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ABSTRACT: Therapeutic platforms such as chemotherapy that
respond to physical and biological stimuli are highly desirable for
effective cancer therapy. In this study, pH-responsive charge-reversal,
polymer-coated mesoporous silica nanoparticles [PAH-cit/APTES-
MSNs; PAH-cit refers to poly(allylamine)−citraconic anhydride;
APTES refers to (3-aminopropyl)triethoxysilane] were synthesized
for application as drug-delivery systems for the treatment of malignant
cells. Confocal laser scanning microscopy (CLSM) revealed that the
PAH-cit/APTES-MSNs nanocomposite effectively delivered and
released doxorubicin hydrochloride to the nucleus of HeLa (human
cervical carcinoma) cells. Additionally, the real-time dynamic drug-
release process was monitored by CLSM. The current pH-controlled-
smart-release platform holds promise in drug-delivery and cancer
therapy-related applications.
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1. INTRODUCTION

Drug delivery systems (DDSs) are known to improve the
performance of traditional chemotherapy by reducing side
effects on the healthy cells and enhancing targeted drug delivery
to the malignant cells through enhanced permeability and
retention effects.1 In the past years, organic materials have been
used as drug carriers such as liposomes,2,3 micelles,4,5 and
dendrimers.6 However, they suffer from poor stability, which
restricts their application owing to biochemical attacks.
Recently, mesoporous silica nanoparticles (MSNs) have
emerged as promising drug-delivery carriers owing to their
unique mesoporous structures, large surface areas, high
chemical stabilities, good biocompatibilities, and ease of
functionalization.7−16 A series of MSN-related DDSs have
been developed during the past decade, and different stimuli
have been employed as triggers for controlled drug release such
as enzymes,17−21 light/irradiation,22−25 pH,26−31 and redox
reactions.32−39 Among these stimuli-controlled-release systems,
pH-responsive DDSs show great advantages because tumors
exhibit lower pH environments compared with normal cells,
especially in intracellular endosomes and lysosomes.40

Nanoparticles (NPs)24,27,32,35 or polymers28,36,37,41−43 are
usually employed as cappers to seal the pores of MSNs to
prevent premature drug release. Compared with NPs, polymers
are a better option because NPs−NPs hybrid systems are more
complicated to synthesize than polymer−NPs hybrid systems.
Furthermore, the subsequent removal of NPs may induce toxic

reactions to human bodies. Yang et al.42 fabricated pH-sensitive
polymer-coated MSNs using in situ polymerization for pH-
controlled doxorubicin hydrochloride (DOX) release. Addi-
tionally, Hu et al.43 constructed pH-responsive poly(acrylic
acid)-coated MSNs, which were applied to pH-controlled drug
delivery. However, both developed DDSs have the following
limitation: drug release at the desired pH condition is hindered
because the polymer molecules are covalently functionalized on
the MSN surface.
Poly(allylamine)−citraconic anhydride (PAH-cit) is a pH-

responsive charge-reversal polymer, whereby the charge can be
readily converted from negative to positive through side-chain
hydrolysis upon exposure to acid solutions (Figure 1a,c). Using
this property, Liang et al.44,45 fabricated gold-nanoparticle-
based, pH-controlled nucleic acid delivery/release systems; the
results showed that siRNA was effectively delivered and
released to cancer cells. Zhou et al.46 constructed a pH-
controlled drug-delivery/release nanocomplex based on PAH-
cit and graphene oxide (GO). The GO/PEI/PAH-cit-DOX
[PEI refers to poly(ethylenimine)] multilayer was constructed
through electrostatic forces. At low pH, the conjugated DOX
was released from the nanocomposite because of amide
hydrolysis of PAH-cit. In vitro experiments demonstrated that
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this nanocarrier could load DOX with high efficiency and that
DOX was efficiently released in acidic environments.
In this work, pH-responsive charge-reversal polymer-coated

MSNs were prepared as a DDS for controlled drug release.
Compared with the complex delivery system developed by
Zhou et al.,46 our developed system is simpler, especially in
view of the nanocarrier synthesis and drug loading. DOX was
employed as a model anticancer drug to evaluate the loading
and controlled-release ability of PAH-cit/APTES-MSNs
[APTES refers to (3-aminopropyl)triethoxysilane]. In acidic
environments, the loaded DOX was steadily released from the
MSNs as a result of strong electrostatic repulsion forces among
the positively charged MSNs (APTES-MSNs), PAH, and DOX.
The cytotoxic effect of the DOX@PAH-cit/APTES-MSNs
nanocomposite on HeLa (human cervical carcinoma) cells was
examined by an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay that showed effective eradication
ability. A real-time monitoring experiment was conducted using
confocal laser scanning microscopy (CLSM) to obtain
information relating to drug release from the DOX@PAH-
cit/APTES-MSNs nanocomposite and subsequent location and
activity of the released DOX.

2. EXPERIMENTAL SECTION
2.1. Materials. Tetraethylorthosilicate (TEOS) and APTES were

purchased from Sigma-Aldrich (St. Louis, MO). PAH (Mw = 15000)
was purchased from Sigma. PAH-cit was synthesized using the
reported procedure.47 Cetyltrimethylammonium bromide (CTAB)
was purchased from Alfa Aesar (Tianjin, China). DOX was purchased
from Beijing HuaFeng United Technology Co., Ltd. (China).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal calf serum

(FCS) were purchased from GBICO. 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) was purchased from
KeyGen Biotech Co., Ltd. (Nanjing, China). All chemicals were of
analytical grade and were used without further purification. Deionized
water was used in all experiments and analyses.

2.2. Synthesis of MSNs. The synthesis of MSNs was performed
using a previously published report.48 Briefly, CTAB (0.5 g) was
dissolved in deionized water (250 mL). A sodium hydroxide aqueous
solution (2.00 M, 1.75 mL) was added to the CTAB solution, and the
temperature of the mixture was adjusted to 80 °C. Then, TEOS (2.5
mL) was added to the above solution under vigorous stirring. The
mixture was allowed to react for 2 h to give a white precipitate. This
solid crude product was centrifuged, washed with deionized water and
ethanol, and dried in air to yield the as-prepared MSNs. To remove
the surfactant template (CTAB), the as-prepared MSNs were calcined
at 550 °C under oxygen for 5 h.

2.3. Synthesis of APTES-MSNs and PAH-cit/APTES-MSNs.
Calcined MSNs (0.1 g) were refluxed for 24 h in anhydrous toluene
(80.00 mL) and APTES (0.75 mL) to yield 3-aminopropyl-
functionalized MSNs (APTES-MSNs). After centrifugation and
washing, the purified APTES-MSNs were dried in air. To assemble
the PAH-cit−APTES-MSNs shell−core structure, APTES-MSNs (20
mg) dissolved in 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) buffer (3 mL, 10 mM, pH 7.4) were mixed with PAH-cit (10
mg) dispersed in a HEPES buffer (1 mL, 10 mM, pH 7.4) and stirred
for 12 h. Finally, the synthesized PAH-cit/APTES-MSNs were freeze-
dried.

2.4. Characterization. Transmission electron microscopy (TEM)
images were obtained on a JEM 2011 transmission electron
microscope (JEOL, Japan). Scanning electron microscopy (SEM)
images were obtained on a XL 30 scanning electron microscope
(Philips, Amsterdam, The Netherlands). Dynamic light scattering
(DLS) and ζ-potential measurements were conducted on a Malvern
Zetasizer (Nano series, Malvern Instruments Inc., Westborough, MA).

Figure 1. (a) Hydrolysis of PAH-cit in acidic environments yielding cationic PAH. (b) Synthesis of DOX@PAH-cit/APTES-MSNs-based pH-
controlled-release system and controlled release of DOX at lysosome (or endosome) inside HeLa cells. (c) Rupture of a DOX@PAH-cit/APTES-
MSNs nanocomposite under low-pH conditions.
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UV−vis absorption spectra were recorded on an Agilent 8453 UV−vis
spectrophotometer. Fourier transform infrared (FT-IR) absorption
spectra were recorded on a Nicolet Nexus 470 spectrometer.
Thermogravimetric analysis (TGA) was conducted on a PerkinElmer
TGA7; the samples were heated at a rate of 10 °C/min under air flow.
Nitrogen sorption isotherms were measured at 77 K on a
Micromeritics TriStar 3000 analyzer. The surface areas were calculated
using the Brunauer−Emmett−Teller (BET) model, and the pore-size
distributions were calculated using the Barrett−Joyner−Halenda
(BJH) model.
2.5. DOX Loading and Release. PAH-cit/APTES-MSNs (10

mg) were added to DOX (12 mL, 5.0 mg) in a HEPES buffer (10 mM,
pH 7.4). After the mixture was stirred for 24 h in the dark, the final
mixture was centrifuged and washed with a HEPES buffer solution.
The amount of DOX loaded into the MSNs was determined by
subtracting the mass of DOX in the supernatant from the total mass of
DOX determined by UV−vis spectroscopy at 480 nm. In the release
experiments, two batches of DOX@PAH-cit/APTES-MSNs (10 mg)
were suspended in a phosphate-buffered saline (PBS) solution (4 mL)
at respective pH values of 7.4 and 5.5. The suspensions were
transferred into a dialysis bag (Mw = 14000) and placed in a beaker
containing 100 mL of buffer at the same pH condition. At fixed time
intervals, 1 mL of solution was withdrawn from the beaker, and the
same volume of fresh corresponding buffer was added to the original
suspension. The amount of DOX was determined by UV−vis
spectroscopy. For the measurements, standard curves were established
at pH 7.4 and 5.5.
2.6. Cell Culture. HeLa cells were cultured at 37 °C in flasks

containing DMEM and 10% FCS in a humidified atmosphere and 5%
CO2 in a Thermo culturist.
2.7. Cytotoxicity Assay. Cytotoxicity was determined by an MTT

assay. HeLa cells were first seeded at 104 per cell in a 96-well cell
culture plate in DMEM and 10% FCS at 37 °C and 5% CO2 for 24 h.
Then, different concentrations of materials were added after
incubation for 24 h. MTT (100 μL, 5 mg/mL) was added and
incubated for 4 h. Finally, the formed formazan was dissolved in
dimethyl sulfoxide. The absorbance at 492 nm was recorded on an
automatic ELISA analyzer (SPR-960).
2.8. CLSM of Subcellular Localization of DOX@PAH-cit/

APTES-MSNs. HeLa cells were grown in DMEM supplemented with
10% FCS at 37 °C and 5% CO2. Cells were seeded on 15 mm glass-
bottom Petri dishes and allowed to adhere for 24 h. After 24 h of
incubation, the cells were washed with a PBS solution three times.
Then, HeLa cells were incubated with DOX@PAH-cit/APTES-MSNs
in DMEM−10% FCS for a fixed time at 37 °C under 5% CO2. After
incubation, the cells were fixed with 4% paraformaldehyde in PBS for
15 min at 37 °C and stained with DAPI (0.2 μg/mL) in PBS for 20
min at 37 °C. Confocal fluorescence imaging was performed on a
Leica laser scanning confocal microscope (Leica TCS SP5) using a
40× objective lens. The excitation of DAPI was 405 nm, and the
fluorescence emission was monitored in the range of 430−450 nm.
The excitation of DOX was 488 nm, and the fluorescence emission
was monitored in the range of 550−700 nm.
2.9. In Situ Monitoring of Intracellular DOX Release Using

CLSM. The in situ release monitoring study was performed using a
confocal microscope; the temperature was set at 37 °C, and the
concentration of CO2 was 5% (in volume). The observation period
was 24 h, and the fluorescence images were collected automatically
every 30 min. The excitation of DAPI was 405 nm, and the
fluorescence emission was monitored in the range of 430−450 nm.
The excitation of DOX was 488 nm, and the fluorescence emission
was monitored in the range of 550−700 nm.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PAH-cit/APTES-
MSNs. The fabrication process of the DOX@PAH-cit/APTES-
MSNs nanocomposite is shown in Figure 1b. MSNs were
synthesized using a base-catalyzed sol−gel process.48 The SEM
image in Figure 2a shows that the MSNs are uniform in size

(∼100 nm). The ordered, two-dimensional hexagonal meso-
porous structure was confirmed by TEM (Figure 2b,c). The
nitrogen adsorption−desorption isotherm (Figure S1 in the
Supporting Information, SI) further indicated that the
synthesized silica NPs possessed mesoporous structures. The
BET surface area, BJH pore volume, and pore diameter of the
MSNs were 1320 m2/g, 1.029 cm3/g, and 2.2 nm, respectively.
Following calcination, MSNs were modified with APTES to

obtain amino-functionalized MSNs (APTES-MSNs). Then,
PAH-cit was added and adsorbed onto the outer and inner
surfaces of APTES-MSNs through electrostatic forces. TEM
images showed there were no differences in the MSNs
morphology following modification with APTES and PAH-cit
(Figure 2d,e); in order to get to know the thickness of the
APTES and PAH-cit shells, high-resolution TEM (HRTEM)
was applied, but it was still hard to “see” those shells (Figure S2
in the SI). These results suggest that the functionalized APTES
and PAH-cit layers are extremely thin.
The FT-IR spectra of as-prepared MSNs, calcined MSNs,

APTES-MSNs, and PAH-cit/APTES-MSNs are shown in
Figure 3a. As-prepared MSNs displayed strong absorption

Figure 2. (a) SEM image of as-prepared MSNs (scale bar: 500 nm).
TEM images showing (b) aligned stripelike features in as-prepared
MSNs (scale bar: 50 nm) and (c) hexagonally packed light dot
features in as-prepared MSNs (scale bar: 20 nm). TEM images of (d)
APTES-modified MSNs (scale bar: 100 nm) and (e) PAH-cit/APTES-
MSNs (scale bar: 100 nm).
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signals at 2923 and 2856 cm−1, which were assigned to the
characteristic C−H stretching vibration of CTAB. Following
calcination, those peaks disappeared, and the broad absorption
band in the range of 3000−4000 cm−1 was assigned to the
stretching vibration of the silanol group. Compared with
calcined MSNs, APTES-MSNs displayed an additional peak at
1575 cm−1, which was assigned to the N−H asymmetric
bending vibration, and two peaks at 2932 and 2880 cm−1,
which were assigned to C−H stretching vibrations. Following
modification with PAH-cit, absorption peaks at 1568 and 1627
cm−1 were observed and respectively assigned to the N−H
bending and CO stretching vibrations of PAH-cit (Figure S3
in the SI).
The adsorbed amount of PAH-cit onto MSNs was estimated

by TGA. Following heating to 800 °C, MSNs, APTES-MSNs,
and PAH-cit/APTES-MSNs displayed total weight losses of 6.2,
22.1, and 25.4 wt %, respectively (Figure 3b). Hence, the
amount of adsorbed PAH-cit was 3.3 wt %.

As shown in Figure 3c, the diameters of MSNs and APTES-
MSNs were 222.7 and 302.6 nm, as measured by DLS, and
were larger than those observed from TEM analysis. This
discrepancy can be ascribed to the following reasons: (1) the
existence of a hydrate layer in aqueous solution; (2) the

Figure 3. (a) FT-IR spectra of as-prepared MSNs (curve 1), calcined MSNs (curve 2), APTES-MSNs (curve 3), and PAH-cit/APTES-MSNs (curve
4). (b) TGA curves of calcined MSNs, APTES-MSNs, and PAH-cit/APTES-MSNs. (c) DLS profiles of calcined MSNs, APTES-MSNs, and PAH-
cit/APTES-MSNs. (d) ζ-potential measurements of calcined MSNs (1), APTES-MSNs (2), PAH-cit/APTES-MSNs (3), and DOX@PAH-cit/
APTES-MSNs (4) in a 10 mM HEPES buffer at pH 7.4.

Figure 4. Cytotoxicity assay of HeLa cells treated with PAH-cit/
APTES-MSNs.

Figure 5. (a) DOX release profiles of the DOX@PAH-cit/APTES-
MSNs nanocomposite at pH 5.5 and 7.4. (b) Cytotoxicity assay of
HeLa cells treated with DOX@PAH-cit/APTES-MSNs and pure
DOX.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5059519 | ACS Appl. Mater. Interfaces 2014, 6, 17446−1745317449



reduced dispersibility of MSNs during the calcination and
amination processes. In contrast, the PAH-cit/APTES-MSNs
were smaller (203.6 nm in DLS diameter), indicating that PAH-
cit/APTES-MSNs possessed better dispersibility in water
compared with MSNs and APTES-MSNs due to the hydro-
philic PAH-cit chains. ζ-potential tests were conducted, and the
results are shown in Figure 3d. Because of the presence of
silanol groups (pKa = 7.0) on MSNs, the ζ potential of MSNs
was about −30.7 mV. Following amination with APTES (pKa =
9.0), the ζ potential of APTES-MSNs increased to 38.7 mV,

indicating successful modification with APTES on the internal
and external surfaces of MSNs. Upon adsorption of PAH-cit,
the ζ potential decreased to −29.4 mV. Thus, the results
discussed above confirmed the successful fabrication of
polymer-coated MSNs.

3.2. In Vitro PAH-cit/APTES-MSNs Cytotoxicity and
DOX Loading/Release Evaluation. The cytotoxicity of
PAH-cit/APTES-MSNs was investigated to examine their
biocompatibility. Cell proliferation was assessed using HeLa
cells and an MTT assay. The viability of untreated cells was
assumed to be 100%. Following HeLa cell incubation with a
series of PAH-cit/APTES-MSNs solutions at different concen-
trations, 10−140 μg/mL, for 24 h, no obvious cytotoxic effects
were observed (Figure 4). This result clearly demonstrates that
the synthesized PAH-cit/APTES-MSNs are biocompatible and
suitable for use as DDSs.
To establish whether the DOX molecules were encapsulated

in the MSNs channels or adsorbed onto the PAH-cit layer on
the MSNs surfaces, ζ-potential and pore-volume measurements
were obtained. Prior to DOX loading, the pore volume of PAH-
cit/APTES-MSNs was 0.434 cm3/g. Following DOX loading,
the pore volume of DOX@PAH-cit/APTES-MSNs was 0.037
cm3/g. This result demonstrated that DOX was successfully
loaded into the pores. The ζ potentials before and after DOX
loading were −29.4 and −21.1 mV, respectively (Figure 3d),
indicating that some of the DOX molecules were additionally
adsorbed on the MSN surface. The drug loading content, which
accounts for DOX loaded into the pores and adsorbed onto the
surface of PAH-cit/APTES-MSNs, was about 17.9 wt % using
the established standard curves of DOX in different buffer
solutions (Figure S4 in the SI). Fluorescence emission spectra
were recorded for both free DOX and DOX@PAH-cit/APTES-
MSNs and are shown in Figure S5 in the SI. Although the
concentration of DOX (25 μg/mL) was the same in both
samples, the fluorescence emission intensities were different.
The free DOX sample exhibited considerably higher
fluorescence intensities relative to the DOX-loaded PAH-cit/
APTES-MSNs sample. This phenomenon can be explained by
the fact that the DOX molecules were in close proximity both
in the pores and on the surface of MSNs, which resulted in
energy transfer between them, consequently causing self-
quenching and reduced fluorescence emission intensity.
To investigate the drug-release behavior, DOX@PAH-cit/

APTES-MSNs were dispersed in PBS buffer solutions at
different pHs (5.5 and 7.4) and room temperature. As observed
in Figure 5a, the drug-release rate of DOX@PAH-cit/APTES-
MSNs was pH-dependent and increased at lower pHs. After

Figure 6. Confocal fluorescence images of living HeLa cells incubated
with the DOX@PAH-cit/APTES-MSNs nanocomposite at 37 °C: (a)
cell nucleus; (b) DOX; (c) bright-field images; (d) merged images; (e)
luminescence intensity profiles obtained along the lines shown in the
confocal fluorescence images.

Figure 7. Z-axis confocal images of DOX@PAH-cit/APTES-MSNs nanocomposite uptake by HeLa cells. Purple emission is due to the combined
blue (DAPI) and red (DOX) emissions.
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PAH-cit (negative) transformed to PAH (positive) under an
acidic solution, there were two main forces that pushed the
cationic DOX away from the MSNs: electrostatic repulsive
forces (generated by positively charged APTES-MSNs and
cationic DOX) and the driving force (due to the DOX’s
concentration differences inside and outside the MSNs),
respectively. On the contrary, small anions such as the chloride
anions will enter into the positively charged aminated MSNs
(APTES-MSNs) when the positive PAH and DOX were

released out of the APTES-MSNs. After 48 h, the amount of
DOX released reached 88% at pH 5.5. In contrast, only less
than 20% of DOX was released at pH 7.4. This in vitro
experiment demonstrated that at lower pHs the anionic PAH-
cit gradually converted into cationic PAH and the loaded DOX
could be released from the pores of MSNs under the influence
of electrostatic repulsive forces. Lu et al.49 synthesized pH-
sensitive, polymer-conjugated hollow MSNs for controlled
DOX release. The in vitro DOX release test showed that ∼50%
of the loaded drug was released within 24 h in a weak acidic
environment (pH 5.6). Shi et al.50 also fabricated pH-
dependent DDSs using PEGylated MSNs as carriers. The
data showed that when the pH was lowered to 5.4, only 15% of
DOX was released at the 24-h mark. Compared with the
literature DDSs mentioned above, the current DOX@PAH-cit/
APTES-MSNs show more potential in drug-release applications
under the same acidic conditions, suggesting that the loaded
drug can be released to the outer environment more easily
upon rupture of the polymer shell from the MSNs.
Figure 5b shows the in vitro cytotoxicity of pure DOX and

DOX@PAH-cit/APTES-MSNs at different DOX concentra-
tions. The cytotoxicity of DOX and DOX@PAH-cit/APTES-
MSNs increased with increasing DOX concentrations. Sig-
nificant growth inhibition of the HeLa cells was observed when
their concentration reached 20 μg/mL (concentration of the
drug). Only 27% of the cells remained viable following
treatment with DOX@PAH-cit/APTES-MSNs for 24 h. In
contrast, the cell viability was ∼36.8% when the cells were
treated with pure DOX.

3.3. Intracellular Monitoring of DOX@PAH-cit/APTES-
MSNs. The cellular uptake and intracellular transport of
DOX@PAH-cit/APTES-MSNs are important for efficient drug
delivery. First, we investigated the transport ability of the
DOX@PAH-cit/APTES-MSNs nanocomposite. As shown in
Figure 6, the cell nucleus was stained with DAPI and showed
blue luminescence. Following incubation with DOX@PAH-cit/
APTES-MSNs, red luminescence originating from DOX was
additionally observed in the nucleus of the HeLa cells and
overlapped with blue luminescence, resulting in purple
emission. The result indicated that, following transport to the
cytoplasm, DOX was released from DOX@PAH-cit/APTES-
MSNs and gradually diffused into the nucleus.
To determine the source of DOX activity, following DOX

release, the intracellular location of DOX in a single cell was
investigated by CLSM using line-scan fluorescent microscopy,
which gave information about the spatial distribution of DOX
inside the HeLa cells. As observed in Figure 6e, quantification
of the luminescence intensity profile of DOX@PAH-cit/
APTES-MSNs-treated HeLa cells revealed that most of the
released DOX molecules were located in the cell nucleus. Z-axis
fluorescence microscopy (Figure 7 and video S1 and single-
channel images in Figure S6 in the SI) further confirmed the
location of the released DOX molecules. DOX, an anticancer
drug, is known to interfere with the double-stranded DNA in
the nucleus, thus inhibiting the activities of topoisomerase.51

Therefore, it can be deduced that the cell nucleus is the source
of activity of DOX following its release.

3.4. In Situ Monitoring of DOX Release to the Nucleus
of HeLa Cells. Because of the different fluorescent intensities
between the loaded and released DOX, as shown in Figure S4
in the SI, the entire release process can be monitored under
CLSM. As shown in Figure 8a−f, initially, nearly no
luminescence was detected inside the cells. Subsequent

Figure 8. In situ monitoring of DOX@PAH-cit/APTES-MSNs
nanocomposite uptake by HeLa cells and DOX release to the cell
nucleus using CLSM: (a−f) confocal images of DOX@PAH-cit/
APTES-MSNs nanocomposite uptake by HeLa cells at 0, 3, 6, 12, 18,
and 23 h; (g) real-time monitoring of the intracellular DOX
fluorescence intensity.
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incubation for 3 h resulted in a weak red luminescence inside
the cell nucleus, indicating that DOX was released from the
endocytozed nanocomposite and diffused into the cell nucleus.
Under prolonged incubation, the luminescence intensified and
became brighter. At the 23-h mark, almost all of the cells were
dead (video S2 in the SI). Figure 8g further indicated that,
under extended incubation, DOX was gradually delivered and
released to the cell nucleus. Furthermore, at the 23-h mark, the
DOX fluorescence intensity inside the cells reached a plateau.

4. CONCLUSIONS
We have successfully developed a nanocomposite-based DDS.
This is the first example of a pH-responsive charge-reversal
polymer combined with MSNs reported for use in drug
delivery. MTT results demonstrated that the nanocomposite
has good biocompatibility; following DOX loading, the latter
could effectively kill malignant cells. In comparison with
previously reported nanocomposite-based DDSs, the present
system has three advantages. First, the nanocomposite
fabrication is relatively easy. Relative to tedious pH-sensitive
linker syntheses, the current electrostatic adsorption approach
is time-saving and simpler. Second, the released cationic
polymer disrupts the endosomes and promotes the release of
drug and subsequent diffusion to the nucleus. Third, owing to
the different fluorescence intensities between the loaded and
released DOX, the intracellular drug release process can be
visualized by CLSM in real time.
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