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ABSTRACT

pH-responsive polymer shell chitosan/poly (methacrylic acid) (CS-PMAA) was coated on mesoporous
silica nanoparticles (MSN) through the facile in situ polymerization method. The resultant composite
microspheres showed a flexible control over shell thickness, surface charges and hydrodynamic size
by adjusting the feeding amount of MSN and the molar ratio of [-NH;]/MAA. The MSN/CS-PMAA com-
posite microspheres were stable in the pH range of 5-8 as well as in the physiological saline (0.15M
NaCl). Doxorubicin hydrochloride (DOX) was applied as a model drug to investigate the drug storage
and release behavior. The results demonstrated that DOX could be effectively loaded into the composite
microspheres. The cumulative release of DOX-loaded composite microspheres was pH dependent and
the release rate was much faster at low pH (5.5) than that of pH 7.4. The cytotoxicity test by MTT assay
showed that the blank carrier MSN/CS-PMAA microspheres were suitable as drug carriers. The cellu-
lar uptake of composite microspheres was investigated by confocal laser scanning microscopy (CLSM),
which indicated that MSN/CS-PMAA could deliver the drugs into HeLa cell. The above results imply that

the composite microspheres are a promising drug delivery system for cancer therapy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, to protect the healthy tissues/organs such
as kidney, liver, bone marrow and heart from the toxic drugs and
prevent the denaturing of the drugs prior to reaching the targeted
intracellular and intranuclear regions, the stimuli-responsive drug
delivery carriers have been widely designed (Stuart et al., 2010).
These “smart” drug delivery systems are susceptible of a rapid
response to the changes of local environment, such as temperature,
pH, light and magnetic field (Schmaljohann, 2006; Liu et al., 2006;
Qiu and Park, 2001; Medeiros et al., 2011). Among the controlled
drug delivery systems, pH sensitive system is of special interest
in view of the fact that both extracellular tumor (pH 6.8) (Engin
et al., 1995) and endosomes (pH 5.5) (Lee and Oh, 2007) are more
acidic than normal tissues (pH 7.4). Mesoporous silica nanoparti-
cles (MSN) have been extensively explored as drug delivery systems
due to their superior properties such as high pore volume, large
surface area, prominent biocompatibility, accessible surface func-
tionalization and providing protection for the payloads (Vallet-Regi
etal,, 2007; Luetal., 2010; Vallet-Regi et al.,2001; Singh et al.,2011;
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Ashley et al., 2011). However, if without appropriate surface modi-
fication, MSN are unable to intelligently deliver drugs in a targeted
and controlled manner. With an aim to administer drug molecules
specifically toward target tissues, pH sensitive molecules have been
introduced to prepare hybrid nanoparticles with MSN.

To date, several research groups have taken great efforts to
explore supramolecular and molecular machines coated porous
structure to allow for the pH-dependent release of drugs. Zink
et al. did a variety of research to employ supramolecular system
as pH responsive nanovalves attached on the surface of meso-
porous silica (Angelos et al., 2008; Zhao et al., 2010; Meng et al.,
2010). Martinez-Manez et al. (Aznar et al., 2009) developed the
pH-controlled “open-close” mesoporous materials comprising the
functional moieties of polyalcohol and boronic acid groups. Also,
propyldiethylenetriamine (multiamine chains) was investigated in
their group as an alternative to functionalize mesopores for tailor-
ing the release of guest molecules (Casasus et al., 2004). Along this
line, Xu et al. (Gao et al., 2010) studied the effect of multiamine
chains on the controlled drug release. Apart from the decoration of
MSN with small molecules, the use of polymer-coated MSN also
played an important role in the development of such systems,
because polymers can provide tailored properties of biocompati-
bility, stability, size, structure, and functionality and when applied
as drug delivery system, polymer-based materials can facilitate
higher payloads, prolong the circulation time of drugs, improve
drug targeting and solubility, and provide controlled release of the
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therapeutics into the blood stream or the targeted tumor tissues
(Wang et al., 2008; Liu et al., 2009). Linear polymers such as poly
(acrylic acid) (PAA) (Hong et al., 2009) and poly (methacrylic acid)
(PMAA) (Gao et al., 2009) chains were grafted onto the surface of
MSN to serve as pH sensitive gatekeeper, at high pH value, the
gate was open and the guest molecules were released due to the
extending of polymer chains while in acidic medium, the polymers
compacted and blocked the release of loaded drug. However, the
above-mentioned pH-sensitive drug release mechanism was not
suitable for practice operation because the medium of cancerous
tissue or endosome/lysosome was more acidic than that of normal
tissues.

To the best of our knowledge, most reported polymer-MSN
hybrid materials have been fabricated by three methods: (a) layer-
by-layer adsorption technique, which was based on electrostatic
attraction to assemble multilayered polyelectrolytes on the surface
of MSN (Wang et al., 2005); (b) “graft from” strategy, such as free
radical polymerization and ATRP (Carniato et al., 2010); (c) “graft
to” strategy, of which surface-initiated polymerizations initiated by
functional groups on cores, such as -OH, -NH,, —-CH=CH,, and -R
-Br, etc. (Liu et al., 2011). Despite the success of these approaches,
there are still some drawbacks, such as tedious multiple-step syn-
theses, necessity of suitable surfactants, very low surface grafting
efficiency or encapsulation efficiency, etc. (Fleming et al., 2001).
Therefore, it is still a challenge work to explore a simple and facile
method to prepare drug carriers that would be capable of recogniz-
ing the intrinsic pH differences between cancers and normal tissues
and can present faster release behavior at low pH.

Saccharides have been widely used as conjugate materials due
to the outstanding characteristics of biocompatible, biodegrad-
able and hydrophilic as well as the possibility of coating particles
with specific ligands (Revilla et al., 1995; Baldwin and Kiick, 2009;
Pichot, 2004). Chitosan is such a versatile bio-polysaccharide (He
et al., 1999; Pan et al., 2002) that has been caused much atten-
tion (Guo et al,, 2008; Wu et al., 2006). Herein, we proposed a
facile and efficient strategy to synthesize pH responsive nanocar-
riers with chitosan-poly (methacrylic acid) (CS-PMAA) shells and
MSN cores via in situ polymerization approach. This route was
based on a one-pot strategy without requiring separation steps.
The physicochemical and pH sensitive properties of MSN/CS-PMAA
composite microspheres were analyzed. Doxorubicin hydrochlo-
ride (DOX), a classic anticancer drug, was chosen as a model drug to
assess the drug loading and releasing behaviors. The cellular uptake
and cytotoxicity test of MSN/CS-PMAA to HelLa cells were also
performed.

2. Material and methods
2.1. Materials

Chitosan with the deacetylation degree of 90% and the molecular
weight of 200 kD was purchased from Kabo Biochemical Company
(Shanghai, China). Methacrylic acid (MAA) (Shanghai Chemical
Reagents Company, Shanghai, China) was distilled under reduced
pressure in nitrogen atmosphere. Potassium persulfate (K;S,0g)
was recrystallized from distilled water. Tetraethyoxysilane (TEOS),
cetyltrimethylammonium bromide (CTAB), sodium hydroxide
(NaOH) were obtained from Shanghai Chemical Reagents Com-
pany. Doxorubicin (DOX) in the form of hydrochloride salt was
obtained from Beijing Huafeng United Technology Company.
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay and other biological reagents were purchased from
Invitrogen Corp. All other reagents were of analytical grade and
used without further purification.

2.2. Preparation of mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSN) were prepared accord-
ing to the sol-gel method (Slowing et al., 2007). Briefly, 0.5 g CTAB
and 0.14 g NaOH were mixed in 240 mL deionized water. The solu-
tion was stirred vigorously at 80°C for 2h and 2.5mL TEOS was
added to react for another 2 h. Then the as-prepared product (MSN-
CTAB) was washed with ethanol for 3 times and redispersed in
ethanol solution of NH4NO3 (200 mL, 10 mg/mL) at 80 °C to remove
the template of CTAB. The mixture was refluxed for 6 h, collected
by centrifugation and washed with ethanol repeatedly. Finally, the
obtained MSN was dried under vacuum to give the white powder.

2.3. Preparation of MSN/CS-PMAA composite microspheres

First, 0.16g MSN was added to 30mL of aqueous solution
containing 0.2 g CS and 0.43 g MAA with a molar ratio of 1:4 ([glu-
cosamine unit]:[MAA], i.e. [-NH;]/[MAA]). The concentration of
MSN in the system was fixed at 5g/L (except when otherwise
stated). The reaction mixture was ultrasonicated for 20 min, then
stirred under nitrogen environment for 0.5 h, and heated to 80°C.
After the temperature remained at 80°C for 10 min, the solution
became clear, K;S,0g was added to the reaction mixture, and
the concentration of K,S,0g in the mixture system was about
4.0 x 103 mol/L. The reaction was maintained at 80°C under a
nitrogen atmosphere for another 2h with the rotative velocity
speed of mechanical stirrer at 300 rpm. During this period, the milk
white color in the reaction mixture disappeared and became light
yellow. Afterward, the system temperature was lower from 80 °C to
50°C.Then, 0.1 mL glutaraldehyde (0.25 wt%) was added to the sys-
tem, after about 10 min, the color of the reaction mixture changed
from light yellow to brown. The reaction was continued for another
2 h to proceed it completely. The obtained products were washed
by deionized water for 3 times.

2.4. DOX loading and release

DOX was dissolved in distilled water with a concentration
of 1 mg/mL. 5 mg of MSN/CS-PMAA composite microspheres was
ultrasonically dispersed in 1.5 mL of the DOX solution. Therefore,
the weight ratio of the drug to the composite microspheres was
0.3. The mixture was stirred at room temperature for 24 h. Then the
dispersion was centrifuged at 14,000 rpm for 10 min to collect the
DOX-loaded composite microspheres. The supernatant was kept for
calculating the drug loading content. The amount of DOX loaded in
the composite microspheres was analyzed by UV at the wavelength
of 480 nm. The drug loading content and entrapment efficiency
were calculated using the formulas (1) and (2), respectively:

Loading content (%) =

initial amount of DOX — supernatant free amount of DOX

DOXloaded composite microspheres x 100%
(1)

Entrapment efficient (%) =
initial amount of DOX — supernatant free amount of DOX  100%

Initial amount of drug
(2)

To study the release behavior, DOX-loaded composite micro-
spheres were re-dispersed in 4 mL distilled water. 0.5 mL of the
dispersion was then transferred into a dialysis bag (cut off molecu-
lar weight 14,000 g/mol) followed by the addition of another 0.5 mL
distilled water to avoid residues in apparatus. The bag was subse-
quently placed in a 200 mL PBS solution at 37 °C. At appropriate
time intervals, 2 mL solution was collected and at the same time,
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2 mL of the fresh PBS solution was added to keep the volume of the
release medium constant. Three pH values of 5.5, 6.8 and 7.4 were
used to simulate the different biological environments. The amount
of DOX in the release medium was measured by UV at the wave-
length of 480 nm. All measurements were performed in triplicate.
The releasing content was calculated by the formula (3):

Releasing content (%) =

amount of drug in the release medium

- . : 100% (3
amount of drug loaded into composite microspheres x 3

2.5. Cytotoxicity assays

A human cervical cancer cell line (HeLa cells) was used to eval-
uate the cytotoxicity of MSN/CS-PMAA and DOX@MSN/CS-PMAA.
Hela cells were cultured in a RPMI-1640 medium supplemented
with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/mL
penicillin and 100 U/mL streptomycin at 37°C and 5% CO,. The
cytotoxicity was assessed using MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetra-zolium bromide) assay. Cells were seeded
into 96-well microtiter plates at the density of 20,000 cells per
well. After incubation for 24 h, the medium was aspirated and vari-
ous concentrations of samples (free DOX, DOX-MSN@CS-MAA and
MSN@CS-MAA) in fresh cell growth medium were added. Control
cells were added with equivalent volume of fresh media. Cells were
cultured for 24 h before the cell viability assay was performed. The
old medium was removed and 100 p.L of fresh medium and 10 L of
a 5 mg/mL MTT solution were added to each well. Plates were then
incubated under cell culture conditions for 4 h. The old medium
was aspirated and 100 wL DMSO was added to dissolve the for-
mazan crystals. The absorbance of each sample was measured at
570 nm with a background correction at 630 nm.

2.6. Invitro cellular uptake

HelLa cells were plated in cell culture dish using RPMI-1640
medium supplemented with 10% (v/v) fetal bovine serum, 2 mM L-
glutamine, 100 U/mL penicillin and 100 U/mL streptomycin at 37 °C
and 5% CO,. The medium was then replaced with 1 mL culture
serum-free medium containing FITC-labeled samples. After incu-
bation for 3 h, the culture medium was removed and the cells in
cell culture dish were washed three times with PBS. Fluorescence
images of cells were obtained using confocal microscope (Leica TCS
SP5).

2.7. Characterization

Transmission electron microscopy (TEM) images were obtained
on a Hitachi H-600 transmission electron microscope, and the
samples for TEM measurements were prepared by placing one
drop of sample on copper grids covered with carbon. Samples
were dried at room temperature, and then were examined on
TEM without being stained. The mean size and size distribution
(PI= (uy)/I"% (Chu et al., 1991)) of the particles were measured
by dynamic light scattering (DLS) (Malvern, Autosizer 4700) in
aqueous solution with pH 7.4 (except when otherwise stated).
All DLS measurements were carried out with a wavelength of
532nm at 25°C and an angle detection of 90°. The zeta potential
of the particles was measured on a Zetasizer Nano-ZS (Malvern)
at 25°C. All measurements were performed in triplicate. Pow-
der X-ray diffraction (PXRD) patterns were recorded on a Bruker
D4 X-ray diffractometer with Ni-filtered Cu KR radiation (40KkV,
40 mA). Nitrogen adsorption-desorption isotherms were obtained
on a Micromeritics ASAP 2000 pore analyzer at 77 K under con-
tinuous adsorption conditions. Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) analyses were used to calculate the

Table 1
Particle size and zeta potential of MSN and MSN/CS-PMAA composite microspheres.?
Sample Zeta potential Hydrodynamic PI¢
(mV) diameter (nm)®
MSN -2838 241 0.02
MSN/CS-PMAA —50.2 358 0.09

@ All the data was measured at pH 7.4 and 0.15 M sodium phosphate buffer solu-
tion.

b The diameter was determined at 25 °C by DLS.

¢ PI, polydispersity index, PI=(u)/I"2.

surface area, pore size, and pore volume, respectively. FTIR spec-
tra were measured on a Nicolet Nexus-440 FTIR spectroscopy. All
measured samples were dried, and the powders were mixed with
KBr and pressed to a plate for measurement. Thermogravimetric
analysis of microspheres was measured on Pyris 1 TGA instrument
with a heating rate of 20 °C/min and air environment.

3. Results and discussion
3.1. Preparation of MSN/CS-PMAA composite microspheres

In this paper, we developed an in situ approach to encapsulate
CS-PMAA on the surface of MSN, creating pH sensitive micro-
spheres by a one-pot route. In acidic condition, CS molecules
were cationic polyelectrolytes and assembled with MAA to form
polymer-monomer pair, which could be coated on the sur-
face of MSN nanoparticles via electrostatic interaction to form
CS/nanoparticle complexes, and then CS/nanoparticle complexes
were utilized as templates for the subsequent polymerization of
methacrylic acid, during this process, CS was interpenetrated with
PMAA chains to form the physically crosslinked networks on the
MSN. As such, the core-shell composite microspheres were formed
eventually and could be well dispersed in aqueous solution due to
the strong associations among the CS-PMAA chains through hydro-
gen bonding and physical entanglements (De Vasconcelos et al.,
2006; Colombo et al., 2009).

Fig. 1 showed the representative TEM images of MSN and
MSN/CS-PMAA microspheres. Fig. 1(a) displayed the typical MSN
particles with the mean diameter of 110+ 10nm. In contrast,
Fig. 1(b) visualized the thin gray outer around the MSN, imply-
ing the presence of organic moieties that completely covered the
MSN core. Table 1 listed the hydrodynamic diameters, size distri-
butions (polydispersity index, PI=(u,)/I"% (Chu et al., 1991) was
measured by dynamic light scattering (DLS) Malvern, Autosizer
4700) and zeta potentials of MSN and MSN/CS-PMAA composite
microspheres, respectively. MSN with the hydrodynamic diameter
of 241 nm was smaller than that of MSN/CS-PMAA (358 nm). Addi-
tionally, the hydrodynamic size of MSN/CS-PMAA was obviously
larger than that shown in TEM image because of the hydrate layer
in aqueous environment. The zeta potential of MSN was —28.8 mV.
Due to the successful encapsulation of CS-PMAA, the zeta potential
of MSN/CS-PMAA was decreased to —50.2 mV, which indicated the
existence of a great amount of carboxyl groups. All these results
proved that the CS-PMAA polymer shells were formed and pro-
vided higher charge density to make the composite microspheres
sufficiently stable in aqueous environment.

Powder X-ray diffraction (PXRD) was conducted to determine
the structures of MSN. The PXRD pattern in Fig. 2(a) showed
three main diffraction peaks due to (100), (110), and (200)
planes, respectively, which well corresponded to the typical diffrac-
tion peaks of hexagonal mesoporous structure (Beck et al., 1992).
The total surface area and average pore diameter of MSN and
MSN/CS-PMAA were analyzed by the N, adsorption and desorp-
tion measurements. The BET isotherms of these two materials
in Fig. 2(b) displayed typical IV isotherm according to the IUPAC
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Fig. 1. TEM micrographs of MSN (a) and MSN/CS-PMAA composite microspheres (b).

classification, showing the characteristic of mesopores. Compared
with MSN, the adsorbed nitrogen amount of MSN/CS-PMAA was
reduced, but the shape of the hysteresis loop remained unchanged.
The surface area, pore volume and pore diameter of MSN were
946 m?2/g, 1.32cm?3/g and 3.2 nm, respectively. After being coat-
ing with polymer, these parameters were reduced to 682 m?/g,
0.87 cm?3/g and 2.6 nm, respectively. This result suggested that the
pore shape was not significantly destructed after polymer coating
and polymer was distributed predominantly on the exterior sur-
face of MSN, which specified that the retained mesoporosity could
provide space to accommodate drug molecules.

Fig. 3 showed FTIR spectra of CS, MSN and MSN/CS-PMAA. As
expected, chitosan revealed typical peaks of 1596 cm~! (amide II)
and 1384cm~! (amide III) (Schiffman and Schauer, 2007). In the
spectrum of MSN, C-H stretch (2854cm~! and 2923 cm~!) peaks
from CTAB surfactants disappeared after the CTAB removal pro-
cess, which indicated that no residual CTAB existed in the material,
so the impact of the toxicity from CTAB was eliminated. In the
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spectrum of MSN/CS-PMAA, when compared with those of CS and
MSN, the characteristic absorption bands were found to appear at
1720cm~1,1628 cm~! and 1100 cm~!, respectively, which could be
assigned to the absorption of carboxyl groups of PMAA (Yang et al.,
2005), protonated amino groups of CS (Hu et al., 2004), and Si-O of
MSN (Morey et al., 2000). The bands at 1538 and 1406 cm~! could
be assigned to asymmetric and symmetric stretching vibrations of
COO- anion groups, which verified that PMAA were dissociated into
COO- groups and complexed with CS through electrostatic interac-
tion to form polyelectrolyte complexes during the polymerization.

The thermogravimetric analysis (TGA) of MSN and MSN/CS-
PMAA composite microspheres was also performed (Fig. 4). The
TGA curves demonstrated that the weight loss of MSN was 11%,
while that of MSN/CS-PMAA was 44.4%. Pure CS could be decom-
posed entirely at 800 °C (weight loss 98.8%). Thus, the content of
CS-PMAA component was about 37.5wt% in MSN/CS-PMAA com-
posite microspheres. This result was in consistent with the scales
of the core-shell structure observed by TEM.
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Fig. 2. XRD pattern of MSN (a) and nitrogen adsorption desorption isotherms result (b) of MSN and MSN/CS-PMAA.
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Fig. 3. FTIR spectra of MSN-CTAB (as-prepared MSN), MSN, MSN/CS-PMAA, and CS.

3.2. Influence of external parameters on the formation of
composite microspheres

As demonstrated previously, physicochemical properties such
as size, shell thickness and surface charges of vehicles can

100 - MSN
89.0%
80
£ e0] MSN/CS-PMAA
= 55.6%
-]
5o
@ 40
=
20
1.2%
0

T T T T T T T
100 200 300 400 500 600 700 800

Temperature( 0C)

Fig. 4. TGA curves of MSN, CS and MSN/CS-PMAA.

Table 2
Particle size and zeta potential of the MSN/CS-PMAA composite microspheres pre-
pared at different [-NH,]/MAA.2

No. [-NH;]/MAA Zeta potential Hydrodynamic PI¢
(mV) diameter (nm)P

a 1:8 —48 728 0.69

b 1:4 —46 350 0.16

C 1:2 —42 425 0.21

d 1:1 —-34 476 0.28

e 2:1 -21 503 0.31

2 All the data was measured at pH 7.4 and 0.15 M sodium phosphate buffer solu-
tion.

b The diameter was determined at 25 °C by DLS.

¢ PI, polydispersity index, PI=(u;)/I"2.

determine the cell viability and blood compatibility when applied
in biological field (Dash et al., 2010). Herein, we undertook rigor-
ous investigation to control the shell thickness, surface charges and
sizes of the composite microspheres.

Fig. 5 showed the TEM images of different MSN/CS-PMAA com-
posite microspheres synthesized by varying the concentrations of
MSN in the reaction system. With the increase of the concentration
of MSN, the thickness of polymer nanoshell decreased (from left to
right) from the approximately 10 nm (Fig. 5(a)) to nearly invisible.
The TGA results (data not shown here) also confirmed the different
thickness of the polymer nanoshell with the weight-loss of 57.5%,
44.4% and 26.9% at 800 °C when MSN concentrations were 1, 5 and
10g/L, respectively. It was obvious that the more the amount of
MSN in the reaction system, the less CS-PMAA assemblies allo-
cated for each MSN. In addition, with more MSN amount, the
ionic crosslinking and electrostatic shielding effect made the poly-
electrolyte nanoshell gradually compact (Cha et al., 2003), which
was verified by the DLS data with the hydrodynamic diameter of
425nm, 358 nm and 320 nm for the composite microspheres at pH
7.4 when MSN concentrations were 1, 5 and 10 g/L.

Table 2 showed that with the decrease of the feeding ratio
of [-NH;]/MAA from 2:1 to 1:4, the zeta potential of the com-
posite microspheres decreased from —21 to —46mV, together
with a decline of the hydrodynamic diameter from 503 to
350nm and polydispersity index. Further decreasing the molar
ratio of [-NH;]/MAA to 1:8, the zeta potential of the composite
microspheres decreased to —48 mV while the hydrodynamic diam-
eter increased to 728 nm along with larger polydispersity index
(PI=0.69) was observed. These results revealed that the molar ratio
of [-NH,]/MAA may have an optimum point, but it was likely

(@) (b)

100 nm

(©)

100 nm

Fig. 5. TEM micrographs of MSN/CS-PMAA composite microspheres with different MSN concentration: (a) 1g/L, (b) 5g/L, (b) 10 g/L. The concentrations of CS and MAA were

constant.
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Fig. 6. The size (a) and zeta potential (b) of cross-linked MSN/CS-PMAA composite
microspheres at different pH.

far away from the theoretical molar ratio that was close to 1 as
one amino group coordinated with one carboxyl group. It was
reported that at low pH value, PMAA existed in a highly compact
and ultra-coil conformation (Soutar and Swanson, 1994). Taking it
into consideration, we assumed that only part of the dissociative
carboxyl groups in the chain segments interacted well with the pro-
tonated amino groups. When the molar ratio of [-NH;|/MAA was
1:8, the excessive MAA would be polymerized to form dissocia-
tive PMAA and generated loose composite microspheres (De Moura
et al., 2008), then the hydrodynamic diameter and size distribution
became larger again (Table 2). Thus, the MSN/CS-PMAA compos-
ite microspheres prepared with [-NH; ]/MAA =1:4 were chosen for
further study.

3.3. Effect of pH and ionic strength on the stability of the
composite microspheres

To investigate the pH-dependent behavior of the composite
microspheres, the pH values of the dispersed medium was changed
from 3 to 8. Fig. 6 exhibited the alteration tendency of zeta poten-
tials and hydrodynamic diameters of MSN/CS-PMAA composite
microspheres as a function of pH values. The trend of zeta potential
showed a monotonous shape (Fig. 6(b)) while the hydrodynamic
size showed a parabola shape (Fig. 6(a)) with pH variation. Sim-
ilar results were demonstrated in the early report (Hu et al,
2005). Fig. 6(a) demonstrated that the hydrodynamic size reached
a minimum at pH 6.5. Above pH 6.5, -COOH from PMAA would
be dissociated and -NH; from chitosan would be deprotonated,
increase of pH led to an increase of the ionization degree and charge
density of the PMAA molecules, which would reduce the hydro-
gen bonding interactions and molecular linkages between the CS
and PMAA chains, resulting in the increase of hydrodynamic size
and the decrease of zeta potential simultaneously. Below pH 6.5,
-NH; from chitosan would be protonated. With the decrease of pH
value, the electrostatic repulsion of the formed protonated amino
groups made the CS chains extended gradually, resulting in the
swelling of the composite microspheres and the increase of the zeta
potential (the decrease of the absolute value). The isoelectric points
of MSN, CS and PMAA are 1.5 (Rosenholm and Linden, 2008), 6.5
(Ahn et al., 2001), and 4.9 (Pohlmeier and Haber-Pohlmeier, 2004),
respectively. Point A in Fig. 6(b) at (3.75, 0) marked in the curve was
used to determine the isoelectric point of MSN/CS-PMAA compos-
ite microspheres. Around the isoelectric point, zeta potential was
near zero, the repulsion among microspheres was weaken, leading
to the aggregation of the microspheres, so dramatic increase of the
hydrodynamic diameter was observed.

Table 3
Particle size and size distribution of MSN/CS-PMAA composite microspheres in dif-
ferent salt concentration at pH 7.4.

NaCl concentration (mol/L) Diameter (nm)? PIP

0.01 297 0.05
0.05 307 0.06
0.10 330 0.10
0.15 356 0.12
0.30 427 0.19
0.60 575 0.42
1.00 748 1.00

2 The diameter was determined at 25 °C by DLS.
b PI, polydispersity index, Pl = (uz)/ 2.

The above results were very important since it not only proved
the pH responsive property of MSN/CS-PMAA composite micro-
spheres, but also indicated that the MSN/CS-PMAA composite
microspheres were stable in the pH range of 5-8 and by control-
ling pH values, surface charges and hydrodynamic size can be easily
controlled, which are very important for their application in drug
delivery system.

Salt concentration also has a great influence on the stabil-
ity of the composite microspheres, so it is important to examine
the stability of the MSN/CS-PMAA composite microspheres at dif-
ferent NaCl concentrations. In Table 3, it can be found that the
hydrodynamic diameters of the composite microspheres just had a
slight increase when the salt concentrations increased from 0.01 to
0.30 M. Above 0.60 M, the hydrodynamic diameters of the compos-
ite microspheres increased rapidly together with the polydispersity
indexes because more salt would screen the electrostatic charges
on the surface of the composite microspheres (Stuart et al., 1998),
leading to the destabilization of microspheres. The useful conclu-
sion was that the MSN/CS-PMAA composite microspheres were
stable in the physiological saline (0.15 M NaCl) and were promising
for the further application as drug vehicles.

3.4. DOX loading and release

To evaluate the drug loading and releasing property of MSN/CS-
PMAA composite microspheres, DOX, a classic anticancer drug,
was used as a model drug. DOX was loaded into the composite
microspheres at pH of 8. Previous studies have demonstrated that
inorganic carriers such as MSN tended to have a high loading capac-
ity but low encapsulation efficiency, opposite to the organic carriers
such as micelles, liposomes and polymeric nanoparticles (Liu and
Eisenberg, 2003; Matsumura and Maeda, 1986). However, in our
case, the MSN/CS-PMAA composite microspheres held both high
drug-loading capacity (22.3 +£0.3%) and encapsulation efficiency
(95.7 +£2.0%). The drug was loaded by the composite microspheres
may be attributed to the following reasons: (a) the drug loading
experiment was performed at pH 8. At pH of 8, the composite
microspheres were negative charged. The pK, value of the anti-
cancer drug DOX is 8.3 (Choucair et al., 2005), so the net charge
of DOX was around zero, or a little positively charged at pH 8.0.
There existed electrostatic attraction between DOX and the com-
posite microspheres. In addition, the electrostatic repulsion among
the adsorbed DOX molecules decreased evidently at pH 8, so nearly
all the DOX molecules could be adsorbed into the composite micro-
spheres (Changetal.,2011).(b) The polymer shell (CS-PMAA) of the
composite microspheres was in a loose state due to the hydrophilic
effect of -COOH groups as well as the hydrophilic nature of chi-
tosan, thus the drugs could diffuse into the composite microspheres
(Yanetal.,2009).(c) There also existed hydrogen bonding complex-
ation of the amino groups and hydroxyl groups in DOX molecules
with the ionized -COO~ groups in composite microspheres at
pH 8.
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Fig. 7. Release profiles of DOX from MSN/CS-PMAA composite microspheres (a) and MSN (b) at pH values of 5.5, 6.8 and 7.4.

The release profiles of DOX@MSN/CS-PMAA were performed at
pH values of 7.4 (blood circulation), 6.8 (tumor extracellular) and
5.5 (endosomes) for 24 h at 37 °C. Fig. 7(a) demonstrated that the
DOX release rate was obviously pH dependent and increased with
the decrease of pH. At pH 7.4, the release amount was quite low
and only approximately 18 wt% was released in 24 h. At pH 6.8, the
release profile curve leveled off after 12 h and the release amount
was 34wt% in 24h. Intriguingly note that when pH decreased
to 5.5, a faster release behavior was obtained and the release
amount reached 70 wt% in 24 h, which was almost four times of
that at pH 7.4. This is because the drug release from the composite
microspheres was mainly determined by the effect of electrostatic
interaction between DOX and polymer nanoshell. The pK; of DOX
is 8.3, so it was positively charged at the selected three pH values.
On the whole, the higher the pH of the medium was, the more neg-
ative charges were on the surface of the composite microspheres
(Fig. 6(b)), the stronger attraction existed between the positively
charged DOX and the negatively charged carriers, so the more
difficult for the loaded DOX to be released out of the composite
microspheres.

As a comparison, the drug release experiments of DOX@MSN
were also performed. Fig. 7(b) showed the drug release of
DOX@MSN at pH values of 7.4, 6.8 and 5.5. Obviously, the differ-
ences in release amount among different pH were not as significant
as that of DOX@MSN/CS-PMAA with the released drug amount of
8%, 11% and 16% in corresponding pH values after 24 h. Therefore,
DOX@MSN/CS-PMAA displayed a more pronounced pH depen-
dent property than DOX@MSN, and more drug molecules could
be released for DOX@MSN/CS-PMAA system. Considering the fact
that the tumor tissues are more acidic than the normal tissues,
the prepared composite microspheres would be able to minimize
the side effect of DOX. Combined with the specific drug release
behavior and simultaneous high loading capacity and encapsula-
tion efficiency for DOX, the MSN/CS-MAA composite microspheres
are highly expected to be used in cancer treatment without fre-
quent interval medication administrations.

3.5. Invitro cell assay and cell uptake

The results of DOX loading and releasing studies motivated us
to further investigate the in vitro cellular cytotoxicity and uptake.
The in vitro cytotoxicity of DOX@MSN/CS-PMAA to HelLa cells was
investigated by MTT assay. When the pure composite microspheres
were 0.1, 1, 10, 50, 100 pg/mL, the cell viability were 100 + 5%,
100 £ 5%, 96 + 5%, 96 + 2%, 96 + 14% for 24 h, respectively. As shown
in Fig. 8, the blank carrier MSN/CS-PMAA showed no cytotoxic-
ity on the Hela cells even at 100 wg/mL after incubation for 24 h,

suggesting that the MSN/CS-PMAA microspheres are biocompati-
ble. Conversely, when the HeLa cells were treated with either the
suspension of DOX-loaded MSN/CS-PMAA or a solution of pure DOX
at high DOX concentration, significant decrease of the cancer cell
viability was presented. Furthermore, it was interesting to note that
the DOX loaded composite microspheres showed higher cytotox-
icity than free DOX at the same drug dose. Also, the IC50 value
(the concentration of drugs required to reduce cell growth by 50%)
for HeLa cells was determined to be 1.1 pug/mL for free DOX and
0.5 pg/mL for DOX-loaded composite microspheres, respectively,
so DOX@MSN/CS-PMAA showed a more efficient cytotoxicity than
pure DOX to HelLa cells.

To observe the uptake of the MSN/CS-PMAA composite micro-
spheres by HeLa cells, fluorescein isothiocyanate (FITC) was
functionalized onto the mesoporous silica nanoparticles through
a co-condensation method (Liong et al., 2008). FITC was first con-
jugated with aminopropyl triethoxysilane, and the product was
then added into the system of preparation of MSNs to incorpo-
rate fluorescein into the composite microspheres. In Fig. 9, the
green fluorescent signals arised from FITC dye and the red fluores-
cent signals derived from DOX. From Fig. 9(a3), green fluorescence
showed MSN/CS-PMAA microspheres had been internalizated by
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Fig. 8. Cell survival assay of HeLa cells: blank MSN/CS-PMAA (A), pure DOX (W) and
DOX@MSN/CS-PMAA (®). The concentration of MSN/CS-PMAA was labeled at the
top of the x-axis. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig. 9. The uptakes of MSN/CS-PMAA (a) and DOX@MSN/CS-PMAA (b) by HeLa cells were visualized by laser confocal scanning microscopy (incubation time: 3 h). MSN/CS-
PMAA was labeled with FITC. Upper panel: (a1) FITC; (a2) differential interference contrast (DIC); and (a3) the merged image of (a1) and (a2). Lower panel: (b1) FITC; (b2)

DOX; (b3) DIC; and (b4) the merged image of (b1), (b2) and (b3).

HelLa cell through endocytosis or macropinocytosis in 3 h (Vivero-
Escoto et al., 2010). The internalization of DOX@MSN/CS-PMAA
composite microspheres was demonstrated in Fig. 9(b). The yel-
low area (Fig. 9(b4)) showed the merged images of red area (DOX)
and green area (FITC). The red area (DOX) was larger than the yel-
low area, indicating that DOX@MSN/CS-PMAA microspheres have
been internalizated by HeLa cell, and DOX have been released from
the drug-loaded microspheres effectively. Because endosomes are
acidic microenvironment, and DOX have faster release rate at low
pH in DOX@MSN/CS-PMAA system (see Section 3.4).

These results demonstrated that free MSN/CS-PMAA micro-
spheres were biocompatible, while DOX@MSN/CS-PMAA had a
good therapeutic efficacy. DOX@MSN/CS-PMAA can provide an
added advantage of controlled release, wherein DOX molecules will
be effectively released after the composite microspheres reaching
the HeLa cells, minimizing systemic toxicity. This is very important
as DOX is known of being highly toxic especially to the heart and
the kidneys when administered in a free form (Azarmi et al., 2006).

4. Conclusions

In summary, a stable and highly effective drug delivery system
mesoporous silica nanoparticles/chitosan-poly (methacrylic acid)
(MSN/CS-PMAA) composite microspheres were prepared via in situ
polymerization approach. The well defined core-shell composite
microspheres were confirmed by the results from TEM observation,
DLS, FTIR spectra, BET, and TGA measurements. The shell thick-
ness, hydrodynamic diameters and surface charges of the obtained
composite microspheres could be tuned by adjusting the feeding
amount of MSN and the molar ratio of [-NH;]/MAA in the reaction
system. Doxorubicin hydrochloride (DOX) was applied as model
drug to investigate drug loading and release behaviors. The com-
posite microspheres possessed both high loading capacity (22.3%)
and encapsulation efficiency (95.7%). The cumulative release of
DOX@MSN/CS-PMAA showed a low leakage at pH 7.4 with only
18% amount was released after 24 h while significantly enhanced
to 70% at pH 5.5. These results demonstrated that the drug release
of the composite microspheres was pH-responsive apparently. The
in vitro evaluation exhibited that the MSN/CS-PMAA microspheres
were highly biocompatible and could be effectively taken up by

HelLa cells. Overall, the simple and efficient nature of the approach,
coupled with the capability to achieve good therapeutic efficacy,
make the prepared polymer-coated microspheres a promising site
specific anticancer drug delivery carrier.
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