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Abstract: A new multifunctional mPEG-b-PAA-grafted chitosan copolymer possessing amino and carboxyl groups, 
mPEG-b-PAA-g-CHI (compound 6), was designed for a potential application in gene/drug delivery and synthesized by the methods 
of reversible addition-fragmentation chain transfer (RAFT) polymerization of acrylic acid (AA) and grafting reaction of a 
biodegradable chitosan (CHI) derivative. Completion of the reactions and characterization of the resulting compounds were 
demonstrated by 1H NMR, FTIR and gel permeation chtomatography (GPC) studies. The results show that the molar ratio of amino 
groups to carboxyl groups in the copolymer (compound 6) is 0.410.59׃. 
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1 Introduction 
 

The synthesis of well-defined block or star 
copolymers requires a controlled/‘living’ polymerization 
technique. Controlled/‘living’ radical polymerization 
methods including nitroxide-mediated polymerization  
[1], atom transfer radical polymerization (ATRP) [2], 
and reversible addition-fragmentation chain transfer 
(RAFT) polymerization [3] are effective for preparing 
complex architectures such as blocks and stars. Most 
particularly, RAFT is arguably the most versatile due to 
its compatibility with a wide range of vinyl-based 
monomers, including functional monomers under 
conditions similar to conventional free radical 
polymerization [4]. Controlled/‘living’ radical poly- 
merization methods rapidly move to the forefront in 
construction of drug and gene delivery vehicles [5]. The 
RAFT technique allows an unprecedented latitude in the 
synthesis of water soluble or amphiphilic architectures 
with precise dimensions and appropriate functionality for 
attachment and targeted delivery of diagnostic and 
therapeutic agents. 

Polyethylene glycol (PEG) (or polyethylene oxide, 
PEO) is an important hydrophilic polymer because of its 
unique properties of excellent solubility, chain flexibility, 

and nontoxicity. PEG-containing polymers have 
numerous applications in biochemical [6−7] and 
biomedical [8−9] fields. Particularly, PEO-based drug 
delivery systems can improve the solubility of 
water-insoluble drugs, stabilize and protect drugs from 
being subjected to the surrounding environment, to 
reduce the nonspecific uptake by the reticuloendothelial 
system (RES) and prolong the circulation time in the 
body [10−11]. There are limited reports about the 
synthesis of the block copolymers containing PEG block 
through RAFT polymerization method. LI et al [12] 
reported the synthesis of PEO-b-(DMA-s-NAS)-b- 
NIPAM thermally responsive triblock copolymers 
through the method of RAFT polymerization using a 
PEO-based macro-chain transfer agent (macro-CTA). 
However, all the block segments from RAFT 
polymerization of vinyl-based monomers such as N,N- 
dimethylacrylamide (DMA), N-acryloxysuccinimide 
(NAS) and N-isopropylacrylamide (NIPAM) are 
nonbiodegradable and cytotoxic, which limits their 
biomedical application. Recently, it is suggested that 
nonbiodegradable polymers accumulate in the nucleus 
and interact with the gene of the host cells [13]. This 
effect may cause long-term toxicity. The cytotoxicity of 
nonbiodegradable blocks strongly depends on their 
relative molecular mass. To overcome this type of  
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toxicity, the control of the polymerization degree of 
monomers in RAFT polymerization is very important 
[14]. But the polymer blocks with a short chain length 
have not adequate reactive sites for conjugating the 
diagnostic and therapeutic agents. Thus, the relative 
molecular mass of the polymers should be selected in 
consideration of the balance between the cytotoxicity and 
the functionality [15]. 

Herein, the block copolymer of mPEG-b-PAA was 
prepared by the RAFT polymerization of acrylic acid 
(AA), using an mPEG-based macromolecular chain 
transfer agent, mPEG-CTA. The resulting diblock 
copolymer of mPEG-b-PAA, which can be defined as an 
end-functionalized mPEG with multifunctional groups at 
one end, was then grafted with a biodegradable chitosan 
(CHI) derivative, creating a multifunctional copolymer 
of mPEG-b-PAA-g-CHI (compound 6) possessing amino 
and carboxyl groups. 
 
2 Experimental 
 
2.1 Materials and synthetic procedure for mPEG-b- 

PAA-g-CHI (compound 6) 
1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide 

(EDC), N-hydroxysuccinimide (NHS), and poly(ethylene 

glycol) methyl ether (mPEG, Mn=1 900 g/mol, Mw/Mn= 
1.10, Mw is weight-average molecular mass, and Mn is 
number-average molecular mass) were purchased from 
Alfa Aesar in USA. 2, 2-Azobis-isobutyronitrile (AIBN, 
98%, Fluka in USA) was recrystallized twice from 
ethanol. Carbon disulfide, magnesium turnings, 
chloroacetyl chloride, and AA (AR grade) were 
purchased from Aldrich in USA. CHI with a degree of 
deacetylation of 92% and a number-average molecular 
mass of 46 000 was purchased from Jinan Haienbei 
Marine Bioengineering Corporation of China. Other 
reagents were of the highest commercially available 
quality and purified before use. The synthetic procedure 
for mPEG-b-PAA-g-CHI (compound 6) is shown in 
Fig.1. 
 
2.2 Synthesis of mPEGylated α-haloesters (mPEG- 

CA, compound 2) 
Poly(ethylene glycol) methyl ether (1.90 g, 1.0 mmol), 

triethylamine (TEA) (0.5 mL, 3 mmol), and chloroacetyl 
chloride (0.4 mL, 4 mmol) were mixed in a round- 
bottom flask using dried tetrahydrofuran (THF) (40 mL) 
as a solvent, and the solution was refluxed at atmospheric 
pressure for 2 d. The solvent was then removed, and 
chloroform (40 mL) was added. The resulting solution 

 

 
Fig.1 Synthetic procedure for mPEG-b-PAA-g-CHI (compound 6) 
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was washed with saturated sodium bicarbonate solution, 
and the yellow organic phase was dried over anhydrous 
magnesium sulfate. The solvent was then removed in 
vacuum and further purified by precipitation in cold 
diethyl ether to give a yellowish solid, an ester of 
chloroacetic acid (mPEG-CA, compound 2, 2.10 g, yield 
of 91%). 
 
2.3 Synthesis of mPEG-based chain transfer agent, 

mPEG-CTA (compound 3) 
A THF solution (10 mL) with bromobenzene   

(2.5 mL, 24 mmol) was added dropwise to a mixture of 
Mg (0.60 g, 25 mmol) in THF (40 mL) and a crystal of I2 
in a two-necked round-bottom flask equipped with a 
condenser and a magnetic stirrer under a nitrogen 
atmosphere. The mixture was refluxed for 4 h and then 
cooled to room temperature. Carbon disulfide (2.0 mL, 
32 mmol) in 10 mL of THF was added dropwise, and the 
solution was stirred at 50 ℃ for 1 h. This solution was 
then added at room temperature to 40 mL of THF 
solution of mPEG-CA (compound 2, 1.90 g, 1 mmol) 
and refluxed overnight. The orange-red reaction product 
was precipitated in cold diethyl ether to give 
mPEG-based chain transfer agent (CTA), mPEG-CTA 
(compound 3, 2.05 g, yield of 92%). 
 
2.4 Synthesis of block copolymers of mPEG-b-PAA 

(compound 4) 
AA (1.1 mL, 16 mmol), mPEG-CTA (1.69 g,    

0.9 mmol), and AIBN (0.03 g, 0.18 mmol) were added 
along with 1, 4-dioxane (10 mL) to an ampoule. The 
ampoule was sparged with nitrogen for 30 min and then 
placed in a preheated oil bath at 70 ℃. The reaction was 
terminated after 24 h by cooling in an ice bath then 
exposed to air. The crude mPEG-b-PAA block 
copolymer was then precipitated in cold diethyl ether 
(2.13 g, conversion 40%, Mw=3 380, Mw/Mn=1.4). The 
number of acrylic acid unit is 7 calculated from the 
conversion and the relative molecular mass. The 
resulting block copolymer can be designated as 
mPEG43-b-PAA7. 
 
2.5 Synthesis of carboxymethyl chitosan, CMC 

(compound 5) 
The synthesis of carboxymethyl chitosan (CMC, 

compound 5) was previously reported in Ref.[16]. A 
general procedure is given as follows: 4.60 g of chitosan 
(CH2OH: 28 mmol) in a 250-mL flask was activated with 
100 mL of aqueous solution of NaOH (1.50 g) at room 
temperature for 2.5 h. 100 mL of dimethylsulfoxide 
solution of chloroacetic acid (11.50 g, 122 mmol) was 
added dropwise into the above activated chitosan 

solution at 0 ℃ for 0.5 h, and then hexadecyl trimethyl 
ammonium bromide (0.25 g) as catalyst was added. The 
mixture was heated to 50 ℃ and refluxed for 6 h. The 
resulting reaction mixture was poured into a beaker 
containing 200 mL of water, and the pH of the mixture 
was adjusted to 7.0 with acetic acid to yield a precipitate. 
The precipitate was purified by filtration, dialysis, and 
cryodesiccation to get a bright yellow powder, CMC 
(compound 3, 3.77 g, yield of 80%). 
 
2.6 Synthesis of mPEG-b-PAA-g-CHI (compound 6) 

The mixture containing mPEG-b-PAA (compound 4, 
0.70 g, 2 mmol of COOH), EDC (0.45 g, 2.4 mmol), and 
NHS (0.35 g, 3 mmol) in 50 mL of deionized water was 
refluxed at room temperature for 24 h to get a 
carboxyl-activated compound 4 solution. Compound 5 
(1.10 g, 5.2 mmol of —NH2) solution in 80 mL of 
chloroform was added dropwise at room temperature for 
0.5 h into the above carboxyl-activated compound 4 
solution, and the resulting mixture continued to being 
stirred at room temperature overnight to obtain a 
yellowish solid. The solid was further purified by means 
of column chromatography using Sephadex−25, dialysis 
and cryodesiccation to get a yellowish powder, 
mPEG-b-PAA-g-CHI (compound 6, 1.67 g, yield of 
92%). 
 
2.7 Characterization 

1H nuclear magnetic resonance (1H NMR) spectra 
were recorded by using a Varian Mercury 400 MHz 
NMR spectrometer (USA). FTIR spectra were recorded 
on a Bio-Rad FTS 135 spectrophotometer (USA). To 
avoid the strong and broad absorption band of moisture 
at 3 450 and 1 635 cm−1, all specimens were made by 
mixing and milling the fine powdered polymer with 
liquid paraffin to a pasty mass. The relative molecular 
mass and its distribution of the polymers were 
determined by gel permeation chromatography (GPC) 
with Waters 1515 GPC (USA). 
 
3 Results and discussion 
 

In most cases, CTAs for RAFT polymerization are 
not commercially available, so their design and synthesis 
are very important to efficiently control the 
polymerization. The preparation of dithiobenzoate-based 
CTA through the use of α-haloesters (Fig.2) is 
remarkable as it often requires a one-step reaction, under 
a facile reaction condition. Group R is expected to be a 
sufficiently good leaving group and needs to form a 
radical that is not only stable but also reactive enough to 
be added onto the double bond of the monomers. The  
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Fig.2 General synthetic procedure of CTA from α-haloesters 
 
variation of substituents Y1 and Y2 on C atom in α of the 
carbonyl group leads to generated radicals of various 
stability and polymerization control. In the case of small 
organic CTA with Y1=Y2=H, the stability of the 
generated radical is poor, resulting in the low monomer 
conversion and small polymerization degree for the 
polymerization of styrene and acrylates [17]. So, the 
macromolecular chain transfer agent of Y1=Y2=H, 
mPEG-CTA (compound 3), was synthesized and used for 
the synthesis of PAA blocks with prospectively low 
polymerization degree. 

The dithioester RAFT agent, mPEG-CTA (compound 
3), was synthesized by the method similar to that 
reported by LI et al [12]. First, the precursor of mPEG- 

ylated α-haloesters, i.e. mPEG-CA (compound 2), was 
facilely synthesized through the esterification reaction 
between poly(ethylene glycol) methyl ether and 
chloroacetyl chloride with a high yield of 91%. Then, the 
precursor of mPEG-CA further reacted with 
dithiobenzoate Grignard agent to get dithioester RAFT 
agent, mPEG-CTA (compound 3). Their 1H NMR and 
FTIR spectra are shown in Figs.3 and 4, respectively. 
There appears the characteristic chemical shift at 3.5−3.7 
(m, —O—CH2CH2—O—) and 4.3 (s, —CH2Cl) in the 
1H NMR spectrum of mPEG-CA (Fig.3(a)). In 
comparison with the 1H NMR spectrum of compound 2, 
some new characteristic chemical shifts appear at 7.4, 7.5 
and 8.0 (m, Ar—H) in the 1H NMR spectrum of 
compound 3 (Fig.3(b)). Additionally, in comparison with 
FTIR spectrum of mPEG (Fig.4(a)), the FTIR spectrum 
of mPEG-CTA (Fig.4(b)) shows obviously characteristic 
absorption bands of substituted phenyl group at 1 500 and 
1 600 cm−1 (υC=C), 690 and 770 cm−1 (υAr—H), and 1 740 
cm−1 (υC=O). The results obtained thus indicate that the 
macromolecular chain transfer agent, mPEG-CTA, is 
obtained. 

The RAFT polymerization of AA in 1, 4-dioxane 
utilizes AIBN as the initiator with mPEG-CTA in a facile 

 

 
Fig.3 1H NMR spectra of mPEG-CA (a), mPEG-CTA (b), mPEG-b-PAA (c) and mPEG-b-PAA-g-CHI (d) 
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Fig.4 FTIR spectra of mPEG (a), mPEG-CTA (b), mPEG-b-PAA (c), CMC (d), and mPEG-b-PAA-g-CHI (e) 
 
manner at 70 ℃. Our attempts to conduct the poly- 
merization at the temperature lower than 65 ℃ are not 
successful due to unacceptable low monomer 
conversions. However, the polymerization temperature 
over 70 ℃ leads to primary radical coupling and AIBN 
decomposition. In all the cases, the highest monomer 
conversion of 40% is obtained at 70 ℃ . The low 
monomer conversions are probably due to the formation 
of macromolecular radicals with poor reactivity. The 
relative molecular mass and its distribution of mPEG-b- 
PAA block polymers are shown in Fig.5 representing 
their GPC curves. The resulting mPEG-b-PAA block 
polymer presents an obviously bimodal and broad 
relative molecular mass distribution of 1.4, which is 
possibly attributed to the residual mPEG-CTA. The 
polymerization degree of AA monomer is 7, satisfying 
the prospectively limited polymerization degree. So it is 
a commonly efficient approach to obtain 
end-functionalized PEGs through RAFT polymerization 
of monomers with desired functionalities. The resulting 
mPEG-b-PAA copolymer can be hydrolyzed in the 
aqueous medium to produce low relative molecular mass 
PAA blocks with nearly neglectable toxicity. The 
structure of block copolymer of mPEG-b-PAA was 
determined by 1H NMR and FTIR spectra shown in 
Figs.3 and 4, respectively. Compared with the 1H NMR 
spectrum of mPEG-CTA, there exist the new 
characteristic chemical shifts at 1.9 (m, CH2 in —CH2—

CH(COOH)—), 2.9 (m, CH in —CH2—CH(COOH)—) 

and 9.95 (s, —COOH) in the 1H NMR spectrum of 
mPEG-b-PAA (Fig.3(c)). Also, there are some new 
characteristic FTIR absorption bands: 1 720 cm−1 (υC=O 

of — COOH), 2 897−2 880 (υC — H in — CH2 —

CH(COOH)—), and 1 250 cm−1 (υC—O and υO—H of 
COOH), retaining the characteristic FTIR absorption 
bands of mPEG-CTA (Fig.4(b)) in the FTIR spectrum of 
mPEG-b-PAA shown in Fig.4(c). 

Compound 6, mPEG-b-PAA-g-CHI, can be facilely 
synthesized by the acylation reaction between 
carboxymethyl chitosan (CMC, compound 5) and 
mPEG-b-PAA (compound 4) with carboxyl groups 
activated with EDC and NHS. The molar ratio of amino 
groups to the carboxyl groups in compound 6 is 0.41׃
0.59 calculated with the method in Ref.[18]. As specially 
pointed, the content of free amino groups of compound 6 
can be adjusted through controlling the reaction molar 
ratio of compound 4 to compound 5. The 1H NMR and 
FTIR spectra of compound 6 are shown in Fig.3(d) and 
Fig.4(e), respectively. There exist the characteristic 
chemical shifts: 3.2−3.8 (m, mPEG—H), 2.457−4.913 
(m, CMC—H) [16], 9.96 (s, CMC—  COO—H), 2.0 (m, 
CH2 in PAA), and 2.9 (m, CH in PAA) in the 1H NMR 
spectrum of compound 6. Compared with the FTIR 
spectrum of compound 4 (Fig.4(c)) and compound 5 
(Fig.4(d)) with strong characteristic absorption bands of 
υC=O at 1 720 cm−1,  δN—H at 1 500−1 650 cm−1, and υN—

H at 3 300−3 500 cm−1, in the FTIR spectrum of 
compound 6 (Fig.4(e)) a reduced absorption appears at 3 



J. Cent. South Univ. Technol. (2010) 17: 936−942 

 

941

 

300−3 500 cm−1 (υN—H), due to the sacrifice of free amino 
to form acyl amine through the acylation reactions 
between free amino groups in compound 5 and carboxyl 
groups in compound 4. Also, the FTIR spectrum of 
compound 6 retains the intrinsically characteristic 
absorption bands of compound 4 at 2 880−2 897, 1 354 
and 1 109 cm−1, and those of compound 5 at 1 450 and 
865 cm−1. 

Though polyethylenimine (PEI) is most popularly 
employed as cationic gene carriers due to its high 
transfection efficiency [19−20], its acute cytotoxicity is a 
serious problem. Non-toxic and biodegradable 
sugar-based materials, in which the primary and 
secondary amines can be protonated in a physiological 
milieu, are more and more popularly used in gene 
delivery with comparable transfection efficiencies to that 
of PEI [21−23], while the sugar-based materials are 
widely used in other biomedical and biochemical fields 
[24−25]. 
 

 
Fig.5 GPC spectra of mPEG-b-PAA (dm is mass change of 
mPEG-b-PAA) 
 

Most attractively, the as-synthesized copolymers of 
mPEG-b-PAA-g-CHI (compound 6) possess amino and 
carboxyl groups. The carboxyl groups may conjugate 
drugs to form pH-sensitive chemical bonds for 
pH-controlled release of drugs, and the amino groups 
may be the potential sites to bind gene, which may 
achieve the gene or drug delivery [26]. 
 
4 Conclusions 
 

(1) A new multifunctional copolymer of mPEG-b- 
PAA-g-CHI compound (6) possessing amino and 
carboxyl groups is synthesized by using the well-adopted 
techniques of RAFT and EDS activation.  

(2) The amount of functional groups in compound 
(6) can be facilely adjusted.  

(3) Due to the existence of amino and carboxyl 

groups in compound (6), the as-synthesized polymer will 
have a potential in gene or drug delivery. 
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