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Abstract

A core–shell copolymer latex with thermal-responsive properties was prepared and its potential application as a vehicle for drug
was investigated in this work, where the crosslinked copolymer ofN -isopropylacrylamide (NIPAAm) and chitosan was prepared as the
and the copolymer of methacrylic acid (MAA) and methyl methacrylate (MMA) was prepared as the shell. By using soapless d
polymerization, the poly(NIPAAm–chitosan) crosslinked copolymer latex was synthesized first. Then the monomers of MAA an
were added to continue the reaction to obtain the core–shell copolymer latex. The weight ratio of MAA/MMA and the concentration
monomers (MAA and MMA) in the feed of the reaction mixture had been changed to investigate their effects on the particle size
rate, zeta-potential, specific surface area, and surface functional groups of the latex particles. The swelling and thermoresponsive
the film made from these core–shell latices were also studied under different pH values of buffer solution. The model drug (caffei
be merged inside the copolymer particles and protected from releasing through the transport process effectively. And the thermo
property of these copolymer particles significantly enhances the ligand (protein) conjugation that shows the potential of the la
applied on the targeting drug carrier.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Thermoresponsive hydrogels are known to exhibit ph
separation properties in aqueous solution when the tem
ature is increased above a certain level. This phase se
tion temperature is referred to as the lower critical solut
temperature (LCST). One such material is the crosslin
poly(N -isopropylacrylamide) (PNIPAAm), and its behavi
of temperature-responsiveness has been well docume
[1–3]. Recently, PNIPAAm hydrogels are attracting mo
and more interest in biomedical applications[4–7], because
they exhibit a well-defined LCST in water at around 3
34◦C, which is close to the body temperature. By fin
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d

ing out the right balance of hydrophobic and hydroph
comonomers and by adjusting the number of electric cha
in the chain as well as the degree of crosslinking, the st
ture and physical properties of PNIPAAm hydrogels can
changed[8–14]. Hence, these gels can be expected to
as intelligent materials used in many fields, such as in c
trolled or targeted drug release[9,15–18]. A self-regulated
drug delivery system has been of great interest because
lows drugs to be released when it is needed.

Drug release from the homopolymeric and copolyme
PNIPAAm gels is affected not only by temperature but a
by the dimensions of the gel, the hydrophobicity of the po
mer, and the topological structure of the network, as w
as by pH. By increasing the thickness of the gel membr
the drug release rate decreases. Lim et al.[19] have studied
the release of indomethacine from PNIPAAm/polyureth
IPNs. Their studies showed that with increasing the
drophobicity of the gel, the equilibrium drug release a

http://www.elsevier.com/locate/jcis
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the time to reach the equilibrium decreased because o
decrease of the drug loading and the equilibrium swel
ratio. The release rate of indomethacin[20] as well as tha
of sodium dodecyl sulfate (SDS)[21] from hydrophobically
modified PNIPAAm gels was shown to decrease beca
of the hydrophobic interactions between drugs and the
work chains. When acrylic acid was introduced into
PNIPAAm network[22], it was observed that the relea
of indomethacin occurred at a much higher rate at pH
than at pH 1.4. Yoo et al.[23] studied the influence o
polyelectrolyte [poly(allyl amine)] on the LCST of poly(N -
isopropylacrylamide–co-acrylic acid) [poly(NIPAAm–c
AA)] hydrogels. The LCST of the poly(NIPAAm–co-AA
hydrogels in the presence of poly(allyl amine) could be
served even above the pKa value of PAA. Kim et al.[24]
prepared the graft copolymer or blending of chitosan
PNIPAAm. They pointed out that in the buffer solution
various pH values and temperatures, the chitosan/PNIPA
blend IPN had a somewhat higher swelling than that
the chitosan-g–PNIPAAm IPN. Lee and Chen[25] have
studied the preparation and swelling behaviors of the
tosan/PNIPAAm semi-IPN and IPN hydrogels. They s
thesized a new kind of full-IPN chitosan/PNIPAAm h
drogel, which was prepared by chemical combination
methylene bis-acrylamide cross-linked PNIPAAm netw
with formaldehyde cross-linked chitosan network.

In our previous study[26,27], the poly(chitosan–
NIPAAm) copolymer particles via soapless dispersion co
ymerization[26–28]was designed for drug delivery system
in order to have the advantage of temperature sensitivity
biodegradability. But it was found that when the swoll
poly(chitosan–NIPAAm) copolymer particles were put in
a 37◦C buffer solution from room temperature sudden
the drug solution trapped in it would be released quic
In order to increase the amount of drug trapped inside
latex particles during the transport process in the hum
body, a novel poly(chitosan–NIPAAm/MAA–MMA) core
shell copolymer latex was designed and prepared. The a
MAA–MMA shell part could protect the drug from releasin
and provide the carboxylic acid groups for the conjugat
of ligand (protein). The residual reactants after the core
thesis, chitosan and NIPAAm, were incorporated into
shell region and formed “channels” which were expecte
let the enzyme (lysozyme) pass through the shell to deg
chitosan in the core. Therefore, these latices could be ap
in the drug targeting that protect the drug from releas
through the transport process in human body and then ta
wounded tissue. Once the ligand targets the wounded
and causes endocytosis, the drug trapped inside the late
ticles would be released after the regulative degradatio
copolymer particles in lysosomes inside the cells. The s
composition of the latex was varied, and the effect of it
the morphology and swelling of the core–shell particles w
discussed. The thermosensitive and drug-release beh
of the samples with different shell compositions were a
studied under different pH values of buffer solution.
d

t

r-

r

Table 1
Ingredients and conditions for synthesis of crosslinked poly(chitos
NIPAAm/MAA–MMA) copolymer latex (N2; 50◦C; stirring rate, 300 rpm)

First stage (core latex) Second stage (core–shell la

NIPAAm (g) 7 MAA (g) 0.35–2.1
Chitosan (g) 1.4 MMA (g) 1.75–7
MBA (crosslinking agent) (g) 0.21 Reaction time (h) 1
Initiator (APS) (g) 0.7
Acetic acid (g) 1.5
Deionized water (g) 280
Reaction time (h) 2

2. Experimental

2.1. Materials

N -isopropylacrylamide (NIPAAm) was distilled under
nitrogen atmosphere and reduced pressure prior to poly
ization. Water was redistilled and deionized. The chitos
methacrylic acid (MAA), methyl methacrylate (MMA), in
tiator (ammonium persulfate (APS)), crosslinking ag
(N,N ′-methylenebisacrylamide (MBA)), bovine serum
bumin (BSA, Mw ∼ 66 kDa), and 1-ethyl-3-(3-dimethy
aminopropyl) carbodiimide (EDC) were purchased from
Sigma Chemical Company and used as received.

2.2. Soapless dispersion copolymerization

The crosslinked poly(chitosan–NIPAAm/MAA–MMA
core–shell copolymer latex was synthesized by the me
of soapless dispersion copolymerization[26–28]. In the first
stage of this copolymerization, the core latex, poly(chitos
NIPAAm), was prepared as mentioned in our previous s
ies[26,27]under the conditions listed inTable 1. The poly-
merization was carried out for 2 h at 50◦C in a nitrogen
atmosphere with a 300 rpm stirring rate. After the first st
of synthesis, the second stage of copolymerization was
lowed under the condition listed inTable 1. Finally, the
core–shell latex particles with poly(chitosan–NIPAAm)
core and poly(MAA–MMA) as shell were synthesized. Th
the latex product underwent dialysis for 7 days in order to
move unreacted components. The sample, for example,
the code of 2/10–3%–1/5, had a feed composition of 2/1
the weight ratio of chitosan/NIPAAm, 3% in the concent
tion of crosslinking agent in MBA (g)/NIPAAm (g), and 1/5
in the weight ratio of MAA (g)/MMA (g).

2.3. Conversion

After the copolymerization, a sample of the latex so
tion was taken out of the reactor. A quantitative amoun
inhibitor was introduced into the latex sample, and the s
ple was cooled to room temperature for more than 1 h,
then reheated to 60◦C (above the LCST of PNIPAAm) to
obtain the precipitates of the copolymers. For the remo
of the remaining monomer and initiator, the copolymer w
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washed with hot water several times and then dried in a
uum oven at 50◦C until the weight was no longer change
The conversion of the monomers was calculated as

(1)conversion= P/(WM0) × 100%,

whereP is the weight of the dry copolymer obtained fro
the latex sample,W is the weight of the latex sample take
out from the reactor, andM0 is the weight fraction of
monomers in feed.

2.4. Morphology of copolymer particles

To observe the morphology of the copolymer latex,
latex solution was coated on a glass plate and observe
a TEOL JSM-6300 scanning electron microscope (SE
In addition, the samples were microtomed to form secti
about 900 Å thick. The ultrathin cross sections were stai
with 1% uranyl acetate solution for 2 min. Warm distille
water was used for the final rinse of the grid to avoid ura
acetate precipitate. The stained ultrathin cross sections
observed by using a transmission electron microscope
tachi H-600).

2.5. Measurement of swelling ratio

Since the latex particles were too small for their eq
librium swelling ratio to be measured, the latex partic
were dried and modeled to form a particle-formed film
an oven under a temperature of 50◦C to measure the equ
librium swelling ratio (not the swelling kinetics). The film
was immersed in an excess of deionized water for 30
to remove the residual unreacted compounds. The swo
polymer film was then cut into disk forms 8 mm in diame
and dried at 50◦C until the weight was no longer change
A preweighed dried sample (Wd) was immersed in an ex
of the pH 4, 7.4, and 9 phosphate buffer solution in a ther
static water bath until the swelling equilibrium was attain
(i.e., the weight of the swollen film was no longer change
The weight of the wet sample (Ws) was determined after th
surface water was removed by blotting with filter paper. T
equilibrium-swelling ratio (SR) was calculated from the f
lowing formula:

(2)SR= (Ws − Wd)/Wd.

Although the shapes and forms of the samples will in
ence the swelling kinetics, those factors will not change
equilibrium swelling data.

2.6. Zeta potential and light scattering measurements

The zeta potential and hydrodynamic diameter (diam
of swollen copolymer particles) were measured using la
light scattering (Malvern Zetasizer 3000) at 25◦C where the
samples had been dialyzed for 7 days and diluted with v
ous phosphate buffer solutions of pH 4, 7.4, and 9.
2.7. Specific surface area and surface functional
group analysis

The latex of copolymer particles was dialyzed for 7 da
and freeze-dried to get the powder to analyze the spe
surface area and the amount of carboxylic acid groups
the surface of copolymer particles. The BET specific s
face area of particles was measured and analyzed us
Micromeritics ASAP-2100. A given quantity of the pow
der of copolymer particles was added into deionic wa
followed by ultrasonification for 5 min. The number of ca
boxylic acid groups on the surface of copolymer partic
was estimated by 0.01 N NaOH titration using conductiv
measurements.

2.8. Caffeine release experiment

Preweighed dried copolymer particles (0.15 g) were
mersed in a pH 7.4 phosphate buffer solution contain
caffeine (0.012 g caffeine/5 g pH 7.4 phosphate buffer solu
tion), followed by ultrasonification for 10 min and held a
temperature of 4◦C for 3 h to attain the swelling equilibrium
Then, these solutions were freeze-dried to obtain the caff
incorporated copoplymer powder. 0.05 g of this powder w
placed on a mold and pressed with 9 tons of force,
the caffeine-incorporated copoplymer disk with diame
1 cm was prepared. The weight of the caffeine-incorpora
copolymer disk was designated asWc. Therefore, the caf
feine loaded into the disk could be calculated as follows:

(3)Lc (g caffeine loaded into disk) = Wc
0.012

0.15+ 0.012
.

The caffeine-incorporated dry copolymer disk was i
mersed into a phosphate buffer solution (100 g, 37◦C,
pH 7.4) to release the caffeine. The quantity of caffe
released from each sample into buffer solution (Rc) was
measured using a UV–vis spectrophotometer (Thermo S
tronic gamma series) by detecting the characteristic
sorbance of caffeine at 272 nm. The release percen
caffeine was determined as follows:

(4)release percent (%)= Rc/Lc × 100%.

2.9. Protein conjugation

Preweighed dried copolymer particles (0.01 g) were
mersed in a pH 7.4 phosphate buffer solution (10 g),
lowed by ultrasonification for 10 min to suspend the copo
mer particles in the solution homogeneously. Then, 0.00
BSA was added into the solution and followed by reult
sonification for 3 min. After the solution was placed in
25 or 37◦C thermostatic environment for 2 h, 0.004 g ED
was added into the solution for 4 h to conjugate BSA on
surface of copolymer particles. For estimating the amo
of BSA conjugated on the surface of copolymer partic
the solution was centrifuged for 20 min at 12,000 rpm. T
quantities of BSA remaining in the solution, which were n



400 C.-L. Lin et al. / Journal of Colloid and Interface Science 290 (2005) 397–405

–vis
) by
m.

was
, the
by
de-

r-
m
the
th of
n–
the
ga-
sta-
the

er-
ST.
f the
So
by
ifi-

was
cle
the

nd
the
was
the
st-
her
ab-
hel

po-
be-
an-
vent
hen

ore
in

oug
yto

f
n

y-
th

AA
Am
rate,
m
hy-

er-

A

er-
to the

n–
a-
p-
the

e re-
red
, as

he
d to

ups
an-

uld
ex-

ylic
s-
ed

cess-

ng
gid
tem-
conjugated on the particles, was measured using a UV
spectrophotometer (Thermo Spectronic gamma series
detecting the characteristic absorbance of BSA at 280 n

3. Results and discussion

3.1. Conversion of copolymerization

The synthesis of the core–shell copolymer particles
conducted by a two-stage process. In the first stage
poly(chitosan–NIPAAm) core particles were prepared
soapless dispersion polymerization for 2 h. Thermal
composition of the ionic initiator (S2O2−

8 ) initiated the
free-radical polymerization. Initially, NIPAAm was a wate
soluble monomer, and oligomers of chitosan–NIPAA
formed in water. As the reaction proceeded, when
crosslinking degree achieved a certain level and the leng
the oligomers exceeded the solubility limit, poly(chitosa
NIPAAm) precipitated out of the water phase and formed
primary particles. The primary particles underwent aggre
tion, thereby increasing the surface charge, until electro
tic stabilization was achieved. The particles grew with
aggregation and became more hydrophobic when polym
ization was carried out at a temperature higher than LC
This process resulted in a decrease in the absorption o
hydrophilic oligomers or monomers into the particles.
the particle size of poly(chitosan–NIPAAm) observed
TEM during the polymerization did not increase sign
cantly (mentioned in our previous study[26]). The poly-
merization of the remaining monomers and oligomers
continued, achieving the critical value required for parti
formation, and the particle concentration increased with
reaction time.

After the first-stage reaction, the monomers of MAA a
MMA were added into the reaction latex to synthesize
shell part of the particles. The second-stage reaction
similar to the seeded emulsion polymerization, in which
poly(chitosan–NIPAAm) particles synthesized in the fir
stage one were the seeds. The MAA and MMA, toget
with the unreacted chitosan and NIPAAm, were mostly
sorbed on the seeds and copolymerized to form the s
region of the particles. The chitosan and NIPAAm incor
rated in the shell region would enhance the compatibility
tween core and shell region. In addition, they also form ch
nels in the rigid shell to absorb or release drug and to pre
the disappearance of the thermoresponsive property w
the rigid shell is expected to hinder the swelling of the c
region. These channels formed by chitosan and NIPAAm
the shell region are also expected to let enzyme pass thr
the shell to degrade chitosan in the core when the endoc
sis is caused by the ligand on the particle surface.

3.1.1. Effect of MAA/MMA weight ratio
From the conversion data inTable 2, the increase o

MAA/MMA weight ratio accelerated the polymerizatio
l

h
-

Table 2
Conversion of poly(chitosan–NIPAAm/MAA–MMA) core–shell copol
merization for 1 h after MAA/MMA was fed into 2/10–3% core latex wi
conversion of 82.02%

Core type MAA/MMA (w/w) Conversion (%)

2/10–3% 1/5 85.63
2/5 86.79
3/5 88.34

2/10–3% 0.5/2.5 84.93
1/5 85.63
2/10 90.95

rate. This could be due to the fact that the presence of M
enhanced the copolymerization with the unreacted NIPA
and chitosan, which thus increased the polymerization
when the hydrophilic oligomers or monomers (NIPAA
and chitosan) could not be absorbed or merged into the
drophobic core particles (at the reaction temperature 50◦C)
but could be dissolved in the MAA monomers to copolym
ize the shell region.

3.1.2. Effect of the concentration of shell monomers (MA
and MMA)

From the conversion data inTable 2, the increase of the
concentration of shell monomers accelerated the polym
ization rate because more monomers were absorbed on
seed particles to proceed the copolymerization reaction.

3.2. Observation of latex particles

Fig. 1a shows the SEM photograph of the poly(chitosa
NIPAAm) core particles in the first stage of copolymeriz
tion, which exhibited higher hydrophilic and swelling pro
erties at room temperature; therefore the boundary of
particles was indefinite. However, after the second stag
action, the swelling of the core–shell particles was hinde
by the rigid shell, so particles showed distinct boundaries
shown inFigs. 1b–1d.

Fig. 2shows the COOH groups distribution image of t
copolymer particles. The uranyl acetate solution was use
selectively stain anionic (sulfate and carboxylic acid) gro
in the particle cross sections. Under this observation, the
ionic functional groups would show a darker image. It co
be found that the copolymer particles thus synthesized
hibited a core–shell structure with the stained carbox
acid groups (MAA) rich in the shell region. This result illu
trates that the MAA and MMA monomers that were add
in the second stage reaction formed the shell region suc
fully.

3.3. Swelling measurements

As the copolymerization reaction was carried out at 50◦C
which was higher than the LCST of PNIPAAm, the swelli
of the final core–shell particles was hindered by the ri
shell even though the temperature was cooled to room
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Fig. 1. SEM photographs of copolymer particles (a) 2/10–3% (core part
without further copolymerization with MAA/MMA) and (b) 2/10–3%–1/
(c) 2/10–3%–3/5, (d) 2/10–3%–2/10 (the core–shell copolymer particle

perature. So the swelling ratio and the thermoresponsivit
the core–shell type copolymer particles were not as goo
those of poly(chitosan–NIPAAm) particles prepared in
previous study[27] although the phase transition tempe
ture was still about 25–35◦C shown inFig. 3.

3.3.1. Effect of MAA/MMA weight ratio
The swelling ratio of the sample increased with incre

ing the weight ratio of MAA/MMA in the temperature rang
of 20–40◦C, due to the contribution of the hydrophilic pro
erty of MAA and the swelling ratio of these samples we
too large to be measured accurately.
Fig. 2. Transmission electron micrographs of poly(chitosan–NIPAA
MAA–MMA) core–shell particles. Anionic sites were selectively stain
using uranyl acetate to appear darker in this image.

Fig. 3. The swelling ratio versus temperature for core–shell particles
different concentrations of shell monomers (MAA and MMA) in pH 7
phosphate buffer solutions.

3.3.2. Effect of concentration of shell monomers
Fig. 3 shows the swelling ratio versus temperature

the core–shell particles with various concentrations of s
monomers (MAA and MMA) in the phosphate buffer s
lution with pH 7.4. With a higher concentration of sh
monomers, the shell of the particles was thicker, which s
ously hindered the swelling of core–shell particles. In ot
words, if only small amounts of MAA and MMA were inco
porated in copolymerization, as in sample 2/10–3%–0.5/
the particles formed with a thin shell exhibiting a high
swelling ratio and showing a thermal responsivity very s
ilar to PNIPAAm.

The effect of pH value on the swelling ratio of poly(chit
san–NIPAAm/MAA–MMA) core–shell particles with var
ious concentrations of shell monomers at 20◦C was plot-
ted in Fig. 4. In sample 2/10–3%–0.5/2.5, the shell thic
ness was the smallest, so the swelling behavior was
ilar to PNIPAAm and exhibiting higher swelling ratio. I
comparing the samples of 2/10–3%–1/5 and 2/10–3%–2
the sample with a high concentration of MAA and MM
showed a higher swelling ratio in pH 9 buffer solution. It w
mainly because the carboxylic acid group of MAA ioniz
to COO−. In addition, when the shell part of the particl
was swollen in pH 9 solution, swelling of the core part, PN
PAAm, also took place. Therefore, it could be concluded
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Fig. 4. The swelling ratio of the samples with different concentration
shell monomers (MAA and MMA) in buffer solution with different pH va
ues at 20◦C.

the swelling behavior in pH 9 was influenced by the com
nation effect of the shell thickness, NIPAAm, and MAA.

Comparing the samples of 2/10–3%–1/5 and 2/10–3
2/10, the sample with a lower concentration of MAA a
MMA showed a higher swelling ratio in pH 4 buffer sol
tion because of its smaller shell thickness would not hin
the swelling of NIPAAm in the core region seriously a
the NH2 groups of chitosan would ionize to NH+3 . There-
fore, it could be concluded that the swelling behavior w
influenced by the combination effect of the shell thickne
NIPAAm, and chitosan.

3.4. Zeta potential and average size of swollen particles

The shell part of the core–shell particles was mainly
copolymers of MAA and MMA, so the zeta potential of pa
ticles was between−34 and−40 mV when the pH value
was between 7.4 and 9 because the COOH group of M
in the shell ionized to COO− (the pKa value of PMAA was
reported to be 4.3[29,30]). Therefore, particles had mo
negative zeta potential when the weight ratio of MAA/MM
or the concentration of MAA and MMA increased. When t
solution was changed to pH 4, the COOH group of MAA
the shell was very stable in the COOH form, the NH+

3 de-
rived from NH2 of chitosan (the pKa value of chitosan wa
reported to be 6.3[31,32]) and the SO−4 derived from the
initiator (ammonium persulfate) combined to determine
zeta potential of the particles. Consequently, the zeta po
tial of particles was very small in the pH 4 buffer solution

Figs. 5a and 5bshow the average diameter of swoll
poly(chitosan–NIPAAm/MAA–MMA) core–shell particle
with different weight ratios of MAA/MMA or different con-
centrations of MAA and MMA in buffer solution with dif
ferent pH values at 25◦C. The average size of the swolle
particles increased as the weight ratio of MAA/MMA
the concentration of shell monomers increased. This ave
diameter was the hydrodynamic diameter (swollen part
diameter) measured by laser light scattering, which was
ways larger than that observed by TEM or SEM. So
average diameter shown here could be influenced by not
-

Fig. 5. Average diameter of swollen core–shell particles in buffer s
tion with different pH values at 25◦C: (a) the effect of weight ratios o
MAA/MMA; (b) the effect of concentrations of shell monomers (MAA an
MMA).

the intrinsic size of particles but also the swelling and coa
lation of particles. The particles in pH 9 solution had a hig
swelling ratio; the average diameter in pH 9 was higher t
that in pH 7.4. However, the average diameters measur
pH 4 were found to be much larger than those in pH
or 9, although the swelling ratio of particles in pH 4 w
the smallest (Fig. 4). This was caused by the effect of par
cle coagulation since the zeta potential of particles was
small in pH 4 solution as mentioned above.

3.5. Specific surface area and surface functional group
of particles

The specific surface area of the core–shell particles
various weight ratios of MAA/MMA or various concen
trations of shell monomers were measured and liste
Table 3. The MAA-rich sample, having a higher swellin
ratio caused by the water absorption of MAA, formed
more porous structure after the freeze-drying process. Th
fore, it was expected that the MAA-rich sample wou
have a larger specific surface area. But it should be n
that the samples with a much higher swelling ratio, 2/1
3%–3/5 and 2/10–3%–0.5/2.5, formed larger pores afte
freeze-drying process than the other samples having a l
swelling ratio and smaller pores. Consequently, the tren
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Table 3
Specific surface area and COOH groups of poly(chitosan–NIPAAm/MA
MMA) core–shell particles with various MAA/MMA weight ratios or var
ous concentrations of shell monomers

Sample BET specific
surface area
(m2/g)

COOH group
×10−3

(mol/g)

COOH group
×10−4

(mol/cm2)

2/10–3%–1/5 17.71 2.014 1.137
2/10–3%–2/5 21.21 2.977 1.404
2/10–3%–3/5 19.30 3.952 2.047

2/10–3%–0.5/2.5 5.91 – –
2/10–3%–1/5 17.71 2.014 1.137
2/10–3%–2/10 22.79 3.389 1.487

specific surface area of particles with the weight ratio
MAA/MMA was to increase first and then decrease wh
the pore size effect became more important in the spe
surface area measurements. And the sample of 2/10–
0.5/2.5 had the smallest specific surface area becau
having the largest swelling ratio and a large pore structu

Table 3 also shows the data of the amount of COO
groups on the surface of core–shell particles after the
ductivity measurements of the 0.01 N NaOH titration. T
results indicate that the increase of the MAA/MMA weig
ratio increased the COOH groups on the surface of part
significantly. The increase of COOH groups was not in p
portion to the increase of MAA because the particle size
the specific surface area of each sample were not the s
Comparing the samples with different concentration of s
monomers, the one with thicker shell, 2/10–3%–2/10, c
tained a higher amount of COOH groups per specific sur
area of particles.

3.6. Drug releasing estimation

Caffeine was used as the model drug to carry out the d
releasing test. The loading of caffeine into the latex partic
was achieved by the swelling of copolymer particles in
pH 7.4 caffeine containing phosphate buffer solution; the
fore the amount of caffeine loaded into the particles wa
proportion to the equilibrium swelling ratio shown inFigs. 3
and 4. As expected, the drug might exist in both the partic
and the solution. Since the particles were too small to be
arated from the drug solution in both the drug loading a
releasing processes, the caffeine-incorporated particles
gether with the caffeine remaining in the solution (nonloa
caffeine), were molded into a tablet form in the drug rele
estimation. By this method, the released caffeine could
measured by UV spectrometer accurately when the inte
ences of latex particles were prevented. The drug-relea
behaviors of both nonloaded caffeine and loaded caff
could be observed as seen inFig. 6.

A reference copolymer tablet formed by blending copo
mer particles with drug powders (not by way of swellin
was taken as the comparison. FromFig. 6, it was found
that the blended caffeine was almost completely relea
f

.

-

Fig. 6. The percentage of caffeine released from poly(chitosan–NIPA
MAA–MMA) copolymer disks in the pH 7.4 phosphate buffer solution
the temperature of 37◦C: (a) the effect of weight ratios of MAA/MMA;
(b) the effect of concentrations of shell monomers (MAA and MMA).

from the reference tablet at 37◦C within 30 min. In other
samples loaded with caffeine by the swelling process, c
paring with the release curve of the blend sample, the h
proportion of drug loss (70–80%) within 30 min was t
amount of nonloaded drug, whereas the very slow rele
curve after 30 min (near zero release rate) indicated
the drug (20–30%) that was really loaded into the partic
(loaded drug) would be trapped and protected from rele
FromFig. 6, although the efficiency of drug loading by th
swelling process is only 20–30%, the drug incorporated
the particles (loaded drug) could be increased by increa
the concentration of drug solution used in the swelling (lo
ing) process.

For application, the nonloaded caffeine (about 70–80
should be removed from the sample. One way to do th
to dialyze the latex solution. Once the nonloaded drug is
moved, the latex particles are expected to have a very
release rate. For targeting purposes, specific ligands sh
be conjugated on the surface of particles, and then t
ligands and drug-containing latex particles will serve as
hicles for drug targeting applications. These particles co
be used as oral medicines or injections in the form of p
der, tablet, or latex solution according to the requirement
application.

The copolymer particles with a higher MAA/MMA
weight ratio had a higher swelling ratio and thus absor
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more caffeine, but the caffeine incorporated into them co
not be protected well and tended to diffuse into the
lution because of its high swelling behavior. Therefo
it was found inFig. 6a that the higher the weight rat
of MAA/MMA in the copolymer particles, the lower th
amount of caffeine kept inside the particles in pH 7.4 P
solution at 37◦C. The release rate of the MAA-rich sam
ple was lower in the first 30 min because the caffeine
really absorbed inside the particles by swelling and then
leased into solution by diffusion. The same phenomenon
also found for thin-shell samples as seen inFig. 6b. A lesser
amount of caffeine was kept inside the particles of sam
2/10–3%–0.5/2.5 after the release experiment. And the
lease rate of thin shell sample in the first 30 min was lo
than that of the thicker shell sample.

3.7. Protein conjugation

In this work, the bovine serum albumin (BSA) was tak
as model protein (ligand), which could be replaced with
other protein according to the kind of wounded cells, to c
jugate on the surface of copolymer particles by using E
as a coupling agent to evaluate the protein conjugating
ity and the potential of the core–shell copolymer partic
being applied on the targeting drug carrier.

By utilizing the carbodiimide-mediated process, t
COOH groups on the surface of core–shell particles c
bined with carbodiimide (EDC) to form ano-acrylisourea
intermediate, then reacted with the NH2 group of BSA and
yielded the corresponding amide bonding[33]. BSA was
added to the latex of copolymer particles for 2 h bef
EDC. The formation of the electrostatic polymer–prot
complexes proceeded, and then the condensation rea
between COOH and NH2 groups occurred after EDC wa
added.

For comparison, the same procedure was repeated
out the addition of EDC. It was found that the amount
BSA remained in the solution was equal to the total amo
of the added BSA; i.e., no BSA was adsorbed or entrap
in the particles during this procedure without the aid of E
by using a centrifuge at 12,000 rpm for 20 min. In oth
words, the reduced amount of BSA in the solution is th
confirmed to be chemically conjugated to the latex partic
with the aid of EDC.

Fig. 7shows the effect of temperature on the amount
BSA conjugated on the surface of poly(chitosan–NIPAA
MAA–MMA) core–shell particles with various MAA/MMA
weight ratios or various concentrations of shell monom
The amounts of BSA conjugated on the surface of parti
might be influenced by three factors: the size of swollen p
ticles, the hydrophobic properties of particles, and the c
centration of COOH groups on the particles. It is well kno
that the larger swollen particles reduces the steric hindra
of protein (BSA) conjugation, and the greater hydropho
property of particles increases the adsorption of protein
the surface of particles. Therefore, the favored conditions
n

-

Fig. 7. The effect of temperature on the amount of BSA conjugated on
surfaces of core–shell particles with various MAA/MMA weight ratios
various concentrations of shell monomers (assuming the density of
particles is 1 g/cm3 and the average particle diameter is 160 nm accord
to the SEM observations).

protein conjugation are the larger swollen particle size,
greater hydrophobic property of the particles and the hig
concentration of COOH groups on the particles. So at 37◦C
the amounts of BSA conjugated on particles increased w
the MAA/MMA weight ratio or the concentration of she
monomers increased, because the concentration of C
groups and the size of swollen particles increased. The
limited quantities of BSA conjugated on the sample of 2/1
3%–0.5/2.5 resulted due to the strong hydrophilic proper
and lower COOH groups of the sample. It was interestin
compare the results of the amounts of BSA conjugated
particles at 37 and 25◦C. The conjugation amount increas
at 25◦C because of the increase in particle size and the
crease in steric hindrance. In addition, the enhanceme
BSA conjugation at 25◦C compared to that at 37◦C was in-
creased as the MAA/MMA weight ratio increased beca
the swelling of samples was enhanced with the increasin
MAA/MMA weight ratio. The enhancement of the conjug
tion amount was limited for the sample of 2/10–3%–0.5/
with a thin shell, because the effect of its increasing
drophilic property from 37 to 25◦C was much stronger tha
in the other samples. It could be concluded that the therm
sponsive property of these core–shell particles is helpfu
enhance the protein (ligand) conjugation at low tempera
and these core–shell particles have the potential for drug
geting application.

4. Conclusion

In this study, the crosslinked poly(chitosan–NIPAA
MAA–MMA) thermal-sensitive and core–shell type copo
mer particles were synthesized successfully. The rela
ships between the conversion, swelling, zeta potential, a
age diameter, specific surface area of particles, drug re
and protein conjugation were studied by changing the we
ratio of MAA/MMA or the concentration of shell monomer
With an increase of the weight ratio of MAA/MMA or
decrease of the shell thickness of particles, the swelling
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tio of the sample increased. In the pH 4 buffer solution,
swelling behavior and the zeta potential of particles w
influenced by the combination effect of shell thickness,
PAAm, and chitosan. In pH 9 buffer solution, the swelli
behavior and the zeta potential were influenced by the c
bination effect of shell thickness, NIPAAm, and MAA. I
the drug release estimation, caffeine could be merged
side the copolymer particles by the swelling process
could be protected from releasing effectively in the ph
phate buffer solution at 37◦C. In the experiments of protei
conjugation, the amount of BSA conjugated on the surfac
particles was influenced by the size of swollen particles,
hydrophobic properties of particles, and the surface CO
groups. In this study, the conjugation amount at either
or 25◦C increased when the surface COOH groups and
size of particles increased, as in the MAA rich sample or
thick shell sample. The conjugation amount increased sig
icantly at 25◦C because of the increase in swollen parti
size and the decrease in steric hindrance.
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