
P

A
p
c

H
J
a

b

c

a

A
R
R
1
A
A

K
M
P
p
C
S

1

o
p
m
o
a
r
p
2
v
c
n
p
h
p
b

0
h

International Journal of Pharmaceutics 446 (2013) 153– 159

Contents lists available at SciVerse ScienceDirect

International  Journal  of  Pharmaceutics

jo ur nal homep a ge: www.elsev ier .com/ locate / i jpharm

harmaceutical  nanotechnology

 pH-responsive  nano-carrier  with  mesoporous  silica  nanoparticles  cores  and
oly(acrylic  acid)  shell-layers:  Fabrication,  characterization  and  properties  for
ontrolled  release  of  salidroside

ailong  Penga,b, Ruichen  Donga,  Shenqi  Wanga,  Zhong  Zhangc, Mei  Luoa,b, Chunqing  Baia,  Qiang  Zhaoa,
inhua  Li c,  Lingxin  Chenc,  Hua  Xionga,∗

State Key Laboratory of Food Science and Technology, Nanchang University, Nanchang 330047, China
Department of Chemical Engineering, Nanchang University, Nanchang 330031, China
Key Laboratory of Coastal Zone Environmental Processes, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 28 October 2012
eceived in revised form
7 December 2012
ccepted 30 January 2013
vailable online 7 February 2013

eywords:

a  b  s  t  r  a  c  t

A  novel  pH-responsive  nano-carrier  MSNs–PAA,  possessing  mesoporous  silica  nanoparticles  (MSNs)  cores
and  poly(acrylic  acid)  (PAA)  shell-layers,  was  developed  for controlled  release  of salidroside.  The  vinyl
double  bonds  modified  MSNs  were  synthesized  by using  cetyltrimethylammonium  bromide  (CTAB) as
templates,  tetraethyl  orthosilicate  (TEOS)  as  silicon  source,  and 3-(trimethoxylsilyl)  propyl  methacrylate
(MPS)  as  surface  modification  functionalities.  The  pH-responsive  layers  of  PAA  were  grafted  onto  the  vinyl
double  bonds  of  the  MSNs  via  precipitation  polymerization,  producing  the  MSNs–PAA  with  a hollow  cubic
core  and  mesoporous  shell  with  penetrating  pore  channels.  The  characteristic  results  also  showed  that
esoporous silica nanoparticles
oly(acrylic acid)
H-responsive
ontrolled release
alidroside

PAA was  successfully  grafted  onto  the  surface  of the MSNs.  The  MSNs–PAA  was  investigated  as  carriers
for  loading  and  regulating  the  release  of  salidroside  in  different  pH  solutions  for  the  first  time.  The  results
demonstrated  that  the  PAA  layers  on the  surface  of  MSNs–PAA  exhibited  opened  and  closed  states  at
different  pH  values,  and  thus  could  regulate  the uptake  and  release  of  salidroside.  The  application  of  such
pH-responsive  nano-carrier  might  offer  a potential  platform  for controlled  delivery  and  increasing  the
bioavailability  of  drugs.
. Introduction

Salidroside, a kind of physiologically active substance as well as
ne of the most potent pharmaceutical ingredients extracted from
lants of the genus Rhodiola rosea, has long been actively used in
edical practice (Rodin et al., 2012). It has exhibited a wide range

f pharmacological properties, including anti-aging, anti-oxidation,
nti-inflammatory, anti-fatigue, anti-depressant activities, antivi-
al effects, hepatoprotective, neuroprotective, and cardiovascular
rotective characteristics (Zhang et al., 2007, 2010; Wang et al.,
009). Recent studies have also shown that salidroside may  pre-
ent the growth of leukemia, stomach adenocarcinoma and parotid
arcinoma (Hu et al., 2010), and may  also significantly decrease
eovascular reactions (De Bock et al., 2004). Despite its attractive
harmacological activities, the therapeutic potential of salidroside

as been significantly restricted by its short biological half-life and
oor oral bioavailability (Fan et al., 2007). To solve these draw-
acks, organic-based carriers of liposomes and microspheres have

∗ Corresponding author. Tel.: +86 791 6634810; fax: +86 791 6634810.
E-mail address: huaxiong100@yahoo.com.cn (H. Xiong).

378-5173/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijpharm.2013.01.071
© 2013 Elsevier B.V. All rights reserved.

been developed to encapsulate salidroside (Fan et al., 2007). How-
ever, these organic carriers often suffer from various disadvantages
of instability in vivo/vitro environments, poor controlled release
profile and usually leaking of entrapped components in water
(Slowing et al., 2007, 2008; Fathi et al., 2012). Thus, formulating
novel inorganic materials-based nano-carriers for encapsulation of
salidroside may  be one effective approach to overcome the above-
mentioned problems.

Mesoporous silica nanoparticles (MSNs) have received great
attention in the last few years, and have been intensively applied
in biosensors (Hasanzadeh et al., 2012; Wang et al., 2011a),
bio-markers (Lin et al., 2011), and chemical reactors (Tasbihi et al.,
2011). Especially, MSNs have been recognized as a potential nano-
carriers for bioactive molecules because of its biocompatibility and
low cytotoxicity, stable mesoporous structure with large surface
area, high porosity, adjustable pore diameter, and modifiable
surface properties (Thomas et al., 2010; Tang et al., 2011). MSNs
could selectively host guest molecules of various sizes, shapes

and functionalities, such as drugs, genes, DNAs and proteins (Park
et al., 2008; Lin et al., 2012; Giri et al., 2005). Compared to the
most general organic carriers, MSNs have the significant advantage
of being free from various biochemical attacks and bioerosions.

dx.doi.org/10.1016/j.ijpharm.2013.01.071
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:huaxiong100@yahoo.com.cn
dx.doi.org/10.1016/j.ijpharm.2013.01.071
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owever, the loading bioactive molecules would burst release
rom the unmodified MSNs, and could not release in a controllable

anner to precisely match the actual physiological needs at the
roper time/site (Kim et al., 2011a,b; Gao et al., 2010). All this
isadvantages limit the applications of the unmodified MSNs as a
ovel nano-carrier.

For overcoming these disadvantages, stimuli-responsive MSNs
ave been developed by capping the pores using pH responsive
aterials (Nguyen et al., 2007; Leung et al., 2006; Taillefer et al.,

000) and temperature responsive polymers (You et al., 2008),
uantum dots (Lai et al., 2003), iron oxide nanoparticles (Kim
t al., 2011a,b) and gold nanoparticles (Torney et al., 2007; Wang
t al., 2011a,b). Among all the triggers, pH-responsive MSNs have
ttracted special interest since each segment of organ maintains
ts own characteristic pH level (Dai et al., 2012). As is also well
nown that, the pH values are different between normal and abnor-
al  tissues (Dai et al., 2012; Wang et al., 2010). The different

H environments have been used to design drug delivery sys-
ems. Meanwhile, pH-responsive materials are considered to be the
est candidates for developing pH-responsive nano-carriers, which
ould be controlled and targeted release of drugs at the specific
ction sites (Fleige et al., 2012). On the other hand, pH-responsive
ano-carriers could improve the stability of drugs. Thus, it is very

mportant to develop ideal pH-responsive materials.
The polymer of poly(acrylic acid) (PAA) contains carboxylic

roups that can release protons at high pH, and its solubility and
tructure are very sensitive to pH (Cui et al., 2012; Liu et al., 2006).
AA has good solubility at high pH values (pH ≥ 8), however it has
oor solubility and even collapses entangled together to precipitate
rom solution at low pH values (pH ≤ 4.0) (Hong et al., 2009). PAA
as other properties of forming a well-known bioadhesive hydro-
el, sticking to the mucosal lining of the upper small intestine and
rotecting some protein drugs from degradation (Song et al., 2007).
SNs have been modified with PAA by layer-by-layer adsorption

echnique (Song et al., 2007) and “graft to” strategy of reversible
ddition-fragmentation chain transfer (RAFT) (Hong et al., 2009).

However, the above two modified techniques suffer from short-
omings of the irreversibility of the pore opening for layer-by-layer
dsorption technique, and the relative tedious multiple-step syn-
heses for the “graft to” strategy (Fleming et al., 2001). Excitingly,
eed polymerization strategy is an effective alternative to prepare
icrospheres with a core–shell structure (Jones and Lyon, 2000; Xu

t al., 2011; Zhang et al., 2012). Therefore, it can be expected that
he seed polymerization strategy can be applied to develop pH-
esponsive core–shell structured nano-carriers. However, to the
est of our knowledge, the coating of pH-responsive polymers of
AA onto MSNs via seed polymerization is rarely mentioned.

In the present study, we describe for the first time the success-
ul fabrication of novel pH-responsive nano-carriers (MSNs–PAA)
ith PAA layers and MSNs cores via seeded precipitation polymer-

zation. Salidroside was selected as drug model for investigating the
ptake and delivery behaviors of MSNs–PAA. The physicochemical
haracteristics, loading capacity and in vitro release properties of
SNs–PAA were also investigated.

. Materials and methods

.1. Materials

Salidroside was purchased from National Institutes for Food
nd Drug Control (Beijing, China). Tetraethylorthosilicate (TEOS),

etyltrimethylammonium bromide (CTAB), and N, N′-methylene
isacrylamide (MBA) were purchased from Aladdin (Shanghai,
hina). 3-(Trimethoxylsilyl) propyl methacrylate (MPS) and acrylic
cid (AA) were obtained from Sigma–Aldrich (Shanghai, China).
armaceutics 446 (2013) 153– 159

Other affiliated chemicals were all obtained from Donghu Chemi-
cal Reagents Co. (Nanchang, China). The deionized water used was
produced by a Milli-Q Ultrapure water system with the water out-
let operating at 18.2 M� cm specific resistance (Millipore, Bedford,
MA,  USA).

2.2. MPS  coated MSNs (MSNs-MPS)

Silica nanoparticles with CTAB (SN-CTAB) were synthesized
according to the sol–gel method (Slowing et al., 2007). Thereafter,
the obtained SN-CTAB (500.0 mg)  was  dispersed into anhydrous
ethanol (150 mL)  followed by addition of MPS  (10 mL). The mix-
ture reacted for 48 h and the vinyl double bonds were formed on
the surface of SN-CTAB. The resultants were isolated by filtration
and washed with acetic acid for removing of unreacted MPS. Finally,
CTAB was  removed by refluxing in an ethanol solution of hydrochlo-
ric acid (HCl, 0.37%) for 48 h. The product of MSNs-MPS was  then
filtrated, washed and dried under vacuum.

2.3. Growing pH-responsive layers onto the surface of MSNs

MSNs–MPS (0.30 g) was  dispersed into deionized water
(60.0 mL), and AA (0.70 g) was  then added into the solution. The
mixture was stirred at 80 ◦C for 60 min  under a nitrogen flow. Then,
the cross-linker of MBA  (130.0 mg)  and the initiator of K2S2O8
(60.0 mg)  were added and reacted for 6 h at 70 ◦C under a nitro-
gen flow. The resulting products of MSNs–PAA were obtained by
centrifuging and washed with deionized water.

2.4. Characterization

Fourier transform infrared (FT-IR) spectra were recorded by
using the FT-IR spectrophotometer (Nicolet 5700, Thermo Elec-
tron Corporation, MA,  USA). Thermal gravimetric analyses (TGA)
were carried out on a differential scanning calorimeter (SDT-Q-600,
TGA-DSC, TA instruments, USA) with a heating rate of 5 ◦C min−1

under nitrogen environment. The low angel X-ray diffractome-
ter (XRD) patterns were recorded using XRD analyzer (D8-FOCUS,
Bruker, Karlsruhe, Germany) with the scattering angle (2�) range
of 1−10◦. Scanning electron microscopy (SEM) (Quanta 200F, FEI,
Hillsboro, OR, USA) images were taken with an energy-dispersive X-
ray spectrum (EDS). Size distribution was  determined by Zetasizer
Nonao-ZS (PSA NANO2590, Malvern Instruments, UK). Trans-
mission electron microscopy (TEM) images were obtained on a
JEOL (JEM-2010HR, Japan) transmission electron microscope. N2
adsorption-desorption isotherms and structure parameters (sur-
face area, pore size and volume) were obtained with Beishide
instruments (3H-2000, Beijing, China).

2.5. Encapsulation efficiency and loading capacity

MSNs–PAA (20.0 mg)  was  dispersed into a solution of salidroside
(0.25 mg/mL) in PBS buffer solutions (5.0 mL)  with stirring at room
temperature for 48 h. MSNs–PAA were collected by centrifugation
and washed with PBS solution for 3 times. The mass of salidro-
side loaded into MSNs–PAA was  calculated by subtracting the mass
of salidroside in the supernatant from the total mass in the initial
solution with HPLC methods at 275 nm.  The loading content (LC)
and entrapment efficiency (EE) were calculated according to the
following equations:
LC(%) = Mass of salidroside in MSNs–PAA
Mass of MSNs–PAA

× 100% (1)

EE(%) = Mass of salidroside in MSNs–PAA
Initial mass of salidroside

×  100% (2)
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ig. 1. Schematic illustration of the synthetic procedure for MSNs–PAA. SN-CTAB
etyltrimethylammonium bromide; TEOS: tetraethylorthosilicate; PAA: poly(acryli

.6. In vitro release

The loaded MSNs–PAA samples (20.0 mg)  were dispersed into
0.0 mL  of PBS (pH 1.2 or pH 8.0) and gently shaken at 37.0 ◦C.
t predetermined time, the PBS solution (1.0 mL)  were withdrawn
nd replaced with equal volume of the corresponding fresh media
o maintain a constant volume. The amount of released salidro-
ide was analyzed by HPLC. In order to gain insight into the release
echanism of salidroside from MSNs–PAA, the release data were

tted according to Peppas model as following equation.

eppas model : ln
Mt

M∞
= nln t + ln k (3)

here Mt/M∞ is the fractional release of salidroside at time t, n
ives an indication of the release mechanism.

. Results and discussion

.1. Fabrication of pH-responsive MSNs (MSNs–PAA)

Fig. 1 illustrates the preparation process of MSNs–PAA. Due

o the hydrophobic tails tend to congregate and their hydrophilic
eads provide protection, the surfactants of CTAB would be
lustered together and formed micelles in water. After that,
he inorganic species (TEOS) were introduced into the micelles
a nanoparticle with CTAB; MPS: 3-(trimethoxylsilyl) propyl methacrylate; CTAB:
); MBA: N, N′-methylene bisacrylamide; bioactive materials: salidroside.

solutions and then the SN-CTAB was  synthesized according to the
sol–gel method (Slowing et al., 2007). Subsequently, the surface of
SN-CTAB was  modified with MPS  and C C grated onto the surface
of SN-CTAB. Since the SN was  filled with CTAB, double bonds were
only grafted onto the exterior surface of SN-CTAB. And then, the
modified SN-CTAB was refluxed in ethanol solutions of HCl, and
the CTAB inside the SN was  removed and yielded mesoporous silica
nanoparticles (MSNs) with double bonds on the exterior surface.
Finally, the MSNs–PAA could be developed by seeded precipitation
polymerization using modified MSNs as seeds, K2S2O8 as initiator,
MBA  as cross-linker, and AA as monomer and thereby forming
pH-responsive material of PAA on the surface of MSNs.

3.2. Characterization of the pH-responsive MSNs (MSNs–PAA)

The ordered mesoporous structure of the MSNs was  investi-
gated by small angle XRD measurement and the results are shown
in Fig. 2. Three well-resolved diffraction peaks, assigned as (1 0 0),
(1 1 0) and (2 0 0) planes, could be clearly observed in the XRD pat-
tern of MSNs, which come from the typical peaks of MCM-41. The
results indicated that the MSNs had typical and ordered meso-

porous structure like MCM-41. After modification with AA, there
was a relatively weak diffraction peak (1 0 0), accompanied by the
loss of the (1 1 0) and (2 0 0) reflections, indicating PAA layers fully
covered the surface of MSNs.
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Fig. 2. Low angle powder XRD patterns of MSNs and MSNs–PAA.

Fig. 3 shows the FT-IR spectra of SN-CTAB, MSNs, and
SNs–PAA, respectively. As seen from In the FT-IR spectrum of

N-CTAB, the stretching vibration absorption of C–H from CTAB
s at 2922, 2853, and 1482 cm−1, respectively. After a removal of
rocess, these peaks disappeared, shown in the FT-IR spectrum
f MSNs, indicating that no residual CTAB existed in the MSNs,
nd the impact of the toxicity for human health from CTAB was
lso eliminated. The peaks at 1000 − 1200 and 800/460 cm−1 cor-
esponds to stretching and bending vibration absorption of Si–O–Si
roups of MSNs, respectively. The absorption of Si–O–Si groups in
SNs still existed after modification with PAA layers, indicating

he mesoporous structure of MSNs would remain after the process
f modification. For the MSNs–PAA, the characteristic absorption
ands at 1723 cm−1 appeared compared with MSNs, which could
e assigned to the absorption of carboxyl groups of PAA, while the
ands at 1530 and 1451 cm−1 could be assigned to asymmetric
nd symmetric stretching vibrations of COO anion groups, respec-
ively. From these results, it is assumed that PAA layers were grafted
uccessfully onto the surface of MSNs.

Fig. 4 displays TGA data of SN-CTAB, MSNs and MSNs–PAA. As is
nown to all that silica materials can endure high temperature and
ll the weight loss should be caused by organic compounds. Thus,

he TGA of three samples were carried out from 100 ◦C. It can be
een that the weight loss at about 100–330 ◦C for the SN-CTAB was
ue to desorption of the CTAB. The weight loss at about 100−500 ◦C
or MSNs–PAA may  be desorption of the PAA layers on the surface of

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1 )

1723.36

1648.50
1530.4 5

1451.40

2922.64 2853.16

1482.31

SN- CTAB

MSNs

MSNs -PAA

Fig. 3. FT-IR spectra of silica SN-CTAB, MSNs, and MSNs–PAA.
Fig. 4. TGA curves of s SN-CTAB, MSNs, and MSNs–PAA.

MSNs. For the MSNs, there is a little weight loss occurring at higher
temperatures, which may  be due to desorption of the MPS.

Fig. 5 shows both the SEM images and EDS spectra of MSNs and
MSNs–PAA. The MSNs had regular shape and good dispersion with
some nanopores on the surface (Fig. 5(A)). However, after modifi-
cation with PAA layers, it can be clearly observed that the powders
seem to stick together with irregular shape (Fig. 5(C)). Elemental
compositions of the Si (73.69%) and O (26.31%) were observed for
MSNs (Fig. 5(B)). After being modified by PAA layers, the contents
of Si (65.22%) and O (19.10%) elements were decreased, and a new
peak assigned to C appeared with content of 15.68% (Fig. 5(D)). All
these results proved that PAA grafted successfully onto the MSNs.

Fig. 6 shows the size distribution of MSNs and MSNs–PAA.
As seen, the average size was 396.3–442.7 nm for MSNs and
MSNs–PAA, respectively. The reasons of size increasing may  be
due to the layers of PAA on the surface of MSNs and MSNs–PAA
adhesion easier than MSNs. Meanwhile, the HRTEM images gave
direct information of the pore structures of MSNs and MSNs–PAA.
As seen in Fig. 7(A), the MSNs are uniform nanospheres with regular
array of structure channels. There is a PAA layer around the exte-
rior surface of the MSNs–PAA, as shown in Fig. 7(B). The observed
parallel channels in the core area still remained, which indi-
cated that the MCM-41 type cylindrical channel-like mesoporous
structure of MSNs was  not destroyed during the polymerization
process.

3.3. EE and LC of salidroside in MSNs–PAA

As the active component, salidroside was  used as the guest
molecules and loaded into MSNs–PAA. The LC and EE in pH 8.0
PBS solutions were 21.11 �g/mg and 25.33%, respectively. As the
control, the loading experiment of MSNs–PAA was also carried out
in the pH 1.2 PBS solutions, the LC (3.62 �g/mg) and EE (4.34%) was
far lower than that of in pH 8.0 PBS solutions. The pKa of PAA is 4.5
(Song et al., 2007), so the carboxylate groups of PAA on the surface
of MSNs were deprotonated and then became soluble in relatively
high pH 8.0 solutions, forming an opened state (Fig. 1). Salidroside
could enter into the MSNs easily via opened state in pH 8.0 PBS solu-

tions. On the contrary, the carboxylate groups were protonated in
lower pH solution (pH 1.2), the PAA layers were insoluble and were
collapsed onto the surface of MSNs, forming a closed state. This hin-
dered salidroside to enter into MSNs–PAA and thus resulted in low
loading capacity in pH 1.2 solutions.
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Fig. 5. SEM images and EDS spectra of M
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Fig. 7. TEM of MSNs (A) a
SNs (A, C) and MSNs–PAA (B, D).

3.4. In vitro release and release kinetics of MSNs–PAA

Fig. 8(A) shows the in vitro release of salidroside from pure
MSNs and MSNs–PAA in pH 1.2 and 8.0 PBS solutions. The results
revealed that there were two stages for the release of salidroside
from MSNs. The first stage of release was initially rapid, which may
be due to the rapid diffusion of the salidroside onto the surface of
MSNs. Later, the second stage of release was slow from MSNs. The
amounts of release of salidroside from pure-MSNs were higher
than that of MSNs–PAA in PBS solutions. The amounts of released
salidroside from pure-MSNs in pH 1.2 PBS solutions was  about
37.24% for 3 h and 91.65% for 24 h, and the released amounts in pH
8.0 PBS solutions were around 33.67% for 3 h and 83.68% for 24 h,
respectively. Comparing to pure-MSNs, the amounts of released
salidroside from MSNs–PAA were controlled with pH values. The
release amounts of salidroside from MSNs–PAA in pH 8.0 solutions

were about 81.45% after 24 h, however, they were only 34.33% in
pH 1.2 solutions. In pH 8.0 solutions, the opened state of PAA on the
surface of MSNs rendered salidroside accessible to the entrances of
pores and the release of salidroside from MSNs–PAA into solutions

nd MSNs–PAA (B).
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Fig. 9. The N2 adsorption–desorption isotherms (A) and the corresponding
pore size distribution (B) of MSNs, MSNs–PAA and MSNs–PAA after loading
(MSNs–PAA–salidroside).

Table 1
The structure parameters of MSNs, MSNs–PAA, and MSNs–PAA after loading salidro-
side (MSNs–PAA–salidroside).

Samples BET surface
area (m2/g)

Pore volume
(mL/g)

Peak pore
diameter (nm)

MSNs 505.22 1.18 2.77
ig. 8. In vitro release profiles (A) and release kinetics (B) of salidroside from pure
SNs and MSNs–PAA in pH 1.2 and pH 8.0 PBS solutions.

asily. However, in pH 1.2 PBS solutions, the closed state of PAA on
he surface of MSNs blocked the pore entrances, and the release of
alidroside from the pores of MSNs–PAA was obstructed. Conse-
uently, lower amounts release of salidrodide from MSNs–PAA was
bserved in pH 1.2 PBS solutions. These results indicated that the
H-responsive PAA layers on the surface of MSNs could effectively
egulate the uptake and release of salidroside from MSNs–PAA.

MSNs could be considered as non-swellable spherical sample,
nd the release kinetics was fitted with Peppas model for the sec-
nd release stage of MSNs, as shown in Fig. 8(B). The value of n
ives an indication of the release mechanism for Peppas model,
or example, n = 0.43 for typical Fickian diffusion, n = 0.85 for ero-
ion transport, and 0.43 < n < 0.85 for non-typical Fickian transport
Ritger and Peppas, 1987). As seen in Fig. 8(B), the calculated n value
f pure MSNs was 0.43 and 0.44 in pH 8.0 and pH 1.2 PBS solutions,
espectively. The results indicated that salidroside release from
ure-MSNs was driven by the concentration gradient of salidro-
ide and typical Fickian diffusion was the main release mechanism.
owever, the n value of MSNs–PAA was 0.53 and 0.38 in pH 8.0 and
H 1.2 PBS solutions, respectively (Fig. 8(B)). The results indicated
hat the non-typical Fickian diffusion was the main release mech-
nism for MSNs–PAA, which may  be due to the swelling and gel
tate of PAA on the surface of MSNs.

.5. Nitrogen adsorption–desorption isotherms

The nitrogen adsorption–desorption isotherms and pore size
istribution of MSNs samples were shown in Fig. 9. The type IV

sotherm curve with a loop was observed for MSNs and MSNs–PAA

amples (Fig. 9(A)), which indicated that MSNs and MSNs–PAA pos-
essed a well-defined and MCM-41 type mesoporous structures.
he structure parameters of MSNs and MSNs–PAA were listed in
able 1. The surface area, pore volume and peak pore size of MSNs
MSNs–PAA 490.87 0.82 2.56
MSNs–PAA–Salidroside 88.27 0.55 1.83

were 505.22 m2/g, 1.18 cm3/g and 2.77 nm,  respectively. Actually,
these parameters of MSNs–PAA were 490.87 m2/g, 0.82 cm3/g and
2.56 nm (Table 1). It was  observed that there was a little difference
in nitrogen adsorption and structure parameters between MSNs
and MSNs–PAA, proving that a nano-layer of PAA was exclusively
grafted on the external surface of MSNs. The amount of nitro-
gen adsorption and structure parameters was  decreased greatly
after loading salidroside into MSNs–PAA. The surface area and pore
volume were 88.27 m2/g and 0.55 cm3/g, respectively, and corre-
spondingly, the peak pore size decreased from 2.77 to 1.83 nm
(Table 1). These results indicated that a large number of salidro-
side had entered into the MSNs–PAA, and predominantly occupied
the pores and channels.

4. Conclusion

A  pH-responsive nano-carrier (MSNs–PAA) was successfully
developed by using PAA as shell and MSNs as core via seeded
precipitation polymerization method. The MSNs–PAA can serve as

a novel nano-carrier for loading bioactive molecules of salidro-
side. The PAA layers on the surface of MSNs could be reversibly
opened and closed triggered by pH, and thereby could regulate the
uptake and release of salidroside from MSNs. On the other hand, the
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iological activity of salidroside could be protected from unfavor-
ble environments by the silica skeleton structure of MSNs. Thus,
his nano-carrier maybe has a potential application in delivery sys-
em for drugs.
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