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ABSTRACT: A novel nanocontainer, which has silica nanotube (SNT)
core and pH-sensitive polymer shell attaching on the exterior surface of
silica nanotube, is presented in this paper. Polymer nanorods, which are
conveniently fabricated though polymerization-induced self-assembly
and reorganization method, are used as templates for the deposition of
silica to fabricate hybrid nanorods. Calcination of as-synthesized silica
hybrid nanorods leads to hollow SNTs. SNTs are functionalized with
reversible addition−fragmentation chain transfer (RAFT) agent, then
surface RAFT polymerization is conducted to get poly(2-
(diethylamino)ethyl methacrylate)-b-poly(oligo(ethylene glycol) meth-
acrylate)-coated SNTs (SNT-PDEAEMA-b-POEGMA). Doxorubicin
(DOX) can be encapsulated in SNT-PDEAEMA-b-POEGMA, and
controlled release of loaded DOX is achieved by adjusting pH of the
medium. In vitro cell viability and cellular internalization study confirm
the potential application of this nanocontainer in drug and gene delivery.
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1. INTRODUCTION

In recent years, controlled release systems for drugs and genes
have received increased attention for the application in clinics.
Various carrier materials including lipids, surfactants, polymer
micelles, polymer gels, inorganic nanoparticles, and so on,1−7

have been widely studied. Among these carrier materials, silica-
based materials with well-defined structures are relatively
nontoxic and biocompatible, these qualities are crucial for
biomedical applications.8−11 Various silica-based materials
including silica nanowires, silica nanotubes (SNTs), meso-
porous silica nanoparticles (MSNs), and hollow silica nano-
spheres,12−14 have been fabricated. However, it is worth
mentioning that most of silica-based materials used as drug
vehicles for controlled release are silica spheres, especially
MSNs,15 which are usually decorated with smart caps
responding to external stimuli16−19 to regulate the drug release.
Other shaped silica-based materials for drug delivery have been
rarely studied to date. Huang et al.20,21 reported the effects of
particle shape on cellular uptake and circulation time in vivo,
indicating that particles with larger aspect ratios have faster
internalization rates and longer circulation times. The results
indicate the promising application of nanoparticles with larger
aspect ratios as carrier material for drug and gene delivery
systems. Recently, silica nanotubes have attracted particular
interest because of their anisotropic structure and high aspect
ratio.13 SNTs are considered as ideal nanocarriers of drugs due
to their good biocompatibility and larger aspect ratios.

For the fabrication of SNTs, it is known that template-
directed method, where the anisotropic templates determine
the final nanostructures of SNTs, is a simple and straightfor-
ward route.22−26 The applied templates are multiple, including
cylindrical polymer brushes,13,14,27,28 self-assembled nano-
wires,29,30 multiwalled carbon nanotubes,31 and peptides.32

The preparation of these templates is either time-consuming
and tedious or high-cost, which is difficult to scale up. For
example, cylindrical polymer brushes were used as templates to
fabricate SNTs with tunable dimensions.13 However, the
preparation of these polymer brushes was complicated and
required multiple steps. The templates of self-assembly
threadlike micelles of poly(ethylene glycol)-block-poly(4-vinyl-
pyridine) have been used to fabricate SNTs.31 The self-
assembly approach is usually performed in dilute solution and is
time-consuming, which hampers the expanded production of
templates and the further applications of SNTs. It is imperative
to develop a convenient method to synthesize SNTs with well-
defined structure on a large scale for their applications. Our
group has reported the preparation of nanomaterials by
polymerization-induced self-assembly and re-organization
(PISR) method recently,33 which provides an easy way to
prepare nanorods with controlled length and diameters.34,35

The SNTs with different sizes have been fabricated using
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polymer nanorods as templates.36 However, SNTs have faint
solubility in aqueous solution, and are not appropriate to be
used as carrier directly. To improve the compatibility with
biological systems and realize controlled release, SNTs should
be modified further.
Herein, we attempt to construct a smart nanocarrier based on

SNT for controlled release of drugs. Polymer nanorods with
poly(2-(diethylamino)ethyl methacrylate) (PDMAEMA) coro-
na and polystyrene (PS) core were prepared through PISR
method. Using the polymer nanorods as templates, the silica/
polymer hybrid nanorods were prepared. Subsequent calcina-
tion of these hybrid nanorods afforded the SNTs. This as-
prepared material shows well-defined structure, and there are
micropores that exist in the walls. SNTs were decorated by
reversible addition-fragmentation chain transfer (RAFT) agent,
and then diblock copolymers PDEAEMA-b-POEGMA (PO-
EGMA = poly(oligo(ethylene glycol) methacrylate)) were
grafted on the external surface of SNTs by RAFT polymer-
ization. PDEAEMA is hydrophobic in neutral or alkaline
solution, while in acidic solution it is hydrophilic. Taking
advantage of the response of PDEAEMA to pH, SNT-
PDEAEMA-b-POEGMA can realize the controlled release of
drugs. Furthermore, POEGMA was selected to functionalize
the SNTs to improve the dispersibility of SNTs in water, avoid
agglomeration, and prolong blood circulation lifetime.37,38

Doxorubicin (DOX) was encapsulated in SNT-PDEAEMA-b-
POEGMA, and the controlled release of DOX from this
nanocarrier can be achieved by adjusting pH of the medium.
This nanocontainer showed low cytotoxicity and excellent
endocytosis property. It is the first report to construct a
controlled drug release system via decorating SNTs with pH-
responsive diblock copolymer, to our knowledge. We expect
that this novel silica/polymer hybrid nanotube could be applied
in drug and gene delivery.

2. EXPERIMENTAL SECTION
2.1. Materials. The S-1-dodecyl-S′-(α,α′-dimethyl-α″-acetic acid)

trithiocarbonate and 4-cyanopentanoic acid dithiobenzoate (CPDB)
were synthesized as reported.39,40 2-Dimethylaminoethyl methacrylate
(DMAEMA), 2-(diethylamino)ethyl methacrylate (DEAEMA), and
oligo(ethylene glycol) methacrylate (OEGMA, Mn = 475 g/mol) were
purchased from Aldrich and purified by passing through an alumina
column to remove the inhibitor before polymerization. Styrene was
purchased from Sinopharm Chemical Reagent Co. and distilled under
reduced pressure prior to use. (3-Glycidyloxypropyl) trimethoxysilane
(GLYMO) was purchased from Aldrich and distilled under reduced
pressure prior to use. The 2,2′-azobis(isobutyronitrile) (AIBN) was
purified by recrystallization from ethanol. Rhodamine B (RhB) and
DOX were purchased from Aladdin and used as received. All other
reagents of analytical grade were used as received.
2.2. Synthesis of Silica Nanotubes Using Polymer Nanorods

as Templates. The polymer nanorods were synthesized by PISR
method according to reference.36 Into a 4 L flask, polymer nanorods
(500 mg) dispersed in 1000 mL of methanol, 1000 mL of aqueous
solution (pH = 4.0), and tetraethyl orthosilicate (TEOS, 25 g) were
added in order. The mixture was stirred sufficiently at room
temperature for 3 d, and the resultant solid was collected by
centrifugation. The obtained hybrid silica nanorods were washed three
times with ethanol and distilled water, respectively, and lyophilized.
Subsequently, calcination of hybrid silica nanorods were conducted at
550 °C for 5 h to remove the polymer templates and other organic
components to obtain the SNTs.
2.3. Synthesis of RAFT Agent Decorated Silica Nanotubes.

SNTs (0.5 g) and GLYMO (2 mL, 8.57 mmol) were dispersed in
dried toluene (14.3 mL), and the mixture was heated overnight at
reflux under N2 atmosphere. The glycidyl-functionalized SNTs were

collected by filtration and washed extensively with dry toluene and
methanol, respectively. After being dried overnight in a vacuum oven
at room temperature, the resultant solids were suspended in methanol
(45 mL). Hydrochloric acid (2.66 g) was added into the solution
under stirring, and the mixture was heated at 70 °C for 24 h. The
hydroxyl-functionalized SNTs (SNT−OH) were filtered, washed three
times with methanol, and dried overnight in a vacuum oven at room
temperature. Subsequently, SNT−OH (0.5 g), S-1-dodecyl-S′-(α,α′-
dimethyl-α″-acetic acid) trithiocarbonate (3.64 g, 10 mmol), and 4-
dimethylaminopryidine (DMAP, 1.528 g, 12.5 mmol) were added into
dried dichloromethane (30 mL), and the mixture was stirred in the
ice−water bath. Then N-ethyl-N′-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC·HCl, 2.936 g, 12.5 mmol) was
added into the solution, and the esterification reaction was conducted
at room temperature for 46 h. The mixture was centrifuged (10000 r/
min, 15 min) and washed five times with distilled water, methanol, and
acetone. The resulting SNT-RAFT was dried overnight in a vacuum
oven at room temperature.

2.4. Synthesis of SNT-PDEAEMA-b-POEGMA. Typically, SNT-
RAFT (50 mg), DEAEMA (1.85 g, 10 mmol), AIBN (2.0 mg, 0.012
mmol), and 5.0 mL of tetrahydrofuran (THF) were placed in a 10 mL
polymerization tube. The solution was degassed by three freeze−
pump−thaw cycles. After it was sealed, the polymerization tube was
placed in oil bath at 70 °C for 21 h. The polymerization was stopped
by cooling to room temperature. The mixture was centrifuged (10 000
rev/min, 15 min) and washed five times with THF. SNT-PDEAEMA
was dried overnight in a vacuum oven at room temperature.

Subsequently, SNT-PDEAEMA (100 mg), OEGMA (0.95 g, 2
mmol), AIBN (0.4 mg, 0.0024 mmol), and 2.5 mL of THF were
placed in a 5 mL polymerization tube. The solution was degassed by
three freeze−pump−thaw cycles, and the tube was sealed; the
polymerization was performed at 70 °C for 12 h. The polymerization
was stopped by cooling to room temperature. The mixture was
centrifuged (10 000 rev/min, 15 min) and washed five times with
THF. SNT-PDEAEMA-b-POEGMA was dried overnight in a vacuum
oven at room temperature.

2.5. pH-Dependent Release Behaviors. The loading of drug
was carried out as follows. SNT-PDEAEMA-b-POEGMA (100 mg)
and DOX (10 mg) or RhB (10 mg) and 10 mL of buffer solution (pH
= 4.0) were stirred overnight at room temperature. Then the
dispersion was centrifuged (10 000 r/min, 15 min) to collect the
SNT-PDEAEMA-b-POEGMA loaded with DOX or RhB. The product
was washed with aqueous solution (pH = 8.0) to remove DOX or RhB
adsorbed on the surface of SNT-PDEAEMA-b-POEGMA. The
separated supernatant solution by centrifugation and washing was
collected, and the drug content loaded in SNTs was determined by
fluorescence spectroscopy against the standard curve.41 The release
experiment was performed under various pHs (pH = 7.4, 5.0, and 4.0).
A typical procedure was as follows. DOX-loaded SNT-PDEAEMA-b-
POEGMA (20 mg) was stirred in various buffer solutions (50 mL, pH
= 7.4, 5.0, and 4.0) at room temperature. At different time intervals, an
aliquot (1 mL) was taken, and SNT-PDEAEMA-b-POEGMA was
isolated by centrifugation. The obtained supernatant liquid was
subjected to fluorescence to record the spectra to determine the
amount of DOX released from SNTs.

2.6. In Vitro Cytotoxicity Assays and Endocytosis. The in vitro
cytotoxicity of SNTs, SNT-PDEAEMA, and SNT-PDEAEMA-b-
POEGMA against HepG2 cells were evaluated via MTT assay. The
cells were seeded in a 96-well plates (10 000 cells/well) and incubated
at 37 °C in a 5% CO2 atmosphere with complete Dulbecco’s modified
Eagle’s medium (DMEM) for 24 h. Then, the media in the well was
replaced by fresh DMEM containing the samples with different
concentrations (0−200 mg/mL). After 24 h of incubation, the culture
medium was withdrawn and washed with phosphate-buffered solution
(PBS) twice, and 125 μL of MTT solution (1 mg/mL) was added into
each well. The culture medium was incubated further for 4 h. The
medium was withdrawn, 200 μL of dimethyl sulfoxide (DMSO) was
added into each well, and the plate was shaken gently. The cell viability
was measured by reading the absorbance at 570 nm using a Bio-Rad
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680 microplate reader. Each experiment condition was tested in five
replicates.
The cellular uptake assay of the RhB-loaded SNT-PDEAEMA-b-

POEGMA was conducted. The HepG2 cells were seeded in a 4-well
cell culture plate (40 000 cells/well) in 500 μL of DMEM medium.
After incubation for 24 h at 37 °C, the culture medium in the well was
replaced by DMEM with 100 μg/mL of RhB-loaded SNT-PDEAEMA-
b-POEGMA, and cells were incubated for an additional 3 h.
Subsequently, cells were washed three times with PBS. Then, the
cells were visualized under a laser scanning confocal microscope.
2.7. Characterization. Nuclear magnetic resonance (NMR)

spectra were recorded on a Bruker AV300 MHz spectrometer using
CDCl3 as solvent. Gel permeation chromatography (GPC) was
performed using THF as eluent at a flow rate of 1.0 mL/min with

microstyragel columns (500, 1 × 103, and 1 × 104 Å) and RI 2414
detector to determine the molecular weight (Mn) and molecular
weight distribution (Mw/Mn) of the polymers. Monodispersed
polystyrene standards were used to generate the calibration curve.
The morphologies of samples were recorded on a Hitachi 7650
transmission electron microscope (TEM) operating at 100 kV. To
prepare the TEM sample, nanoparticle was dispersed in ethanol, and
one drop of the dispersion was deposited onto a copper grid and dried
naturally before characterization. Nitrogen adsorption/desorption
analysis was conducted at 77 K on an ASAP 2020 micromeritics
porosimeter. Fourier transform infrared (FT-IR) measurements were
performed on a Bruker VECTOR-22 IR spectrometer. Thermal
gravimetric analyses (TGA) were conducted on PerkinElmer Diamond
TG/DTA Instruments with a nitrogen flow, and the heating rate was

Figure 1. TEM images of polymer nanorods (a), silica/polymer hybrid nanorods (b), and silica nanotubes (c). All scale bars are 100 nm.

Scheme 1. Synthetic Route of SNT-PDEAEMA-b-POEGMA

Figure 2. TEM images of SNT-PDEAEMA-b-POEGMA (a−c). (b, c) Magnification images.
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10 °C/min. Fluorescence spectra were recorded on a RF-5301PC
fluorescence spectrometer. Confocal laser scanning microscopic
images were recorded on a Leica Microsystems fluorescence
microscopy.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of Silica Nano-

tubes. Polymer nanorods were used as templates to fabricate

the SNTs. According to our previous work,36 polymer
nanorods were prepared via PISR method, and the polymer-
ization procedure is shown in Supporting Information, Scheme
S1. First, CPDB-terminated PDMAEMA was synthesized and
purified, and 1H NMR spectroscopy and GPC analyses were
used to characterize PDMAEMA. The mean degree of
polymerization (DP) of PDMAEMA was determined to be
149 based on the integral values of the peaks at 4.07 and 7.2−
8.0 ppm (Supporting Information, Figure S1A). The GPC
curve (Supporting Information, Figure S2A) indicated a narrow

polydispersity of 1.11. RAFT polymerization of styrene was
then carried out in methanol, where CPDB-terminated
PDMAEMA was used as macro RAFT agent and stabilizer.
Polymer nanorods composed of diblock copolymer PDMAE-
MA-b-PS were obtained. The 1H NMR spectrum of
PDMAEMA-b-PS is shown in Supporting Information, Figure
S1B. All characteristic peaks were marked clearly, and the DP of
PS block was calculated to be 2505 based on the integral values
of the signals at 6.2−7.2 and 4.07 ppm. The GPC curve of
PDMAEMA-b-PS (Supporting Information, Figure S2B)
indicates a polydispersity of 1.22. TEM image of polymer
nanorods is shown in Figure 1a. The lengths of polymer
nanorods range from 200 to 400 nm, and the average diameter
of nanorods is 93 nm.
TEOS was used as the silica precursor, and deposition of

silica onto the polymer nanorods was performed in a solution
of HCl in methanol−water (1/1, v/v) at room temperature.
The weak polyelectrolyte PDMAEMA containing tertiary

Figure 3. FT-IR spectra of SNT−OH (a), SNT-RAFT (b), SNT-
PDEAEMA (c), and SNT-PDEAEMA-b-POEGMA (d).

Figure 4. TGA curves of SNT-OH (a), SNT-RAFT (b), SNT-
PDEAEMA (c), and SNT-PDEAEMA-b-POEGMA (d).

Figure 5. 1H NMR spectra of PDEAEMA (A) and PDEAEMA-b-
POEGMA (B) cleaved from SNT-PDEAEMA and SNT-PDEAEMA-
b-POEGMA in CDCl3, respectively.
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amine groups, as the nanoreactor for deposition of silica, could
catalyze the hydrolysis and polycondensation of TEOS.
Hydrolyzed TEOS precursors migrated into the protonated
ammonium sites in PDMAEMA via charge driving and

underwent condensation in the shell of polymer nanorods,
which resulted in silica/polymer hybrid nanorods.31

TEM image of silica/polymer hybrid nanorods is shown in
Figure 1b. The surfaces of silica/polymer hybrids (Figure 1b)
are coarser compared with the smooth surfaces of polymer
nanorods (Figure 1a). The length range of hybrid nanorods is
similar to that of the corresponding polymer nanorods, and the
average diameter of the hybrid nanorods is 108 nm. After
calcination of hybrid nanorods at 550 °C for 5 h, the polymers
were completely removed, and SNTs were obtained. As shown
in Figure 1c, SNTs possess hollow structure, and both sides of
them are closed. The average diameter and wall thickness of the
SNTs are 95 and 16 nm, respectively.
During the deposition process of silica onto the surface of

templates, the PDMAEMA chains were enveloped within the
silica shell, and removal of these chains generated micropores.
A typical hysteresis loop is shown in the nitrogen adsorption/
desorption analysis of SNTs (Supporting Information, Figure
S3), indicating micropores exist in SNTs. The BJH pore-size
distribution curve (inset picture) indicates that the peak value
of pore size is ∼1.4 nm. The Brunauer−Emmett−Teller surface
is 164.5 m2/g and the micropore area and micropore volume
are 114.2 m2/g and 0.059 cm3/g, respectively. The hollow
SNTs are accessible to small molecules through the micro-
pores; thus, SNTs are expected to be used as drug vehicle.

3.2. Preparation and Characterization of SNT-PDEAE-
MA-b-POEGMA. The synthetic route of SNT-PDEAEMA-b-
POEGMA is shown in Scheme 1. To graft PDEAEMA-b-
POEGMA onto the surface of SNTs, RAFT agent must be
anchored on the surface of SNTs. First, GLYMO reacted with
the silanol of SNTs, introducing epoxy groups onto the exterior
surface of SNTs and forming GLYMO-coated SNTs. After
converting epoxy groups to hydroxyl groups in methanol,
RAFT agent functionalized SNTs (SNT-RAFT) were obtained
by esterification reaction of S-1-dodecyl-S′-(α,α′-dimethyl-α″-
acetic acid) trithiocarbonate with hydroxyl groups under the
catalysis of EDC and DMAP. Subsequently, PDEAEMA chains
were grafted onto the exterior surface of SNTs via RAFT
polymerization using SNT-RAFT as RAFT agent. SNT-
PDEAEMA-b-POEGMA was then synthesized using SNT-
PDEAEMA as RAFT agent in the surface RAFT polymerization
of OEGMA.
Figure 2 shows the TEM images of SNT-PDEAEMA-b-

POEGMA. In contrast to bare SNTs (Figure 1c), an apparent
polymer layer around the exterior surface of SNTs certifies that
polymers are successfully grafted onto the exterior surface of
SNTs through RAFT polymerization. The average thickness of

Figure 6. Time evolution of DOX release from SNT-PDEAEMA-b-
POEGMA at different pH values.

Figure 7. In vitro cell viability of HepG2 cells incubated with various
concentrations of SNTs, SNT-PDEAEMA, and SNT-PDEAEMA-b-
POEGMA determined by MTT assay in 24 h.

Figure 8. CLSM images of cellular uptake of RhB-loaded SNT-PDEAEMA-b-POEGMA (100 μg/mL) after incubation with HepG2 cells under (a)
excitation at λex = 520 nm, (b) bright field, and (c) merged image of (a) and (b). The scale bars are 20 μm.
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polymer shell is ∼10 nm according to the TEM image. FT-IR
spectra of SNT-OH, SNT-RAFT, SNT-PDEAEMA, and SNT-
PDEAEMA-b-POEGMA are shown in Figure 3. The
comparison of the FT-IR spectrum for SNT-OH (Figure 3a)
and SNT-RAFT (Figure 3b) shows that a new absorption band
at 1729 cm−1 appears in Figure 3b, which is characteristic
absorption peak of CO in ester groups, providing evidence of
the successful grafting of RAFT agent. Meanwhile, a slight
strengthening of absorption peaks at 1465, 2926, and 2855
cm−1 compared to those of SNT-OH can be observed, which is
ascribed to the C−H vibrations of RAFT agents in SNT-RAFT.
In the FT-IR spectrum of SNT-PDEAEMA (Figure 3c),
absorption bands at 1729, 2926, 2855, and 1465 cm−1 increase
significantly due to the introduction of a large number of CO
and C−H groups. Besides, there is no obvious difference
between the FT-IR spectra of SNT-PDEAEMA (Figure 3c) and
SNT-PDEAEMA-b-POEGMA (Figure 3d), because no new
characteristic group appears.
The TGA curves of SNT-OH, SNT-RAFT, SNT-PDEAE-

MA, and SNT-PDEAEMA-b-POEGMA are shown in Figure 4.
The weight losses of SNT-OH (Figure 4a) and SNT-RAFT
(Figure 4b) are 29.4% and 34.7%, respectively. The grafting
content of RAFT agents is 0.32 mmol/g of SiO2. The weight
losses of SNT-PDEAEMA and SNT-PDEAEMA-b-POEGMA
are 71.3% and 76.9%, respectively, indicating that PDEAEMA
and PDEAEMA-b-POEGMA are successfully grafted on the
surface of SNTs.
PDEAEMA and PDEAEMA-b-POEGMA were cleaved from

polymer-coated SNTs by HF solution,42 and the retrieved
polymers were characterized by 1H NMR analysis. In the 1H
NMR spectrum of PDEAEMA (Figure 5A), the signals at δ =
1.6−2.1 (a) and 0.9 ppm (b) are attributed to the protons of
methylene and methyl groups in main chain, respectively. The
peak of ester methylene protons appears at 4.05 ppm (c). The
signals at δ = 2.82 (d), 2.67 (e), and 1.09 ppm (f) are assigned
to the methylene protons adjacent to the diethylamino group,
the methylene protons of diethylamino group, and the methyl
protons of diethylamino group, respectively. The 1H NMR
spectrum of PDEAEMA-b-POEGMA (Figure 5B) reveals
signals of both PDEAEMA and POEGMA. The characteristic
peaks of POEGMA appearing at δ = 3.4 (j) and 3.5−3.8 ppm
(g−i) are ascribed to ether methoxy and methylene protons in
the side chains. The molar ratio of DEAEMA to OEGMA units
in PDEAEMA-b-POEGMA is ∼12:1, which is calculated from
the integral values of the peaks at δ = 4.05 ppm (c) and δ = 3.4
ppm (j).
3.3. pH-Dependent Release Behavior of SNT-PDEAE-

MA-b-POEGMA. To study pH-dependent release behavior of
SNT-PDEAEMA-b-POEGMA as vehicle, DOX was loaded in
SNT-PDEAEMA-b-POEGMA. SNT-PDEAEMA-b-POEGMA
was dispersed in aqueous solution (pH = 4.0) of DOX, and
the mixture was stirred overnight. The DOX-loaded SNT-
PDEAEMA-b-POEGMA was isolated by centrifugation and
washed by alkaline water adequately to remove the unloaded
DOX. Subsequently, the release study was conducted under
various pHs. The three aliquots of SNT-PDEAEMA-b-
POEGMA loaded with DOX were placed in buffer solutions
at different pH (pH = 7.4, 5.0, 4.0) with sufficient stirring. At
the predetermined time interval, an aliquot (1 mL) was
taken,SNT-PDEAEMA-b-POEGMA was isolated by centrifu-
gation, and the obtained supernatant liquid was subjected to
fluorescence to record the spectra. The released percentage of
DOX was calculated based on the standard curves of

fluorescent intensity versus concentration of DOX at different
pH. The pH-dependent release profiles of encapsulated DOX
from SNT-PDEAEMA-b-POEGMA are shown in Figure 6.
Approximately 13% DOX was released from DOX-loaded
SNT-PDEAEMA-b-POEGMA at pH 7.4 within 24 h. A
relatively low released percentage of DOX is observed, which
is because the PDEAEMA chains grafted on SNTs are collapsed
and block the diffusion of DOX from the inside of SNTs. By
comparison, the release amount of DOX is 77% after 24 h at
pH 4.0, much higher than that at pH 7.4. This is mainly due to
the PDEAEMA chains being protonated and stretched in the
open state, which is beneficial to the release of DOX. When the
release was conducted at pH = 5.0, the released percentage of
RhB after 24 h is 47%, which is less than that at pH = 4.0. This
is understandable by considering that PDEAEMA chains are
not protonated completely when the pH increased to 5.0, and
the less stretched PDEAEMA chains would delay the release of
guest molecules from SNT-PDEAEMA-b-POEGMA to some
extent. The release experiment demonstrates the controlled
release of DOX from this pH-responsive nanocarrier by
adjusting pH of the medium.

3.4. In Vitro Cell Viability and Cell Uptake Properties.
The cytotoxicity of SNTs, SNT-PDEAEMA, and SNT-
PDEAEMA-b-POEGMA was evaluated by MTT assay using
HepG2 cells (Figure 7). SNTs showed no obvious toxicity on
cells at 200 μg/mL after 24 h of incubation. SNT-PDEAEMA-
b-POEGMA was less toxic than SNT-PDEAEMA, which is
because the biocompatible POEGMA located in the outside
layer of the polymer shell can reduce the toxicity of SNT-
PDEAEMA-b-POEGMA. Considering that the cell viability for
SNT-PDEAEMA-b-POEGMA was nearly 80% at concentration
of 100 μg/mL after 24 h of incubation, this SNT-PDEAEMA-b-
POEGMA has relatively low cytotoxicity and is suitable for
further biological applications.
Confocal laser scanning microscopic (CLSM) was used to

investigate the cellular uptake property of SNT-PDEAEMA-b-
POEGMA. Before characterization, HepG2 cells were
incubated in DMEM with RhB-loaded SNT-PDEAEMA-b-
POEGMA for 3 h at 37 °C. In the resultant images (Figure 8),
red fluorescence was observed in HepG2 cells, revealing that
RhB-loaded SNT-PDEAEMA-b-POEGMA could be endocy-
tosed by cells successfully. Since there was no obvious
fluorescence observed in the nucleus, RhB-loaded SNT-
PDEAEMA-b-POEGMA was located in the cytoplasm of cells.

4. CONCLUSIONS
A novel drug carrier based on SNTs functionalized by pH-
responsive diblock copolymer PDEAEMA-b-POEGMA has
been successfully prepared. PISR method was used to prepare
polymer nanorods as template to fabricate SNTs conveniently,
and the diblock copolymers PDEAEMA-b-POEGMA were
grafted to SNTs via surface RAFT polymerization. The SNTs
show well-defined structure, and micropores existing in the
walls provide channels for small molecules passing into SNTs.
Because of the pH-responsiveness of polymer grafted on SNTs,
the controlled release of DOX molecules from SNT-
PDEAEMA-b-POEGMA can be achieved by adjusting the pH
of medium. The results of in vitro cell viability and cellular
internalization study indicate that PDEAEMA-b-POEGMA-
coated SNTs have good biocompatibility and excellent
endocytosis property. We vision that this drug carrier will
contribute to the expansion of the variety of vehicles and may
be applied to drug and gene delivery.
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