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A GSH-responsive drug delivery system was developed
based on mesoporous silica with AS1411 aptamer capping
the pore openings as nano-gatekeeper. We aimed to tell
that the spatial volume of the G-quadruplex configuration
of the AS1411 aptamer can be utilized to cap the pore of
the drug-carrier, and discussed the stimulus-responsive
controlled release behavior of this drug delivery system.
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Construction of a redox-responsive drug delivery
system utilizing the volume of AS1411 spatial
configuration gating mesoporous silica poresf

*a

Lu Zhou, 22 Yajie Zhang 2° and Yong Ma
In recent years, diverse redox-responsive drug delivery systems have emerged to prevent premature drug
release and reduce drug toxicity in the human body in cancer treatment. In this paper, we put forward a view
of directly utilizing the spatial structure size of the AS1411 aptamer as the nano-gatekeeper on the pore
openings of MCM-41 type mesoporous silica and thus constructed a redox-responsive drug delivery
system named MCM-41-SS-AS1411. The particles obtained at each step were characterized by TEM,
FTIR, SXRD, TGA and zeta potential measurement. The characterization data confirmed that the particles
were successfully prepared. The binding amount of the aptamer was ca. 3.1 x 10° for each carrier
particle averagely. The anticancer drug Dox was regarded as a drug model to investigate the redox-
controlled drug release behavior by fluorescence measurements. The investigation results demonstrate
that the spatial volume of aptamer AS1411 can block the mesopore, and this drug-carrier can realize
controlled drug release by GSH. We hope this idea can play a prompt role in relevant research.

rsc.li/nanoscale-advances

1. Introduction

Premature drug release has been a challenging problem in drug
delivery systems (DDSs) used to overcome cancer. If this
problem can be prevented, the side effects would be reduced,
and drug efficacy would be improved. Hence the development
of stimulus-responsive DDSs has received extensive attention in
recent years. Some materials can encapsulate the drug mole-
cules in carriers before the DDS reaches the target sites, and
drugs will not be released in advance during transportation.
Moreover, these materials can be affected by changes in pH,*?
redox,** enzymes,® temperature or light. Through such stimuli,
drug molecules can be released. Redox is widely used as an
endogenous stimulus. In redox stimulation, glutathione (GSH)
which can break disulfide bonds (-S-S-) is an important
reductant in biochemical reactions. The concentration of GSH
was about 10 pM in extracellular fluid, while it was up to 1-
10 mM in intracellular fluid.® And the concentration of GSH in
the cytoplasm of most tumor cells is at least 3 times higher than
that of normal cells.” The disulfide bonds can exist stably in
extracellular fluid and be easily broken in intracellular fluid due
to the significant difference in the concentration of GSH in
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Meanwhile, the preparation steps of this DDS are simplified.

intracellular and extracellular fluids. This feature can be used
for stimulus-responsive DDSs.

Mesoporous silica nanoparticles (MSNs) are regarded as an
ideal carrier for stimulus-responsive DDSs,* and MCM-41 is
a commonly used type.” The pores of MCM-41 present a one-
dimensional hexagonal highly ordered arrangement with
various pore diameters from 1.5 to 10 nm.*™*

Researchers have proposed targeted controlled-release DDSs
so as to deliver effective doses of drugs to target tumor cells or
tissues,” reduce drug accumulations in healthy organs or
tissues, and improve the biodistribution of drugs in the whole
body. An aptamer is a kind of oligomeric single-stranded DNA
(ssDNA) or RNA molecule with specific recognition function,
which was selected through systematic evolution of ligands by
exponential enrichment (SELEX) technology.** It can fold into
a unique three-dimensional conformation through intra-
molecular interactions™ and specifically bind to target mole-
cules such as target polypeptides, protein receptors and
intracellular biological macromolecules by its excellent
affinity.*® It also provides attractive characteristics such as small
size, easy synthesis and modification, and low toxicity and
immunogenicity, as well as high thermal stability. Therefore, it
has become an ideal molecular probe for diagnosis and thera-
peutic applications.'”*® The AS1411 aptamer is a kind of ssDNA
with 26 bases (sequence: 5-GGTGGTGGTGGT-
TGTGGTGGTGGTGG-3'), which can selectively bind to nucleo-
lin. Nucleolin is overexpressed on the surface of many cancer
cells but not on normal ones. In recent years, there have been
a few research studies on combining mesoporous silica and an
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aptamer. For example, Sa et al.*® impregnated pores of SBA-15
with an aptamer (functionalized for the tumor marker MUC-1)
and demonstrated the ability of the complex to bind and
internalize into the cells. Nejabat et al.*® coated the surface of
doxorubicin-encapsulated HMSNs with acetylated carbox-
ymethyl cellulose (Ac-CMC) and then covalently conjugated to
the AS1411 aptamer for guided drug delivery to nucleolin. Li
et al®* reported anti-miR-155-loaded MSNs modified with
polymerized dopamine (PDA) and the AS1411 aptamer (MSNs-
anti-miR-155@PDA-Apt) for the targeted treatment of CRC.
Nevertheless, we intended to construct a DDS that could fill
drug molecules in the silica pores and has multiple functions,
such as stimuli-responsiveness, pore-capping and targeting
cancer cells or tissues, but only a single coating is enough.
Therefore, we put forward an idea of directly utilizing the spatial
structure size of the AS1411 aptamer to cap the pore-opening of
Dox-loaded mesoporous silica to simplify the preparation of the
multifunctional DDS.

In the present work, MCM-41 type MSN was used as the drug
carrier, and its surface was modified with -SH. The AS1411
aptamer modified with -SH at one end of its chain was bound to
the Dox-loaded MSN through one disulfide bond. AS1411 forms
a structure of G-quadruplex due to its rich G content, and the
diameter of its spatial structure is 2-3 nm (ref. 22) which was
suitable for capping the pore of the MSN (pore size 3-5 nm)
used in this study. The aptamers will be separated, and the
pores can open and release Dox when -S-S- is broken by
glutathione. For one thing, the spatial volume of AS1411 can
cap the pores so as to prevent premature drug release. For
another, the prepared DDS can respond to GSH so that cargo
molecules can be released in a tumor cell microenvironment.
Moreover, aptamers are well known for their targeting charac-
teristics and has attracted extensive attention, and the targeting
effect of AS1411 has been confirmed by many research
studies.”*” So it can be inferred that the concept of directly
using AS1411 to cap the pores can provide many advantages.
This DDS is expected to possess comprehensive features and
functions simultaneously. But in this paper, we mainly focus on
discussing the encapsulating effect of utilizing the spatial
volume of AS1411 as well as the stimulus-responsive controlled
release behavior of the DDS.

2. Results and discussion
2.1 TEM

The morphology of mesopores of MCM-41 and MCM-41-SS-
AS1411 were determined by transmission electron microscopy
(TEM) (Fig. 1). As can be seen from the figure, the pore channel
is well ordered, and its average diameter is 3-5 nm. The change
of the pore structure is hardly observed before and after AS1411
was grafted. Fig. S11 shows the particle size and morphology of
MCM-41 and MCM-41-SS-AS1411.

2.2 FTIR

The FTIR spectra of MSNs are shown in Fig. 2. The spectrum of
original MCM-41 is included for comparison. The band at
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Fig. 1 TEM images of mesopores of (a) MCM-41; (b) MCM-41-SS-
AS1411.

around 1083 cm ™' is due to Si-O-Si stretching vibration, and
the band at 799 cm ™" is due to Si-C. Compared with MCM-41,
the weak new absorption peak at 2566 cm ' is -SH?® ( red
curve). And the new peak at 2933 cm ™! is caused by the asym-
metric stretching vibration of -CH,- contained in the modified
group which confirmed the formation of MCM-41-SH. Mean-
while, the weak band at around 966 cm ™" associated with Si-OH
groups is present in the pure MCM-41 but disappears after
modification with MPTMS. It also strongly reveals that -SH has
been anchored on the surface of MCM-41 through the interac-
tion with the surface silanol groups. These illustrate that the
-SH groups have been successfully grafted on the surface of
MCM-41 via covalent bonds. After DTDP reacted with MCM-41-
SH, the spectrum of their product MCM-41-SS-Py is also shown
in Fig. 2 as the blue curve. The characteristic absorption bands
at around 1583, 1564, 1451 and 1421 cm ™ * are attributed to the
stretching vibrations of C=C and C=N bonds in the pyridine
structures, respectively. New characteristic absorption peaks at
765 and 715 cm™ ' are due to the out-of-plane vibration of C-H
on the pyridine ring, which also proves the successful synthesis
of these particles.

2.3 SXRD

As presented in Fig. 3, the small-angle X-ray diffraction (SXRD)
patterns of MCM-41 exhibit the (100), (110) and (200) diffraction

g

[

o

c

[}

b=

£

2

g 1583 1564l

[= 1451
—— MCM-41 1421
—— MCM-41-SH
—— MCM-41-SS-Py

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 FTIR spectra of MCM-41, MCM-41-SH and MCM-41-SS-Py.
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Fig. 3 SXRD patterns of MCM-41, MCM-41-SH and MCM-41-SS-
AS1411.

peaks at 260 = 2.2, 3.8 and 4.4°, respectively, which are typical
features of a hexagonal unit cell, indicating that the raw mate-
rial MCM-41 has a highly ordered hexagonal structure. After
modification with -SH, the intensity of the (110) and (200)
diffraction peaks decreases or even disappears compared with
the original MCM-41, which decreases inevitably due to the
order of channel structure after functionalization. With the
further modification of SH-AS1411 aptamers, the intensity of
the diffraction peak gets further decreased for the same reason.
In addition, as can be seen from Fig. 3, the peak position of the
(100) plane shifts slightly to the right with every modification, so
the pore size of the carrier gets reduced slightly, indicating the
successful modifications. The SXRD patterns prove that -SH
and aptamers had been successfully modified on MCM-41.
Meanwhile, the persistence of the (100) diffraction peak indi-
cated that after functionalization of -SH and SH-AS1411, the
particles still had a hexagonal structure.

2.4 TGA

Fig. 4 shows the TGA curves of MCM-41, MCM-41-SH and MCM-
41-SS-AS1411 recorded in a N, flow at a heating rate of
10 °C min~". The weight loss of MCM-41 was very low. For
MCM-41-SH, the weight loss is due to the loss of grafted organic
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Fig.4 TGA curves of MCM-41, MCM-41-SH and MCM-41-SS-AS1411.
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Table 1 Zeta potentials of MCM-41, MCM-41-SH and MCM-41-SS-
AS1411

Sample Zeta potential (mV)
MCM-41 —42.20 £ 0.49
MCM-41-SH —45.37 + 3.01
MCM-41-SS-AS1411 —53.10 £ 0.21

Table 2 Aptamer binding amounts of each carrier particle

Corresponding aptamer

Carrier particle amount binding amount

1 ~3.1 x 10°

groups. MCM-41-SS-AS1411 has a further weight loss which is
caused by both -S-S- and AS1411 loss. These changes indicated
that the aptamer had been grafted on MCM-41, and there was
about 4.4 wt% AS1411 aptamer bonded to the MCM-41 surface
via one disulfide bond.

2.5 Measurement of the zeta potential

Dynamic light scattering (DLS) was used to measure the zeta
potential of unloaded empty MSNs. The zeta potentials of MCM-
41, MCM-41-SH and MCM-41-SS-AS1411 are as shown in Table
1, which are (—42.20 + 0.49) mV, (—45.37 £+ 3.01) mV and
(—53.10 &+ 0.21) mV, respectively. The thiol group has a negative
charge, so the zeta potentials of MCM-41-SH got lower after the
negatively charged MCM-41 was modified with -SH. Similarly,
the further reduced zeta potential of MCM-41-SS-AS1411 was
attributed to the negatively charged DNA aptamer. The zeta
potential results also show that the AS1411 aptamer conjugated
with MSNs.

2.6 Determination of the aptamer binding amount

According to the fluorescence intensity of the supernatant after
the reaction, it was calculated that each milligram of MCM-41-
SS-Py could bind about 0.55 nmol of SH-AS1411-Cy5. Then
calculated by using formulas (1) and (2), the number of AS1411
aptamers binding to each carrier particle is ca. 3.1 x 10° aver-
agely (Table 2).

2.7 Loading amount of Dox

Table 3 shows the loading mass of Dox per milligram of MSNs
calculated by using formula (3) according to the result of

Table 3 Loading amount of Dox

Loading amount of

Carrier Dox (ug mg ™)
MCM-41 62.5 +£17.1
MCM-41-SS-AS1411 93.5 +12.8

Nanoscale Adv., 2022, 4, 4059-4065 | 4061
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Fig. 5 The cumulative release rates of Dox with time in different pH
environments with or without 10 mM GSH. (a) Non-gated DDS:
Dox@MCM-41; (b) AS1411-gated DDS: Dox@MCM-41-SS-AS1411.
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fluorescence detection. As illustrated in Table 3, the Dox amount
loaded in AS1411-gated particles (MCM-41-SS-AS1411) was higher
than that of bare MCM-41. AS1411 has a negative charge, and Dox
has a positive charge in PBS solution.”® Dox was attracted to
AS1411 due to electrostatic interaction. Therefore, AS1411 also
loaded some Dox in addition to MCM-41.

2.8 Investigation of GSH-controlled drug release

The GSH-controlled drug release process is as shown in Scheme
1. Aptamers gate the pores of MSNs through the disulfide
bonds. When GSH is present, the disulfide bond can be broken
by GSH, which makes the aptamer separate from the meso-
pores, so that Dox in the MSN carrier can gradually diffuse out.

As we all know, the microenvironment in tumors is generally
more acidic than in normal tissues.” Normal blood remains
constant at pH 7.4. While in tumor cells, pH is 5.5-6.0 in endo-
somes and 4.5-5.0 in lysosomes.**** So in the research study, we
use pH 7.4 PBS to simulate blood circulation and normal tissues,
PpH 5.0 PBS to simulate endosomes and lysosomes and 10 mM
GSH solution to simulate GSH in intracellular fluid.

Fig. 5a shows the curve of Dox cumulative release from bare
MCM-41 with time at pH = 7.4 or 5.0, with or without 10 mM
GSH. As can be seen from the figure, Dox will release rapidly and
massively when the MSN is not gated; there is little difference in
the release of Dox in four different environments.

Fig. 5b shows the curve of Dox cumulative release from
MCM-41-SS-AS1411 with time at pH = 7.4 or 5.0 with or without
10 mm GSH. As can be seen from the figure, there is a small
amount of drug leakage in the absence of GSH. But the aptamer-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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blocking effect is significant enough compared with the results
in Fig. 5a. This may be because only one end of AS1411 is fixed
on the surface of the carrier, and the other end is still open. The
configuration of G-quadruplex may vary with different pHs,
resulting in an inevitable small amount of leakage. But in
general, it still played the role of a gatekeeper. In the presence of
GSH, Dox release increased significantly. This shows that GSH
can open the aptamer to release the drug, which reflects that the
DDS can respond to GSH. As can be seen from Fig. 5b, in the
acidic environment with pH = 5.0, the Dox released amount in
the presence of GSH was slightly higher than that in the envi-
ronment with pH = 7.4, which could be attributed to the
increasingly acidic conditions which weakened the electrostatic
interaction between Dox and the negatively charged carrier,
resulting in more release in the pH = 5.0 environment.”® This
result suggested that the DDS could be beneficial for killing
tumor cells and reducing damage to normal cells more or less.

As can be seen from Table 3 shown above, we found that
MCM-SS-AS1411 had the higher drug loading capacity.
However, comparing Fig. 5a and b, in the presence of GSH,
MCM-SS-AS1411 displayed a lower amount of cumulative
release rate than MCM-41 on the contrary. The reason was that
AS1411 did not denature at 37 °C, which was the test tempera-
ture simulating the body temperature, and maintained its G-
quadruplex configuration. So the Dox wrapped inside the
spatial configuration of AS1411 was kept in it and difficult to
release to the environmental media. Therefore, the cumulative
drug release rates of MCM-SS-AS1411 were relatively lower than
those of MCM-41 in the presence of GSH.

In summary, the MCM-41-SS-AS1411 drug delivery system
can encapsulate the loaded drug molecules and release the drug
in the presence of GSH.

3. Experimental

3.1 Synthetic procedures

3.1.1 Preparation of MCM-41-SH. MCM-41 particles were
modified with thiol groups through silanization. The detailed
preparation procedure is as follows. 0.25 g of MCM-41 and 2 mL
trimethoxysilylpropanethiol (MPTMS) were dispersed in 15 mL
dry toluene under a nitrogen atmosphere, and the mixture was
shaken at room temperature for 24 h. The toluene was removed
by heating in a rotary evaporator. Then the thiol-modified
particle MCM-41-SH was obtained. The particles were washed
thoroughly with ethanol and finally centrifuged and dried.

3.1.2 Preparation of aptamer-conjugated MSN (MCM-41-
$S-AS1411). MCM-41-SH particles were grafted with aptamers
which served as a nano-gatekeeper. Specifically, 20 mg MCM-41-
SH and 800 uL DTDP (40 mg, 50 mg mL™', EtOH) were
dispersed in 2 mL of anhydrous ethanol and stirred at room
temperature overnight. The product was washed with ethanol
thoroughly and dried. The pyridine-activated particles MCM-41-
SS-Py were obtained. 5 mg MCM-41-SS-Py, 5.44 nmol of one end
modified -SH aptamer AS1411 (denoted as SH-AS1411) and
2 mL H,O were mixed together and stirred overnight at room
temperature. Subsequently, the particles were collected by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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centrifugation and washed with water three times. The obtained
particles were denoted as MCM-41-SS-AS1411.

3.1.3 Drug loading (Dox@MCM-41-SS-AS1411). For drug
loading, a literature reported procedure was used.** In brief,
5 mg MCM-41-SS-AS1411 particles were mixed with 1.5 mL Dox
(2 mg mL ") and stirred in a water bath at 95 °C for 2 h to
introduce Dox into the pores. The mixture was further incu-
bated at 70 °C for 0.5 h and 50 °C for 0.5 h, followed by incu-
bation at room temperature for another 2 h to restore the spatial
configuration of AS1411. Subsequently, the particles were
thoroughly washed with pH 7.4 PBS several times to remove any
drug molecules that were involuntarily adsorbed on the outside
of the pores. The Dox-loaded particles were denoted as
Dox@MCM-41-SS-AS1411.

3.1.4 Quantitative determination of the aptamer binding
amount. The synthetic method is similar to that described in
Section 3.1.2. But in this case, we used a fluorescence-labelled
aptamer (denoted as SH-AS1411-Cy5). The so-called ‘supernatant
depletion method’ was used to quantify the amount of aptamers
immobilized on the pore outlets of MSN particles. The fluores-
cence intensity of the supernatant was measured with an excita-
tion wavelength of 652 nm and an emission wavelength of 670 nm
by using a fluorescence spectrophotometer. At the same time, 2.72
nmol of SH-AS1411-Cy5 were dissolved in 2.00 mL H,O, and its
fluorescence intensity was measured as a reference. Subsequently,
the amount of unreacted aptamers in the supernatant was
calculated by the comparison method. The number of aptamers
conjugated to per particle was calculated by using eqn (1):*

(”added - ”supernalant) X Na

Nape = (1)

Nparlicles
where N, is 6.02 x 10*°, Nparicles is the number of particles
which was calculated by using eqn (2):

3m
Nparticlcs = m (2)

where m is the mass of particles, d is the particle's density of
amorphous silicate (2.2 g em™?), and R is the radius.

3.1.5 Determination of Dox loading. All the supernatants
were collected after each washing step, and the unloaded drugs
in the supernatants were quantified by fluorescence detection.
Then the drug loading capacity was calculated via formula (3):

. . Mydded — M. atant
Loading capacity = ———— ——“Peaan (3)
mparlicles

3.2 Materials

MCM-41 particles were purchased from Nanjing XFNANO
Materials Tech Co., Ltd (Nanjing, China). Trimethox-
ysilylpropanethiol (MPTMS, 99%) was received from Sigma-
Aldrich. Toluene (99%) was purchased from Beijing Chemical
Reagent Company. Glutathione (GSH, 98%), 2,2-dithiodipyr-
idine (DTDP, 98%) and Dox (98%) were obtained from Aladdin
Chemical Inc. (Shanghai, China). Phosphate buffered saline
(PBS, pH 7.4) was purchased from Huibai Biotech Co., Ltd
(Shenyang, China). Aptamers were purchased from Sangon

Nanoscale Adv., 2022, 4, 4059-4065 | 4063
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Table 4 Aptamer sequences

Name Sequences (5' — 3')

SH-AS1411
SH-AS1411-Cy5

CeSH-GGTGGTGGTGGTTGTGGTGGTGGTGG
CeSH-GGTGGTGGTGGTTGTGGTGGTGGTGG-Cy5

Biotech Co., Ltd (Shanghai, China), and the sequences are
shown in Table 4.

All other chemicals were analytical grade and used without
further purification. The buffer (PBS, pH 5.0) was prepared with
ultrapure water produced from an ELGA PURELAB Classic water
system (ELGA, UK).

3.3 Instrumentation

The TEM measurements were conducted using an FEI Tecnai
G2 F30 transmission electron microscope (FEI, USA). Fourier
transform infrared spectrophotometric (FTIR) spectra were
recorded on a Cary 630 (Agilent, USA) spectrometer using the
KBr pellet technique. Small-angle X-ray diffraction (SXRD) was
performed on a SmartLab (RIGAKU, Japan). Thermogravimetric
analysis (TGA) was performed on a TGA/DSC3+ instrument
(METTLER TOLEDO, Switzerland) with a heating rate of
10 °C min~" under a nitrogen flow. Zeta potentials were deter-
mined on a Nano-ZS90 laser particle size and zeta potential
analyzer (Malvern, UK). The fluorescence spectra were exam-
ined with an F-7100 fluorescence spectrophotometer (Hitachi,

Japan).

4. Conclusions

A redox-responsive controlled release drug delivery system was
prepared by using MCM-41 type mesoporous silica as the drug
carrier, AS1411 aptamers as the gatekeeper and each AS1411
fixed on the pore outlet of MCM-41 through one disulfide bond.
We mainly aimed to demonstrate that the spatial volume of the
G-quadruplex configuration of the AS1411 aptamer can be
utilized to cap the pore of the DDS. The results of FTIR, SXRD
and TGA show that AS1411 aptamers were successfully grafted
on MCM-41. Quantitative analysis of the binding capacity of the
aptamer showed that there were about 3.1 x 10° aptamers
bonded to each carrier particle averagely. Taking Dox as the
drug model, this DDS was studied to release drug by controlling
the aptamer gatekeeper in the presence or absence of GSH
under pH 7.4 and 5.0 conditions, respectively. The fluorescence
detection results confirmed that MCM-41-SS-AS1411 can
encapsulate drug molecules and can open the AS1411 gate-
keeper to release Dox under the stimulation of 10 mM GSH. We
hope this point of view of utilizing the volume of G-quadruplex
configuration of AS1411 to cap the pore of the DDS can play
a prompt role in relevant research.
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