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ABSTRACT: In this work, a novel type of pH-sensitive multifunctional
envelope-type mesoporous silica nanocontainers (SBDAPF) was
constructed for targeted drug delivery to cancer cells. Poly(N-
succinimidyl acrylate) was coated on the mesoporous silica nanoparticles
surface via an acid-labile acetal linker to obtain the SBA particles for pH-
triggered drug release. A model drug doxorubicin (DOX)-loaded SBA
system (SBDA) showed low premature drug release at neutral pH and
effective stimuli-responsive release under the acidic conditions. To
provide the colloidal stability and avoid nonspecific uptake of normal or
healthy cells, the SBDA nanocontainers were modified with a
poly(ethylene glycol) (PEG) polymer to form a protection layer.
Furthermore, folic acid was introduced as a targeting component and
anchored on the PEG outer layer to achieve the cancer-targeting ability.
In vitro study demonstrated that SBDAPF could selectively adhere to the
surface of cancer cells through the specific binding with folate receptor and be internalized into cells, subsequently releasing the
entrapped DOX with high efficiency in slightly acidic intracellular microenvironment to finally kill cancer cells. Such a versatile
drug delivery system as SBDAPF should have a potential application in cancer therapy.
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■ INTRODUCTION

For cancer therapy, drug delivery systems (DDSs) have gained
much importance in optimizing the anticancer efficacy of
antineoplastic drugs.1 To enhance the therapeutic index and
reduce the toxic side effects of drugs during chemotherapy,
massive research efforts have been dedicated to developing
smart stimuli-responsive DDSs, which release effective dosage
drug at the right time.2 In the past decades, mesoporous silica
nanoparticles (MSNs) have attracted great attention as a
potential drug container because of their facile synthesis,
tunable pore diameter, easy surface-functionalization, low
toxicity, and large capacity to carry disparate payloads within
the mesoporous channels.3−6 Several smart DDSs based on
MSNs were reported for regulating the release of drugs by
diverse stimuli including light,7,8 temperature,9 redox,10,11

pH,12,13 enzymes,14 etc. Among these stimuli, pH-induced
activation is a readily and convenient method by a simple
addition of base or acid. More importantly, the oxygen
overconsumption at inflammatory site or tumor tissue can
lead to the generation of an acidic microenvironment. In
addition, both endosomes and lysosomes in living cells formed
after uptake of DDSs are also slightly acidic.12,15 Consequently,
a variety of pH-responsive DDSs have been developed to
deliver drugs triggered by a pH signal, especially an acidic pH.
Up to now, there are mainly five kinds of acid-sensitive

mechanisms involving decrease of electrostatic interaction,16,17

hydrophilic to hydrophobic transition,15,18 conformational
variation of capping agents,19 dissolution of pore block-
age,12,20,21 and cleavage of acid-labile bonds.13,22,23 In spite of
these extensive developments, the previously reported acid-
responsive DDSs have still some disadvantages; for instances,
poor water dispersibility, unspecific uptake by normal cells and
the cytotoxicity of the pore-blocking agents used.
Biocompatible polymers as pore-blocking agents display

many distinctive properties, such as providing the colloidal
stability, improving water dispersibility and biocompatibility of
DDSs, facilitating conjugation of targeting components, and
reducing unspecific cell uptake,24,25 which were crucial for
efficient chemotherapy. Therefore, coating a biocompatible
polymer on MSNs surface to seal the pore mouths is a
promising approach for construction of the desired acid-
responsive DDSs. In these reported systems, polymers were
coated on the surface of MSNs mainly by noncovalent
interaction and in situ polymerization.26,27 However, both of
these strategies have some limitations. Noncovalent assembly is
prone to premature drug release and aggregation and rapid
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clearance of DDSs during the circulation, whereas in situ
polymerization approaches require harsh reaction conditions
and generate probably the agglomeration of the nanoparticles.
Moreover, these two strategies are not suitable for constructing
versatile DDSs that allow drug releasing at the appropriate time
and site. Recently, a new so-called “programmed packing”
manner was proposed to design versatile DDSs for tumor-
activated targeting drug delivery.28 In this manner, cyclodextrin
was first grafted to the MSNs surface through disulfide bonding.
Then some functional units, including tumor-targeting peptides
and polyanion protection layer, were successively conjugated
with nanoparticles. Using the “programmed packing” strategy,
the assembled functional units can perform well their respective
functions at desired time as well as at appropriate sites.
Nevertheless, versatile envelope-type DDSs constructed by the
programmed packing manner have been rarely reported.
Inspired from the concept of programmed packing, here, we

designed and constructed a multifunctional pH-sensitive
envelope-type mesoporous silica nanocontainer with diverse
functional components, such as tumor-targeting units to
mediate specific uptake by cancer cells, polymer coating layer
to avoid the nonspecific uptake, and inhibit the premature drug
release, and pH-sensitive linkers to achieve the acid-responsive
drug release at desired time and site. Scheme 1 demonstrates
the schematic illustration of construction of this nanocontainer
and its application for cancer cell targeting and intracellular pH-
triggered drug releasing. An acid-labile acetal linker 3,9-bis(3-
aminopropyl)-2,4,8,10-tetraoxaspiro[5.5]undecane (BATU) is
grafted to mesoporous silica surface modified with carboxyl
groups via the EDC/NHS process. Then an antineoplastic drug
DOX is filled into the mesopores of functional mesoporous
silica with the surface-coated with poly(N-succinimidyl
acrylate) (PSA). The polymer PSA behaves as a dual-purpose
entity that not only guards the drug payload from premature
release but also acts as a cross-linking agent for the
immobilization of other functional components on nano-

particles surface. Moreover, as for cancer therapy, the resulting
nanocontainers are successively decorated with biocompatible
poly(ethylene glycol) (PEG) and floic acid (FA). The PEG, as
a protection layer, can decrease the nonspecific uptake resulting
from an inhibition of the interaction of the nanocontainers with
the healthy cells surface,29 and FA, as a cancer-targeting unit,
can enhance the uptake of nanocontainers by the cancer cells
via ligand-mediated cell adhesion.30 After the nanocontainers
arrive at tumor tissues, FA on outer layer can selectively
conjugate with folate receptor of cancer cells, resulting in the
tumor-specific cell uptake. Thereafter, the polymer coating
layer can be removed due to the breakage of acetal bonds
triggered by an acidic pH inside the cancer cells, and then the
drug payload can be quickly released from the nano-
container.22,31 Consequently, we hypothesize that this versatile
envelope-type mesoporous silica nanocontainer (SBDAPF) is a
potential intracellular pH-responsive controlled release system
for targeted drug delivery.

■ EXPERIMENTAL SECTION
Reagents and Materials. [3-(Dimethylamino)propyl]-3-ethyl-

carbodiimide hydrochloride (EDC), N-(trimethoxysilylpropyl)-
ethylenediamine triacetic acid (CPTS), poly(acrylic acid) (PAA),
and N-cetyltrimethylammonium bromide (CTAB) were obtained
from Alfa Aesar. 3,9-Bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro[5.5]-
undecane (BATU), N-succinimidyl acrylate, and 1,11-diaminounde-
cane were obtained from TCI (Shanghai, China). Poly(ethylene
glycol) diamine (Mw = 3.4 × 103), 3-[4,5-dimethylthialzol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), and 2,2′-azobis(2-methylpro-
pionitrile) (AIBN, 98%) were obtained from Sigma-Aldrich.
Lysotracker Blue was purchased from Invitrogen. Hoechst 33342,
folic acid, doxorubicin hydrochloride (DOX), tris(hydroxymethyl)-
aminomethane hydrochloride (Tris), and N-hydroxysuccinimide
(NHS, 98%) were obtained from Dingguo reagent company. Sodium
hydroxide (NaOH), HCl solution (37%), benzene, tetrahydrofuran
(THF), anhydrous toluene, and tetraethylorthosilicate (TEOS, 28%)
were purchased from Xilong reagent company. All the chemicals were
used without further purification. HepG2 cells (human liver

Scheme 1. Construction of SBDAPF as a Multifunctional pH-Sensitive Envelope-Type Mesoporous Silica Nanocontainers for
Targeted Drug Delivery
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hepatocellular carcinoma cells) and L02 cells (human hepatocyte L02
cells) were purchased from the American Type Culture Collection
(Manassas, VA).
Characterization. Transmission electron microscopy (TEM)

images were obtained from a JEOL 3010 microscope with accelerating
voltage of 100 kV. N2 adsorption−desorption isotherm was obtained
at −196 °C on a Micromeritics ASAP 2010 sorptometer. UV−vis
spectra were obtained using a UV-800. Fourier transform infrared
(FTIR) spectra were collected from TENSOR 27 spectrometer using
KBr pellets. Small-angle powder X-ray diffraction pattern (XRD) of
the mesoporous silica nanomaterials was collected in a Scintag XDS-
2000 powder diffractometer. GPC analysis was performed on a
Shimadzu LC-10AD. The thermal gravimetric analysis (TGA) was
performed on a TG 209 F1 (NETZSCH) instrument with a heating
rate of 10 °C min−1. All fluorescence spectra were recorded on a
Hitachi F4500 FL spectrophotometer. Confocal laser scanning
microscopy (CLSM) images were collected on a Fluoview FV500,
Olympus. Flow cytometry analyses were performed using a
FACSCalibur flow cytometer. The MTT assays were carried out on
a Benchmark Plus, Biorad Instruments, Inc.
Synthesis of Poly(N-Succinimidyl Acrylate) (PSA). A mixture

of N-succinimidyl acrylate (0.22 g, 1.3 mmol) and AIBN (2 mg) in
benzene (10 mL) was reacted for 24 h at 60 °C.32 After the reaction
solution was cooled down to room temperature, a white precipitate
was observed. The resulting precipitate was then separated by
centrifugation and washed with tetrahydrofuran (2 mL). The purified
white solid was dried in vacuo at 60 °C for 24 h to yield the PSA.
Preparation of SB. Mesoporous silica (S) was first obtained by a

base-catalyzed sol−gel process. In brief, N-cetyltrimethylammonium
bromide (CTAB, 0.5 g) as surfactant template was dissolved in
distilled water (240 mL). NaOH (2.00 M, 1.75 mL) was then added to
CTAB solution, followed by regulating the mixed solution temperature
to 60 °C. TEOS (2.50 mL) was added dropwise to the mixed solution
under sharp stirring condition. After hydrolysis reaction for 2 h, a
white precipitate S was formed, followed by separating by
centrifugation and washing with ethanol. The obtained S particles
were subsequently modified with carboxyl groups (S-COOH) via the
hydrolyzation of N-(trimethoxysilylpropyl)ethylenediamine triacetic
acid (CPTS) on nanoparticles surface. Briefly, S particles (0.2 g) were
dispersed in anhydrous toluene (50 mL) to which 0.3 mL of CPTS
was added while continuously stirring at 80 °C for 20 h. Then, the
resulting particles were collected and rinsed with ethanol to gain crude
S-COOH. Finally, the S-COOH particles were refluxed in hot acetone
for 48 h to remove template CTAB.
To obtain the pH sensitive property, an acid-cleavable linker, 3,9-

bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro[5.5]undecane (BATU),22

was grafted to the mesoporous silica surface. In brief, S-COOH
particles (20 mg) were suspended in 1 mL of DMF containing EDC
(12 mg) and NHS (5 mg), and then BATU (65 mg) was added. After
the mixture was reacted for 8 h in shaker, the suspended particles were
collected and denoted as SB. As a control, a noncleavable control 1,11-
diaminoundecane linker instead of BATU was immobilized on the
nanoparticles surface via the same approach to yield the SU
particles.31,33

Drug Loading. SB particles were added into DOX solution and
incubated in shaker at room temperature overnight. DOX molecules in
solution can diffuse into the pore channels. The DOX-loaded SB was
separated by centrifugation and rinsed with water to get rid of the
redundant DOX. To inhibit the DOX release from pore channels,
DOX-loaded SB (15 mg) was treated with of PSA (5 mg) in 1 mL of
DMF for 8 h at room temperature. Finally, the resulting particles were
respectively washed with DMF, ethanol, and water, and dried in vacuo
at 60 °C to yield SBDA. The amount of DOX loaded into SBDA was
estimated by fluorescence intensity at 560 nm (λex = 488 nm). Loading
content = (initial weight of DOX − supernatant weight of DOX)/
weight of particles × 100%.
In Vitro Test of Drug Release. A sample of SBDA (5 mg) was

suspended in 5 mL of acetate buffer or PBS buffer with various pH
values (pH 2.0, 5.0, 6.5, and 7.4). Aliquots were drawn from the
suspension solution at certain intervals and the released DOX

molecules were estimated by testing the fluorescence intensity of
supernatant solution (λex = 488 nm, λem = 560 nm).

Preparation of SBDAPF. To improve colloidal stability and water
dispersibility of nanocontainers for subsequent cell experiments,
initially, SBDA particles (2.0 mL, 1.0 mg mL−1) were decorated
with poly(ethylene glycol) diamine (Mw = 3.4 × 103) by the reaction
between amine group with the immobilized PSA to give rise to the
SBDAP particles. Then, folic acid (0.1 mg) was dissolved in the
SBDAP suspension (1 mL, 1.0 mg mL−1). Also, EDC (0.5 mg) and
NHS (0.5 mg) were successively added to the mixture solution. The
amide formation reaction was allowed overnight. The reacted product
was separated and purified to yield the SBDAPF particles.

Flow Cytometry. HepG2 or L02 cells (105 cells/well) were
incubated in cell culture medium with 10% fetal calf serum (FBS)
under 5% CO2 atmosphere at 37 °C for 24 h. The HepG2 cells were
rinsed with washing buffer (1 mL) and then treated with different
concentrations (0, 1, 5, 10, 20, 50, and 100 μg mL−1) of SBDAPF or
SBDAP for 1 h at 4 °C. They were again washed to remove the
physically adsorbed nanoparticles, and then incubated with trypsin
(500 μL, 0.05%)/EDTA (0.53 mM) in Hank’s balanced salt solution
at 37 °C. After 10 min of incubation, the cells were placed in PBS
buffer for the flow cytometric assay. As a control, the L02 cells were
coincubated with SBDAPF (20 μg mL−1) at 4 °C for 1 h. After the
same treatment procedure, the L02 cells were dispersed in PBS buffer
for the flow cytometric assay.

In addition, to quantify the SBDAPF internalized into the cells,
HepG2 and L02 cells were respectively treated with SBDAPF
nanocontainers at 37 °C. After 3 h of incubation, they were suspended
in PBS buffer for the flow cytometric analysis. Also, SBDAP was used
as a negative control and incubated with HepG2 and L02 cells,
respectively.

Confocal Fluorescence Imaging. HepG2 or L02 cells were
incubated in cell culture medium (2 mL) containing 10% FBS in a
humidified atmosphere with 5% CO2 at 37 °C for 24 h. Thereafter,
SBDAPF (20 μg mL−1) was added, and the cells were incubated for
another 3 h at 37 °C. For the colocalization experiments, Lysotracker
Blue (1 μL) was used for selective staining of the late endosomes and
lysosomes of living cells. After the medium was removed and they
were washed with PBS buffer (2 mL, pH 7.4), the HepG2 and L02
cells were, respectively, observed by using CLSM.

To demonstrate the intracellular drug release, HepG2 cells were
incubated with SBDAPF (100 μg mL−1) for 6 h at 37 °C. Also, HepG2
cells were incubated with a low concentration of SBDAPF (50 μg
mL−1) for a short time (3 h). For the colocalization study, Hoechst
33342 (1.0 mg mL−1) was used for specific staining of the cell nucleus.
After the medium was removed and the cells were washed wash with
PBS buffer (2 mL, pH 7.4), HepG2 cells were observed by CLSM. As
a control, the SUDAPF-treated and untreated HepG2 cells were also
investigated by the same process.

Cell Viability Assay. MTT assay was performed to investigate the
cytotoxicity of different nanoparticles to HepG2 or L02 cells. HepG2
cells in a 96-well plate (5 × 104 cells/well) were incubated with various
concentrations of free DOX, SBDAPF, SUDAPF, SBAPF, and SBDAP
for 24 h. MTT solution (60 μL, 0.5 mg mL−1) was subsequently added
to each well, and the cells were further incubated for 4 h. The MTT
medium was then removed and DMSO (150 μL) was added to
dissolve the formed formazan violet crystals. The absorbance of
formazan in DMSO solution was detected by a microplate reader at
570 nm. The cell viability was calculated by the equation

= ×A Aviability ( / ) 100%treated control

where Atreated was obtained from the cells treated by nanoparticles and
Acontrol was obtained from the cells without any treatments. The
viability of L02 cells after being incubated with SBDAP or SBDAPF
was also estimated by the same process.

■ RESULTS AND DISCUSSION
Preparation and Characterization of SBA Nano-

containers. The synthesis process of SBA is presented in
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Scheme S1. The mesoporous silica was first synthesized by
using a previously reported procedure with TEOS as a silica
precursor, CTAB as a surfactant template and NaOH as a
catalyst. The as-prepared nanoparticles were modified with N-
(trimethoxysilylpropyl)ethylenediamine triacetic acid to gain
crude functional mesoporous silica-modified with carboxyl
groups (S-COOH). CTAB was then extracted from mesopores
by refluxing in methanol containing HCl. The purified S-
COOH was characterized by TEM, SEM, XRD, N2
adsorption−desorption measurements, ζ-potential measure-
ments, and FT-IR spectra. SEM and TEM images of S-
COOH showed an average diameter of ∼100 nm and a typical
channel-like mesostructure (Figure 1A and C). The XRD

pattern of S-COOH further indicated a uniform, well-defined
pore channel structure (Figure 1B). Furthermore, the N2
adsorption−desorption isotherm of the S-COOH demonstra-
ted a typical of a type IV curve with a surface area of 817.6 m2

g−1, a pore volume of 0.69 cm3 g−1, and a narrow pore size
distribution (2.72 nm) (Figure S1). Subsequently, the obtained
S-COOH was decorated with an acetal linker 3,9-bis(3-
aminopropyl)-2,4,8,10-tetraoxaspiro[5.5] undecane (BATU)
by the amide formation reaction to produce SB particles. The
increased ζ potential from −36.4.0 to 21.7 mV (Table S1)
suggested that BATU had been covalently grafted to the surface
of S-COOH. Meanwhile, from the FT-IR spectra, we can see
that the S-COOH has an absorption peak at wavenumber of
1645 cm−1 (Figure S2), which is indicative of the CO
stretching vibrations of carboxyl groups. After BATU
immobilizing, it exhibits two absorption peaks at 1575 and
1478 cm−1 that are respectively assigned to the asymmetric N−
H bending vibrations and the C−N stretching bands. This
result further confirmed the successful immobilization of BATU
linker. The obtained SB particles showed good water
dispersibility (Figure S3 and Table S2). The amount of
BATU grafted to SB particles was estimated by TGA analysis.
As demonstrated in Figure 2, the weight loss values of S-

COOH and SB, after heating them to 800 °C under N2
atmosphere, were 7.1% and 10.5%, respectively. The percentage
of BATU on the nanoparticles was thus determined to be about
3.4%. As a control, a noncleavable linker 1,11-diaminoundecane
instead of BATU was used to form the SU particles.
In our design, polymer was employed as a pore blockage for

inhibiting the release of entrapped drug molecules. The
polymer PSA was thus synthesized via homopolymerization
of N-succinimidyl acrylate. The molecular weight of PSA (as
poly(acrylic acid) (PAA)) was estimated by GPC analysis after
complete hydrolysis of PSA by a simple treatment with HCl
solution.32 The Mw of PAA was 103 000, and the degree of
polymerization was 1430. Then the PSA was wrapped on the
surface of SB by mixing the polymer and SB particles in DMF.
After the coating process, FT-IR spectra of resulting particles
(SBA) had strong absorption peaks at the wavenumbers of
2916 and 2847 cm−1, which were assigned to the asymmetric
C−H stretching vibrations. Moreover, TEM image of SBA
display a thin polymeric shell (Figure 1D, white arrows), which
is absent on uncoated nanoparticles, indicating the successful
functionalization of PSA.34 The DLS result of SBA demon-
strated an obvious increase of hydrodynamic size by
comparison with that of SB particles (Figure S3 and Table
S2). The DLS and TEM data also prove that the polymer
coating do not cause the agglomeration of the nanoparticles
into the micrometer-scale aggregates. The percentage of PSA
wrapped on SBA surface was calculated to be 13% via TGA
analysis.

Drug Loading and Release. To investigate the pH-
responsive controlled drug release, the anticancer drug DOX
was selected as a model drug molecule and filled into pore
channels of SB prior to the polymer coating process. The DOX-
loaded SB was then treated with polymer PSA to seal the pore
mouths and inhibit the release of loaded DOX. The obtained
DOX-loaded SBA (SBDA) exhibited a characteristic absorption
at 488 nm corresponding to DOX, whereas DOX-unloaded
SBA showed no absorption at 380−580 nm (Figure S4). This
photophysical property of SBDA provided a credible evidence
for the stable encapsulation of DOX. The DOX loading content
was about 5.6%, estimated by the fluorescence emission
intensity at 560 nm (λex = 488 nm). Meanwhile, DOX was
also loaded into the control SU particles by the same process.
Therefore, the nonresponsive SUDA particles were obtained.
The DOX loading content in SUDA particles was approx-
imately 5.9%.
To test the acid-sensitive uncapping of SBDA nano-

containers, we first investigated if treatment of the SBDA
with acid resulted in the DOX release. In these experiments,

Figure 1. (A) SEM image of S-COOH and (B) low-angle XRD
pattern of S-COOH. TEM images of S-COOH (C) and SBA (D).

Figure 2. TGA curves of various nanoparticles such as S-COOH, SB,
SBA, and SBAP.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04684
ACS Appl. Mater. Interfaces 2015, 7, 17399−17407

17402

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04684/suppl_file/am5b04684_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04684


SBDA particles were incubated with PBS buffer (pH 5.0), and
fluorescence emissions in the supernatant solution (λex = 488
nm, λem = 560 nm) were obtained at various time points. As
demonstrated in Figure 3A, the fluorescence emission in
supernatant increased as a result of the release of the loaded
DOX, reaching a plateau within 180 min. As expected, a
nominal increase in fluorescence (no DOX release) was
observed in the case of SUDA (Figure 3B). In addition,
treatment of free DOX (50 μM) with PBS buffer (pH 5.0) has
no effect on the fluorescence emission of DOX (Figure S5),
further suggesting that the observed increase in fluorescence of
supernatant solution was due to acid-responsive cleavage of the
acetal bond and subsequent DOX release. Moreover, we
compared the DOX release from SBDA and SUDA particles
after being incubated with different pH value solution. Results
show that within 180 min of incubation, a pH-dependent DOX
release was observed when the SBDA particles were used
(Figure S6). In contrast, a negligible DOX release from SUDA
particle was noted at different pH values.
To further show the pH-responsive drug releasing behavior,

in vitro release experiments were carried out at various pH
values (pH 2.0, 5.0, 6.5, and 7.4). SBDA particles (5 mg) were
first suspended in PBS buffer (pH 7.4). At desired time
intervals, the supernatant solution was then collected to
calculate the accumulative release amount of DOX. As shown
in Figure 4, only 5.8% DOX payload was released at pH 7.4
after 500 min, which was an insignificant DOX release. The low
premature release behavior exhibited the excellent blocking
performance of polymer-coating mesoporous silica systems.
Subsequently, the pH values of three samples were adjusted to
pH 6.5, 5.0, and 2.0, respectively. The release of DOX was
observed immediately after the change of pH values of the
solution. The cumulative amount of DOX is up to 37.9% at pH
6.5, 78.4% at pH 5.0, and 93.5% at pH 2.0. However, there is

only 7.4% of drug release from the control SUDA particles at
pH 2.0, indicating the pH-triggered DOX release property was
attributed to the use of acid-sensitive acetal bonds. These
results confirmed that drug payload had been strongly inhibited
in pore channels blocked with polymer at physiological pH, but
the entrapped drug had been rapidly released at acidic pH. In a
word, the polymer coating layer had played the role of pore
switch in the drug release via a pH-responsive “open-closed”
mechanism.

Specific Binding and Internalization of SBDAPF
Nanocontainers. For cancer therapy, the potential side effects
of nanocontainers should be considered. To reduce the toxic
side effects, many targeted DDSs have been developed by
introducing the targeting components. FA, as a universal
targeting unit, can anchor selectively to the cancer cells via
ligand-mediated cell adhesion. In the cellular level, more than
40% of human cancer cells overexpress folate receptors,
whereas normal tissues and cells have no folate receptor
expression.35 To endow these nanocontainers with high specific
recognition capability, thus, FA was grafted to the mesoporous
nanocontainers (Scheme S1). For this, SBA containers was first
functionalized with biocompatible poly(ethylene glycol)
diamine by the reaction between PSA immobilized on the
particles and amine groups to improve colloidal stability and
avoid nonspecific cell uptake of nanocontainers. The results of
DLS measurements confirmed the successful functionalization
(Figure S3 and Table S2). From Figure 2, the weight
percentage of immobilized poly(ethylene glycol) diamine was
calculated to be approximately 7.5%. After that, folic acid was
anchored onto the surface of PEGylated SBDA particles
(SBDAP) by the EDC/NHS process to finally synthesize the
SBDAPF nanocontainer.
Subsequently, the targeting efficiency of SBDAPF was tested.

To avoid the nonspecific cell uptake of nanoparticles during

Figure 3. Fluorescence emission of released DOX from SBDA (A) and SUDA (B) in PBS buffer solution (pH 5.0).

Figure 4. pH-responsive release of DOX from SBDA (A) and SUDA (B) in buffer with different pH values.
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testing, the binding experiments were performed at 4 °C.36

Then the specific binding ability of SBDAPF to the targeted
HepG2 cells was investigated by using flow cytometry. As
demonstrated in Figure 5A, a great fluorescence shift was

observed for HepG2 cells after being incubated with SBDAPF,
indicating that the SBDAPF nanocontainers were successfully
bound on the surface of the cells. In contrast, only a negligible
fluorescence change was noted for the SBDAP-treated HepG2
cells due to the lack of folate ligand. Moreover, no significant
fluorescence change was obtained for L02 cells (normal cells
with low expression level of folate receptors) after incubation
with SBDAPF and SBDAP (Figure 5B), respectively. These
results provided the adequate evidence for the specific
recognition of the SBDAPF nanocontainers to targeted
HepG2 cells. In addition, the effect of nanocontainer
concentrations on the binding efficiency was also studied. To
do this, HepG2 cells were incubated with serial concentrations
of SBDAPF or SBDAP at 4 °C for 1 h. From Figure S7, the
fluorescence signal of SBDAPF-treated HepG2 cells obviously
increased with increasing the SBDAPF concentration, suggest-
ing that the total amount of SBDAPF bound on HepG2 cells is
remained increase. A saturated fluorescence signal was achieved
when the concentration of SBDAPF reached 20 μg mL−1. This
result verifies that the number of SBDAPF bound on HepG2
cells is related to the total amount of folate acceptors on cells.
In contrast, HepG2 cells treated with SBDAP showed a low
fluorescence enhancement, implying that a small quantity of
SBDAP was adhered to HepG2 cells by the unspecific
adsorption.
The highly specific binding efficiency of SBDAPF to HepG2

cells is important to enhance the particle uptake. To prove this,
we carried out flow cytometry experiments to test the amount
of cellular uptake of different nanoparticles. As demonstrated in
Figure 5D, the mean fluorescence intensity (MFI) values of
HepG2 cells treated with SBDAPF and SBDAP particles at 37

°C for 3 h were 48.9 and 9.6 (a.u.), respectively. This study
showed that HepG2 cells could internalize ∼5 times more
SBDAPF than SBDAP. On the contrary, there was no obvious
increase of MFI values in L02 cells treated with SBDAPF
compared with SBDAP. Furthermore, we characterized the
internalization procedure of SBDAPF by using confocal laser
scanning microscopy (CLSM). According to the previously
reported literatures, most of nanocontainers were internalized
by the cellular endocytosis, that is, the nanocontainers entered
into the early endosomes, then into the late endosomes, and
finally merged with lysosomes of cells.11,30,33,37 In the cell
uptake experiments, thus, Lysotracker Blue was employed to
selectively stain the late endosomes and lysosomes of living
cells after being incubated with SBDAPF (20 μg mL−1) for 3 h.
CLSM images of HepG2 cells demonstrated the strong DOX
fluorescence (red), which overlapped with fluorescence of
Lysotracker Blue, suggesting that SBDAPF was located in the
late endosomes or lysosomes in cells (Figure 5C). In contrast,
only a weak DOX fluorescence was seen in L02 cells. These
results confirmed that the existence of folate acceptors on cells
was a key factor for the enhanced cell uptake of nanocontainers,
and SBDAPF could be selectively internalized into HepG2
cells.

Intracellular Drug Release of SBDAPF Nanocon-
tainers. As we know, both endosomes and lysosomes are
slightly acidic intracellular compartments.12,38,39 After being
internalized into cells, SBDAPF nanocontainers can release the
entrapped DOX into the cytoplasm triggered by an acidic pH
signal at the late endosomes/lysosomes. It is well-known that
the active site of DOX is the nuclei of cells, where DOX can
anchor to double-stranded DNA to induce cell death.40

Therefore, the intracellular release and distribution of DOX
payload in HepG2 cells were investigated by CLSM. From
Figure S8, after being incubated with SBDAPF (50 μg mL−1)
for a short time (3 h), HepG2 cells displayed a low
accumulation of nanocontainers only in the cytoplasm. Also
the HepG2 cells incubated with nonresponsive SUDAPF
particles had no DOX release under the same conditions.
This result indicated that the drug release was probably delayed
in endosomes or lysosomes and the traffic process even though
some nanocontainers were internalized into cells within 3 h. To
confirm this, HepG2 cells were further incubated with SBDAPF
nanocontainers (100 μg mL−1) for 6 h. CLSM images
demonstrated an obvious fluorescence of DOX in both the
cytoplasm and the nucleus of cells (Figure 6), thus suggesting
that DOX payload was released and finally trafficked into the
cell nucleus. However, there is still no distribution of DOX in
the cell nuclei of HepG2 cells after treatment with SUDAPF
particles owing to the lack of acid-labile acetal linker. Moreover,
untreated HepG2 cells had no fluorescence signal in DOX
channel, which availably eliminated the possible interference of
autofluorescence. All the above results indicate that the drug
delivery mechanism involves the specific cell uptake of
SBDAPF nanocontainers, followed by the hydrolysis of the
acetal bond in the slightly acidic endosomes or lysosomes in
cells, and the subsequent the delivery of drug payload from
pore channels to the nuclei of cells.

Cytotoxicity of SBDAPF Nanocontainers. To estimate
the targeting cell killing efficacy of SBDAPF nanocontainers,
MTT assay was performed to quantify the viability of cells
treated with nanocontainers. Figure 7 showed the viability of
HepG2 cells after being incubated with a series of
concentrations of SBAPF, free DOX, SBDAPF, and SUDAPF

Figure 5. Flow cytometric analysis to assess the specific binding ability
of SBDAP and SBDAPF toward HepG2 cells (A) and L02 cells (B) for
1 h at 4 °C. (C) CLSM images of the colocalization of SBDAPF (red)
after incubation with HepG2 and L02 cells at 37 °C for 3 h.
Lysotracker Blue (blue) was employed to specifically stain the late
endosomes and lysosomes in living cells. The scale bar is 20 μm. (D)
Flow cytometric comparison of cell uptake of different nanoparticles
(20 μg mL−1). MFI represents the mean fluorescence emission
intensity of DOX in cells.
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for 24 h, respectively. HepG2 cells treated with DOX-unloaded
SBAPF particles showed high viability (above 80%), indicating
that the nanocontainers had a good biocompatibility. In
contrast, the cytotoxicity of SBDAPF (DOX-loaded nano-
containers) was significant. Although both SBDAPF and free
DOX exhibited dose-dependent toxicity to the HepG2 cells,
SBDAPF had much stronger toxicity than free DOX at the
same DOX content, implying that entrapped DOX into
nanocontainer enhanced the killing efficacy of DOX. This
cytotoxicity enhancement effect of SBDAPF results from the
increased cell uptake of nanocontainers via folate-mediated
endocytosis compared with the diffusion of free DOX.
However, nonresponsive SUDAPF particles had no obvious
cytotoxic effect on HepG2 cells at the same conditions. This is
because the entrapped DOX into SUDAPF particles cannot be
effectively released from mesoporous channels as a result of the
lack of acid-sensitive linker. To further investigate the effect of
folate molecules on the targeted cancer therapy, HepG2 cells
were incubated with nontargeting SBDAP particles. From
Figure 7B, the viability of SBDAP-treated HepG2 cells was

higher than that of SBDAPF-treated cells, suggesting that
targeting unit folate molecules were significantly important for
HepG2 cell killing. In addition, viability of control L02 cells was
also investigated in the presence of SBDAPF or SBDAP
particles. As a result, L02 cells after being incubated with
SBDAPF or SBDAP particles showed the higher viability than
HepG2 cells. These results prove that the constructed SBDAPF
has a good killing efficacy to targeted cells and a significant
benefit to decrease the toxic side effects to normal or healthy
cells.

■ CONCLUSIONS
In summary, we designed and constructed a novel multifunc-
tional envelope-type mesoporous silica nanocontainer
(SBDAPF) with folate-mediated cancer cell uptake and
intracellular pH-responsive controlled drug release properties.
The polymer coating layer effectively blocked the pore channels
and prevented the entrapped antineoplastic drug DOX from
premature release at physiological pH. Under the acidic
conditions, DOX could be rapidly released as a result of the
disassociation of polymer coating layer. Importantly, the
massive drug molecules were able to be released in mild acidic
conditions (pH = 5−6). In vitro experiments indicated that
SBDAPF acquired the ability of the targeting accumulation
within cancer cells and showed the enhanced cancer cell killing
efficacy. We believe that this versatile drug delivery system has
great potential applications in the field of cancer therapy.
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