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Multi-stimulation responsive nanomaterial-based drug delivery systems promise enhanced therapeutic
efficacy in cancer therapy. This work examines a smart pH/GSH dual-responsive drug delivery system by
using dialdehyde dextrin (DAD) end-capped mesoporous silica nanoparticles (MSNs). Specifically, DAD
was applied as a “gatekeeper polymer” agent to seal drug loads inside the mesoporous of MSNs via
a pH-sensitive Schiff bond, whereas the formed DAD polymer shells were further cross-linked by GSH-
sensitive disulfide bonds. Results revealed that the DAD gatekeeper polymer could tightly close the
mesopores of MSNs to control premature drug release under physiological conditions and respond to
acidic and GSH conditions to release the trapped drugs. Significantly, fluorescent microscopy
rapidly
internalized through a passive targeting effect to inhibit cancer growth. Taken together, these polymer-
modified pH/GSH dual-responsive MSNs could be used as promising candidates for “on-demand”

observation and cytotoxicity studies indicated that drug-loaded nanoparticles could be

rsc.li/rsc-advances

Introduction

In recent decades, medical applications of nanocarriers for
cancer therapeutics have fully transformed the area of drug
delivery.”® Meanwhile, various nanostructured materials have
been designed and synthesized to address some of the most
obvious restrictions of traditional medicine, including inade-
quate pharmacokinetics, poor drug solubility, and multiple side
effects.*® Furthermore, nanoscale-based drug delivery systems
exhibited enhanced permeability and retention effects (EPR),**°
which mainly reduced drug distribution in nonspecific tissues
and improved local drug concentration without provoking
adverse reactions in tumor therapy.”** Up to now, numerous
types of nanoparticles have been developed as drug delivery
systems for tumor therapy' such as inorganic nanoparticles,**
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anticancer drug delivery applications.

high-molecular polymers,'*** nanogels,” micelles,'® and lipo-
somes.” Among these nanoparticles, biocompatible meso-
porous silica nanoparticles (MSNs) were used as ideal
nanocarriers to deliver drugs due to their unique advantages,
including well-defined surfaces, large surface areas, tunable
pore size, and a stable structure.**** Unfortunately, conven-
tional bare MSNs-based nanocarriers still has some limitations
because of premature leakage of the cytotoxic drugs during
systemic circulation.®**>*¢ Therefore, although a large number of
studies have shown successful drug encapsulation by MSNs-
based materials, delivering therapeutic drugs for tumor
tissues in a controlled manner remains a research hotspot for
the development of a smart drug delivery system.*”

Recently, polymer-based controlled drug delivery systems
have been extensively explored for different biomedical appli-
cations due to their specific advantages®****** where the poly-
mer could be removed with different biological stimuli
(temperature, pH, enzymes, glucose, and GSH). Therefore,
modifying a stimuli-sensitive polymer on the surface of MSNs to
cover the mesopores is a promising strategy for designing
desired stimuli-responsive nanocarriers.**** During the past
decade, various types of polymer-coated MSN carriers have been
constructed and fabricated, and different stimuli have served as
triggers for regulating drug release including redox conditions,
pH, temperature, enzymes, and light.”>**3343% Among these
stimuli, a pH-induced activation release system represents an
effective strategy for tumor therapies since the human body

exhibits variations in pH.**** Moreover, most tumor

This journal is © The Royal Society of Chemistry 2018
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microenvironments have lower extracellular pH values (pH 7.0-
6.0) than extracellular bloodstreams and normal tissues (pH
7.4), and so pH value will drop further inside cancer cell such as
lysosomes (pH 5.0-4.5) and endosomes (pH 6.0-5.5).%*
Therefore, we can combine the advantages of MSNs and the
unusual pH gradients to construct pH-sensitive nanocarriers
which can release entrapped guest drug molecules in
a controlled manner under certain pH conditions.

Herein, in order to realize a pH/GSH dual-sensitive gate-
keeper polymer for capping drug load and regulated release
with MSNs, a biodegradable dextrin was selected as the “gate-
keeper polymer” and modified on the surface of MSNs to
fabricate a stimuli-responsive drug delivery system for
controlled intercellular drug release. To achieve this, dextrin
was oxidized by NalO, to obtain dialdehyde dextrin (DAD), and
the novel DAD was first served as a “gatekeeper polymer” grafted
on the surface of MSN's via pH-sensitive Schiff base reactions. In
order to further realize optimally controlled drug release and
delivery performance, the modified DAD polymer shell was
further cross-linked with cystamine dihydrochloride to
construct intermolecular redox-sensitive disulfide bonds.
Furthermore, doxorubicin hydrochloride (DOX) was selected as
a model drug to evaluate the drug loading and pH/GSH dual-
sensitive controlled release behavior of the fabricated multi-
functional MSNs. We hoped the designed and constructed
multifunctional drug delivery system could respond to both
acidic pH and elevated GSH concentrations; however, acceler-
ated and complete release was only secured when both stimuli
were presented. Moreover, the in vitro cellular uptake efficacy
and anticancer activity of DOX-loaded nanoparticles were
systemically indicated.

Material and methods
Materials

Tetraethylorthosilicate (TEOS), sodium periodate, sodium
hydroxide (NaOH), 3-aminopropyl trimethoxysilane (APTES),
cetyltrimethylammonium bromide (CTAB), dextrin (from maize
starch) and ethylene glycol (EG) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Cyst-
amine dihydrochloride (cystamine-2HCI, >98%) was purchased
from Macklin Reagent Company. 2,5-Diphenyl-3-(4,5-dimethyl-
2-thiazolyl) tetrazolium bromide (MTT) was purchased from
Sigma-Aldrich. Doxorubicin hydrochlorides (DOX) were
purchased from Sangon Biotech (Shanghai, China). All other
chemicals were commercially available and used without
further purification.

Synthesis and ammonization of mesoporous silica
nanoparticles (MSNs)

For the preparation of MSNs, a slightly modified method was
employed as previously reported.**** Briefly, 250 mg of CTAB
was dissolved in 100 mL of purified water, followed by 20 mL of
EG and 0.875 mL of NaOH (2 M) added to the above solution.
The mixture was heated to 80 °C and violently stirred for 1 h.
Subsequently, 1.25 mL of TEOS was rapidly added to the above

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

mixture and stirred for an additional 2 h. Then, the products
were collected by centrifugation and purified three times with
water and ethanol. Finally, the obtained sample was vacuum-
dried to yield the as-synthesized MSNs.

The amino-modified MSNs were synthesized according to
previous procedures.*> To 500 mg of MSNs ultrasonically
dispersed in 100 mL ethanol was added 2 mL of 3-aminopropyl
trimethoxysilane (APTES). After stirring at 80 °C for 24 h,
centrifugation was performed to collect the product which was
then dried for further use. Finally, the amino-functionalized
MSNs were calcined at 550 °C for 6 h to remove CTAB and
MSNs-NH, was synthesized.

Synthesis of dialdehyde dextrin (DAD)

The preparation of dialdehyde dextrin was similar to that of the
dialdehyde starch.*® In short, 5 g of dextrin was dissolved in
sodium periodate solution (50 mL, 0.3 M) with magnetic stir-
ring for 24 h at room temperature in the dark. After that, 20 mL
of ethylene glycol was added to the above mixture. The mixture
was stirred for an additional 15 min to neutralize the solution.
Then, the obtained product was transferred into a dialysis bag
(MWCO = 1000 Da) against ultrapure water for 72 h with several
changes of water. Finally, the collected dialysate was further
centrifuged and rinsed with ultrapure water for three times and
then dried by lyophilization.

Drug loading into MSNs

For detailing, 100 mg of MSNs-NH,, was ultrasonically dispersed
into PBS buffer (100 mL, 0.1 M, pH 7.4) containing 100 mg DOX.
The mixture was stirred for 24 h at room temperature in the
dark. Then, the DOX-loaded nanoparticles were obtained by
centrifugation and rinsed thoroughly with deionized water to
remove the adsorbed and unloaded drugs. The obtained sample
was donated as DOX-MSNs-NH,.

Preparation of DAD coated MSNs (MSNs-N=C-DAD)

Typically, MSNs-NH, (100 mg) was ultrasonically dispersed in
MES buffer (100 mL, 0.01 M, pH 6.0) containing 100 mg dia-
ldehyde dextrin and stirred for 24 h at room temperature. After
that, cystamine dihydrochloride (1 g) was added to the mixture
and it was stirred for 6 h at room temperature. The synthesized
product was collected by centrifugation and washed several
times with ethanol and water, respectively. The product was
denoted as MSNs-N=C-DAD. The DOX loaded sample was
named DOX-MSNs-N=C-DAD.

In vitro dual-responsive drug release

To investigate the pH and GSH dual-responsive release char-
acter, the obtained DOX-MSNs-N=C-DAD was tested under
different pH and GSH conditions. In brief, 3 mg of DOX-loaded
nanoparticles were dispersed in PBS buffer (10 mL, 0.1 M, pH
7.4) and then transferred to a dialysis bag (cellulose membrane;
MWCO is 7000 Da). For analysis, the stimuli-responsive release
behavior of the DOX-loaded nanoparticles was dialyzed against
PBS with different pH values of 5.0, 6.5, and 7.4 and different

RSC Adv., 2018, 8, 20862-20871 | 20863
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concentrations of GSH (0, 5, and 10 mM) and stirred at 37 °C. At
predetermined time intervals, 2 mL of dialysate was taken out
and analyzed with a U-5100 UV-Vis spectrophotometer (Hita-
chi). Meanwhile, fresh medium with equal volume was added to
above solution.

Characterization

Transmission electron microscope (TEM) images of prepared
nanoparticles were carried out on a JEM-1400 (JEOL, Japan) at
200 kv. The Brunauer-Emmett-Teller (BET) approach (ASAP
2010, Micromeritics, USA) and Barrett-Joyner-Halenda (BJH)
method were performed to calculate pore size distributions and
surface area, respectively. Fourier transform infrared (FTIR)
spectra were measured by a Bruker IFS 55 spectrometer (Swit-
zerland) using KBr pellets. The zeta potential and hydrody-
namic size were determined using a Zetasizer Nano ZS90
(Malvern, UK). Small-angle powder X-ray diffraction patterns of
the obtained materials were collected on a RINT2000 vertical
goniometer (Rigaku, Japan) using Cu Ka irradiation. Thermal
gravimetric analysis (TGA) was determined on a TGA-50
instrument (Shimadzu, Japan) with a heating rate of
10 °C min~' under a nitrogen flow. The number-averaged
molecular weight and the polydispersity index of DAD were
determined on a WATERS 1515 equated with a series of PS gel
columns, using THF as an eluent at 40 °C with a PS calibration.
The concentration of DOX was evaluated with a U-5100 UV-Vis
spectrophotometer at 480 nm.

Cell culture

Hela cells were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum and antibiotics (100 U mL ™" penicillin and
100 pg mL~" streptomycin) in 5% CO, at 37 °C. Media in all
samples were changed every two days and the cells were sepa-
rated by trypsin before cell density reached 80%.

Intracellular uptake experiment

Confocal laser scanning microscopy (CLSM) and flow cytometry
(FCM) were performed to evaluate the cellular uptake of free
DOX and drug-loaded nanoparticles. In brief, Hela cells were
seeded in 20 mm glass bottom culture dishes overnight. After
that, free DOX and DOX-loaded nanoparticles (equivalent DOX
concentration: 1 ug mL~ ") were dispersed in RPMI 1640 culture
medium (1 mL) and replaced the above medium. After incu-
bating at 37 °C for another 2 h and 6 h, the original medium was
removed, and the cells were washed with PBS three times and
then fixed with 4% paraformaldehyde for 10 min. Then, the
nuclei were stained with DAPI for 20 min. Finally, the treated
cells were observed by CLSM. For flow cytometry analysis, Hela
cells were seeded in 6-well plates at a density of 2 x 10° cells per
well and then treated as above. Non-treated cells were used as
a control. After incubating for 2 h and 6 h, the treated cells were
washed with PBS for several times, then trypsinized and
resuspended in PBS buffer for FCM analysis.

In order to determine whether the DOX release from MSNs-
N=C-DAD was triggered by intracellular low pH values and
high GSH level, Hela cells were incubated with 20 mM NH,CI
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(pH inhibitor)** and 5 pM N-ethyl maleimide (NEM, GSH
inhibitor)" for 30 min, and then incubated with DOX-MSNs-N=
C-DAD nanoparticles for another 6 h. Finally, the treated cells
were then washed with PBS three times and observed under
CLSM. To quantitatively measure intracellular release of DOX
from nanocarriers; FCM was performed to analyze the intra-
cellular DOX fluorescence intensity.

Cytotoxicity assay

MTT assay was performed to determine the cytotoxicity of free
DOX or drug-loaded nanoparticles. Hela cells were cultured in
a 96-well plate with a density of 1 x 10* cells per well with 5%
CO, at 37 °C overnight. Afterward, fresh culture medium con-
taining different concentrations of free DOX and drug-loaded
nanoparticles was added to replace the medium, respectively.
After being cultured for another 24 h and 48 h, 10 pL of MTT
(5 mg mL™") stock solution was added to each well and incu-
bated for another 4 h. Then, MTT containing medium was
removed and 150 pL of DMSO was added to each well and
shaken for 10 min. Finally, the 96-well plates were measured on
an ELx 808 micro-plate reader (Biotek, VT) at 570 nm. The cell
viability was calculated as OD¢est/ODcontrol X 100%.

Statistical analysis

All experiments were conducted three times, and all statistical
data were formed as means =+ standard errors. The difference of
each group in this study was analyzed by one-way ANOVA. The
statistically significant values in all cases were at p-value < 0.05.

Results and discussion
Synthesis and characterization of MSNs-N=C-DAD

The detailed procedure to design the pH/GSH dual-responsive
nanocarriers based on dialdehyde dextrin (DAD) end-capped
mesoporous silica nanoparticles (MSNs) was presented in
Scheme 1. In brief, MSNs were synthesized by a previously re-
ported base-catalyzed sol-gel method and modified with amino
groups.**> Subsequently, the obtained DAD polymer was
conjugated on the surface of MSNs as caps by reaction between
the amino groups of MSNs and aldehyde groups of DAD
through pH-sensitive Schiff base reactions. Afterward, the
formed DAD polymer shell was further cross-linked with cyst-
amine dihydrochloride to construct intermolecular redox-
sensitive disulfide bonds. Thereafter, along with the disrup-
tion of DAD polymer shells by hydrolysis of Schiff bonds and
breakage of the disulfide bonds under low pH and high GSH
conditions, the loaded drugs would be released to specific cells.

The structure and morphology of the as-prepared multi-
functionalized MSNs were characterized by TEM and FE-SEM.
Fig. 1A and S9t1 showed that the synthesized MSNs were
uniformly spherical with a mean diameter around 106 nm
according to the DLS analysis (Fig. S11). Moreover, an array of
ordered mesoporous networks could be clearly observed by
a high magnification TEM image (Fig. S10t), and the meso-
porous structure of MSNs was further confirmed by a low-angle
XRD pattern. Characteristic diffraction peaks at 200, 110, and

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic structure of DOX-MSNs-N=C-DAD and pH/GSH dual-stimuli responsive drug delivery.
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Fig. 1 Morphology and structural characterization of different MSNs.
(A) TEM image of MSNss. (B) Small-angle XRD patterns of MSNs. (C) TEM
image of MSNs-N=C-DAD, and (D) zeta potential of MSNs, MSNs-
NH; and MSNs-N=C-DAD.

100 in Fig. 1B revealed that the synthesized MSNs belong to
a MCM-41 type with highly ordered mesoporous structure.****
After the DAD polymer was modified on the surface of the
MSNs, the obtained MSNs-N=C-DAD exhibited a blurry meso-
porous structure with the legible polymer layer capping on the
MSNs (Fig. 1C and S9t). Meanwhile, the measured hydrody-
namic diameters increased from 112 to 154 nm (Fig. S1 and
Table S17%), further indicating that the DAD polymer was
successfully conjugated onto MSNs. In addition, the average
surface potentials of MSNs were significantly changed during

This journal is © The Royal Society of Chemistry 2018

the preparation process (Fig. 1D and Table S27). After being
modified with APTES and conjugated with DAD, the zeta
potential of obtained MSNs were changed from —25 to 20 and
—6 mV due to the amino groups of MSNs-NH, and aldehyde
groups of DAD, indicating the DAD polymer's existence in the
nanosystem. The number-averaged molecular weight of DAD
was 21 041 Da (PDI 1.27).

FTIR spectra were performed to direct the progress of the
surface functionalization of MSNs. Fig. S21 demonstrated that
the surfactant template agent CTAB was successfully removed
from MSNs after being calcined at 550 °C for 6 h. The FTIR
spectrum of dialdehyde dextrin (DAD) exhibited a new peak at
1720 cm ™' compared with that of dextrin before oxidation,*®
which could be attributed to the C=O0 vibration in aldehyde
groups (Fig. 2A). As a result, the dextrin has been successfully
oxidized into dialdehyde dextrin (DAD). In addition, MSNs-NH,
displayed two new strong absorption signals at 1560 cm™ " and
1636 cm™' compared to blank MSNs (Fig. 2B), which were
assigned to the stretching vibration of -NH, bending and amide
I, indicating the successful modification of amino groups on
MSNs.?>%7 Following grafting with DAD polymer, the new
distinctive absorption peak at 1720 cm™ " (C=0) was observed
when compared with that of MSNs-NH,. Most importantly, the
distinctive absorption peak at 1640 cm ™' was attributed to the
C=N of the Schiff base reaction between the amino groups of
MSNs and aldehyde groups of DAD.*® Furthermore, because the
stretching vibration band of S-S on MSNs-N=C-DAD was too
weak to be measured through FTIR spectroscopy, the Raman
spectrum at 502 cm ™' exhibited a strong stretch band, which
contributed to the introduction of disulfide bonds (S-S) derived
from cystamine dihydrochloride (Fig. 2C).* These results

RSC Adv., 2018, 8, 20862-20871 | 20865
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different pH conditions (5.0, 6.5, and 7.4) at 37 °C for 30 h. (B) The release profiles of DOX from MSNs-N=C-DAD in pH 7.4 PBS in the presence of
different concentrations of GSH (0, 5, and 10 mM) at 37 °C for 30 h. (C) The release profiles of DOX from MSNs-N=C-DAD in pH 7.4, 6.5, and 5.0
PBS in the presence/absence of 10 mM GSH. (D) pH/GSH-responsive release of DOX from MSNs-N=C-DAD. Data are represented as mean +

SD (n = 3).

suggested that the pH-sensitive Schiff bond and GSH-sensitive
disulfide bonds were successfully constructed and fabricated.
To further demonstrate the successful surface modification
process of MSNs, a series of characteristic techniques were
performed. The surface modification extent of MSNs was
measured by TGA (Fig. 2D) and the final weight losses of all
materials is shown in Table S3.t After the temperature rose to
800 °C, the weight loss of MSNs, MSNs-NH,, and MSNs-N=C-
DAD was 9.38, 19.43, and 29.51 wt%, respectively. The
increased weight losses further indicated that the MSNs-N=C-
DAD was successfully fabricated step by step. In addition, the
N, adsorption and desorption isotherm of blank MSNs exhibi-
ted a typical type IV isotherm (Fig. 3A and B), which further
indicated the highly ordered mesoporous structure of the
prepared MSNs.*"** After a series of functionalizations, the
surface areas of nanoparticles were reduced from 967 to 137 m>
g~ ! after each modification (Fig. 3 and Table S4t). Meanwhile,
the pores were decreased from 2.9 nm to undetectable, which

This journal is © The Royal Society of Chemistry 2018

also suggested the successful fabrication of multifunctional
MSNs-N=C-DAD. Taken together, all of these results suggested
that MSNs-N=C-DAD nanoparticles were successfully prepared.

Dual-responsive drug release performance

In order to evaluate the pH/GSH dual-responsive release
behavior of the MSNs-N=C-DAD nanoparticles, DOX was
selected as a model drug due to its water solubility and fluo-
rescence properties.*® The loading process of DOX mainly
depends on the physical adsorption mechanism of the meso-
pores. Fig. S31 showed that a significant ultraviolet absorption
spectrum of DOX molecules was observed after DOX was loaded
into MSNs-N=C-DAD nanoparticles, indicating that the DOX
was successfully loaded on MSNs-N=C-DAD nanoparticles.>
The loading capacity of DOX on MSNs-N=C-DAD was about
20.1%, much higher than that of conventional MSNs (less than
10%) (according to the standard curve of DOX absorbance value

RSC Adv., 2018, 8, 20862-20871 | 20867


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03163k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 June 2018. Downloaded on 11/8/2025 1:36:34 PM.

(cc)

RSC Advances

2h 6h
Free DOX DOX-MSNs-N=C-DAD Free DOX DOX-MSNs-N=C-DAD

Fig.5 CLSM images of Hela cells incubated with free DOX and DOX-
MSNs-N=C-DAD for 2 and 6 h, respectively (equivalent DOX
concentration: 1 pg mL™Y). Scale bar: 50 pm.

at 480 nm Fig. S4}). The high DOX loading capacity might be
due to the modification of the biocompatible polymer DAD,
which could effectively prevent drug leakage in the process of
drug loading. In addition, Fig. S5 showed that the existing
state of DOX in MSNs-N=C-DAD was in a non-crystalline state
due to the confined effect of the mesoporous of MSNs.?”**
Next, in order to verify the blocking efficiency of DAD poly-
mer, we evaluated the release behavior of MSNs-N=C-DAD at
physiological conditions. Fig. S61 showed that only 13% of DOX
was released from DOX-MSNs-N=C-DAD after 30 h, while about
81% of DOX was leaked out from DOX-MSNSs, suggesting that
the DAD polymer could effectively block DOX within the

DAPL DOX

NH,CI

NEM

Fig. 6

Merged

o _-.
- ...
o ...

A) CLSM images of intracellular DOX release from DOX-MSNs-N=C-DAD in Hela cells. Cells first treated with NH,Cl, nothing, and NEM,
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mesoporous area of MSNs under neutral conditions. Following,
to investigate the pH-responsive release behavior of DAD poly-
mer covered nanoparticles, the DOX release curves of DOX-
MSNs-N=C-DAD were examined in the presence of different pH
values (pH 5.0, 6.5, and 7.4, respectively). Fig. 4A showed that
a slow release of below 13% of incorporated DOX within 30 h
was observed at pH 7.4, whereas the accumulative release of
DOX at pH 6.5 and 5.0 increased to 41% and 55% in a total
release period of 30 h, indicating that the DAD polymer covering
the surface of MSNs could be cleaved under a mild acid envi-
ronment. This pH-trigger release mechanism can be explained
by the fact that the pH-sensitive Schiff based group is stable
under physiological conditions but is easily cleaved under mild
acid conditions.*

In addition to pH stimulus-responsive ability, the cross-
linked DAD shell can be also activated by GSH due to its
redox ability toward disulfide bonds in polymer chains. The
rapid release of DOX from MSNs-N=C-DAD was significantly
observed in Fig. 4B with an increase of GSH concentration.
Briefly, the accumulative release of DOX from DOX-MSNs-N=C-
DAD was 13% for 0 mM GSH, 29% for 5 mM GSH, and 44% for
10 mM GSH, respectively. These results evidenced that the
intramolecular disulfide bonds cross-linked in the DAD poly-
mer could be cleaved under reductive conditions, resulting in
the cross-linked DAD polymer network becoming loosened and
triggering the release of DOX from nanoparticles.

It is well known that the pH value and GSH concentration in
cancer intracellular microenvironments are 5.0-5.5 and 2-
10 mM, respectively, which are deviated from the normal level
(pH 7.4, Cgsu = 2-20 mM).” Therefore, the constructed and
fabricated pH/GSH dual-responsive MSNs-based nanocarrier is
an ideal candidate as an anticancer drug delivery system. To

B.

DOX release efficiency (%)

NH:C1 NEM

Treated with

Contral

S0 pm

then |ncubated with DOX-MSNs-N=C-DAD for 6 h, respectively. Scale bar: 50 um. (B) The DOX release efficiency of DOX-MSNs-N=C-DAD at

different treatments.
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evaluate the sensitivity of the DAD polymer shell covered system
with different pH values and concentrations of GSH, the drug
release curves of MSNs-N=C-DAD in different conditions were
traced by UV-Vis spectra. Fig. 4C and D clearly exhibited that the
release efficiency of DOX significantly increased when the
carriers were delivered under mild acid conditions (pH 6.5 or
5.0) in the presence of GSH (10 mM). Moreover, the introduc-
tion of GSH could remarkably increase the release rate of MSNs-
N=C-DAD under acidic environments. The rapid release of
DOX from carriers could be explained by the fact that the
combined disruption of DAD polymer shells by hydrolysis of
Schiff bonds and breakage of the disulfide bonds under low pH
and high GSH conditions. Based on the above analysis, it is
reasonable that the designed MSNs-N=C-DAD have promising
applications in site-specific cancer chemotherapy thanks to the
acidic microenvironments and high GSH concentration in
cancer cells.

Cellular uptake and intracellular release of DOX

The internalization and intracellular distribution of free DOX
and DOX-loaded nanoparticles were investigated by CLSM in
real time. As shown in Fig. 5, both free DOX and DOX-loaded
MSNs-N=C-DAD were significantly observed in nucleus or
cytoplasm after incubation for 2 h to 6 h. The number of
intracellular uptakes of free DOX and DOX-MSNs-N=C-DAD
was obviously increased with prolonged incubation time.
Moreover, the amount of DOX-MSNs-N=C-DAD taken up by
Hela cells was significantly increased in the cytoplasm after 2 h
and large numbers of DOX were diffused into the surrounding
nuclear membrane or the nuclear regions. These results
demonstrated that the intracellular uptake of DOX was
increased in a time-dependent manner and the DOX-MSNs-N=
C-DAD nanoparticles could effectively deliver DOX to cancer
cells because of the pH-triggered release. Furthermore, flow
cytometry (FCM) was performed to quantitatively monitor the
amount of cellular uptake of the DOX-loaded nanoparticles.
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Fig. 7 Effect of free DOX and DOX-MSNs-N=C-DAD on cell viability of Hela cells by MTT assay after (A) 24 h and (B) 48 h incubation at 37 °C.
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Fig. S71 shows that the mean fluorescence intensity of DOX-
MSNs-N=C-DAD entered into Hela cells was more than 1.36-
fold higher than that of free DOX treatment, potentially because
of the enhanced permeability and retention (EPR) effects
induced by MSNs-N=C-DAD.

Furthermore, in order to detect whether the DOX release
from MSNs-N=C-DAD was triggered by tumor intracellular low
pH and high concentrations of GSH, intracellular pH inhibitor
NH,CI and GSH inhibitor NEM were used to treat Hela cells for
30 min before being incubated with MSNs-N=C-DAD. As shown
in Fig. 6A and B, compared with the control group (DOX-MSNs-
N=C-DAD only), weaker DOX fluorescence was observed in
Hela cells pretreated with NH,Cl and NEM, suggesting that
most DOX molecules remained encapsulated in the MSNs.
These results demonstrated that DOX release from DOX-MSNs-
N=C-DAD was triggered by intracellular low pH and a high
concentration GSH level. In summary, the above results from
qualitative and quantitative analysis suggested that the cellular
uptake of DOX-MSNs-N=C-DAD was time dependent and the
DOX release was triggered by an intracellular low pH and high
GSH level.

In vitro cytotoxicity assay

In cancer therapy, biocompatibility and low toxicity of the
fabricated MSNs as nanocarriers are required to avoid side
effects. Therefore, the in vitro cytotoxicity of MSNs and MSNs-
N=C-DAD against Hela and L-02 cells was determined by a MTT
assay. Fig. S8t shows that more than 80% cell viability was
observed at test particle concentrations against both Hela and
L-02 cells, demonstrating excellent biocompatibility. However,
the cell viability of Hela cells was significantly reduced with
dose and time after being incubated with free DOX or DOX-
loaded MSNs-N=C-DAD (Fig. 7A and B). Meanwhile, DOX-
loaded MSNs-N=C-DAD exhibited more cytotoxicity compared
with free DOX at the same equivalent concentration both at 24 h
and 48 h. A possible reason for this could be assigned as
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Table1l ICsq value for different DOX-loaded samples and free DOX for
inhibiting growth of Hela cells after 24 h and 48 h incubation®

ICso (ng ml™")

Formulations 24 h 48 h
Free DOX 1.48 0.51
DOX-MSNs-N=C-DAD 1.01 0.35

% 1Cs0, half maximal inhibitory concentration.

different cellular uptake mechanisms that the nanocarriers use
to enter into cells through “passive targeting” which is higher
than that of free DOX through diffusion. Furthermore, the
anticancer activity of DOX was quantified by half maximal
inhibitory concentration (ICs,). As shown in Table 1, the ICs,
values of DOX-loaded MSNs-N=C-DAD at 24 h and 48 h were
1.01 and 0.35 ug mL™ ", respectively, versus those of free DOX
(1.48 and 0.51 ug mL ™', respectively), indicating that the former
were 1.47- and 1.46-fold more effective than the latter. There-
fore, these results revealed that the constructed DOX-MSNs-N=
C-DAD could enhance the cytotoxicity effects of DOX in cancer
therapy.

Conclusions

In summary, we have synthesized multifunctional MSNs that
can be employed as pH/GSH dual-responsive drug delivery
systems for intracellular controlled drug release. The obtained
DAD polymer as “gatekeeper polymer” agents were coated onto
the surfaces of MSNs via pH-sensitive Schiff bonds and the
formed DAD polymer shells were further cross-linked by GSH-
sensitive disulfide bonds. Such smart novel systems not only
offer high drug loading capacity (20.1%), but also exhibited
excellent biocompatibility. Furthermore, the drug-loaded func-
tional nanoparticles could effectively prevent drug release
under physiological conditions, and rapidly release the drug in
the presence of acidic environments and high levels of GSH
concentrations, which mimic the pH and reduction conditions
in cancer cells. Moreover, in vitro experiments confirmed that
these functional nanocarriers could greatly increase drug
accumulation at cancer cells and significantly enhance cyto-
toxicity to cancer cells than free drugs. Therefore, the designed
PH/GSH dual-responsive nanoparticles are expected to be an
effective chemotherapeutic platform in oncotherapy.
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