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Abstract In response to the shortage of petroleum

resources and the growing need for sustainable

development, cellulose-based amphiphilic copoly-

mers have emerged as a new generation of value-

added functional nanostructures from biomass

resources. In this article, 17 amphiphilic hydroxyethyl

cellulose-based graft copolymers with different side

chains, including poly(lactide), poly(e-caprolactone)

and poly(p-dioxanone), were synthesized via homo-

geneous ring opening polymerization in ionic liquid

1-butyl-3-methylimidazolium chloride and character-

ized by FT-IR, 1H NMR, thermogravimetric analysis

and gel permeation chromatography. The resultant

copolymers can self-assemble into micelles with a low

critical micelle concentration that varies in the range

of 0.03–0.24 mg/ml. TEM observations revealed the

obtained micelles had a spherical and well-distributed

morphology, and DLS analysis showed the nanoscaled

sizes were between 40 and 150 nm. These HEC-based

micelles can be used as nano-sized vesicles and have

great latent forces in drug delivery systems.

Keywords Amphiphilic � Hydroxyethyl cellulose �
Self-assemble � Nanomicelles

Introduction

Amphiphilic polymers can self-assemble into special

nanostructures with a hydrophobic core and hydro-

philic shell in aqueous solution (Jones and Leroux

2010; Li et al. 2008). The self-assemblies based on

amphiphilic polymers are excellent carriers of water-

insoluble drugs and functional materials (Guo et al.

2012). To date, the amphiphilic polymeric materials

have been applied in a broad range of fields, such as

drug delivery (Chang et al. 2008; Chen et al. 2011b;

Miller et al. 2013; Wang et al. 2014b), bioimaging (Lu

et al. 2012; Zhang et al. 2013) and sensing (Gong et al.

2014; Wang et al. 2012a). Lately, in response to the

shortage of petroleum resources and the growing need

for sustainable development, the natural polysaccha-

ride-based amphiphiles have received a great deal of

interest because of their promising properties, e.g.,
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ready availability, good biocompatibility, biodegrad-

ability and nontoxicity (Hassani et al. 2012). As the

most abundant biomass resource in nature, cellulose

and its derivatives are especially desirable as precur-

sors of amphiphilic polymeric assemblies.

Cellulose has a linear b-(1–4) linked glucan

structure, which enables strong cooperative intra-

and intermolecular hydrogen bond patterns and also

stiffens the chain (Guo et al. 2013a; Klemm et al.

2005; Moghaddam et al. 2014). As a result, cellulose

cannot be dissolved in normal organic solvents, while

most amphiphilic modifications of cellulose need to

introduce liposoluble side chains. Fortunately, ionic

liquids (ILs) have been discovered to be excellent

solvents for cellulose and its derivatives to solve the

problem of poor solubility (Pinkert et al. 2009; Wang

et al. 2014a; Weerachanchai et al. 2014). In general,

ILs are defined as salts that melt at or below 100 �C to

afford liquids (Pinkert et al. 2009; Quan et al. 2010).

As good hydrogen bond acceptors, ILs can disrupt the

interpolymer attractions in cellulose, resulting in

efficient dissolving under relatively mild conditions

(Sun et al. 2011). Moreover, ILs also can readily

dissolve the hydrophobic molecules and then provide

a homogeneous reaction system (Guo et al. 2012).

In recent years, many amphiphilic modifications

of cellulose have been performed homogeneously

and efficiently in ILs by various techniques, such as

reversible addition-fragmentation chain transfer

(RAFT) (Liu et al. 2010), atom transfer radical

polymerization (ATRP) (Kang et al. 2013) and ring

opening polymerization (ROP) (Labet and Thiele-

mans 2011). Lin et al. (2013) reported the first

illustration for the graft copolymerization of methyl-

methacrylate onto cellulose by RAFT in 1-butyl-3-

methylimidazolium chloride (BmimCl) and proved a

more controlled/living polymerization character.

Another group successfully prepared microcrystalline

cellulose-graft-poly(N-isopropylacrylamide) in

BmimCl IL using a c-ray irradiation technique at

room temperature (Hao et al. 2009). The resulting

copolymers exhibited obvious thermal sensitivity at

about 35 �C. In our previous work, a series of

amphiphilic cellulose graft copolymers were suc-

cessfully synthesized via ROP in BmimCl. These

cellulose-based amphiphiles, including cellulose-

graft-poly(e-caprolactone) (PCL) (Guo et al.

2013b), microcrystalline cellulose-graft-poly(lactide)

(PLA) (Guo et al. 2012) and pulp-graft-PLA (Guo

et al. 2013a), could self-assemble into nanosized

spherical micelles in aqueous media and are suitable

for use as vehicles for antitumor drug delivery.

However, the above amphiphilic cellulose derivatives

show a limited controllable hydrophilic-hydrophobic

balance because of the fundamental hydrophilicity

of cellulose. A possible route to enhance the

hydrophilicity of amphiphilic cellulose is to use

hydrophilic modified cellulose derivatives as the

starting material.

In this work, a nonionic water-soluble derivative of

cellulose-hydroxyethyl cellulose (HEC) was chosen as

the starting material for preparing amphiphilic graft

copolymers of cellulose in IL. Three different

hydrophobic segments including PLA, PCL and

poly(p-dioxanone) (PDO) were introduced onto the

HEC backbone via homogeneous ROP in BmimCl,

respectively. PLA, PCL and PDO are FDA-approved

hydrophobic aliphatic polyesters, which are known for

their good biodegradability, biocompatibility and

mechanical properties (Jacobsen et al. 1999).

Although they are all aliphatic polyesters, some

differences can be found in their structure. For

example, PCL possesses a longer carbon chain of

repeat units than PLA and thus more easily forms a

long chain polymer via ROP. PDO has special ether

bonds providing it with excellent flexibility and a fast

hydrolysis rate (Wang et al. 2012b). Therefore, the

parallel synthesis of HEC-graft-PLA, PCL and PDO

would certainly provide information about the effect

of the polyester structure on the properties and

micellization of amphiphilic HEC, which has not been

reported previously. Moreover, the effect of the

molecular weight of HEC, the initial dosage of the

hydrophobic monomer and the other reaction condi-

tions should also be considered.

Materials and methods

Materials

HEC, with Mw of 250 kDa, DS of 3.0, purchased from

Aladdin Reagent Inc., and Mw of 50 kDa, DS of

1.8–2.0, obtained from Shandong Ruitai Industry Co.,

Ltd. (China), were dried at 45 �C for 48 h in vacuum

before use. The monomer of L-lactide (L-LA, 99.5 %

purity) was supplied by Jinan Daigang Biomaterial

Co., Ltd. (China). e-Caprolactone (e-CL) with a purity
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of 99.5 % was purchased from Aladdin Reagent Inc.

p-Dioxanone (p-DO) with a purity of 99.0 % was

obtained from Jiaxing Light Chemicals Co., Ltd.

(Zhejiang, China); it was dried over CaH2 for 48 h and

distilled twice under reduced pressure immediately

before use. BmimCl (99 % purity), from Chengjie

Chemical Co., Ltd. (Shanghai, China), was kept in a

vacuum oven for 48 h at 50 �C prior to use.

4-Dimethylaminopyridine (DMAP) with a purity of

99.0 % was obtained from Saen Chemical Technic

Co., Ltd. All other chemicals and solvents were of

analytical grade and used as received.

Synthesis of HEC-based amphiphilies

The preparation of HEC-based amphiphilies was

performed according to a typical polymerization

process. Briefly, a certain amount of HEC was added

to BmimCl IL to give a final concentration of 3.3 %

(w/w). The HEC/BmimCl mixture was magnetically

stirred at 80 �C for 3 h. Then L-LA or e-CL or p-DO

monomer and catalyst DMAP (2 wt%) were slowly

added into the above solution. The ROP reaction was

carried out at 100 �C for 8 h with the protection of

nitrogen. Then the reaction mixtures were precipitated

with excess ethanol. The precipitates were further

stirred in dichloromethane for 72 h to obtain the

purified graft copolymers. The final products were

dried in a vacuum oven at 50 �C for 24 h.

Characterization of HEC-based amphiphilies

After being dried under an infrared lamp for half an

hour, the hydroxyethyl cellulose-based amphiphilies

were characterized with the following protocols.

The weight percentage gain (WPG) was calculated

according to the following equation:

WPG ð%Þ ¼ ðWG �WHECÞ=WHEC � 100 %

where WG is the vacuum-dry weight of amphiphilic

grafted HEC copolymers and WHEC is the correspond-

ing vacuum dry weight of the unmodified HEC.

The FT-IR spectra were collected from a Bruker

spectrometer (TENSOR 27, Switzerland) in KBr discs

at wavelengths in the range of 500–4000 cm-1 32

times. 1H-NMR spectra were analyzed on a Bruker

AV-III 400M spectrometer (Germany) at room tem-

perature using DMSO-d6 as solvent and tetramethysi-

lane (TMS) as internal standard.

The TGA (TGA Q500, TA, USA) of graft copoly-

mers was carried out in an aluminum crucible under

nitrogen atmosphere with the heating temperature

ranging from 50 to 600 �C. The heating rate was

10 �C/min, while the nitrogen flow was 30 ml/min.

The molecular weight and molecular weight distri-

bution of HEC-based copolymers were determined by

gel permeation chromatography (GPC) on a dual-

detector system with a MALLS device and an

interferometric refractometer. Each sample was dis-

solved in water with a concentration of 5 mg/ml and

then filtered through a 0.22-lm membrane. The flow

rate of the eluent was 0.5 ml/min, while the laser

wavelength of the MALLS detector was 690 nm. The

dn/dc value of HEC in aqueous water was 0.1396 ±

0.0024 ml/g.

Self-assembly behavior of HEC-based amphiphilic

copolymers

The critical micelle concentration (CMC) of the

amphiphilic copolymers was established by a fluores-

cence spectrometer (Jobin-Yvon Fluorolog Tau-3

system) with a fluorescence probe of pyrene. In brief,

the pyrene solution in acetone (6.0 9 10-5 M) was

added into the test tubes. Acetone was evaporated

by a stream of nitrogen gas. Then, the amphiphilic

copolymer aqueous solutions of various concentra-

tions (0.001–2 mg/ml) were added into the test tubes

containing pyrene with a final concentration of

6.0 9 10-7 M. Then the mixtures were sonicated for

30 min at room temperature and further shaken in a

shaking bath for 1 h for equilibrium. Emission spectra

[kem = 350–500 nm, kex = 339 nm, Ex (SBW) =

5.0 nm, Em (SBW) = 2.5 nm] of the above solutions

were recorded.

The intensity ratio (I1/I3) was plotted against the

logarithm of graft copolymer concentrations. The

CMC values were obtained based on the point of two

tangents to the curve at the inflection and low

copolymer concentrations, respctively.

Characterization of HEC-based micelles

The average sizes of HEC-based micelles were

acquired by the dynamic light scattering (DLS)

method using a nanoparticle size analyzer (Malvern

Instruments, Malvern, UK).
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The morphology of HEC-based micelles was

observed by a transmission electron microscopy

(TEM, JEM-2100, Japan) at an acceleration voltage

of 200 kV. Each sample solution was loaded on a

copper grid coated with carbon film, negatively

stained with 2 % (w/v) phosphotungstic acid for

3 min and then air-dried at room temperature.

Results and discussion

Synthesis of HEC-based amphiphiles

A series of amphiphilic HEC-based copolymers with

different side chains (PLA, PCL and PPDO) was

synthesized via homogeneous ROP in ionic liquid

BmimCl. Figure 1 illustrates the routes of the prepa-

ration of HEC-based amphiphiles. BmimCl was

employed to effectively dissolve HEC and the

hydrophobic monomers and then provide a homoge-

neous environment for the reaction. DMAP was

applied to catalyze the ROP of the monomers grafted

onto HEC backbone because of its good availability

and selectivity (Coulembier et al. 2006; Labet and

Thielemans 2012). In addition, the WPG was calcu-

lated and is presented in Table 1. From PLA-1 to PLA-

4, the WPG increases with the increasing weight ratio

of L-LA to HEC, indicating increasing PLA content in

the graft copolymer. The other samples of HEC-g-

PCL and HEC-g-PDO present similar trends. Thus, the

HEC-based graft copolymers with various side chain

contents could be synthesized by adjusting the weight

ratio of monomer to HEC. In addition, with the same

conditions, PCL grafts had the lowest WPG of the

three types of HEC-based copolymers, which may be

due to the longer chain of PCL resulting in larger space

steric hindrance than PCL and PDO and then the effect

of the grafting reaction.

Characterization of HEC-based amphiphiles

The chemical structures of HEC and its grafted

copolymers were characterized by FT-IR and 1H

NMR spectra. Figure 2 displays the FT-IR spectra of

HEC, regenerated HEC, HEC-g-PLA, HEC-g-PCL

and HEC-g-PPDO. In the spectra of HEC, the main

adsorption bands at 3400 cm-1 (stretching vibration

of the –OH group and a small amount of absorbed

water), 2930 and 2874 cm-1 (C–H stretching vibra-

tion of –CH2) and 1417 and 1357 cm-1 (C–H bending

vibration of –CH2 and –CH3) can be observed.

Comparing the FT-IR spectra of HEC-grafted copoly-

mers with unmodified HEC, new bands attributed to

the carbonyl stretch at 1742 cm-1 and symmetric

C–O–C at 1203 cm-1 indicated the side chains (PLA,

PCL or PPDO) had been introduced into the HEC

Fig. 1 The synthetic routes for HEC-based graft copolymers
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backbone. Moreover, in order to prove the new signals

originate from the side chain grafted onto HEC but not

from the monomer mixed with HEC, regenerated HEC

was prepared by stirring a mixture of cellulose and

monomer in BmimCl at 80 �C for 3 h and then

removing the monomer by dichloromethane extrac-

tion (Guo et al. 2012). The spectra of regenerated HEC

demonstrated that the unreacted monomer can be

completely removed by extraction and confirmed a

successful grafting copolymerization.

The 1H NMR spectra of HEC-based amphiphiles is

shown in Fig. 3. In the 1H NMR spectra of HEC-g-

PLA (Fig. 3a), the multiple peaks at d = 3.0–5.0 ppm

are attributed to the protons of glucose, while the

single peak at d = 3.49 ppm could be contributed by

methylene protons (Ha) of HEC and a small amount of

absorbed water. New peaks originating from the

internal and terminal methyl protons (Hc and Hc0) of

the PLA side chain appear at d = 1.41 and 1.24 ppm,

respectively, while the chemical shifts at d = 5.02 and

4.14 ppm correspond to the internal and terminal

methylene protons (Hb and Hb0) of PLA (Guo et al.

2013a). This result is in agreement with the results of

the FT-IR spectrum. In the 1H NMR spectra of HEC-g-

PCL (Fig. 3b), the methylene proton peaks of PCL

could be observed at d = 4.10 ppm (Hh), 3.42 ppm

(Hh0), 2.29 ppm (Hd0), 1.51 ppm (Hd), 1.40 ppm (He

Table 1 Reaction conditions, properties and self-assembly behaviors of HEC-based amphiphiles

Sample Mw of HEC

(kDa)

Monomer Monomer

dosagesa
WPG (%) Mw (9 103) Mw/Mn CMC

(mg/ml)

Diameter

(nm)b

PLA-2 250 L-LA 2:1 69.3 207 2.074 0.126 101.0

PLA-3 250 L-LA 4:1 96.0 241 1.633 0.088 97.2

PLA-4 250 L-LA 6:1 127.6 275 1.651 0.030 92.6

PLA-5 50 L-LA 2:1 72.3 54 1.456 0.145 82.5

PLA-6 50 L-LA 4:1 95.4 61 1.289 0.091 64.5

PLA-7 50 L-LA 6:1 117.6 75 1.774 0.045 42.7

PCL-1 250 e-CL 2:1 22.1 216 1.836 0.103 145.2

PCL-2 250 e-CL 4:1 42.5 207 1.756 0.076 121.1

PCL-3 250 e-CL 6:1 55.7 273 1.480 0.048 96.8

PCL-4 50 e-CL 2:1 56.3 59 1.584 0.155 101.5

PCL-5 50 e-CL 4:1 53.7 69 1.830 0.075 103.2

PCL-6 50 e-CL 6:1 62.5 80 1.381 0.061 82.5

PDO-1 250 p-DO 1:2 27.5 100 1.671 0.138 120.0

PDO-2 250 p-DO 1:1 33.7 157 1.810 0.089 137.2

PDO-3 250 p-DO 2:1 42.5 206 3.264 0.052 106.0

PDO-4 250 p-DO 4:1 52.3 275 1.651 0.035 82.4

a The weight ratio of monomer to HEC
b The diameter was determined for five times and calculated by the average numbers

e

d

c

b

a

Wavenumber (cm-1)
4000 3500 3000 2500 2000 1500 1000 500

Fig. 2 The FT-IR spectra of HEC (a), regenerated HEC (b),

PLA-4 (c), PCL-1 (d) and PDO-1 (e)
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and Hg) and 1.30 ppm (Hf), confirming the successful

synthesis of HEC-g-PCL (Guo et al. 2013b). In the 1H

NMR spectra of HEC-g-PDO (Fig. 3c), the signals

from d = 4.16 to 4.14 ppm assigned to the internal

and terminal methylene protons of PPDO (Hi and Hi0)
clearly demonstrated PDO was grafted onto the HEC

backbone.

The thermal stabilities of HEC and hydrophobically

modified HEC with different side chains in nitrogen

were determined by TGA (Fig. 4). It can be seen that

the TG curve of pure HEC shows a single decompo-

sition stage with the onset of weight loss at about

255 �C, whereas the thermal stability of HEC-based

graft copolymers is not as good as that of HEC. The

graft copolymers show two decomposition stages and

two maximum decomposition temperatures (Tmax).

The Tmax1 is ascribed to the scission of the side chains

(PLA, PCL or PDO) from the HEC backbone followed

by the decomposition of the side chains, and Tmax2

corresponds to the decomposition of HEC residues.

The lower Tmax2 of graft copolymers relative to HEC

confirmed the fact that the ordered structure of HEC

had been partially destroyed by the introduction of

side chains; the modified HECs with looser and
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Fig. 3 The 1H NMR

spectra of PLA-4 (a), PCL-1

(b) and PDO-4

(c) copolymers

2370 Cellulose (2015) 22:2365–2374

123



disordered structures were more easily decomposed by

thermal treatment (Guo et al. 2013b).

GPC was employed to evaluate the Mn, Mw and Mw/

Mn values of the HEC-based graft copolymers; the

results are summarized in Table 1. The Mw values of

all copolymers are in the range of 50–280 kDa and

increase with increasing side chain contents in copoly-

mers. However, the Mw/Mn (polydispersity) is barely

changed with the progressive increment of grafting

chains. Taking HEC-g-PLA as an example, when the

monomer dosage is increased from 1:1 to 6:1 with all

of the other conditions kept constant, the Mw of HEC-

g-PLA products increases from 144 to 275 kDa,

whereas the Mw/Mn value has no obvious change.

Moreover, it should be noted that graft copolymers

with lower side chain contents (e.g., PLA-1, PCL-1)

have a lower Mw than HEC. This may be attributed to

the degradation of the HEC main chain or higher de-

polymerization rate in the reaction process.

Self-assembly of HEC-based amphiphilic

copolymers

The critical micelle concentration (CMC) is a vital

parameter to exhibit the self-assembly ability of

amphiphilic polymers. In this study, the self-assembly

behavior of HEC-based graft copolymers was deter-

mined by a fluorescent probe method. It is well known

that pyrene has much lower solubility in water than in

hydrocarbon. Once the hydrophobic association

occurs in aqueous solution, pyrene significantly

transfers into hydrophobic regions, resulting in the

change of its photophysical property (Liu et al. 2009).

Accordingly, the intensity ratio (I1/I3) in the emission

spectrum of pyrene is usually used to present the

obvious change. Figure 5 shows the I1/I3 of the pyrene

emission spectra versus the concentration of HEC-

based graft copolymers. On the basis of the crossover

point of the plot curve, the detailed CMC values are

summarized in Table 1. The results show that the

CMC decreases with increasing side chain contents in

copolymers when other conditions are kept constant.

This is reasonable because the hydrophobicity of the

copolymer increased with increasing side chain con-

tent, so that the copolymers with higher side chain

contents associated at lower concentrations (Jiang

et al. 2011).

Characterization of HEC-based micelles

The sizes of HEC-based micelles were determined by

DLS, as summarized in Table 1. The determined sizes

of HEC-based micelles vary in the range of 40 to

150 nm and decrease with increasing side chain

contents. Figure 6f–j displays the size histogram of

HEC-based micelles determined by DLS, showing

that the obtained nanomicelles have a narrow size

distribution.
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Fig. 4 TG and DTG curves of HEC (a), PLA-4 (b), PCL-3

(c) and PDO-1 (d)
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The morphology of the HEC-based nanomicelles

was observed by TEM, as depicted in Fig. 6a–e. It can

be seen that the micelles are uniformly distributed with

spherical structures, and no obvious aggregation was

observed. The particle sizes of micelles show a

decreasing trend with increasing hydrophobic side

Fig. 6 The TEM images

and size distribution of

samples of PLA-4 (a, f),
PLA-7 (b, g), PCL-2 (c, h),

PCL-6 (d, i) and PDO-3 (e,

j)
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chain content. Obviously, the size of PLA-4 micelles

is larger than that of PLA-7, which is consistent with

the result of DLS as shown in Table 1. A similar result

was found for PCL-2 and PCL-6 micelles. Moreover,

it is noteworthy that the size of the micelle observed by

TEM is smaller than that determined by DLS, which is

attributed to the micelle dehydration caused by solvent

evaporation in the TEM experiment (Li et al. 2008).

Conclusions

In summary, amphiphilic HEC-based graft copoly-

mers with different side chains, including PLA, PCL

and PDO, were synthesized via homogeneous ROP in

BmimCl. The obtained copolymers showed fine

structures, significantly different thermal stabilities

and molecular weights. Moreover, the amphiphiles

were capable of self-assembling into core-shell

micelles. The CMC values and sizes varied in the

range of 0.03–0.24 mg/ml and 40–150 nm, respec-

tively. They were both relevant to the molecular

structure and hydrophobic side chain content of HEC-

based copolymers. These HEC-based nanomicelles

completely composed of biodegradable materials are

potential vehicles and can be used in the form of liquid

membranes for drug delivery (Chen et al. 2011a).
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