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a b s t r a c t

The micellization and sustained drug release behavior of ethyl cellulose graft poly(poly(ethylene glycol)
methyl ether methacrylate) (EC-g-PPEGMA) copolymers with well-defined structure were investigated
by using pyrene as the fluorescent probe and model drug. It was found that the EC-g-PPEGMA copolymers
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have a low critical micelle concentration (CMC) at about 5 × 10−4 mg/mL. Drug loading experiments
indicate that a low graft density of the copolymers corresponds to a higher drug loading efficiency and
a higher loading capacity of drug in the micelles. The release rate of the loaded pyrene depends on both
the length of the side chains and the loading capacity of pryene in the micelles. A shorter side chain of
the copolymer and a higher ratio of the copolymer to the pyrene in the micelles correspond to a lower
release rate. The self-assembly system shows a potential application in controlled drug delivery.
icelles

rug release

. Introduction

Cellulose is the most abundant renewable biomacromolecule
n nature. Cellulose and its derivatives have the advantages
f nontoxicity, biocompatibility, and biodegradability, and have
een widely used in the fields of composites (CancheEscamilla,
odriguezTrujillo, HerreraFranco, Mendizabal, & Puig, 1997), water
reatment (Guclu, Gurdag, & Ozgumus, 2003; Hebeish, Waly, Abdel-

ohdy, & Aly, 1997; Srivastava & Behari, 2006; Waly, Abdel-Mohdy,
ly, & Hebeish, 1998), drilling-mud additives (Zhang, Tan, & Li,
999), microfiltration membranes (Rajam & Ho, 2006), separation
Yu, Fu, Zhao, Liu, & He, 2006), absorbent resins (Pourjavadi &

ahdavinia, 2005), flocculants (Biswal & Singh, 2006), solid–solid

hase change materials (Li, Liu, & Huang, 2008), and drug delivery
Dong et al., 2008).

The micelle formation, as well as their application in the fields
f medicine and biology has been investigated extensively in the
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past decade (Allen, Maysinger, & Eisenberg, 1999; Bajpai, Shukla,
Bhanu, & Kankane, 2008; Discher & Eisenberg, 2002; Kabanov
& Alakhov, 2002; Kataoka, Harada, & Nagasaki, 2001; Kwon &
Okano, 1996; Kwon, 2003; Rapoport, 2007; Savic, Eisenberg, &
Maysinger, 2006). As a drug carrier system, polymeric micelles
prepared from amphiphilic graft or block copolymers are the poten-
tial candidate for the delivery of poorly water-soluble drugs, in
which the hydrophobic core acts as a reservoir for poorly water-
soluble drugs. Small polymeric micelles (<200 nm) also have the
advantage of avoiding physical clearance by filtration in lungs and
spleen or excretion through the kidneys. Moreover, the unique
core-shell structure and nano-size can protect drugs from inactiva-
tion, prevent the sudden release in the physiological environment,
and reduce the drug toxicity, which make them suitable as long-
circulating drug carriers (Bian, Jia, Yu, & Liu, 2009). Compared
with block copolymers, the micelle formed from amphiphilic graft
copolymers, an important category of copolymers, are less stud-
ied (Chen, Ni, Wang, & Chen, 2008; Jun et al., 2006; Liu, Pramoda,
Yang, Chow, & He, 2004; Liu, Lin, & Wu, 2008). The reason may be
attributed to that traditional methods for the preparation of graft

copolymers such as the free radical polymerization are not control-
lable and the resultant graft copolymers have a more complicated
structure and are always mixed with homo-polymers.

In the last decade, the controllable/living radical polymeriza-
tions (CRP), such as atom transfer radical polymerization (ATRP)

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:rgliu@iccas.ac.cn
mailto:yhuang@mail.ipc.ac.cn
dx.doi.org/10.1016/j.carbpol.2010.02.017
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nd reversible addition fragmentation chain transfer polymeriza-
ion (RAFT) (Moad, Rizzardo, & Thang, 2008; Roy, Guthrie, & Perrier,
008; Wang & Matyjaszewski, 1995), have been developed and
idely applied for the synthesis of homo- and block-polymers.

he CRP methods have also been used for the preparation of cel-
ulosic graft copolymers (Carlmark & Malmstrom, 2002; Fleet et
l., 2008; Ifuku & Kadla, 2008; Kang et al., 2006; Kang, Liu, Liu, &
uang, 2008; Li, Liu, Liu, et al., 2008; Lindqvist et al., 2008; Meng
t al., 2009; Ostmark, Harrisson, Wooley, & Malmstrom, 2007; Roy
t al., 2008; Shen & Yong, 2004; Shen, Yu, & Huang, 2005; Shen,
u, & Huang, 2006; Sui et al., 2008). The graft copolymerization of
ellulose or cellulose derivatives with vinyl monomer by CRP was
ontrollable and the resultant graft copolymers have a well-defined
tructure in graft density and side chain length. Thus the delicate
ydrophilic/hydrophobic balance in a graft copolymer can be eas-

ly adjusted by changing the relative grafting density or side chains
ength (Li, Liu, Liu, et al., 2008; Wei, Cheng, Hou, & Sun, 2008; Yan
t al., 2009). Such cellulosic amphiphilic graft copolymers have the
bility to self-assemble to form micellar structure and may have
he potential applications in controlled drug release system. How-
ver, investigation of the self-assembly and applications of such
ellulosic graft copolymers is still limited.

In our previous work, we have synthesized a series of
mphiphilic ethyl cellulose-g-poly(poly(ethylene glycol)300
ethyl ether methacrylate) (EC-g-PPEGMA) copolymers by ATRP

Li, Liu, Liu, et al., 2008). The graft copolymers have the ethyl
ellulose (EC) backbone, which has the advantages of excellent
ydrophobicility, plasticity, and good solubility in organic solvents,
nd has been used in controlled release coatings and microcap-
ules in the pharmaceutical industry. While the side PPEGMA
hains is synthesized from poly(ethylene glycol) methyl ether
ethacrylate, a monomer derivative of poly(ethyleneglycol) that

as potential biomedical applications due to the biocomapatiblity
nd nonadhesive nature to proteins and cells (Zhang et al., 2009).
uch a graft copolymer structure offers the promising potential
pplications in controlled drug release system. However, the
icellization behaviors and the drug loading and release behav-

ors of this graft copolymer have not been investigated. In this
ork, the drug loading and sustained release behaviors of the

C-g-PPEGMA with different graft density and graft length were
nvestigated using pyrene as the fluorescence probe and model of
he poor water-soluble drug. Our research aims to provide some
ositive information for the potential applications of cellulosic
raft copolymers in drug delivery.

. Experiment

.1. Materials
Ethyl cellulose (EC) (Fluka, Mw = 1.1 × 105 g/mol, Mw/Mn = 3.6,
he degree of substitution of ethyl group is 2.5) was dried at 50 ◦C for
days before use. Poly(ethylene glycol) methyl ether methacrylate

PEGMA) (Aldrich, Mn = 300 g/mol) was purified by passing through

able 1
he details of EC-g-PPEGMA copolymers and the loading efficiency and probe content of

Sample Graft densitya Side chain lengthb

EC0.15-g-PPEGMA2.9 0.15 2.9
EC0.15-g-PPEGMA13.4 0.15 13.4

EC0.04-g-PPEGMA6.6 0.04 6.6

EC0.04-g-PPEGMA12.8 0.04 12.8

a Average graft of side chains.
c The mass feeding ratio of graft copolymer to pyrene in the preparation of pyrene-load
b Average repeat units method.
Scheme 1. The structural formula of EC-g-PPEGMA.

a basic alumina column to remove the antioxidant inhibitor (MEHQ
and BHQ). Pyrene (Alfa Aesar) was recrystallized from ethanol
before use. Other chemicals and solvents are all analytical grade
and used as received.

2.2. Preparation of EC-g-PPEGMA graft copolymers

EC-g-PPEGMA graft copolymers were synthesized by ATRP. The
details of the synthesis procedure and characterization of the graft
copolymers have been reported in previous work (Li, Liu, Liu, et
al., 2008). For clarification, the structure of EC-g-PPEGMA copoly-
mers is shown schematically in Scheme 1 and the details of the
graft copolymers used in this work are listed in Table 1. In Table 1,
the subscript the ECm-g-PPEGMAn graft copolymers m and n repre-
sent the average number of side PPEGMA chain per glucose ring
of EC backbone and the repeat unit of the side PPEGMA chain,
respectively.

2.3. Micellization behavior of EC-g-PPEGMA probed by pyrene

The micellization behavior of the graft copolymer was
researched using pyrene as fluorescent probe. The sample EC0.04-g-
PPEGMA12.8 was selected for the investigation of the micellization
behavior. Firstly the blank micelle solution of the graft copolymer
was prepared by dialysis method. Typically, 10 mg EC-g-PPEGMA
copolymers were dissolved in 5 mL THF with continuous stirring
at room temperature overnight to obtain homogenous solution.
The resultant solution was then transferred into a dialysis bag with
a molecular weight cutoff of 3500 and dialyzed against distilled
water for 24 h, during which the water was refreshed every 12 h
to yield the micelle solution. The resultant concentration of EC-g-

PPEGMA in the micelle solution was adjusted to 1 mg/mL. Secondly,
known amount of pyrene in acetone was added into dry volumet-
ric flask. After evaporation of the acetone, different amounts of
copolymer micelle solutions were added to produce solution of
various EC0.04-g-PPEGMA12.8 concentration with fixed pyrene con-

EC-g-PPEGMA micelles.

Wpolym/Wpy
c Loading efficiency (%) Probe content (%)

5:1 7.6 1.5
5: 1 4.3 0.6
5:1 17.7 4.4
10:1 24.4 4.2
5:1 16.3 2.8
10:1 28.3 4.1

ing micelles by dialysis chains per glucose ring of EC backbone.
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indicates that the peak at 336 nm red shifted to 338 nm with the
increase in copolymer concentration. The intensity ratio of I336/I338
of every pyrene excitation spectra versus the logarithm of corre-
sponding copolymer concentration is shown in Fig. 1b, by which
J. Tan et al. / Carbohydrat

entration at 5.0 × 10−7 mol/L. The fluorescence spectra of pyrene
n EC0.04-g-PPEGMA12.8 were obtained at room temperature using
Cary Eclipse fluorescence spectrophotometer. The emission spec-

ra was recorded at �ex = 334 nm and the excitation spectrum at
em = 393 nm.

.4. Loading of pyrene into the EC-g-PPEGMA micelles

The incorporation of pyrene into polymeric micelles was carried
ut by the dialysis method as same as the blank micelle. Briefly, 10
r 20 mg EC-g-PPEGMA and 2 mg pyrene was dissolved in 5 mL THF
o obtain homogenous solution and dialysized against water for
4 h during which the water was refreshed every 12 h. The resultant
oncentration of EC-g-PPEGMA copolymers in the resultant micelle
olution was adjusted to 1 and 2 mg/mL, respectively.

The loading efficiency (EL) and probe content (cp) defined by
iley et al. (1999) as followed:

L(wt.%) = wp

wt
× 100 (1)

p(wt.%) = wp

wm
× 100 (2)

here wp, wt, and wm are the mass of probe pyrene in micelles, total
robe that used, and micelles, respectively. The loading efficiency
nd probe content was determined as follows. Generally, 2 mL
yrene-loading micelle solution was freeze-dried and weighted.
hen the freeze-dried micelle was dissolved in THF and diluted to a
ertain volume. The content of pyrene was estimated by comparing
he absorption intensity at � = 336.5 nm on a Shimadzu UV-1601PC
pectrophotometer. A calibration curve of the absorption inten-
ity at � = 336.5 nm as a function of pyrene content in THF in the
inear range was used as the multipoint working curve. The EC-g-
PEGMA copolymer and the solvent have no obviously contribution
o the UV–vis spectra and the background was subtracted. Aver-
ged values of three experiments for each data were taken as the
esults.

The release behavior of the loading pyrene from the micelles
as determined as follows. A dialysis bag with molecular weight

utoff of 14,000 g/mol containing 3 mL of the probe-loaded micelle
queous solution was immersed in 500 mL phosphate buffer solu-
ion (PBS) (pH = 7.4) at 37 ◦C in a beaker with constant stirring, by
hich the pyrene can diffuse from the solution in the dialysis bag

o the buffer solution through the dialysis bag. 50 �L micelle solu-
ion was taken from the dialysis bag at a certain time intervals
nd then diluted in 5 mL THF. The concentration of probe pyrene
as determined by fluorescence spectra on a Cary Eclipse fluores-

ence spectrophotometer at �EX = 334 nm. Average value of three
easurements was taken as the resultant data.

.5. Characterization of the pyrene-loading micelles

The fluorescence spectrum of pyrene-loaded micelle was tested
t �EX = 334 nm by Cary Eclipse fluorescence spectrophotome-
er. The hydrodynamic radius ( Rh ) distribution of the pure

icelles and pyrene-loaded micelles were determined by dynamic
ight scattering (DLS) performed on a commercial spectrom-
ter (ALV/SP-150 equipped with an ALV-5000 multi-� digital

ime correlator) and a solid-state laser (ADLS DPY 425II, out-
ut power about 400 MW at � = 632.8 nm) as the light source.
ll the copolymer solutions were filtered through the Millipore
illex-FH nylon filter (0.45 �m) before measurements. All the

xperiments were carried out at a scattering angle of 90◦ at 25 ◦C.
he hydrodynamic radius ( Rh ) was obtained by the CONTIN
rogram.
mers 81 (2010) 213–218 215

3. Results and discussion

3.1. Micellization behavior of EC-g-PPEGMA copolymers in
aqueous solution

The onset of micellization in EC-g-PPEGMA copolymer was
derived from steady-state fluorescent probe investigations using
pyrene as the fluorescent probe. Pyrene is the most frequently used
dye in fluorescence studies of labeled polymers (Winnik, 1993) and
has been widely used in the studies on amphiphilic polymers, poly-
mer chain dynamics, polymer/particle interfaces, polymer films,
polymeric gels, and biological samples (Duhamel, 2005). The crit-
ical micelle concentration (CMC) of block copolymers in aqueous
phase could be determined by the characteristic feature of pyrene
excitation spectra (Kim et al., 2000). When the hydrophobic parts
of the graft copolymers are associated together to form the core
of the micelle, the pyrene molecules preferably locate inside the
hydrophobic inner core, resulting in the red shift of the character-
istic band of pyrene excitation spectra. Fig. 1a shows the excitation
spectra of pyrene at various EC0.04-g-PPEGMA12.8 copolymer con-
centrations in aqueous solutions. The concentration of pyrene in
the aqueous solutions was fixed at 5.0 × 10−7 mol/L. The result
Fig. 1. The excitation spectra of pyrene in EC0.04-g-PPEGMA12.8 solution with dif-
ferent copolymer concentration (a) and the changes in the I336/I338 intensity ratios
from pyrene excitation spectra as a function of graft copolymer concentration (b).
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solubilized pyrene in the hydrophobic core of the micelle. More-
ig. 2. Typical emission spectra of pyrene in graft copolymer aqueous solution (a)
nd plots of the intensity ratio of I1/I3 ratio of pyrene emission spectra as a function
f graft copolymer concentration (b).

he CMC was determined at around 5 × 10−4 mg/mL for EC0.04-g-
PEGMA12.8.

The CMC of EC-g-PPEGMA in aqueous solution is also deter-
ined from the fluorescence intensity ratio of the first to that of

he third peaks I1/I3. The fluorescence intensity ratio of the first
o the third peaks I1/I3, depends on the environment of pyrene

olecules, specifically the solute solvent interactions and/or the
ffective dielectric constant of the solvent (Kalyanasundaram &
homas, 1977). The decrease of the environment polarity induces
he decrease of the value of I1/I3 (Honda, Itagaki, Takeda, & Endo,
002; Kalyanasundaram & Thomas, 1977). Fig. 2a shows the typi-
al emission spectra of pyrene in EC-g-PPEGMA copolymer aqueous
olution and the I1/I3 ratio as a function of EC-g-PPEGMA concen-
ration is shown in Fig. 2b, which also indicates that the CMC for
C0.04-g-PPEGMA12.8 in aqueous solution is 5 × 10−4 mg/mL.

All the excitation spectra and emission spectra prove that the
mphiphilic EC0.04-g-PPEGMA12.8 copolymer show the low CMC
bout 5 × 10−4 mg/mL. It can self-assemble into micelles in aqueous
hase when the concentration of the EC-g-PPEGMA is higher than
he CMC in which the hydrophobic EC backbones are collapsed to

orm the core stabilized with the hydrophilic side PPEGMA chains
pon the CMC of about 5 × 10−4 mg/mL. Pyrene tends to transfer
rom the water solution to the micelles when the micellization hap-
ened and the pyrene could exist in the hydrophobic core of the EC
Fig. 3. Fluorescence spectrum of EC0.04-g-PPEGMA12.8 pyrene-loaded micelles. The
mass feeding ratio of graft copolymer to pyrene in the preparation of pyrene-
loading micelles Mpolym/Mpy is 5:1 and the EC-g-PPEGMA copolymer concentration
is 1 mg/mL.

backbones of the micelle. Therefore, if the micelles formed upon
the concentration of CMC, the hydrophobic pyrene would locate in
the EC hydrophobic core of the micelle. As a result, the hydropho-
bic core may be used as a reservoir of hydrophobic drugs and the
micelles can be used as a drug delivery system.

3.2. Preparation and characterization of the pyrene-loading
micelles

Pyrene has also been used as a model drug in controlled release
(Chen, He, Tang, & Yan, 2008b; Ma, Zhang, Song, Wang, & Zhang,
2005). In this work, the pyrene-loading micelle was prepared
by dialysis method. The fluorescence spectrum of pyrene-loading
micelle is shown in Fig. 3. In the research of pyrene micellization
behavior, trace amount of pyrene was used as the probe to probe
the micellization behavior of EC-g-PPEGMA and existed in uni-
molecule condition. However, in the pyrene-loading micelle, a large
amount of pyrene aggregates in the hydrophobic core of the micelle,
a excited pyrene can form excimer upon encounter with a ground-
state pyrene monomer (Chen, 2005). The excimer peak of pyrene
at 480 nm also proves that pyrene aggregates in the hydrophobic
core of the micelle.

To contrast blank micelle and pyrene-loading micelle, the blank
micelles and pyrene-loading micelles of EC0.04-g-PPEGMA12.8 were
characterized by DLS. Fig. 4 shows the hydrodynamic radius ( Rh )
distribution of the pure micelles and pyrene-loaded micelles of
the graft copolymer EC0.04-g-PPEGMA12.8 and EC0.04-g-PPEGMA6.6.
The results indicate that all the micelles have the good unimodal
size distribution. For the sample EC0.04-g-PPEGMA12.8, the average
hydrodynamic radius Rh of the pure micelle is about 31 nm,
while Rh of the pyrene-loaded micelles is 52 and 62 nm for
pyrene content of 2.8% and 4.1%, respectively, which is much
larger than that of the pure micelles. For the sample EC0.04-g-
PPEGMA12.8, the average hydrodynamic radius Rh of the pure
micelle is about 54 nm and Rh of the pyrene-loaded micelles
is 156 nm for pyrene content of 4.2%. The increase of the Rh
of the micelle with increasing pyrene content results from the
over, whatever the blank micelles and pyrene-loading micelles, the
side chain length of the graft copolymer affects the Rh of the
micelles obviously. The Rh of micelles of EC0.04-g-PPEGMA6.6
is larger than the micelles of EC0.04-g-PPEGMA12.8. Therefore
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ig. 4. Hydrodynamic radius distribution of the self-assembled blank micelle and
yrene-loading micelle at copolymer to pyrene ration of 5:1 and 10:1. All the mea-
urements were carried out at the scattering angle of 90◦ and the temperature of
5 ◦C.

he EC0.04-g-PPEGMA6.6 micelles contains more molecules of
opolymer.

.3. Pyrene-loading and release behavior of EC-g-PPEGMA
icelles

The loading capacity and probe content was determined by
orking curve of pyrene in THF. The loading capacity and probe

ontent of pyrene in the EC-g-PPEGMA micelles are listed in Table 1
t different conditions. The results indicate that the copolymers
ith lower graft density or shorter side chains have a higher

oading efficiency and probe content, which attributes to the rel-
tively higher content of hydrophobic EC backbone that has a
etter compatibility with pyrene at lower graft density. Moreover,
igher graft density is the dominant fact on the loading efficacy
nd probe content than the side chain length. For example, the
raft copolymers EC0.15-g-PPEGMA13.4 and EC0.04-g-PPEGMA12.8
ith almost the same side chain length and different graft den-

ity showed obvious difference in the loading efficiency and probe
ontent which may attribute to the higher flexibility, hydrophobic-
ty and compatibility with pyrene for the EC backbone chains at
ower DS.

Moreover, the loading efficiency also depends on the feeding
atio of graft copolymer to pyrene. For the graft copolymer of EC0.04-
-PPEGMA6.6 when the feeding ratio of graft copolymer to pyrene
s changed from 5:1 to 10:1, the loading efficiency is increased from
7.7% to 24.4%. For the copolymer of EC0.04-g-PPEGMA12.8, the load-

ng efficiency is increased from 16.3% to 28.3% when the feeding
atio of copolymer to pyrene is changed from 5:1 to 10:1. However,
he increase in the feeding ratio of graft copolymer to pyrene has
o obvious effect on the loading capacity in the micelles. This is
ue to that high proportion of polymer to pyrene corresponds to
ore micelles, that is more carriers for loading pyrene. Therefore,
he loading efficiency increases with increasing in the polymer to
yrene ratio. However, loading capacity in the micelles was mainly
etermined by the structure and the property of the graft copoly-
er and partition coefficient of pyrene in the micelles (Lim Soo,
Fig. 5. The release profile of pyrene from the EC-g-PPEGMA micelles to phosphate
buffer solution (PBS) (pH = 7.4) as a function of time at 37 ◦C.

Luo, Maysinger, & Eisenberg, 2002). As a result, the increase in
the feeding ratio of graft copolymer have obvious effect on loading
efficiency but no obvious effect on loading capacity of the micelles.

The release of pyrene from copolymer micelles (the average
graft density of 0.04) with different graft length and ratio of
Wpolym/Wpy was investigated in PBS solutions at 37 ◦C under con-
stant stirring. The release of pyrene to the PBS solution as a function
of time is shown in Fig. 5. When the pyrene-loaded micelles was
dialyzed against PBS solution, pyrene will diffuse into the PBS
solution due to concentration gradient. All pyrene-loaded micelles
show a two-step release profile, i.e. an initial burst release in the
1st hour and then a sustained release for a long time. The burst
release of pyrene may be caused by the diffusion of absorbed
pyrene from the hydrophilic corona of the micelle and then the
followed sustained release may be dominated by the pyrene from
the hydrophobic core of the micelles. The pyrene in the micelle
of EC0.04-g-PPEGMA6.6 showed a slower release than that in the
micelle of EC0.04-g-PPEGMA12.8, which is due to the higher pyrene
probe content in the EC0.04-g-PPEGMA6.6 micelles (Jeong et al.,
2006). Furthermore the release rate can be controlled by changing
the ratio of the copolymer to the pyrene for a graft copolymer with
same graft length. The higher ratio leads to the slower release rates,
which is consistent with literature (Lim Soo et al., 2002; Wang et
al., 2008). The results mentioned above suggest that EC-g-PPEGMA
copolymers might be used as a good carrier material for the sus-
tained release of hydrophobic drugs.

4. Conclusion

The EC-g-PPEGMA copolymers demonstrated the low critical
micelle concentration (CMC), i.e., 5 × 10−4 mg/mL. The release of
pyrene from the EC-g-PPEGMA copolymer micelles was sustained
in phosphate buffer solution (PBS) (pH = 7.4) at 37 ◦C. The pyrene
in the micelles of the copolymers with shorter side chain length
and in the system with the higher ratio of the copolymer to the
pyrene showed a lower release rate. The EC-g-PPEGMA copolymers
showed a potential application in controlled drug delivery systems.
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