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Abstract: We synthesized pH-responsive chitosan-coated mesoporous silica nanoparticles. The morphological
characterization conveyed that the mesoporous silica was encapsulated within pH-responsive cationic chitosan. Fur-
ther, the average diameter of chitosan-coated mesoporous silica nanoparticles was approximately 230 nm. The dox-
orubicin, an anticancer drug, was loaded into the cavities of mesoporous chitosan-coated silica nanoparticles. pH
played an important role in regulating the release of doxorubicin from chitosan-coated mesoporous silica nanopar-
ticles, indicating that 53% and 90% doxorubicin were released from chitosan-coated mesoporous silica nanoparticles
within 48 h at pH 7.4 and pH 4.4, respectively. We also demonstrated the endocytosis of chitosan-coated mesoporous
silica nanoparticles in MCF-7 breast cancer cells. Therefore, this chitosan-coated mesoporous silica nanoparticle
could be a powerful tool for pH-responsive controlled release of the anticancer drug.
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Introduction

Stimuli-responsive polymers exhibit a dramatic and revers-
ible phase change.!” Stimuli-responsive smart polymers have
great potential for applications in drug delivery, tissue engi-
neering scaffold development, and biosensing.? In particular,
silica nanoparticles with mesoporous surfaces are of great
interest in applications of drug delivery due to their biocom-
patibility, large surface area, and tunable pore size.*$ Given
these properties. mesoporous silica nanoparticles have been
used for drug and gene delivery, cell imaging, and cancer
therapy applications.”*? Despite the therapeutic effect of anti-
cancer drug-loaded mesoporous silica nanoparticles, it has
been known that nanocarriers might cause hemolysis and
cytotoxicity.*3 In vifro toxicity of silica nanoparticles in human
lung cancer cells has been investigated.!* The cell viability
was found to decrease in response to nanoparticle dosages
and exposure times. Silica nanoparticles also increased levels
of total reactive oxygen species (ROS) and reduced levels
of glutathione. It has also been reported that silica nanopar-
ticles might cause cytotoxicity and mitochondrial damage.!®
The nanoparticle-induced oxidative stress played an impor-
tant role in regulating the apoptosis. It indicated that apopto-
sis through mitochondrial pathway was caused by silica
nanoparticles. Furthermore, the cytotoxicity of silica nano-
particles in human endothelial cells has been reported.!® The
monodisperse silica nanoparticles with various sizes were
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synthesized and the effect of particle sizes on viability of
endothelial cells was investigated that silica nanoparticles
might cause cytotoxic damage. It has been demonstrated that
small mesoporous silica nanoparticles (14-16 nm in diameter)
caused cytotoxicity. In contrast, large mesoporous silica
nanoparticles (104-335 nm in diameter) showed low cyto-
toxic response compared to small mesoporous silica nano-
particles, suggesting that the surface area of the nanoparticles
would play an important role in determining the toxicity.

To overcome limifations of cytotoxicity and hemolysis
caused by silica nanoparticles, the stimuli-responsive controlled
release systems have previously been developed. Various
strategies have been used to functionalize the surface of
mesoporous silica nanoparticles. For instance, polyethyle-
neimine-coated mesoporous silica nanoparticles have been
developed to enhance the cellular uptake and delivery of
small interfering ribonucleic acid (siRNA) and deoxyribo-
nucleic acid (DNA) constructs.'” The non-covalent attachment
of polyethyleneimine polymers increased cellular uptakes
of mesoporous silica nanoparticles due to cationic surface to
which DNA and siRNA constructs could be attached. The
controlled release of molecules from mesoporous silica
nanoparticles using poly(4-vinyl pyridine) (PVP) has also been
reported.’® The mesoporous silica was reacted with bromom-
ethyldimethylchlorosilane to synthesize bromo-functionalized
mesoporous silica. Subsequently, PVP was grafted to silica
surfaces through quaternized pyridine groups, forming teth-
ered polymer layers on the surface of mesoporous silica
nanoparticles. It showed that the deprotonation of the poly-
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mer at high pH produced a hydrophobic state and inhibited
the release of molecules. In contrast, the swollen state of the
protonated PVP was permeable to molecule transport at low
pH. Moreover, the mesoporous silica nanoparticle-based
lipid bilayer has been used as a target delivery of multi-
component cargos to cancer cells.!” The protocells were
loaded with combinations of doxorubicin, siRNA. and diag-
nostic agents (e.g., quantum dots). They were modified to
enhance endosomal escape and nuclear accumulation of
selected cargos. The large capacity of the high-surface-area
nanoporous core combined with the antitumor agent to
increase target efficiency.

pH-responsive chitosan-based drug delivery systems'® or
chitosan-silica nanoparticles loaded with tumor necrosis fac-
tor-alpha (TNF-a) drugs® have previously been developed.
Chitosan has widely been used for various biomedical applica-
tions and drug delivery systems due to its biocompatible
properties.*! It has previously been reported that the chito-
san could be responsive to external pH, because the amino
groups in chitosan were protonated at acidic pH. Therefore,
the chitosan could be responded by slightly acidic pH. because
pK, of chitosan was approximately 6.3.*> Despite recent
development of silica and chitosan-silica hybrid nanoparti-
cles, mesoporous silica nanoparticles coated with pH-respon-
sive chitosan and loaded with doxorubicin anticancer drugs
have not yet fully elucidated for endocytosis and controlled
release applications of MCF-7 breast cancer cells. Here, we
created pH-responsive chitosan-coated mesoporous silica
nanoparticles. The anticancer drug (e.g., doxorubicin) was
loaded into the cavities of chitosan-coated mesoporous sil-
ica nanoparticles. The release of doxorubicin was regulated
by pH. showing that doxorubicin was largely released from
chitosan-coated mesoporous silica nanoparticles at acidic pH.
Confocal microscopy images also showed endocytosis of chi-
tosan-coated mesoporous silica nanoparticles in MCF-7 breast
cancer cells. Therefore, this doxorubicin-loaded chitosan-coated
mesoporous silica nanoparticle could be a powerful tool for
pH-responsive controlled release and tumor therapy applica-
tions.

Experimental

Materials. Cetyltrimethylammonium bromide (CTAB), aque-
ous ammonia (NH,;OH, 25-28%). hydrochloric acid (HCL
36-38%), fluorescein isothiocyanate (FITC), tetracthyl ortho-
silicate (TEOS), (3-Aminopropyl) triethoxysilane (APTES),
chitosan (MW=60,000-120,000), and doxorubicin hydrochloride
were purchased from Sigma Aldrich. Acetic acid (CH;COOH,
99.5%purity), ethyl alcohol (99.9% purity), and diethyl ether
(99.5% purity) were purchased from Samchun Chemicals,
Korea.

Synthesis of Bare Mesoporous Silica Nanoparticles. The
hierarchical bare mesoporous silica nanoparticles were gen-
erated using an ammonia-based catalysis method under highly
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Figure 1. Schematics of controlled drug release from pH-respon-
sive chitosan-coated mesoporous silica nanoparticles.

dilute and low swrfactant conditions (Figure 1). TEOS was
used as a silica source. The reaction was performed at room
temperature using water, ethyl alcohol, and diethyl ether as co-
solvents. The cetyl trimethyl ammonium bromide was used
as a template and surfactant. The particle size was controlled
by adjusting ammonia concentrations, TEOS volumes, and
reaction temperatures. Typically, 0.8 mL ammonium hydroxide,
10 mL ethyl alcohol, and 20 mL diethyl ether were dissolved
in 70 mL distilled water. 500 mg CTAB was introduced in this
emulsion system and the mixture was vigorously stirred at
600 rpm for 30 min. Afterward, 2.5 mL TEOS was quickly
added into the system and the mixture was vigorously stirred at
600 rpm for 4 h. The precipitate was collected by filtration,
was washed with distilled water, and was then dried in air at
60 °C for 24 h. The CTAB template was removed by vigor-
ously stirring the particles in a mixture containing 15 mL
HCl and 120 mL ethyl alcohol at 70 °C for 24 h. To remove
the template and maintain the hierarchical mesoporous mor-
phology of silica nanoparticles, the nanoparticles were fur-
ther calcinated at 600 °C for 12 h. Finally, the bare mesoporous
silica nanoparticles were washed several times with distilled
water and ethyl alcohol and were subsequently dried in air
at 80 °C.

Synthesis of Chitosan-Coated Mesoporous Silica Nano-
particles. 25 mg chitosan was dissolved in 5 mL 3% acetic
acid and the suspension was stirred at 600 rpm for 24 h to
form chitosan solution (0.5% w/v) (Figure 1). 10 mg bare
mesoporous silica nanoparticles were ultrasonicated in 5 mL
ethyl alcohol for 10 min and the dispersion was adjusted to
pH 3.5-4.5 by adding acetic acid. Subsequently, 200 pL
APTES was added into the dispersion of bare mesoporous
silica nanoparticles and was stirred for 4 h at room tempera-
ture. Finally, 5 mL of chitosan solution was added into the
mixture of bare mesoporous silica nanoparticles and was
subsequently stirred at room temperature for 24 h. The chi-
tosan-coated mesoporous silica nanoparticles were collected by
centrifuigation at 10,000 rpm, following washing with excessive
distilled water and ethyl alcohol before freeze-drying.
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Doxorubicin-Loaded Chitosan-Coated Mesoporous Sil-
ica Nanoparticles. The doxorubicin was loaded into bare
mesoporous silica and chitosan-coated silica nanoparticles.
10 mg bare mesoporous silica nanoparticles were dispersed
in 5 mL of phosphate buffered saline (PBS) solution and
were sonicated for 10 min. Afterward, 500 pug doxorubicin
was added and the mixture was stirred at 600 rpm for 24 h.
The doxorubicin-loaded bare mesoporous silica nanoparti-
cles were collected by centrifugation at 10,000 rpm and the
supernatant was used to measure the drug loading efficiency.
The final product was washed with distilled water and was
freeze-dried. To synthesize doxorubicin-loaded chitosan-coated
mesoporous silica nanoparticles, 10 mg chitosan-coated meso-
porous silica nanoparticles were dissolved using an ultrason-
icator in 5 mL of PBS solution containing 500 pig doxorubicin
and the mixture was stirred at 600 rpm for 24 h. Afterward,
0.2 M NaOH was added to adjust basic pH and the final
product was collected by centrifugation at 10,000 rpm and
the supernatant was analyzed to measure the drug loading
efficiency. The doxorubicin-loaded chitosan-coated meso-
porous silica nanoparticles were washed with PBS solution
for several times, were centrifuged, and were then freeze-
dried. The drug loading efficiency was calculated as follows:
amount of drug in supernatant was divided by total amount
of drug in system.

Morphological Analysis of Nanoparticles. The morphol-
ogy of bare mesoporous silica and chitosan-coated mesopo-
rous silica nanoparticles was analyzed by field emission
scanning electron microscopy (FE-SEM). The nanoparticles
were coated with platimun using a turbo sputter coater (EMITECH:
K575X/Carb Peltier Cooled). The morphologies of bare meso-
porous silica and chitosan-coated mesoporous silica nano-
particles were also analyzed by transmission electron microscopy
(TEM, JEM-2100F).

Analysis of Nanoparticle Size and Zeta Potential. To
analyze the size and charge, nanoparticles were dispersed in
deionized water and were subsequently sonicated for 3 min.
The size and charge of bare mesoporous silica and chitosan-
coated mesoporous silica nanoparticles were analyzed by
dynamic light scattering using a Zetasizer 4 (Malvern Instru-
ments Ltd., UK). The charge of bare mesoporous silica and
chitosan-coated mesoporous silica nanoparticles was ana-
lyzed by a laser-based multiple angle particle electrophore-
sis analyzer.

Drug Release Analysis. To analyze the doxorubicin relea-
sed from bare mesoporous silica and chitosan-coated silica
nanoparticles, the nanoparticles were dispersed in 10 mL of
PBS solution at pH 4.4 and 7.4. The mixture was stirred at
100 rpm at 37 °C in a shaking incubator. 1 mL sample was
drawn at different time intervals (1~48 h) and was replaced
with 1 mL of PBS solution to maintain 10 mL volume. The
sample was centrifuged at 1.000 ;pm and the supernatant
was analyzed to measure the controlled release of doxorubi-
cin. The amount of doxorubicin released from bare mesopo-
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rous silica and chitosan-coated silica nanoparticles was calculated
from a standard curve using a UV-visible spectrophotometer
(Cary 100 UV-visible spectrophotometer) at 496 nm wave-
length.

Results and Discussion

Synthesis and Characterization of Bare Mesoporous
Silica Nanoparticles. The bare mesoporous silica nanopar-
ticles were generated using cationic CTAB-template and
NH,OH catalyst under dilute aqueous conditions (Figure 1).
CTAB was removed by extraction with HCI and calcina-
tions to generate pores on the surface of bare silica nano-
spheres. The morphology of nanoparticles was characterized
by FE-SEM (Figure 2(A)) and TEM analysis (Figure 2(C).
(D)), showing spherical-shaped nanoparticles with hierar-
chical pores on the surface. The synthesis of bare mesoporous
silica was based on formation of liquid-crystalline meso-phases
of amphiphilic surfactant molecules that could serve as tem-
plates for in sifu polymerization of orthosilicic acid. The syn-
thesis could be performed in either acidic or basic conditions.
The sodium silicate, fiumed silica, and tetra-alkyl oxide of
silane could be used as a source of silica. The synthesis of
mesoporous silica required a template agent. The template
directed the polymerization of silicates from a precursor (e.g..
an ester of orthosilicic acid) as previously described.” The
particle size and morphology of mesoporous silica were con-
trolled by hydrolysis rate, pH. condensation of the silica
source, and magnitude of the interactions between the silica
polymer and the assembled templates.

Synthesis and Characterization of Chitosan-Coated
Mesoporous Silica Nanoparticles. Chitosan, a stimuli-
responsive natural biopolymer, is a cationic polysaccharide
composed by S-(1-4)-linked glucosamine units with N-acetyl-
D-glucosamine.***! We used chitosan to coat the surface of
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Figure 2. Morphological characterization of mesoporous silica
nanoparticles. (A) FE-SEM image of mesoporous silica nanoparti-
cles. (B) Elemental characterization of mesoporous silica nanopar-
ticles. (C-D) TEM images of mesoporous silica nanoparticles.
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Si0, to generate a pH-responsive polyelectrolyte layer (Fig-
ure 1). APTES was used to modify SiO, nanoparticles and
was reacted with silanol groups on the SiO, surface to form
Si-O-Si bonds. The chitosan solution was subsequently
added to accomplish cross-linking on the surface of SiO,
nanoparticles.”? The morphology of SiO, nanoparticles con-
taining chitosan layers was investigated by FE-SEM and
TEM analysis (Figure 3). Elemental characterization showed
Si, N. O, and C in chitosan-coated mesoporous silica nano-
particles (Figure 3(B)). The dynamic light scattering and
zeta potential were also employed to analyze the size and
charge of chitosan-coated mesoporous silica nanoparticles.
It showed that the size of monodispersed chitosan-coated
silica nanoparticles (230+13.5 nm in diameter) was larger
compared to bare silica nanoparticles (225+7.2 nm in diam-
eter). The zeta potential measurement represented that SiO,
nanoparticles showed a negative potential (-2.67 mV), whereas
the zeta potential of the chitosan-coated mesoporous silica
nanoparticles increased to 2.79 mV due to the cationic polysac-
charide chitosan. As a result, we confirmed that chitosan
was coated on the SiO, nanoparticles.

Controlled Release of Anticancer Drug. The mesoporous
silica was used as a carrier for drug delivery applications.
The surface functionalization of silica was employed to
enhance the interaction between drugs and nanoparticles.
However, the release rate from surface-functionalized sil-
ica was not significantly different from the release rate of
the bare silica. It has been reported that non-phagocytic
eukaryotic cells could uptake particles as large as 500 nm
in size and the uptake efficiency increased in particles
around 200 nm or smaller,** suggesting that our nanoparti-
cles could be potentially useful for drug delivery applications.
The biocompatible polymer-coated nanoparticles are of
great interest in regulating the delivery and controlled release
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Figure 3. Morphological characterization of chitosan-coated
mesoporous silica nanoparticles. (A) FE-SEM image of chito-
san-coated silica nanoparticles. (B) Elemental characterization of
chitosan-coated mesoporous silica nanoparticles. (C-D) TEM
images of chitosan-coated mesoporous silica nanoparticles.
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of drugs.” We used doxorubicin, an anticancer drug, to
analyze pH-dependent controlled release from bare meso-
porous silica and chitosan-coated silica nanoparticles. Various
parameters (e.g., particle size, degradation rate, molecular
weight, wettability, and binding affinity between the poly-
mer and drug) play an important role in controlling the
drug release.”® Before the release analysis of anticancer
drugs on nanoparticles, we measured the drug loading effi-
ciency, showing that the low drug loading efficiency (68.93%)
was observed at acid pH. In contrast, higher drug loading
efficiency (83.23%) was observed at basic pH. We further
quantified the concentration of doxorubicin released from
mesoporous silica and chitosan-coated silica nanoparticles. We
observed a rapid release (28%) of doxorubicin from meso-
porous silica nanoparticles at pH 7.4 after 1 h compared to
the chitosan-coated mesoporous silica nanoparticles (15%)
(Figure 4(A)). At pH 7.4, 85% doxorubicin was released
from bare mesoporous silica nanoparticles within 48 h. In
contrast, slow drug release (53%) was observed in chito-
san-coated mesoporous silica nanoparticles at pH 7.4 within
48 h. This slow drug release was attributed to the chitosan
coated on the surface of mesoporous silica nanoparticles,
because the chitosan chains were deprotonated at pH 7.4
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Figure 4. Analysis of doxorubicin released from mesoporous
silica and chitosan-coated silica nanoparticles at (A) pH 7.4 and
(B) pH 4.4. The drug release experiments were performed three
times. All data are represented as means and error bars indicate
the standard deviation.
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FITC-conjugated
chitosan-coated silica particle

Figure 5. Confocal microscopy images of cellular uptake in MCF-7 breast cancer cells using FITC-loaded chitosan-coated mesoporous

silica nanoparticles.

and were collapsed to close the pores on the chitosan-coated
mesoporous silica nanoparticles. In contrast, chitosan-coated
mesoporous silica nanoparticles released higher amounts
(90%) of doxorubicin at pH 4.4 within 48 h (Figure 4(B)).
because doxorubicin molecules were encapsulated inside
the hollow nanospheres and were also absorbed by the chi-
tosan layers due fo the positive charge and amino func-
tional group on the surface as previously described.”’” At
acidic pH, the cationic chitosan chains were protonated
and were also swelled to open the pores of the chitosan-
coated mesoporous silica nanoparticles as previously
described.**" The different behavior of doxorubicin release at
different pH could be affected by collapse and swelling of
the chitosan layers on the surface of the silica nanoparticles.
As aresult, pH-responsive chitosan plays an important role
in controlling the drug release. To confirm the endocytosis of
chitosan-coated mesoporous silica nanoparticles in MCF-
7 breast cancer cells, we further investigated the cellular
uptake of fluorescein isothiocyanate (FITC)-conjugated
chitosan-coated mesoporous silica nanoparticles (Figure 5).
Confocal microscopy images showed that FITC-conjugated
chitosan-coated mesoporous silica nanoparticles were localized
in cytosol of MCF-7 breast cancer cells. It revealed that
cancer cells containing FITC-conjugated chitosan-coated
mesoporous silica nanoparticles were highly viable after
cellular uptake. It has been known that the microenviron-
ment in tumor tissues is acidic compared to normal tissues
(e.g.. pH 7.4) as previously described.”® The chitosan-coated
mesoporous silica nanoparticles released 90% doxorubicin
in acidic medium (pH 4.4), whereas 53% drug was released
from chitosan-coated mesoporous silica nanoparticles at
pH 7.4. It suggests that anticancer drugs on chitosan-coated
mesoporous silica nanoparticles could be highly released
at acidic tumor tissues, whereas drug release behavior might be
negligible at normal tissues. Therefore, pH-responsive chito-
san-coated mesoporous silica nanoparticles could be clini-
cally useful for in vivo tumor therapy applications.
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Conclusions

We synthesized silica nanoparticles with hierarchical
mesopores on the surface. The surface of mesoporous silica
nanoparticles was functionalized with amino group and the
chitosan was subsequently grafted on the surface of meso-
porous silica nanoparticles. The anticancer drug (e.g.. doxo-
rubicin) was loaded into the bare mesoporous silica and
chitosan-coated silica nanoparticles. We demonstrated that
doxorubicin was slowly released from chitosan-coated meso-
porous silica nanoparticles at pH 7.4. In contrast, doxorubi-
cin was rapidly released from chitosan-coated mesoporous
silica nanoparticles at pH 4.4 due to pH-sensitivity of chito-
san. The confocal microscopy images demonstrated endocytosis
of chitosan-coated mesoporous silica nanoparticles in MCF-
7 breast cancer cells Therefore, this chitosan-coated mesopo-
rous silica nanoparticle could be a potentially powerful carrier
for pH-responsive controlled release of anticancer drugs.
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