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a  b  s  t  r  a  c  t

This  work  presents  a new  approach  for  the  synthesis  of multiresponsive  composite  microspheres  of  PNI-
PAM/chitosan.  The  resulting  microspheres  in  a sandwich  structure  with  PNIPAM  nanoparticles  embedded
in the  crosslinked  chitosan  matrix  were  characterized.  Compared  to  other  preparation  methods,  this
proposed  technique  not  only  is  a  facile  route  but  also  endows  the  microspheres  a  desirable  structure.
The  products  undergo  a temperature  induced  volume  phase  transition  and  exhibit  an  appreciable  pH
eywords:
ne-pot synthesis
ultisensitive microspheres

hitosan
oly(N-isopropylacrylamide)

response.  They  are  further  tested  as drug  carriers  to  investigate  potential  application.  The  encapsula-
tion  efficiency  in  acidic  environment  (pH  = 4.0)  is  73.5%  and  much  higher  than  that  in  neutral  (20.3%,
pH  = 6.9)  and  alkaline  (15.1%,  pH  =  9.2)  environments.  The  release  of  the  drug  from  the  microspheres  can
be controlled  by  pH  and  temperature.

© 2012 Elsevier Ltd. All rights reserved.

rug delivery

. Introduction

Multisensitive microspheres have currently attracted great
nterest for a wide variety of potential applications such as catalysis
Coutinho, Harrinauth, & Gupta, 2008), controlled drug delivery (Liu
t al., 2009; Zalfen et al., 2008) and chemical separation (Chen, Shi,
ue, Chen, & Wan, 2010). They are usually composed of multicom-
onent where each component should play their individual role to
ndow the microsphere multisensitive to environmental stimuli.

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most
idely studied materials owing to its thermo sensitivity. It under-

oes a volume phase transition at the lower critical solution
emperature (LCST) around 32 ◦C (Housni & Narain, 2007) with
emperature variation. At temperatures below the LCST, water
cts as a good solvent for the polymer chains forming hydrogen
onds with the amide oxygen. When the temperature is raised
bove the LCST, polymer–polymer interactions become dominant
xpelling water (Medeiros, Santos, Fessi, & Elaissari, 2011). Chi-
osan has a wide variety of applications in biomedical field due
o its good stability, low toxicity, and excellent biocompatibility

Muzzarelli, 2009; Muzzarelli, Boudrant, et al., 2012; Muzzarelli,
reco, Busilacchi, Sollazzo, & Gigante, 2012; Nagpal, Singh, &
ishra, 2010). As a weak base, chitosan is insoluble in water and

∗ Corresponding author. Tel.: +86 592 2188072; fax: +86 592 2184822.
E-mail address: qlliu@xmu.edu.cn (Q.L. Liu).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.05.098
organic solvents. It is however soluble in dilute aqueous acidic
solution (pH < 6.5), which can convert the glucosamine units into a
soluble form of R-NH3

+ (Sinha et al., 2004). These bring chitosan pH
sensitive properties. The combination of PNIPAM and chitosan has
been widely studied as a multisensitive material. A series of meth-
ods for the synthesis of multicomponent microspheres are reported
and can be roughly categorized as follows.

(1) Microemulsion and solvent evaporation. These two  meth-
ods are relied on microemulsion, and the difference is only in
the product separation unit. Two  monomers or polymers are
dissolved in the disperse phase of the microemulsion. Micro-
spheres consisting of copolymers or crosslinked polymers are
obtained when the synthesis process is completed. Poly(N-
isopropylacrylamide-co-acrylic acid)/titanium dioxide (TiO2) was
prepared via UV-initiated free radical polymerization by Wang, Liu,
and Zhu (2011) based on the microemulsion. Jiang, Qiu, and DeLuca
(2003) prepared the insulin-loaded poly(acryloyl-hydroxyethyl
starch)–poly(d,l-lactide-co-glycolide) composite microspheres
using the solvent evaporation method. (2) Ionotropic gelation.
This method is based on electrostatic interaction between nega-
tively and positively charged functional groups of each polymer.
Gao et al. (2006) synthesized smart polymer nanocontainers by
self-assembly of polyelectrolytes consisting of chitosan and poly(N-
isopropylacrylamide-co-acrylic acid). (3) Seed polymerization.  One

polymer microsphere was first obtained as seed, and the other
was  then tethered onto the seed microsphere surface via chemical
bonds. As a result, core–shell structure composite microspheres
were formed. Fe3O4/poly(N-isopropylacrylamide)/chitosan

dx.doi.org/10.1016/j.carbpol.2012.05.098
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:qlliu@xmu.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.05.098
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Scheme 1. Schematic of the sy

omposite microspheres were fabricated via emulsion polymer-
zation in two steps by Li, Zhu, Liu, and Zhang (2008).  Multi-layer

icrospheres can also be prepared via layer-by-layer deposi-
ion in the frame of seed polymerization. Poly(ethyleneglycol
imethacrylate-co-methacrylic acid)@poly(ethyleneglycol-co-
inyl pyridine)/titania/polymer tetra-layer microspheres were
ynthesized by Li, Liu, Qin, and Yang (2010).

The methods mentioned above still have drawbacks. For
icroemulsion and solvent evaporation methods, polymers are
ixed together and structure control is therefore in difficulty.
lthough microspheres prepared via ionotropic gelation and seed
olymerization have certain structure, long production time and
igh production costs are caused by multi-process preparation.
he microspheres consisting of chitosan and PNIPAM have been
idely reported since they could respond to both temperature and
H (Chuang, Don, & Chiu, 2011; Duan et al., 2011; Sanoj Rejinold,
reerekha, Chennazhi, Nair, & Jayakumar, 2011). To the best of
ur knowledge, however there have been rare reports on synthe-
is of multicomponent microspheres in desirable structure with
ultisensitivity via a one-pot polymerization approach under mild

eaction conditions.
Herein, we reported a new facile one-pot route to synthesize

NIPAM/chitosan composite microspheres in a desirable struc-
ure via polymerization under mild reaction conditions. As shown
n Scheme 1, NIPAM monomer was dissolved in chitosan solu-
ion to form a water phase, and 2,2′-azobisisobutyronitrile (AIBN)
sed as an initiator was dissolved in toluene to form an oil phase.
hen each phase was emulsified and mixed to form water-in-oil
W/O) emulsion in the presence of a low hydrophile–lipophile bal-
nce (HLB) number surfactant. The interfacial polymerization was
rst triggered by heating to form PNIPAM nanoparticles, followed
y cooling since the PNIPAM becomes hydrophilic at low tem-
erature. Glutaraldehyde (GA) solution was then added into the
ystem to crosslink the chitosan onto the surface of the PNIPAM
anoparticles. They will crosslink together to form the composite
icrospheres in this way.
We  can thus make chitosan microspheres containing PNIPAM

anoparticles via this approach. To explore the potential applica-
ions, the antibiotic drug berberine hydrochloride (BBH) was loaded
nto these microspheres and its in vitro release under different con-
itions was investigated.

. Materials and methods

.1. Materials

Chitosan with deacetylation degree (DD) of 90% and molec-

lar weight (Mw) of 200 kDa was purchased from Yuhuan
cean Biochemical Company, China. NIPAM (Tokyo Chemical

ndustry Co. Ltd.) was recrystallized in hexane before use. N,N-
ethylenebisacrylamide (MBA, analytical grade) was  from the
is of composite microspheres.

5th Plant of Shenyang Reagent. Glutaraldehyde (GA) was  from
Sinopharm Chemical Reagent Co. Ltd. The water used in this work
was  purified by a Milli-Q reagent grade system. Buffer solutions of
various pHs of 4.0, 6.9 and 9.2 were from United Initiators (Shang-
hai) Co. Ltd. All other solvents and reagents of analytical grade were
used without further purification.

2.2. Synthesis of PNIPAM/chitosan composite microspheres

500 mg  of NIPAM and 60 mg  of N,N-methylenebisacrylamide
(MBA) were dissolved in chitosan solution (2 wt%  acetic acid solu-
tion) to form a water phase. 1.0 g of AIBN and 10 ml of Span 80 were
dissolved in 150 ml  of toluene to form an oil phase. The resulting
water phase and oil phase were mixed and emulsified to obtain a
high quality emulsion. The emulsion was then poured into a flask
equipped with a stirrer and a N2-inlet. After bubbling with N2 for
30 min, the flask was  maintained at 60 ◦C for 24 h, then cooled
down to 25 ◦C to ensure the PNIPAM nanoparticles to be hydrophilic
under vigorous stirring. Afterwards, 1 ml  of various concentrations
of glutaraldehyde was added into the flask. After 3 h, the final prod-
uct was isolated via centrifugation at 4000 rpm and then washed
using ethanol, acetone and deionized water for several times until
the oil phase was  completely removed. The resulting products were
freeze-dried and stored for further use.

2.3. Morphological and physico-chemical characterization

2.3.1. Morphological characterization
Transmission electron microscopy (TEM) images were recorded

using a TEM (JEOL, F30, 100 kV FEI Company, Holland), and the
samples for the TEM characterization were prepared by placing
one drop of sample on copper grids coated with carbon. Scanning
electron microscopy (SEM) characterization was carried out using
LEO1530 (Germany) and XL30 (Holland). A drop of sample was put
onto a silicon wafer substrate and sputter coated with a homoge-
neous gold layer for charging dissipation during the SEM imaging.
The hydrodynamic diameters of the particles were determined by
quasi-elastic light scattering (Malvern Autosizer 4700). Confocal
laser scanning microscopy (CLSM) (MRC1024, Bio-Rad, UK) was
used to investigate inner structure of the composite microspheres.
The microspheres were suspended in distilled water. One drop of
the suspension was  placed directly onto glass slides for examina-
tion at the excitation wavelength of 488 nm.

2.3.2. Physico-chemical characterization
Fourier transform infrared (FTIR) spectroscopy (NICOLETFTIR-

740SX, USA) spectra of the samples were recorded for structure

analysis. The absorbance of the products was detected using
UV–vis spectrophotometer (TU-1900, Beijing). X-ray diffraction
(XRD) (Panalytical X’pert Philip, Holland) was used to determine
the crystal structure of the samples.
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Table  1
The recipes for preparing the composite microspheres.

Sample code

MS-0 MS-1a MS-2a MS-3a MS-3a-C1 MS-3a-C2 MS-4a MS-4b

CS content (g/150 ml)  0 0.5 1 1.5 1.5 1.5 2.0 2.0
0.2
500
60 
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GA  content (wt%) 0.25 0.25 0.25 

NIPAM (mg) 500 500 500
MBA  (mg) 60 60 60 

.3.3. Thermo and pH sensitive testing
2 mg  of the product was ultrasonically dispersed in 5 ml  of pH

uffer solutions of various pHs of 4.0 (PBS), 6.9 (PBS) and 9.2 (borate
uffer solution) to form a liquid. A certain amount of the liquid
as transferred to a cuvette for absorbance measurement at the
avelength of 640 nm in a temperature range 28–37 ◦C. The sample

or each testing should be stable for at least 2 h. The temperature
nd UV spectrum used for testing were strictly controlled.

2 mg  of the product was dispersed into 5 ml  of solutions within a
H range 1–13 adjusted using HCl and/or NaOH. Each sample was
tayed still at 25 ◦C for 2 days before testing. The hydrodynamic
iameter (Dh) of the microspheres was measured using dynamic

ight scattering (DLS) after ultrasonic dispersion for 3 min.

.4. Controlled drug release testing

.4.1. Loading
20 mg  of the composite microspheres was dispersed into 20 ml

f the BBH aqueous solution (0.5 mg  ml−1) placed in a thermostatic
haker bath at 25 ◦C. The BBH concentration was measured every

 h for three days to calculate the drug loading rate. Encapsulation
fficiency (EE) and drug loading (DL) can be calculated as follows:

E (%) = weight of BBH in the feed − weight of BBH in the supern
weight of BBH in the feed

L (%) = weight of BBH in the microspheres
weight of microspheres

×  100

he drug loaded microspheres were then isolated by standing for
4 h and then freeze-dried for drug release testing.

.4.2. Releasing
20 mg  of the BBH loaded microsphere powders was dispersed

n 10 ml  of buffer solution placed in a shaker at 45 ◦C. 2 ml  of the
amples was drawn at specific time intervals (2 ml  of fresh buffer
olution was replenished meanwhile), and the drug concentra-
ion was analyzed using a UV–vis spectrophotometer at 460 nm.

hen the rate of drug release from the microspheres tended to
e steady, the environmental temperature was set to 4 ◦C to study
heir thermo sensitivity.

The drug release profiles under various pHs were also studied.
he drug loaded MS-4a (2 mg)  was dispersed into 15 ml  of buffer
olution placed in a shaker at 37 ◦C. The typical procedure is the
ame as that previously described. The amounts of drug loading
nd releasing were calculated based on the standard curve obtained
rom BBH in the buffer solutions.

. Results and discussion

.1. Preparation of PNIPAM/chitosan microspheres
The microspheres were prepared using microemulsion method
n one pot. The water phase was the mixture of chitosan solu-
ion, NIPAM and MBA. The initiator AIBN and surfactant Span 80
ere dissolved in toluene to form the oil phase. The process for the
5 0 0.25 0.25 0.13
500 0 500 500
60 60 60 60

× 100

preparation of the composite microspheres includes two stages:
the synthesis of PNIPAM nanoparticles and chitosan crosslinking.

3.1.1. Synthesis of PNIPAM nanoparticles
The reaction was  triggered by the AIBN when the system tem-

perature reached 60 ◦C. The polymerization was taken place on the
oil and water interface since the initiator and monomer were in
the continuous phase and dispersed phase respectively. PNIPAM
wall was  formed when the reaction was completed. Stirring speed
is found to be a crucial factor in this process. No product can be
received under violent stirring. This is because the polymer wall
formed on the surface is too weak to suffer from the shear force of
stirring.

3.1.2. Chitosan crosslinking
GA was  added to crosslink chitosan for tethering the PNIPAM

nanoparticles together when the system was  cooling down. Chi-
tosan will be grafted onto PNIAM since the amino groups of chitosan
are well-known chain transfer agents. In this case, the PNIPAM
nanoparticles were agglomerated to form big microspheres since
chitosan on the nanoparticles surface was  crosslinked with each

other or the chitosan in the unreacted drops under violent stirring.
The PNIPAM/chitosan composite microspheres were obtained after
centrifugation. The effect of chitosan concentration on the synthe-
sis of microspheres was studied. The synthesis details are shown in
Table 1.

As shown in Fig. 1, the microspheres were almost collapsed
at a low chitosan concentration. This is because low mechanical
strength cannot stand their morphology. The products tend to have
stronger mechanical strength, better morphology and smoother
surface with increasing chitosan concentration.

3.2. Morphology of PNIPAM nanoparticles

To describe the microsphere formation process and mechanism
more clearly, we  first characterized the pristine PNIPAM nanoparti-
cles (MS-0). The SEM image of the pristine PNIPAM nanoparticles of
approximately 100 nm is shown in Fig. S1(a) (Supplementary data).
The size distribution of the nanoparticles is narrow and differ-
ent from the conventional emulsion polymerization in which size
ranges from nano to micron meter (Fundueanu, Constantin, &
Ascenzi, 2010; Wang et al., 2011). There are two possible reasons for
this phenomenon. First, NIPAM is a hydrophilic monomer dissolved
in the water phase, initiator AIBN is however dissolved in the oil
phase. The polymerization only takes place when the water drops
capture the initiator from the continuous oil phase. Small drops
have large specific surface area and thus get more chance to form

polymer wall. Second, the polymer wall on the big droplet interface
will suffer from larger mechanical shear force and is thus hard to
form. Nanoparticles can also be observed in the TEM image of MS-
3a-C1 without GA crosslinking (Fig. S1(b) in Supplementary data).
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XRD patterns of the composite microspheres prepared with
various chitosan concentrations are shown in Fig. S3 (Sup-
Fig. 1. SEM images of the microsph

his indicates that nanoparticles were also formed when the chi-
osan was added into the dispersed phase.

.3. Morphology of PNIPAM/chitosan composite microspheres

The size distribution of the microspheres was measured using
ynamic light scattering. Fig. S2(a) (in Supplementary data) shows
he average diameter of 1.77 �m in a size range 1.5–2.0 �m.  This is
uitable to be administered intravenously because the diameter of
he smallest blood capillary is approximately 4 �m (Müller, 1991).

Wei  et al. (2007) reported that the chitosan microspheres
rosslinked with GA were found to be autofluorescent. This con-
lusion was verified in the present work. Fluorescence signal was
etected from the PNIPAM/chitosan microspheres (Fig. 2). Mean-
hile, some areas in the microspheres without florescence signal
ere also observed. This indicates that both fluorescence and non-
uorescence areas coexist in the microspheres which are related to
he crosslinked chitosan and PNIPAM nanoparticles respectively.
his suggests the PNIPAM nanoparticles being embedded in the
hitosan microspheres.
Fig. S2(b) (in Supplementary data) shows the TEM image of the
rosslinked PNIPAM/chitosan microspheres. The nanoscale sphere
hadows with size matching PNIPAM nanoparticles were observed
n the microspheres. The products in the present work have a

Fig. 2. CLSM image of the sample of MS-4a.
f MS-1a, MS-2a, MS-3a and MS-4a.

sandwich structure, as noted by Elodie (2004).  However, if
microspheres were synthesized without addition of PNIPAM, the
products present a homogeneous contrast grade (Fig. S2(c) in Sup-
plementary data). This is adminicular evidence for PNIPAM
nanoparticles being embedded in the chitosan microspheres.

3.4. Structure of PNIPAM/chitosan composite microspheres

Fig. 3 shows the FTIR spectra of the pristine chitosan, NIPAM
monomer and PNIPAM/chitosan composite microspheres. The peak
around 3400 cm−1 observed in curves (a) and (b) is related to the

OH group. For the IR spectrum of chitosan, the peak of 1384 cm−1

is associated with C O stretching of the primary alcoholic group
in chitosan. This peak can also be observed in the composite micro-
spheres. Two peaks at 1657 and 1556 cm−1 can be observed in both
(b) and (c). These are associated with the C O stretching and the
secondary amide N H deformation vibration of NIPAM. The results
suggest that the microspheres consist of chitosan and PNIPAM.
plementary data). The characteristic chitosan peak is around
2� = 20 ◦C (Silva, Silva, Coutinho, Mano, & Reis, 2004), and the peak

Fig. 3. FTIR spectra of chitosan (a), PNIPAM/chitosan composite microspheres (b)
and NIPAM (c).
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Fig. 5. Drug loading curves of MS-2a, MS-4a and MS-4b at 25 ◦C (a) and encapsu-
ig. 4. Relationship between the hydrodynamic diameter of the composite micro-
pheres with pH at 25 ◦C (a) and temperature at various pHs of 4.0, 6.9 and 9.2
b).

ntensity tends to weaken with decreasing chitosan concentration.
his indicates that the crystallinity is in a decreasing order from
S-4a to MS-2a. One knows that there are crystal region and amor-

hous region in crystal polymers. Compared to the amorphous
egion, the molecular chains in the crystal region are in an orderly
rrangement and thus have a compact structure and high den-
ity. Therefore, the polymer structure is in a decreasing order in
ompactness from MS-4a to MS-2a. These conclusions can also be
onfirmed in the drug loading and releasing testing.

.5. Thermo and pH sensitivity

The sensitivity of the microspheres toward the environmental
timuli is essential for their application in controlled release. The
hermo and pH sensitive properties of the products are therefore
haracterized. The pH sensitivity of the product is tested by DLS
Fig. 4). The hydrodynamic diameter of the microspheres decreased
ith increasing pH value. In an acidic medium, the NH2 group

f chitosan is protonated and the polymer chain stretches so the
iameter of the microspheres increases accordingly. As shown in
ig. 4(a), the diameter decreased sharply when approaching pH 5.
his suggests a good pH sensitivity of the microspheres.

The influence of temperature on the hydrodynamic diameter
f the composite microspheres in various pH media was studied.
he thermo-induced dimensional variations of the microspheres
round 32 ◦C were observed (Fig. 4(b)). This indicates that the PNI-
AM in the composite microspheres swells or shrinks when the
emperature is below or above the LCST. The thermo sensitivity
an also be demonstrated in different pH environments.

.6. Controlled drug release

Considering its unique properties, BBH was used as a model
rug to investigate the potential applications of the microspheres

n controlled drug release. The drug loading is found mainly to
e dependent on chitosan concentration. Fig. 5(a) shows that the

mount and the rate of drug loading decreased with increasing
hitosan concentration. The polymer structure is loose at a lower
hitosan concentration and thus drug is easy to permeate across it.
he relaxed structure can also enhance the drug loading because
lation efficiency and drug loading of MS-4a in different pH environments at 25 ◦C
after adsorption for 3 days (b).

there is more space in the polymer for the drug to reside. The rate
of drug loading slowed down after 2 h.

The encapsulation efficiency and drug loading of the compos-
ite microspheres are found to be pH-dependent. The drug is easily
adsorbed into the microspheres when pH decreases. As shown in
Fig. 5(b), the BBH encapsulation efficiency at pHs of 4.0, 6.9 and 9.2
was  73.5, 20.3 and 15.1% respectively. This is another evidence of
pH sensitivity of the composite microspheres. The pH sensitivity
makes the microsphere volume increase when pH decreases. The
microspheres became swollen and loosened at low pH condition.
It is thus easy for BBH to load in. The drug loading content is in a
similar trend to the encapsulation efficiency for the same reason.

The release of BBH from the microspheres was also investigated.
The influence of chitosan concentration, amount of crosslinker and
temperature on drug release was  taken into account in this work.
There are two steps in drug release. Testing was  first performed
at 45 ◦C until drug release achieved equilibrium. Then the system
temperature was  adjusted to 4 ◦C to demonstrate thermo sensi-
tivity of the microspheres. We  choose 4 ◦C because the thermo
sensitivity is more remarkable within a larger temperature drop
(4–45 ◦C). Fig. 6(a) shows the in vitro release profiles of BBH from
MS-2a, MS-4a and MS-4b in phosphate buffer saline (PBS, pH 7.4).
The result indicates that low chitosan concentration leads to more
and faster drug release in the first stage. One may  conclude that
the microspheres prepared with low chitosan concentration have
a loose structure and the drug is easy to permeate in them. Lower
crosslinker concentration can also lead to faster drug release. This is
because polymer interchain spacing increases with decreasing the
crosslinking degree. This is beneficial for drug diffusion. Some drug
is found to release out at the environmental temperature below
4 ◦C. This is because PNIPAM changes into hydrophilic and is in a
swollen state in this case. The drug in the PNIPAM nanoparticles
can release out since PNIPAM network size tends to expand due
to its hydrophilic interaction. The change of the temperature from
45 to 4 ◦C could in fact alter the solubility of the drug. The slow

release of the drug from the microspheres could also arise from the
drug dissolution and not from the drug diffusion through the net-
work of the microspheres. As such, the release of free drug (blank
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and application of novel microspheres possessing autofluorescent properties.
Advanced Functional Materials, 17(16), 3153–3158.
ig. 6. BBH in vitro release curves of MS-2a, MS-4a, MS-4b and blank sample in
hosphate buffer saline (PBS, pH 7.4) in two temperature steps (a) and drug release
rofiles from MS-4a at 37 ◦C under different pHs (b).

ample) was investigated at different temperatures to preclude the
nfluence of the solubility of BBH on the drug release.

Fig. 6(b) shows drug release from MS-4a at 37 ◦C (physiological
emperature) in different pH environments. The rate of drug release
lowed down after 7 h at pHs of 6.9 and 9.2 with 60.4 and 50.9% drug
ost respectively. But the release rate slowed down after 5 h at pH of
.0 with 72.3% drug lost. One may  thus conclude that the drug can
elease more and faster in an acidic medium. This is in accordance
ith the pH sensitivity mentioned above.

. Conclusions

One-pot synthesis of the composite microspheres with PNIPAM
anoparticles embedded in chitosan microspheres was introduced

n this work. The outer chitosan matrixes guarantee pH sensitivity
nd biocompatibility. The inner PNIPAM nanoparticles endow the
omposite microspheres with special thermosensitivity. The size
f the microspheres can be controlled around 1.77 �m within a
arrow size distribution. They could be used as drug carriers in
he controlled drug release. The drug loading and releasing were
arefully investigated.
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