathione monoester (GSH-
OEt))* and GSH scavenger (N-methylmaleimide (NMM))*’
were used as modulators to up-regulate and down-regulate the

= CEM cells

Ramos cells

+ random DNA + random DNA

+sgc8 +sgc8

Events

"

(=3,

o
100 10! 102 108 104 100 10! 102 10° 104
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Figure 4. Confocal microscopy images of target CEM cells (A) and
nontarget Ramos cells (B) treated with PTX-MSNs@AgNPs-PEG/
sgc8. Flow cytometry results of CEM cells (C) and Ramos cells (D)
after treatment with PTX-MSNs@AgNPs-PEG/sgc8 and PTX-
MSNs@AgNPs-PEG/random DNA for 2 h at 37 °C, respectively.
The red pseudo color represents the ROX released triggered by GSH,
and cell nuclei were stained with Hoechest 33342. Scale bar: 20 ym.

GSH levels in the CEM cells, respectively. As shown in Figure
SA, red fluorescence can be observed clearly within CEM cells
after incubation of PTX-MSNs@AgNPs-PEG/sgc8, indicating

10 102 107
Fluorescence Intensity

10*

Figure 5. Confocal microscopy images of CEM cells treated without
GSH-OEt or NMM addition (A), 5.0 mM GSH-OEt (B), and 5.0 mM
NMM (C), respectively, followed by incubation with PTX-MSNs@
AgNPs-PEG/sgc8. Scale bar is 20 ym. (D) Flow cytometry analysis of
CEM cells treated without GSH-OEt or NMM addition (blue line),
with GSH-OEt (red line) and NMM (dark line), respectively, followed
by incubation with PTX-MSNs@AgNPs-PEG/sgc8. Inset: the mean
fluorescence intensity (MFI) values of A, B, and C. The corresponding
pseudobright field images and overlays of the cells with the
fluorescence are shown in Supporting Information Figure S17.
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the nanocontainers are taken up by the cells and intracellular
GSH induces the removal of AgNPs from the MSNs. Notably,
when GSH-OEt was added to elevate the intracellular GSH
level, a higher fluorescence signal was observed within CEM
cells than the control samples treated without GSH-OEt or
NMM addition (Figure SB and Supporting Information Figure
S17), while the fluorescence was markedly weaken upon
incubation with NMM (Figure SC), further indicating that the
uncapping of AgNPs was controlled by intracellular GSH levels.
Alternatively, flow cytometry assay was used to assess the
amount of cellular uptake of PTX-MSNs@AgNPs-PEG/sgc8
quantitatively. In agreement with the results described above,
compared with the control cells treated with PTX-MSNs@
AgNPs-PEG/sgc8, there were 3.4-fold increases and 4.7-fold
decreases of mean fluorescence intensity (MFI) values after
treatment with GSH-OEt and NMM, respectively (Figure SD).
Otherwise, a flow cytometry assay was further performed to
compare the cell viability in the presence of different GSH
levels. Compared with the control samples, remarkably reduced
viability of the cells was observed after incubation of GSH-OEt,
yet significantly increased after treatment with NMM
(Supporting Information Figure S18), suggesting the release
of PTX resulted from the particular intracellular GSH stimulus.
Taken together, one can easily draw the conclusion that both
the synergistic effects of sgc8-mediated uptake of nano-
containers, and intracellular GSH-triggered drug release from
PTX-MSNs@AgNPs-PEG/sgc8 enhance the cell killing efficacy
of chemotherapeutics.

The in vitro cytotoxicity of PTX-MSNs@AgNPs-PEG/sgc8
against cancer cells was also evaluated by a 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay. As shown in Supporting
Information Figure S19A, free PTX presents dose-dependent
cytotoxicity in both targeted cells and control cells, while PTX-
MSNs@AgNPs-PEG/sgc8 present significantly enhanced
cytotoxicity toward CEM cells compared with Ramos cells at
all the PTX concentrations studied (Supporting Information
Figure S19B), suggesting PTX-MSNs@AgNPs-PEG/sgc8
exhibited high cytotoxic activity toward only target cells.
Furthermore, neither the blank nanoparticles without PTX
(MSNs@AgNPs-PEG/sgc8) nor their released components
(ie, AgNPs) did show inhibitory effect toward CEM cells and
Ramos cells (Supporting Information Figure S20), confirming
good biocompatibility of our MSNs system. Therefore, it is
reasonable to infer that PTX-MSNs@AgNPs-PEG/sgc8 could
serve as a promising nanocantainer for targeted therapy.

Evaluation of in Vivo Antitumor Efficacy. Following
success in the in vitro model, the effectiveness and targeting
functions of our nanocontainers was tested in an in vivo model.
To demonstrate, the in vivo uncapping of AgNPs from targeted
PTX-MSNs@AgNPs-PEG/sgc8 and untargeted PTX-MSNs@
AgNPs-PEG administered intravenously into mice bearing
CEM tumors was determined by a noninvasive near-infrared
optical imaging technique, thus red fluorescent images were
obtained. As shown in Figure 6A, the mice treated with PTX-
MSNs@AgNPs-PEG/sgc8 present a strong red fluorescence
signal mostly in the tumor region. Within 1.0 h postinjection,
PTX-MSNs@AgNPs-PEG/sgc8 displays higher fluorescence
signal than that of PTX-MSNs@AgNPs-PEG. As time went on,
enhanced fluorescence signal of PTX-MSNs@AgNPs-PEG/
sgc8 are observed in tumor tissue up to 5 h after injection, while
that of PTX-MSNs@AgNPs-PEG is still far too weak (Figure
6B). After S h post injection, the mice treated with PTX-

A Pre-injection

1h 3h 5h
C . .
tumor lung heart spleen kidney liver
Figure 6. Overlaid fluorescent images of CEM-tumor-bearing mice as
a function of time after intravenous injection of targeted PTX-MSNs@
AgNPs-PEG/sgc8 (A) and untargeted PTX-MSNs@AgNPs-PEG (B)
at PTX dosage of 1.0 mg/kg body weight. The tumor sites are marked
with dashed yellow circles. (C) Ex vivo fluorescence imaging of the

tumor and normal tissues harvested from the euthanized mice bearing
CEM tumors at S h post injection.

MSNs@AgNPs-PEG/sgc8 were immediately euthanized, and
the tumors and major organs including heart, liver, spleen, lung,
and kidneys were harvested and analyzed by fluorescence
imaging. The red fluorescence signal of the tumors was much
higher than that of other normal organs (Figure 6C),
suggesting a notable tumor targeting effect and selectively
intratumoral gate-opening, thus facile tracking in vivo drug
release from GSH-responsive PTX-MSNs@AgNPs-PEG/sgc8.

Next, we evaluated the anticancer therapeutic potency and
side effects of antitumor drugs (PTX) delivered by the MSNs
system. After the average tumor nodules grew to ~100 mm?,
tumor-bearing mice were randomly assigned to four groups,
with four mice in each group. Different PTX formulations, such
as PTX-MSNs@AgNPs-PEG/sgc8, PTX-MSNs@AgNPs-PEG
and free PTX chosen as models, and saline as a negative control
were administered by tail vein to mice bearing CEM tumors
every other day until the end of the experiments (Figure 7A, B
and Supporting Information Figures S21). Both PTX-MSNs@
AgNPs—PEG/sch and PTX-MSNs@AgNPs-PEG present
remarkably higher tumor suppression than free PTX, suggesting
that the MSNs-based delivery system can efliciently delivery
PTX inside the tumor, thus leading to enhanced antitumor
activity of PTX. More importantly, it was found that a distinct
difference in tumor-size inhibition between PTX-MSNs@
AgNPs—PEG/ sgc8 and PTX-MSNs@AgNPs-PEG, originating
from the higher tumor targeting capability of the former than
that of the latter. Moreover, in term of toxicity, mice treated
with free PTX showed a substantial weight loss, while the
weight levels of the other three groups remained relatively
unchanged (Figure 7C), indicating that free PTX showed
undesirable side effects, whereas others exhibited no obvious
adverse effects to the mice in the short term at our tested dose.
Taken together, these results demonstrate that not only did
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Figure 7. Evaluation of in vivo therapeutic efficacy. (A) Representative
images of the CEM xenograft tumors of the mice after treatment with
saline (al), free PTX (a2), PTX-MSNs@AgNPs-PEG (a3), and PTX-
MSNs@AgNP-PEG/sgc8 (a4) for 20 days. The yellow dashed circles
in every image locate the tumor sites and the corresponding images are
shown in Supporting Information Figure S17. (B) The CEM tumor
volume up to 20 days after treatment with the same dosage of PTX at
1.0 mg kg™ body weight. (C) The body weight variation of CEM
tumor-bearing mice during treatment. The average tumor volumes and
body weight are shown as means + the standard deviation (n = 4).

PTX-MSNs@AgNPs-PEG/sgc8 efliciently provide effective
intratumoral accumulation and GSH-triggered drug release,
but they also mitigate the resultant side effects of PTX, and
thereby achieved optimal therapeutic efficacy in vivo.

B CONCLUSIONS

In summary, we have successfully constructed an aptamer-
targeted and intracellular GSH-triggered drug release system,
which offers capabilities unavailable in conventional drug
delivery systems. First, in contrast to conventional covalent or
noncovalent strategies, our nanogates are in situ formed and
capped on the MSNs surface via a conjugated DNA, thereby
providing a less laborious but a more cost-effective and robust
approach to constructing AgNPs-coated MSNs. Furthermore,
through in situ formation of AgNPs, it is extremely easy to
modulate the concentration of Ag" ions to avoid premature
drug release in physiological conditions and to meet GSH
stimuli at intracellular concentration but not extracellular levels,
a practical demand in clinical applications. Also, the
simultaneous synthesis of the gatekeeper AgNPs and capping
on MSNs can be easily applied to produce different types of
nanogates, including Ag-, Au-, Cu-, Pt-, and Au/Cu/Pt- coated
MSNs composites.**® Finally, the drug release from the
nanopores of MSNs is determined by a GSH-triggered ligand
exchange process. This direct interaction of the trigger with the
capped AgNPs enables rapid release of drug molecules without
the formation of cellular toxic -SH components,® in turn
reducing side effects. Meanwhile, the concurrent fluorescence
change contributes to facile visualization of the delivery events.
We envisioned that our approach will provide a unique
methodology for exploitation of high-performance nano-
containers for diverse applications in diagnostics, imaging,

and drug delivery.
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