
S
o

B
S
G

a

A
R
R
A
A

K
E
L
A
D
L

1

p
v
s
g
d
(
2
M

s
c
e
L
N
t
t
p
t
o
i

0
h

Carbohydrate Polymers 103 (2014) 510– 519

Contents lists available at ScienceDirect

Carbohydrate  Polymers

jo u r n al homep age: www.elsev ier .com/ locate /carbpol

timulus-responsive  polymeric  micelles  for  the  light-triggered  release
f  drugs

in  Wang,  Kefu  Chen,  Rendang  Yang,  Fei  Yang ∗, Jin  Liu
tate Key Lab of Pulp and Paper Engineering, South China University of Technology, Guangdong Public Laboratory of Paper Technology and Equipment,
uangzhou, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 4 September 2013
eceived in revised form 1 December 2013
ccepted 19 December 2013
vailable online 6 January 2014

a  b  s  t  r  a  c  t

Ethyl  cellulose  macroinitiator  was  firstly  synthesized  by  direct  acylation  of ethyl  cellulose  with  2-
bromopropionyl  bromide  in a  room  temperature.  And  a light-responsive  triblock  copolymer  of ethyl
cellulose-g-poly(2-hydroxyethyl  methacrylate)-g-poly(spiropyran  ether  methacrylate)  (EC-g-PHEMA-g-
PSPMA)  was  prepared  by atom  transfer  radial  polymerization.  The  amphiphilic  structure  of  the  copolymer
enabled  it to aggregate  into  spherical  micelles  in  aqueous  solution  with  an  average  diameter  of 100  nm.
eywords:
thyl cellulose
ight-responsive
TRP
rug loading

The  micelles  exhibited  light-responsive  performance  because  of  the  SPMA  monomer.  The  hydrophobic
side  chain  of  PSPMA  became  hydrophilic  under  UV light,  which  decreased  the  average  size  of the  micelles.
Additionally,  the  diameters  of  the  micelles  can  be recovered  when  subsequently  irradiated  with  visible
light.  The  loading  and  light-triggered  release  profiles  of model  drugs  were  also  investigated,  and  results
showed  that  the  release  behavior  can be  controlled  by changing  the  light  wavelength.
ight-controlled release

. Introduction

In drug delivery, therapeutic cargos including small molecules,
eptides, proteins, nucleic acids, and living cells are used to treat
arious sicknesses. Materials for drug delivery packages can confer
pecific functions, such as enhanced solubility and accurate tar-
eting. These materials can also resolve problems of premature
egradation, permeable barriers, reduced dosage, and side effects
Farokhzad & Langer, 2009; Liu, Robinson, Tabakman, Yang, & Dai,
011; Slowing, Trewyn, Giri, & Lin, 2007; Yoo, Irvine, Discher, &
itragotri, 2011).
New technologies and methods have recently been used to

tudy package materials for drug delivery, including nanoparti-
les, nanofibers, and polymer materials (Agasti et al., 2009; Cotí
t al., 2009; Ferris et al., 2009; Fu, Xu, Yao, Li, & Kang, 2009; Lee,
arson, & Lawrence, 2009; Li & Keller, 2009; Uda, Hiraishi, Ohnishi,
akahara, & Kimura, 2010). In the successful delivery of drugs to

he human body, enhancing drug encapsulation package is needed
o improve biocompatibility and stability. Drug packaging using
olymeric carriers solves the above problem. Polymeric designs

hat avoid complex circulatory pathways enable the achievement
f important goals. Optimized designs can provide new insights
nto better therapies.

∗ Corresponding author. Tel.: +86 20 87110084; fax: +86 20 87111072.
E-mail address: yangfei@scut.edu.cn (F. Yang).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.12.062
© 2013 Elsevier Ltd. All rights reserved.

Many designed biological carrier systems (Canelas, Herlihy,
& DeSimone, 2009; Kutscher et al., 2010) have been developed.
Biomimetic hydrogels well control biomolecular delivery from
bone defects. Specifically, designed “biomimetic” scaffolds are
inspired by natural extracellular matrices, using their body as a
bioreactor to regenerate bone in regulating tissue regeneration
(Martino et al., 2011). Micro-needles (Kim, Park, & Prausnitz, 2012)
can penetrate onto the skin and traverse skin capillaries. Conse-
quently, drugs can be delivered to diseased areas.

In seeking effective treatment, a variety of novel drug delivery
systems have been actively investigated. Among them, person-
alized healthcare strategies are the most promising and exciting
innovations. Personalized therapy selects the right dosage for the
treatment of each patient to maximize therapeutic efficacy and
reduce side effects. Healthcare strategies of personalized medicine
for individual patients are different. Individual patient responses
therapy efficacy is not the same because of the complexity and
heterogeneity of diseases and patients (Sakamoto et al., 2010).
Therefore, personalized medicine designs functional carriers and
collects necessary molecular data to achieve its full potential.

Several biological polymers that possess a stimulus-responsive
ability are called “smart materials”, which can solve personal-
ized therapy problems. Stimulus-responsive nanocarriers deliver
vehicles corresponding to external signals and “load-and-release”

functions. These materials are sensitive to viruses, tumor cells, or
other environmental diseases and respond to drug delivery sys-
tems. Delivery of same drug suits individual patients differently.
Stimulus-responsive nanocarriers could improve drug properties

dx.doi.org/10.1016/j.carbpol.2013.12.062
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.12.062&domain=pdf
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y changing their response to environmental pH (Chen, Meng,
heng, & Zhong, 2010; June, Gogoi, Eguchi, Cui, & Dowdy, 2010;
iu et al., 2011; Makhlof, Tozuka, & Takeuchi, 2009, 2011; Yuba,
arada, Sakanishi, Watarai, & Kono, 2013;Yuba et al., 2013), and

emperature (Chen, Amajjahe, & Stenzel, 2009; He et al., 2011;
iang, Li, Liu, Hennink, & Zhuo, 2012; Santos, Alves, & Mano, 2010),
r through remotely applied external stimuli such as magnetic
elds (Jiang et al., 2012; Lin et al., 2012; Wang et al., 2013), ultra-
ound (Zhang, Xia, Wang, & Li, 2009; Zhao, Du, Lu, Jin, & Ge, 2013),
nd light (Fan, Cheng, Ho, & Yeh, 2012; Kang et al., 2011; Knežević,
rewyn, & Lin, 2011; Lai et al., 2010). Among these stimuli, light
s the most suitable for use in delivery systems because it can be

anipulated with extremely high spatial and temporal precision.
dditionally, the release of drugs can be rapidly accomplished at a
pecific time and location by specific wavelengths of light irradia-
ion. The parameters of light intensity, wavelength, and exposure
ime can be established in drug delivery systems. UV light, visi-
le light, and near infrared (NIR) can be adjusted in a treated area
o induce drug release (Fomina, Sankaranarayanan, & Almutairi,
012). Light-induced reactions do not require any chemical envi-
onmental change and can be repeated several times.

Photosensitive nanocarriers can be fabricated from a vari-
ty of biocompatible and non-toxic molecules combined with a
hromophore to modulate release by switching construct prop-
rties. The therapeutic agents can be released from nanocarriers
pon light exposure. Different nanocarrier including micelles,
olymeric nanoparticles, hollow metal nanoparticles, and lipo-
omes are used in respective photochemical reactions in order
o facilitate release of the encapsulated bioactive agent. All light-
nduced reactions depending on their molecular chromophore can
e divided into three: photo-isomerization, photo-cleavage, and
hoto-dimerization. The properties of reversible and reproducible
hoto-isomerization processes make chromophores attractive and
e functionalized as “on–off” switch nanocarriers. Common photo-

somerization chromophore mainly include azobenzene, stilbene,
nd spiropyran (Tomatsu, Peng, & Kros, 2011).

Spiropyran (SP) is a structure which can control hydropho-
ic/hydrophilic interactions by light conversion. The hydrophobic
piropyrane state can transform into hydrophilic merocyanine
tate under UV light irradiation. Apart from this property,
piropyran-based materials have been widely applied in many
elds, such as data storage, optical and electrical switching, and

ight-actuated nanovalves. SP has also been introduced into poly-
ers to develop light-responsive micelles (Haque, Kakehi, Hara,
agano, & Seki, 2013; Ivashenko, van Herpt, Feringa, Rudolf, &
rowne, 2013; Renkecz, Mistlberger, Pawlak, Horváth, & Bakker,
013). For example, Chen et al. reported a novel spiropyran-
ased block copolymer which was used to fabricate thermo- and

ight-responsive micelles and reverse micelles (Chen et al., 2012).
piropyran reactions can lead to a change in the nanocarrier assem-
ly directly or indirectly, which leads to release of drug from the
anocarrier.

A challenge in light-responsive nanocarriers is to optimize
aterial responses and introduction into drug delivery systems

o ensure that biomaterials achieved their application potential.
hus, several materials have been studied by multidisciplinary
esearch teams in an attempt to solve such problems. These mate-
ials have been designed and engineered considering their bulk
roperties.

Peng et al. (Han et al., 2013) reported on amphiphilic
iselenide-containing block copolymers micelles. Additionally, sta-
le nanospheres controlled by red light can release encapsulated

argo into polymeric micelles. NIR light-responsive drug deliv-
ry platforms (Kang et al., 2011) coated with DNA cross-linked
olymeric shells have been constructed. Drug delivery systems
emotely controlled by NIR light can carry drugs.
mers 103 (2014) 510– 519 511

In general, avoiding micellar cross-linking requires diblock
copolymer micelles to be prepared in a very dilute solution.
By contrast, ABC triblock polymer micelles can be achieved
at higher micelle concentrations. Xu, Flores and McCormick
(2011) recently synthesized the pH-responsive triblock copoly-
mer  PEO-PAPMA-PNIPAM through aqueous RAFT polymerization.
Such “pH-triggered” release behavior demonstrated that triblock
copolymers can be used as therapeutic nanocarriers.

In the present work, we  designed and synthesized a stimulus-
responsive ABC triblock polymer. First, acrylic acid-based spiropy-
rane monomer (SPMA) was synthesized using carboxyl-containing
Sp (Sp-COOH) and hydroxyethyl methylacrylate (HEMA). The ATRP
initiator was then immobilized covalently onto ethyl cellulose (EC)
surface followed by 2-bromopropionyl bromide. Finally, HEMA and
SPMA were grafted onto the ethyl cellulose backbone (Scheme 1).
EC-g-PHEMA-g-PSPMA exhibited multiple functions resulting from
its special architectures with a hydrophilic HEMA unit and a photo-
responsive hydrophobic SPMA group. Considering the amphiphilic
and light-responsive properties of ABC triblock polymer, they are
expected to self-assemble into micelles that respond to light. The
behaviors of loading and light-controlled release of drug (probe
pyrene) were also investigated by irradiation at different wave-
lengths of light. Light-responsive triblock polymers have potential
applications in controlled drug delivery.

2. Experimental

2.1. Materials

EC (Mn = 29,100 g/mol; degree of ethyl substitution = 2.1) was
obtained from Aladdin and dried at 35 ◦C in a vacuum for 72 h before
use. HEMA (Acros; 97%) was passed through a neutral aluminum
oxide (250 mech) column to remove stabilizing agents.

CuBr (Acros; 97%) was purified by stirring with acetic acid and
washed with methyl alcohol three times until the washings were
clear. CuBr was then dried in a vacuum oven at 50 ◦C for 48 h.
2-Bromopropionyl bromide (BPB; 98%), Me6tren (99%), and 2,2′-
bipyridine (BPY; 98%) were purchased from Aldrich and used as
received. Tetrahydrofuran (THF; Sigma, 99.9%) was dried overnight
over CaH2 and distilled under reduced pressure before use.

All other chemicals were analytical reagent grade and used
without further purification. Water (18.2 M�)  was purified with
a Millipore Milli-Q system. UV and visible light irradiation were
conducted at 8 W UV (354 nm)  and 8 W white light (620 nm)  lamps.

2.2. Synthesis of allyl-functionalized spiropyrane monomer
(SPMA)

Exactly 3.84 g of SPCOOH (10 mmol), 2.68 g of HEMA (20 mmol),
and 0.24 g of DMAP (2 mmol) were dissolved in 70 mL  of tetrahy-
drofuran (THF). The solution was  mixed in a three-neck flask, cooled
to 0 ◦C in an ice–water bath, and purged with gaseous Ar. A solu-
tion containing 2.06 g (10 mmol) of dicyclohexyl carbodiimide in
30 mL  of THF was  added dropwise to the mixture. The following
reaction was  performed in the dark: the mixture was placed in
an ice salt bath for 2 h and then stirred at room temperature for
24 h. Residual salt produced from the reaction was  removed by
filtration. The product was purified by concentration, water pre-
cipitation, benzene washing, and petroleum ether re-precipitation.
The final product (3.19 g; 52% yield) was  obtained using vacuum
dryer.
2.3. Synthesis of an EC-Br initiator

An EC-Br macroinitiator was  prepared based on the proce-
dure shown in Scheme 1. In a typical procedure, 2.02 g (unit of
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Scheme 1. (A) Synthesis of ethylcellulose graft copolymers with block. (B) Schematic illustration for the formation of micelles as well as drug loading and light controlled
release  of micelles.



B. Wang et al. / Carbohydrate Poly

Table  1
Preparation of EC-Br macroinitiator for ATRP.

Reactant ratio:
BPB/ECa (mol/mol)

DBr
b Reaction

time (h)
Mn, NMR

c

(g/mol)
Mn, GPC

d

(g/mol)

1:2 0.08 24 30,718 29,900
1.5:1 0.11 24 31,229 35,180
2:1  0.30 24 34,954 37,000

a Reaction conditions: [Br]/[OH].
b Determined by 1H NMR.
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c Calculated by 1H NMR.
d Mn, GPC was monitored by GPC analysis with polystyrene standards, THF was
sed as mobile phase.

lucose = 10.0 mmol) of EC was dissolved in a mixture of 50 mL
f dried THF and 8 mL  of pyridine. Then, 2.18 g (10 mmol) of 2-
romoisobutyryl bromide in 10 mL  of dried THF was  slowly added
ropwise into the solution at 0 ◦C for 1 h. The mixture was  then
tirred at room temperature for 24 h, and the products were pre-
ipitated with deionized water three times. The precipitate was
ried in a vacuum oven at 35 ◦C for 72 h. The macroinitiator was
haracterized by IR (Nexus 470, Thermo Nicolet, USA) and 1H NMR
400 MHz, AVANCE AV 400, Bruker, Switzerland) spectroscopy
nalyses of samples dissolved in CDCl3. The experimental details
nd resultant EC-Br copolymers are summarized in Table 1.

.4. Synthesis of EC-g-PHEMA by atom transfer radical
olymerization (ATRP)

The synthesis of EC-g-PHEMA is shown in Scheme 1. EC-
r macroinitiator (0.52 g; 2 mmol  of initiating sites) and HEMA
13.01 g; 100 mmol) were dissolved in 16.25 mL  of methanol in a
00 mL  flask with a magnetic stirrer. The solution was then cooled

n an ice–water bath and purged with gaseous argon through three
hump–thaw cycles. CuBr (0.034 g; 0.3 mmol) and 2,2-bipyridine
BPY) (0.095 g; 0.6 mmol) were added to the mixed solution under
aseous argon. The flask was then immersed in an oil bath at 30 ◦C
or 10 h after one freeze–thump–thaw cycle with argon for ATRP
eaction. After reaction completion, the mixture was  exposed to air,
iluted with methanol, and passed through neutral oxide alumina
olumn to remove copper catalyst. The polymer was obtained by
recipitation in deionized water and lyophilization for 24 h. The
xperimental details and resultant EC-g-PHEMA copolymers are
ummarized in Table 2.

.5. Synthesis of EC-g-PHEMA-g-PSPMA with graft macroinitiator
C-g-PHEMA-Br using ATRP

In a typical synthesis, graft copolymer EC-g-PHEMA-Br
acroinitiator (0.525 g; residual Br is 0.10 mmol) and SPMA (1.47 g,

.0 mmol) were dissolved in 10 mL  of DMF  in a 25-mL flask with
 magnetic stirrer. The flask was then connected with a Schlenk
ine where exhausting–refilling processes were performed thrice.
uBr (4.4 mg;  0.3 mmol) and Me6tren (6.8 mg;  0.3 mmol) were then
dded under argon, and the reaction vessel was placed in an oil bath
ith a controlled temperature of 70 ◦C for 24 h. Polymerization was

ompleted after cooling at room temperature. The copolymer was
ialyzed against deionized water using a dialysis bag (cut off molec-
lar weight = 14 kDa) to remove impurities. Pure graft copolymers
ere obtained through quick-freeze drying.

.6. Preparation of EC-g-PHEMA-g-PSPMA micelles
Polymeric micelles were prepared by a solvent-exchange
ethod. In a typical procedure, 25 mg  of EC-g-PHEMA-g-SPMA
as first dissolved in 10 mL  of DMF  at room temperature.

hen, 5 mL  deionized water was added dropwise to the solution
mers 103 (2014) 510– 519 513

under magnetic stirring for 3 h. The solution was then dialyzed
against deionized water using a dialysis bag (cut off molecular
weight = 10 kDa) for 7 days to remove DMF. Solutions were trans-
ferred into a 25 mL  volumetric flask and diluted with deionized
water to 1 mg/mL.

2.7. Investigation of micelles

The size of photochromic nanoparticles was measured using a
Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, U.K.)
operating at a wavelength of 632.8 nm laser (at 90◦ angle) equipped
with a Peltier temperature control unit. Hydrodynamic radius was
calculated with the Laplace inversion program (CONTIN). All sam-
ples were filtered through membrane filter (0.45 �m)  before DLS
experiments.

In AFM studies, an aqueous micellar solution (1 mg/mL) was
added dropwise to mica and allowed to dry at ambient tem-
perature. Morphology pictures of micelles were recorded under
ambient conditions using a multimode scanning probe microscope
(Nanoscope IIIa MultiMode SPM, Japan) in tapping mode with a
spring constant of 15 N/m.

2.8. Determination of critical micelle concentration (CMC)

CMC  was determined using surface tension methods. Data were
obtained using a contact angle meter (Dataphysics OCA40 Micro).
Fresh EC-g-PHEMA-g-PSPMA micelles in deionized with concen-
trations of 1 mg/mL  to 0.0001 mg/mL  were prepared.

2.9. Irradiation experiments

Micelles were exposed to UV (354 nm)  or visible (620 nm) light.
Micelles (1 mg/mL) were first irradiated with 365 nm UV light for
5 min  and further irradiated with visible light for 2 h. UV–visible
spectrometer (Agilent 8453, USA) and DLS measurements moni-
tored the physical and chemical changes of the micelles. UV/VIS
spectroscopy confirmed the reversible progress of light-responsive
micelles.

2.10. Loading of pyrene into graft copolymer micelles and its
release behavior

Pyrene was selected as a hydrophobic model drug exhibiting
poor water solubility, as well as a sensitive and specific spectrum.
In this section, pyrene encapsulated onto micelles. UV–visible spec-
troscopy was  used to investigate the encapsulation and release
behaviors of micelles.

Pyrene-loaded micelles were prepared by a dialysis method.
An intensity–concentration linear standard calibration curve was
established by UV spectrophotometry. About 10 mg  of polymer and
20 mg  of pyrene were dissolved in 2 mL  of DMSO under constant
stirring. Mixed solution was  dialyzed against deionized water using
a dialysis bag (MWCO  3500) for 24 h with the water changed every
4 h. The amount of loaded drug in micelles (Wp) was calculated from
the UV–visible absorbance of the dialysate at 303 nm wavelength.

The loading efficiency (EL) and probe content (CP) were defined
as follows:

EL = Wp

Wt
× 100
CP =
Wm

× 100

where Wp, Wt, and Wm are the masses of probe pyrene in micelles,
total probe used, and micelles, respectively.
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Table 2
Summary of the diblock copolymer obtained by changing reaction conditions.

Macroinitiator nBr:nHEMA:nCuBr:nBPY Time (h) Temperature (◦C) Samplesa Mn, NMR
b (g/mol)

0.08 1:500:1.5:3 10 30 EC0.08-g-PHEMA32
I 34,520

0.08 1:500:1.5:3 10 40 EC0.08-g-PHEMA60
II 40,220

0.30  1:180:2:3.5 4 30 EC0.30-g-PHEMA18
III 47,230

0.46  1:80:1:3.5 – 30 Gels –
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: EC0.08-g-PHEMA32 was labeled I; II: EC0.08-g-PHEMA60 was  labeled II; III:  EC0.30-g-
a Calculated by 1H NMR.
b Calculated by 1H NMR.

After encapsulation, a dialysis bag (MWCO  = 14,000) contain-
ng 5 mL  of drug-loaded micelle aqueous solution was  immersed
n PBS solution (pH 7.4) at 37 ◦C in a beaker. Micelles were irra-
iated with different lights (354 nm UV light for 5 min  or visible

ight for the whole time). A 2 mL  PBS containing probe pyrene
as sampled from the beaker at certain time intervals. UV–visible

bsorbance of solution was  then immediately recorded. Cumulative
rug release at different time intervals was determined by UV–vis
pectra.

. Results and discussion

Synthesis of EC-g-PHEMA-g-PSPMA copolymers through the
TRP reaction was shown in Scheme 1.

.1. Preparation of SPMA

SPMA monomer was synthesized by the esterification of HEMA
ith carboxyl-containing spiropyran (SP-COOH) molecules. The
olecular structure and synthesis route of monomer are detailed

n Scheme 1. Fig. 1A shows the 1H NMR  spectra of SP-COOH and
PMA. Typically, chemical shift of ı = 12.3 ppm on the 1H NMR
pectrum (Fig. 1A (a)) of SP-COOH was carboxyl proton. Rele-
ant signals of SP-COOH characteristic peaks at 1.0, 2.5, 3.5, and
.9 ppm are shown in the 1H NMR  spectra. The 1H NMR  spec-
ra of SP-COOH and SPMA showed new peak at chemical shift of

 = 1.8 ppm to 1.9 ppm and ı = 4.2 ppm, which are methyl protons
n HEMA and two methylene protons in HEMA, respectively. Thus,
he successful synthesis of SPMA structure by esterification was
evealed.

.2. Preparation of EC-Br macroinitiator

In a typical procedure, EC-Br macroinitiator was synthesized by
C and BPB through an acylation reaction. EC-Br macroinitiator was
sed for copolymerization to initiate different monomers onto EC
ackbone during ATRP reaction.

Degree of substitution (DS) of Br could be controlled by changing
eactant proportion. Typically, the feeding ratio of BPB to EC was
ncreased with increased molecular weight. Increasing molecular

eight confirmed that more BPB is introduced onto EC backbone.
Fig. 1B (a and b) shows changes in FT-IR spectra of EC and EC-

r. In comparison with the native EC, EC-Br has additional band at
751 cm−1. Existence of CO band at 1751 cm−1 was attributed to
ormation of acylated ethyl cellulose. Meanwhile, the –OH groups
t 3500 cm−1 become relatively weaker, which indicates that –OH
roups on EC backbone partly reacted with 2-bromoisobutyryl bro-
ide.
The 1H NMR  spectra of EC and EC-Br macroinitiator are shown

n Fig. 1C (a and b). The appearance of new peak at 1.80 ppm con-
rmed that 2-bromopropionyl bromide was successfully grafted

nto EC backbone. Relative molecular weight of EC-Br samples were
btained from their 1H NMR  spectra using signals at 1.8 ppm due to
esonance of methyl protons in bromoisobutyryl groups and signals
t 3.0 ppm to 5.0 ppm were due to resonance of H in ethyl cellulose
A18 was labeled III.

glucose units (Fig. 1C (b)). Chemical composition of EC-Br samples,
average molecular weight (Mn), and degree of substitution (DS) of
Br group in EC unit can be calculated from the signals, which were
listed in Table 1.

3.3. Preparation of EC-g-PHEMA

Graft polymerization of HEMA with EC-Br was carried with
CuBr catalyst and methanol solvent to produce EC-g-PHEMA
copolymers. A series of polymerizations was synthesized using
macroinitiator EC-Br, catalyst CuBr, and ligand BPY (Table 2).

Comparing the FT-IR spectra of EC-Br and EC-g-PHEMA, the
C O stretching band at 1753 cm−1 (Fig. 1B (c)) that shifted from
1724 cm−1 become stronger because of the C O groups of PHEMA
side chains. The absorption peak attributed to –OH groups at around
3400 cm−1 became relatively wider and weaker, which indicates
that HEMA was  polymerized with 2-bromoisobutyryl bromide.

The 1H NMR  spectrum of graft copolymer is shown in Fig. 1C
(c). Characteristic peaks of EC-g-PHEMA graft copolymers were
readily identifiable compared with Fig. 1C (b). The signals at 1.3,
2.5, and 4.8 ppm were attributed to methyl protons of bromoisobu-
tyryl groups and methylene protons on allyl and hydroxy protons
of HEMA, respectively. 1H NMR  proton results indicate that PHEMA
was successfully grafted on EC backbone.

In an ATRP reaction, crosslinks caused by radical–radical cou-
pling may  occur due to high concentration of chain radicals in
the local area (Sui et al., 2008). Hence, to minimize coupling,
macroinitiation sites should be kept at low density. Gel of polymer-
ization mixture was easily formed and reaction was  quite difficult
to control during EC0.46-g-PHEMA reaction. Experimental results
obtained by various reaction conditions were listed in Table 2.

3.4. Preparation of EC-g-PHEMA-g-PSPMA

Synthesis of target EC-g-PHEMA-g-PSPMA graft polymer was
readily achieved using EC-Br-g-PHEMA macroinitiator in the pres-
ence of CuBr/Me6tren catalyst and ligand in anhydrous methyl
alcohol at 70 ◦C. To obtain different graft lengths of PSPMA, feeding
ratios were varied. Success in synthesis of EC-g-PHEMA-g-PSPMA
graft copolymers was confirmed by 1H NMR  and FTIR spectra.

FTIR spectra of EC, EC-Br, EC-g-PHEMA, and EC-g-PHEMA-g-
PSPMA are shown in Fig. 1B. Comparing with the spectrum of
EC-g-PHEMA, many newly vibrating peaks were observed in the
spectrum of EC-g-PHEMA-g-PSPMA (d). Peaks at 750 cm−1 and
808 cm−1 were attributed to ortho-disubstituted benzene ring
and 1,2,4-substituted benzene ring in SPMA structure, respec-
tively. Similarly, peaks at 1339 and 1516 cm−1 were characteristic
absorptions of nitro group in spectrum of EC-g-PHEMA-g-PSPMA
compared with that of EC-g-PHEMA. Hence, SPMA molecules were
successfully grafted onto the EC-g-PHEMA structure.

1H NMR  analyses provide additional information on EC-

g-PHEMA-g-PSPMA. Detail assignments of EC-g-PHEMA and
EC-g-PHEMA-g-PSPMA protons are shown in Fig. 1C (c and
d), respectively. Compared with EC-g-PHEMA, new signals at
7.18 and 6.71 ppm in spectrum of EC-g-PHEMA-g-PSPMA were
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ig. 1. (A) 1H NMR  spectra of SPCOOH (a), SPMA monomer (b). (B) FT-IR spectra of
C  (a), EC-Br (b), EC-g-PHEMA (c) and EC-g-PHEMA-PSPMA (d).
ssigned to proton of ortho-disubstituted benzene ring. Similarly,
haracteristic signals of 1,2,4-ubstituted benzene rings in EC-g-
HEMA-g-PSPMA at 8.27, 8.05, and 7.26 ppm proved successful
ynthesis of EC-g-PHEMA-g-PSPMA. Graft lengths of PSPMA in the

able 3
ummary of the triblock graft polymer obtained by changing reaction conditions.

Macroinitiatora nBr:nSPMA:nCuBr:nMe6tren Time (h) Tem

I 0.33:10:1:1 16 70 

I  0.33:50:1:1 16 70 

II  0.33:100:1:1 12 70 

III  0.33:10:1:1 24 70 

a Listed in Table 2.
b Calculated by 1H NMR.
c Calculated by 1H NMR.
, (b) EC-Br, (c) EC-g-PHEMA and (d) EC-g-PHEMA-g-PSPMA. (C) 1H NMR  spectra of
spectrum of EC-g-PHEMA-g-PSPMA can be calculated by comparing
chemical shift peaks at 8.27 and 0.85 pm for Hm and Hb, respectively.
From the 1H NMR, block radio and average molecular weight was
calculated (Table 3).

perature (◦C) Samplesb Mn, NMR
c (g/mol)

EC0.08-g-PHEMA32-g-PSPMA11 42,100
EC0.08-g-PHEMA32-g-PSPMA15 44,500
EC0.08-g-PHEMA60-g-PSPMA21 48,000
EC0.30-g-PHEMA18-g-PSPMA8 56,140
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Table 4
Characteristic data of the micelles.

Sample dn/dca Mw × 106 a Nagg Rg (nm)a Rh (nm)b Rg/Rh

EC0.08-g-PHEMA60-g-PSPMA21 0.136 5.5 116 33.4 42.3 ∼0.8
EC0.08-g-PHEMA32-g-PSPMA11 0.136 5.7 135 36.8 54.7 ∼0.7
EC0.08-g-PHEMA32-g-PSPMA15 0.136 6.2 139 38.6 57.0 ∼0.7
EC -g-PHEMA -g-PSPMA 0.136 8.5 152 45.5 57.5 ∼0.8

3

b
h
s

F
P
c

0.30 18 8

a Measured by GPC-MALS.
b Measured by DLS.

.5. Preparation and characterization of micelle

EC-g-PHEMA-g-PSPMA copolymers comprise hydropho-

ic backbones (EC), hydrophobic side chains of PSPMA, and
ydrophilic side chains of HEMA. Hence, EC backbones and PSPMA
ide chains can aggregate to form core of micelles that were

ig. 2. (A) Surface tension of EC-g-PHEMA-g-PSPMA solution with different copolymer c
SPMA  micelles. (C) AFM image of EC-g-PHEMA-g-PSPMA micelles. (D) Changes in absorp
aused  by vis/UV irradiation. (E) The image of micelles irradiated by visible light. (F) The 
stabilized with PHEMA in the shell. Micelles were prepared by dial-
ysis method with 1.0 mg/mL concentration and then characterized
by UV–vis spectrophotometer, GPC-MALS, DLS, and AFM.
Fig. 2A shows the CMC  determined by relationship between
surface tension and concentration. Two conclusions were obtained
from Fig. 2A: First, there was a regular increase in surface tension

oncentration at 25 ◦C. (B) Distribution of hydrodynamic radius of EC-g-PHEMA-g-
tion spectra for EC-g-PHEMA-g-PSPMA micelles in aqueous solution (∼0.1 mg/mL)

image of micelles irradiated by UV light irradiation.



B. Wang et al. / Carbohydrate Polymers 103 (2014) 510– 519 517

Fig. 3. (A) Hydrodynamic diameter distribution of the micelles after irradiation with different types of light: (a) initial state, (b) UV irradiation for 1 min, (c) UV irradiation
f ) The
l A32-g
c

v
n
c
i
m
c
b
o
0

m
p
d
i
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w
t
d
c
t
R
o
b
a
m

r
c
e
i
t
e
t

or  5 min, (d) visible irradiation for 30 min, and (e) visible irradiation for 150 min. (B
ight  (150 min). (C) Hydrodynamic radius distribution of the micelles (EC0.08-g-PHEM
opolymer with different types of light (UV for 5 min, visible light all the time).

alue with increasing number of PHEMA chains. Increasing the
umber of PHEMA chains in molecule strengthens hydrophilic
haracteristics, which decreases tendency to adsorb at air/water
nterface; hence, enhances surface tension. Second, CMC  values of

icelles depend on number of PHEMA chains grafted onto ethyl
ellulose chain. CMC  values were calculated by intersection point
etween two straight lines. Gradual increase of grafting density
f PHEMA chains in EC molecules increased CMC  values from
.0092 mg/mL  to 0.028 mg/mL.

DLS and AFM measurements were further performed to track
acroscopic details and size of self-assemblies. Fig. 2C shows

olymer self-assembled into spherical micelles in water with a
iameter of about 100 nm.  In addition, dynamic light scatter-

ng (DLS) measurements were performed and results are shown
n Fig. 2B. Micelle diameter ranged from 84.6 nm to 115.0 nm,

hich agreed with data from AFM measurement. Micelle diame-
er depended on both the length of PHEMA side chain and graft
ensity. For graft copolymers with similar graft density, Rh of
opolymer decreased with increased PHEMA side chain. Addi-
ionally, Rh of copolymer increased with increasing graft density.
h of EC0.08-g-PHEMA32-g-PSPMA15 micelles was  larger than that
f EC0.08-g-PHEMA32-g-PSPMA11. Given the hydrophobicity of EC
ackbones and PSPMA side chain, aggregates were formed and cre-
ted the core of micelles. Therefore, EC0.08-g-PHEMA32-g-PSPMA15
icelles contained more copolymer molecules.
GPC-MALS was conducted to ensure conclusion reliability, and

esults are shown in Table 4. Aggregation number (Nagg) can be
alculated from ratio of Mw values for the micelle and unimer
stimated from 1H NMR  measurements. Table 4 shows that Nagg
ncreased by decreasing the length of PHEMA chains grafted onto
he EC molecules. Less hydrophilic chain made micellar aggregation
asily. Rg/Rh value reflected polymer conformation and density dis-
ribution of a particle (Niu, Liaw, Sang, & Wu,  2000). Rg/Rh value for
 light-responsive micelles alternatively irradiated with UV  light (5 min) and visible
-PSPMA11) before and after loading pyrene. (D) Release profile of pyrene from graft

hard uniform sphere is 0.775 (Sanwlani & Bohidar, 2013). Addi-
tionally, Rg/Rh values of micelles were 0.7 to 0.8, suggesting that
micelles were close to a sphere.

3.6. Light-responsive micellization behavior of
EC-g-PHEMA-g-PSPMA

Considering the introduction of light-responsive SPMA groups
into polymers, self-assembly behaviors of micelles can be changed
by exposing light with different wavelengths. We  analyzed using
UV–vis spectrophotometer, GPC-MALS, and DLS to track macro-
scopic details of light-responsive micellization behaviors. First, by
illuminating micelles with 365 nm UV light for 5 min, as shown in
Fig. 2D, micelles changed from colorless to purple. At the same time,
SPMA unit in EC-g-PHEMA-g-PSPMA exhibited new absorption
peak (535 nm)  after UV light irradiation in UV–visible absorption
spectra. A 620 nm visible light was  used to irradiate micelles for
150 min. Micellar solution transformed from purple to colorless and
absorption peak at 535 nm gradually disappeared.

For a complete understanding reversibility of light-induced
changes in microscopic details, morphology and hydrodynamic
diameters of micelles were measured by AFM and DLS while chang-
ing wavelength of light. Fig. 2E and F shows AFM images of micelles
from EC0.08-g-PHEMA60-g-PSPMA21 upon different irradiation of
UV and visible light. Fig. 2F shows AFM image of micelles after
UV irradiation for 5 min, and change in morphology is significant.
Additionally, the diameter decreased to about 50 nm compared
with AFM image before irradiation in Fig. 2C. After subsequent vis-
ible light irradiation for 2 h, morphology essentially returned back

to that of initial micelles with about 100 nm diameter in Fig. 2E.
In addition, DLS measurements analyzed the whole reversible
process. Fig. 3A shows the diameter change of EC0.08-g-PHEMA60-g-
PSPMA21 micelles with different types of light irradiation. Diameter
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Table 5
The loading efficiency and probe content of different EC-g-PHEMA-g-PSPMA
micelles.

Sample Loading efficiency (%) Probe content (%)

o
i
f
T
e
R
b
r
U
l
s
c

3
c

d
d
I
P
l
a
l
h
p
c
h
fi

m
i
k
E
t
l
g
t
f
t
s
g
o
U
v
l
r

4

a
i
t
a
a
T
M

EC0.08-g-PHEMA32-g-PSPMA11 33.0 3.4
EC0.08-g-PHEMA32-g-PSPMA15 34.9 3.5

f micelles from 84.6 nm before irradiation to 81.1 nm after expos-
ng UV light for 1 min, and then to 73.2 nm after exposing UV light
or 5 min. Influence of light on diameter is a reversible process.
he diameter gradually increased to 83.3 nm and 85.2 nm after
xposure to 620 nm visible light for 30 and 150 min, respectively.
eversible change in morphology of micelles can be controlled
y exposing with different wavelengths of light. To test cyclic
eversible response ability of micelles, sample was monitored by
V spectroscopy by alternating irradiation with UV and visible

ight. UV absorbance was measured at 535 nm,  which demon-
trated that reversible change could take place very well for several
ycles in Fig. 3B.

.7. Loading and light-responsive release of pyrene in grafted
opolymer micelles

To investigate the influence of different wavelengths of light on
elivery processes of micelles, probe pyrene was chosen for model
rug because of its poor water solubility and spectral specificity.

n the present work, EC0.08-g-PHEMA32-g-PSPMA15 and EC0.08-g-
HEMA32-g-PSPMA11 were chosen to investigate the process of
oading and light-controlled release of drug. The loading efficiency
nd probe content in different EC-g-PHEMA-g-PSPMA micelles are
isted in Table 5. Copolymers with higher PSPMA side chains have
igher loading efficiency and probe content because of high pro-
ortion of EC and hydrophobic PSPMA side chains that had better
ompatibility with pyrene. Moreover, the Rh of pyrene micelles was
igher than that of unloaded micelles, as shown in Fig. 3C. This
nding indicated the success of pyrene loading in micelles.

The light-responsive release behavior of EC-g-PHEMA-g-PSPMA
icelles was investigated under different wavelengths of light

n PBS solutions at 37 ◦C, and results are shown in Fig. 3D. Two
inds of micelles had release behaviors within 12 h. Pyrene from
C0.08-g-PHEMA32-g-PSPMA15 showed lower cumulant release
han that in micelle of EC0.08-g-PHEMA32-g-PSPMA11 under visible
ight. Consequently, hydrophobic PSPMA formed micellar aggre-
ation, which restrains the quantity and rate of drug release. On
he other hand, when the solution was irradiated with UV light
or 5 min, cumulant release of pyrene in PBS solution is higher
han that of under visible light. EC0.08-g-PHEMA32-g-PSPMA15
howed higher cumulant release than that in EC0.08-g-PHEMA32-
-PSPMA11 micelle under the same condition due to isomerization
f hydrophobic PSPMA changes to hydrophilic structure under
V irradiation. Hence, aggregated micelles transformed to indi-
idual micelles resulting in higher quantity of drug release. Drug
oading and light-controlled release can be accomplished in light-
esponsive micelles with UV or visible light (Scheme 1B).

. Conclusion

Amphiphilic EC-g-PHEMA-g-PSPMA was prepared using ATRP
pproach. The graft copolymer exhibited reversible micellization
nduced by light change. DLS and AFM measurements revealed
hat the self-assembly of polymers depended on light. Addition-

lly, polymers can self-assemble into spherical micelles with an
verage diameter of approximately 100 nm in aqueous solution.
he micelle diameter can be controlled by UV and visible light.
icelles can be modulated by changing the ratio of hydrophilic
mers 103 (2014) 510– 519

PHEMA to hydrophobic PSPMA. Probe pyrene as a hydrophobic
model drug was loaded onto micelles. Therefore, drug release could
be controlled by changing light.
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