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Abstract  
Polylactone-family polymers such as polylactide, polyglycolide and 

polycaprolactone are kind aliphatic polyester. Since they can degrade by hydrolysis 
reaction under all the pH condition and possess biocompatibility, biodegradability 
and other good properties, especially they included not peptide bond in their 
molecules, they are non-antigen and non-immunization, as well as have no-toxicity 
and no-stimulation. So they are interested biomaterials and very useful in medical 
field. However the properties of all of the homo-polylactones can not be changed in 
a large range, the limited properties result in limited applications of these 
homo-polylactones.  

Based on macromolecular design, a series of copolylactones such as 
poly(lactide-co-glycolide) (PLGA), poly(glycolide-co-lactide-co-caprolactone) 
tri-component copolymer (PGLC), tri- and multi-block polylactide/poly(ethylene 
oxide) copolymer (TPLE and BPLE), as well as polycaprolactone/polylactide/ 
poly(ethylene oxide) copolymer (PCEL) et al were synthesized by copolymerization 
among various lactone monomers or lactone monomers with poly(ethylene glycol). 
These copolylactones have wide range of degradation life from several months to 
years and different mechanical properties. After plasma treatment the surface 
property of the copolylactones were improved further and cell affinity of the 
copolylactones was improved obviously. The applications of these 
polylactone-family polymers in medical field for used as drug carrier in drug 
delivery system, and as cell scaffold in tissue engineering were discussed. 
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Introduction 

Biodegradable polymers are kinds important biomaterials closely related with human 

health and life quality. They are widely applied as drug carriers, wound dressing [1], 

medical devices [2] and cell scaffold for tissue engineering [3,4] et al in medical field. 
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Polylactone-family polymers such as polylactide (PLA), polyglycolide (PGA) and 

polycaprolactone (PCL) are a kind aliphatic polyester with outstanding biocompatibility 

and variable degradability [5-7], which can be degraded by hydrolysis reaction under all 

the pH condition by the included flexible ester bonds and they can be metabolized via 

the tricarboxylic acid cycle to become water and carbon dioxide in vivo. Since they 

possess biocompatibility, biodegradability and other good properties; especially include 

not peptide bond in their molecules, they are non-antigen and non-immunization, as well 

as have no-toxicity and no-stimulation. So they are interested biomaterial and regarded 

as one of the most useful biomaterials in medical field. However the properties of the 

homo-polylactones are limited and can not be changed in a large range, which depended 

on molecular weight of the polymers. In result applications of the homo-polylactones are 

also vary limited.  

Aimed to meet practical requirements of various medical applications, to improve 

the polylactone-family polymers not only in bulk but also on surface is necessary [8]. In 

this paper the modification of the polylactone-family polymers by copolymerization 

among various lactone monomers or lactone monomers with other monomers, and by 

plasma treatment were performed. The improvement of the polylactone-family polymers 

in bulk and on surface were reported. 

 

Materials and Methods 

Materials 

L-lactide (L-LA)and glycolide (GA) (AR grade, PURAC, Netherlands) were purified 

by re-crystallization from ethylacetate two times, further dried and kept over P2O5 under 

vacuum prior to use. ε-Caprolactone (ε-CL) (Acros Chemica, N.V.) was purified by 

drying with CaH2 and distilled under vacuum. Poly(ethylene glycol) (PEG) (CR grade, 

Tianjing Tiantai fine chemical corp., China) with number average molecular weights of 

2000 and 4000 were used after being dried under vacuum for 4h. Stannous octoate 

(Sn(Oct)2) (A.R.) (Sigma Co.) was directly used without further purification. Succinic 

anhydride (AR grade, Tianjing Juqian fine chemical corp. China) was purified by 

re-crystallization from acetic anhydride. Ethylacetate (A.R.) was dried over P2O5 

overnight and distilled before use. Chloroform and dichloromethane were dried with 

CaH2 and distilled.  
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Synthesis of copolylactones 

Poly(glycolide-co-lactide-co-caprolactone) tri-component copolymer (PGLC) was 

synthesized by copolymerization of GA, L-LA and ε-CL in presence of Sn(Oct)2 as 

catalyst in a evacuated polymerization tube. After the raw product was purified by 

dissolving the polymer in chloroform and reprecipitating from ethanol, the purified 

PGLC was obtained [9].  

Tri-block polylactide/poly(ethylene oxide) copolymer (TPLE)  were synthesized 

from L-LA and PEG using Sn(Oct)2 as a catalyst. The obtained raw product was purified 

by dissolution in chloroform and re-precipitated from diethyl ether and then dried to 

constant weight under vacuum.  

Multi-block polylactide/poly(ethylene oxide) copolymer block (BPLE) was 

synthesized by reaction TPLE with DCC and then coupling with equimolar succinic 

anhydride in presence of DMAP as a catalyst [10]. 

Polycaprolactone/polylactide/poly(ethylene oxide) copolymer (PCEL) were 

synthesized from L-LA, ε-CL and PEG in presence of Sn(Oct)2 as a catalyst. The 

obtained raw product was purified by dissolution in chloroform and re-precipitated from 

petroleum ether and then dried to constant weight under vacuum [11].  

 

Preparation of copolylactone films 

Copolylactone films were prepared by casting 10wt% dichloromethane solutions of 

polylactone into polytetrafluoroethylene (PTFE) model. After the solvent evaporated at 

room temperature, the polylactone films were removed from the mould and dried under 

vacuum to a constant weight at room temperature. 

 

Measurements 

Infrared (IR) spectra were registered with a 2000 FT-IR spectrometer (Perkin Elmer). 

The polylactone film for IR measurement was obtained by casting a chloroform solution 

of the polylactone onto a KBr mono-crystal.  
1H NMR determination was performed with a Bruker DMX300 spectrometer at 

room temperature, and CDCl3 was used as solvent and tetramethylsilane was as internal 

reference.  
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Gel permeation chromatography (GPC) measurement was carried out using a Waters 

510 high performance liquid chromatography apparatus equipped with a Shodex GPC 

KF-800 series column. Chloroform was used as eluent at a flow rate of 1.0 ml/min at 35

℃. The weight-average molecular weight (Mw), number-average molecular weight 

(Mn), as well as the polydispersity index (Mw/Mn) of polymers were calibrated with 

polystyrene standard samples.  

Differential scanning calorimetry (DSC) thermograms were obtained with a general 

2100 thermal analysis system (Du Pont) at a heating rate of 10℃/min.  

Crystallinity determination of the polylactones were carried out using a Rigaku 

Dmax-3B X-ray diffractometer equipped with a Cu Kα (λ=1.54) source, a graphite 

monochromator, and a goniometric rotating plate.  

Viscosity of chloroform solutions of polylactones at a concentration of 0.5g/dl was 

measured using a Ubbelodhe viscosimeter at 30℃ and then the inherent viscosity ([η]) 

of the polylactone was calculated by the ‘One Point Method’ and expressed in dl/g: 

           [η]=[2(ηsp - lnηr)]1/2/0.5                                    

Mechanical properties of polymers were measured using a Shinkch Testing Machine 

at a cross-head speed of 100 mm/min at room temperature. Polylactone films for 

mechanical property measurement were prepared by casting 8 wt% chloroform solutions 

of polylactone onto a Teflon mould. After solvent evaporation in atmosphere at room 

temperature, the films were removed from the mould and dried under vacuum at 35℃ 

for 48hr.  

Contact angles of polylactone films to water were measured by a FACE CA-D 

contact angle meter (Kyowa Kaimenkagaku Co.) and the determining time was within 

10 seconds. De-ionized water was used for the measurement. 

Water uptake of polylactones was evaluated after the immersion of polymeric films 

in distilled water for 72h at room temperature and calculated using the following 

formula: 

        Water uptake (%)= (Ww-Wd)/Wd ×100  

where the Wd and Ww are the weight of the sample before and after being immersed in 

water, respectively. 
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Degradation test 

   Pieces of polylactone films prepared above with thickness of 0.5mm were cut with 

weight range in 0.25~0.35g and then were immersed in a pH7.4 phosphate buffer 

solution (PBS) and incubated at 37±1℃. The buffer solution was renewed every week. 

After predetermined periods of time, the samples were taken out and then were dried at 

room temperature under vacuum until constant weight. 

 

Scaffold fabrication  

Scaffolds were prepared by a solvent-casting and particulate-leaching technique. 

Polylactones were dissolved in dichloromethane and then the sieved salt was added into 

the polymer solution. The produced mixture was cast into a PTFE model. After 

evaporation of the solvent the formed salt/polymer composite was immersed in 

de-ionized water at room temperature and the water was changed to leach out the salt 

completely, followed by air drying and vacuum drying to obtain the sponge-like scaffold 

[12].  

 

Cell culture 

Preparation of cells  

Mouse 3T3 fibroblasts were supplied by the Chinese Academy of Military Medical 

Sciences. The cells were cultured in 50ml cell culture flasks containing Dulbecco’s 

Modified Eagles Medium (Gibco) buffered with N-(2-hydroxyethyl)piperazine-N’ 

-2-ethanesulfonic acid (HEPES) supplemented with 15% calf serum (Gibco) and 

100U/cm3 each of penicillin and streptomycin. The cell culture was maintained in a 

gas-jacket incubator equilibrated with 5% CO2 at 37℃. When the cells had grown to 

confluence, the cells were digested by 1ml 0.25% trypsin (Sigma) for 1-2 minutes, then 

3ml of culture medium were added to stop digestion, and the culture medium was 

aspirated to cause cell dispersion after counting the cells.   

 

Cell Attachment efficiency  

Polylactone films were cut into small disks (15mm in diameter) with the aid of a 

cork borer and located into a 24 well cell culture plate (Costar, USA). All the disks were 
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sterilized by Ultraviolet light for 2 h. 200 µl (about 3~5×104 cells) of cell suspension 

were evenly placed on the samples. The cell-seeded disks were maintained at 37℃ 

under 5% CO2 condition for 4 h [13]. The morphology of cell attachment was observed 

and photographed by invert light microscope (Olympus Optical Co., Ltd.). Subsequently, 

the culture medium was removed and then the samples were rinsed with PBS three times 

to remove any of the residual culture medium and unattached cells. After the attached 

cells on the disks were digested by trypsin, the cell attachment efficiency was 

determined by counting the number of cells remaining in the wells. The number of cells 

was expressed as means±standard deviations (SD).  

 

Cell culture, MTT assay and SEM observation 

Porous polylactone scaffolds were cut into small pieces (1×2.5 cm), and sterilized by 

75% ethanol, and then the scaffolds were performed cell culture, MTT assay and SEM 

(Hitachi S-530) observation according to the literature methods [14,15]. 

 

Results and Discussions 

Poly (glycolide-co-lactide-co-caprolactone) tri-component copolymer (PGLC)  

A series of poly (glycolide-co-lactide-co-caprolactone) tri-component copolymers 

(PGLC) with different composition, Tg, molecular weight and molecular weight 

distribution were obtained by ring-opening polymerization of GA, L-LA and ε-CL as 

well as the followed purification procedure as shown in Scheme 1. 

 

                                                      Sn(Oct)2 

n                ＋  m            ＋  l 

 

 

 

～(1/2GA)m1-(1/2LA)l1-(1/2CL)n1-(1/2GA)m2-(1/2LA)l2-(1/2CL)n2～ 

 

Scheme 1  Synthetic procedure of PGLC copolymer 
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The composition and Tg of the PGLC was calculated by 1H-NMR and DSC 

measurements respectively as shown in Figure 1 and 2. Based on the degradation 

behavior of the PGLC in vitro which determined in the condition of pH7.4 PBS at 37±1

℃, it could be seen that by adjusting component ratio of the three monomers, the PGLC 

copolymers with much faster degradation rate than PLGA copolymer (Table 1). On the 

other hand, based on the lower Tg of PCL, the Tg of PGLC decreased with increasing the 

CL and GA content. It meant that by adjusting composition of the PGLC to a special 

molar ratio of GA/LA/CL, a potential thermal sensitive drug carrier which with Tg equal 

to the body temperature could be obtained. 

 

 

 

 

Fig.1  1H-NMR spectra of PGLC 
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Figure 2  Dependence of Tg on composition of PGLC 

  

On the other hand, the mechanical property results in Table 1 indicated that the 

increase of CL content can reduce the toughness, and enhance the flexibility of the 

copolymers. The elongation of the PGLC at break increased significantly with the 

introduction of CL content. Because the Tg of the PGLC could be lower than the body 

temperature, the rubbery state also contributes to fast degradation of the polymer. By 

means of the bulk modification, a series copolylactides with the half life of the 

degradation from several weeks to more than two years, as well as various physical 

appearance and mechanical property could be obtained by adjusting component ratio of 

lactide with other lactone-type monomer and molecular weight of the copolymer. 

 

Table 1  Properties and degradation rate in vitro of various copolylactides [16] 

Polymers [η]0 
(dl/g) 

T50
a
 

(-�Wt) 
weeks 

Tensile strength 
(MPa) 

Physical 
appearance 

(room temp.) 
PLLA 13.0 ~110 / Solid 

b,cr-PGLC(10/10/80) 2.14 >60 31.5 Solid, waxy 
PLLGA(90/10) 1.57 >50 33.9 Solid 

PDLLGA(90/10) 1.16 ~18 24.1 Solid 
db-PGLC(35/35/30) 0.51 ~11 11.7 Solid 

PLLGA(70/30) 0.95 ~10 28.9 Solid 
PDLLA 6.5 ~10 / Solid 

r-PGLC(27/63/10) 1.53 ~9 25.6 
Slightly 
tacky, 

rubbery 
r-PGLC(27.9/65.1/7) 1.08 8~9 / Solid 

PDLLGA(70/30) 1.10 ~8 16.7 Solid 
PLLGA(70/30) 0.42 ~6 / Solid 

r-PGLC(45/45/10) 1.12 ~5 24.8 
Slightly 
tacky, 

rubbery 
b-PGLC(45/45/10) 0.61 4~5 22.4 Solid 

r-PGLC(63/27/10) 0.46 3~4 19.7 Tacky, soft 
rubbery 

PLLGA(50/50) 0.63 ~3 20.9 Solid 
a T50: the period for 50% weight of sample lost 
b The number refers molar ratio of glycolide (G), lactide (L), and caprolactone (C) 
c r: refers to random copolymer 
d b: refers to block copolymer 
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Tri- and multi-block polylactide/poly(ethylene oxide) copolymer (TPLE and BPLE) 

Poly(ethylene glycol) (PEG) is a good biocompatible material with non-toxicity and 

excellent hydrophilicity. It can render the surface highly resistant to biological fouling, 

reducing protein adsorption and resistance to bacterial and animal cell adhesion [17], 

and is also apparently not readily recognized by the immune system. Since it can be 

easily soluble in water and many organic solvents and can also readily cleared from the 

body, by using the reactive two ended hydroxy groups, it was often chosen as a 

macromonomer to improve hydrophilicity and biocompatibility of polymers. 

Modification of protein with PEG has been shown to reduce immunogenicity and 

antigenicity of these proteins and to increase circulation times [18] and its ability to 

lower the toxicity and enhance in vivo antitumor activity of adrimycin [19]. 

Tri- and multi-block PLE copolymers with various compositions were synthesized 

according to the Scheme 2. The PLA-PEO-PLA tri-block copolymer (TPLE) was 

synthesized by ring-opening polymerization of LA using PEG as macroinitiator in the 

presence of Sn(Oct)2 as a catalyst. The TPLE with different PEG or PLA block lengths 

could be obtained by adjusting molecular weight of PEG and component ratio of LA/EO. 

The multi-block PLE copolymers (BPLE) were synthesized by coupling the TPLE 

copolymers in the presence of succinic anhydride and DCC. The yield of the TPEL was 

about 95% and that of MPLE was about 85%.  
 
 
 
 
 
 
 
 
 
 

 
 

Scheme 2  Synthetic procedure of TPLE and BPLE copolymers 
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Table 2. From the table it could be seen that the PEG content in the TPLE was limited by 

MW of the PEG. In result the hydrophilicity of the copolymer was also limited and the 

MW (or [η]) of the TPLE was not high and mechanical strength was not good. On the 

other hand, since the TPLE was high crystalline with high Tg, the polymer was poor 

flexibility. The poor miscibility between PEG and PLA segments would lead to phase 

separation.  

 

 
Table 2  Hydrophilicity of TPLE copolymer 

Polymersa LA/EO 
(molar retio) 

[η] 
(dl/g) 

Contact angle 
(degree) 

Water uptake 
(%) 

PLLA 100/0 2.50 78.1 0 
TPLE10/1 10/1 1.16 77.7 1.3 
TPLE7/1 7/1 0.73 77.4 2.5 
TPLE4/1 4/1 0.66 76.2 11.3 
TPLE2/1 2/1 0.46 66.5 23.1 
TPLE1/1 1/1 0.36 -b -b 

aThe Mn of the PEG in the TPLE copolymer was 4000. 
b The copolymer could not be formed into film. 

 
The parameters of produced MTPE and TPLE under similar component ratio of 

LA/EO was compared in Table 3 and 4, and the merits of MPLE was obvious. It could 

be seen that the MW (or [η]) of the MPLE was independent of MW of the PEG, and 

hydrophilicity of the MPLE could be improved without limit. Since MPLE composed of 

many short segments of PLA and PEG, in result the crystallinity of the MPLE was less 

than that of TPLE, the miscibility between PEG and PLA segments has increased, and 

mechanical strength of the MPLE has also improved greatly. 

 
Table 3  Comparison of Intrinsic Viscosity of TPLE and MPLE 

TPLE copolymer [η]* 
(dl/g) MPLE copolymer [η]* 

(dl/g) 
TPLE1/1(2000) 0.20 MPLE1/1(2000) 1.20 
TPLE2/1(2000) 0.30 MPLE2/1(2000) 1.57 
TPLE4/1(2000) 0.43 MPLE4/1(2000) 1.60 
TPLE1/1(4000) 0.36 MPLE1/1(4000) 1.33 
TPLE2/1(4000) 0.46 MPLE2/1(4000) 1.47 
TPLE4/1(4000) 0.66 MPLE4/1(4000) 1.31 

  PLLA 1.62 
* Measured as chloroform solution at 37℃ 
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Table 4  Comparison of crystallinity among TPLE, MPLE aand Homo-PLLA 

Polymer Xc 
(%) Polymer Xc 

(%) 
PLLA（8000） 27.3   

PEG(2000) 76.7 PEG(4000) 77.4 
TPLE1/1(2000) 9.6 MPLE1/1(2000) 6.5 
TPLE2/1(2000) 18.0 MPLE2/1(2000) 13.4 
TPLE1/1(4000) 18.2 MPLE1/1(4000) 10.8 
TPLE2/1(4000) 21.6 MPLE2/1(4000) 20.6 

* Calculated from X-ray diffraction 
 
Polycaprolactone/polylactide/poly(ethylene oxide) copolymer (PCEL) 

For the sake of further improving properties of PLE copolymers, a third 

component---caprolactone has been introduced into PLE copolymer and PLA/PEG/PCL 

(PCEL) tri-compoment copolylactone was developed [11]. It was found that a kind 

porous PCEL microspheres could be easily prepared by emulsion-solvent evaporation 

method in absent of porogen. The PEG content led to the morphology of the polymeric 

microspheres changing from smooth to porous. And the pore size of the microspheres 

increased with increasing content and molecular weight of the PEG component [20]. It 

was found that different composition of the PCEL caused the morphological variations 

of the microspheres. And the hydrophilicity and degradation rate of the PCEL increased 

with increasing the PEG content [21]. So the porous film- and microsphere-like scaffolds 

with various degradation rates could be prepared easily from the PCEL copolymers 

without pore forming agents. A novel material for application in tissue engineering 

scaffold was proposed.  

 

Surface modification 

The critical factor affecting the cell affinity and cell adhesion on the surface of the 

materials is the surface characteristics, such as hydrophilicity, surface energy, charge 

property, smoothness and which govern the biocompatibility of the material surface with 

tissues and cells. Based on surface of polylactone-family polymers are lack of 

recognition sites of cells, the cell affinity of the copolylactones were still not good to 

satisfy the special requirements of tissue engineering and other special biomedical 

application. The further surface modification is necessary.  

Plasma technique can be easily to induce the desired groups or chains onto the 
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surface of the polymer. It has a special application to improve the cell affinity of the cells 

scaffold. So various gases and treating parameters were tested. The result shown that 

surface hydrophilicity of polylactones could be improved obviously by adjusting the 

kind of gas and treating parameters as shown in Table 5. A method combining plasma 

treatment and collagen anchorage was proposed [22].  

The result of cell culture test showed that the cell affinity of the PDLLA modified  

by combining plasma treatment and collagen anchorage method was greatly improved. 

After the 3T3 fibroblasts cell being cultured for a short time, the 3T3 fibroblasts cells 

stretched very well on the collagen-anchored sample, which was much better than the 

samples treated only by plasma-modified or collagen-coated, as shown in Figure 3.  

 

Table 5  Comparison of effects of various plasma treatments 
Contact angle (Deg) Surface energy * (mJ.m-2) Modification 

methods θH2O θCH2I2 γs γs
d γs

p Xp 
None 78.0 37.0 43.2 32.5 10.7 0.25 

NH3 plasma 21.5 40.0 69.1 26.7 42.4 0.61 
N2 plasma 25.5 33.5 68.2 29.2 39.0 0.57 
O2 plasma 45.0 26.5 60.1 32.4 27.7 0.46 
(O2+NH3

 

plasma) a 17.0 32.0 71.5 29.5 42.0 0.59 

Collagen coating 61.9 38.3 49.1 29.5 19.6 0.39 
(Collagen 
anchorage)b 

54.3 42.8 51.8 27.0 24.8 0.48 

*γs :surface energy  γs
d:dispersive components  γs

p :polar components  Xp =γs
p /γs

 

    Parameter of plasma modification was 50w, 20Pa, and 120sec except for  
additional descriptions. 
a 60sec for O2 and then 60sec for NH3, 50w, 20Pa 
bNH3 plasma pre-treatment conditions: 50w, 20Pa, 300sec 

A B 

C D 
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Figigure 3 Photomicrograph (× 150) of 3T3 fibroblasts cultured on various PDLLA 

samples for 9 hours. A) Control; B) modified by NH3 plasma (50w, 20Pa, 300sec); C) 

modified by collagen coating; D) modified by ammonia plasma pre-treatment then 

collagen anchorage. 

Conclusions  

Polylactone-family polymer could be modified by copolymerization among lactone 

monomers or lactone monomers with poly(ethylene glycol). In result degradation rate, 

hydrophilicity and mechanical property of the polylactone-family polymer could be 

adjusted within a large scope. Due to further improve cell affinity of the 

polylactone-family polymer surface modification is necessary. The method combining 

plasma treatment and collagen anchorage showed specially effective result on 

improvement of cell affinity.  

 

In the present work, biodegradable Multi-PLE copolymers that had a high content of 

short PEG segments, high hydrophilicity and good mechanical properties were 

synthesized and used as cell scaffolds for tissue engineering. The cell affinity of 

Multi-PLE films and scaffolds was studied and compared with the affinity of controlled 

PLLA. The results showed that the cell attachment efficiency on the Multi-PLE 4/1 films 

was close to that on homo-PLLA film. With the increase of the content of PEG segments 

in the copolymer, the cell attachment efficiency decreased because PEG segments could 

reduce cell adhesion. The results of MTT assay indicated that the cell affinity and 

proliferation of Multi-PLE copolymers scaffold were much better than that of PLLA 

scaffold, except for that of multi-PLE1/1(4000) copolymer. The water uptake of the 

Multi-PLE1/1(4000) was so high that pores of the scaffold were blocked. The SEM 

observation showed that cell grew only on the surface of PLLA porous scaffold because 

of its hydrophobility, but cells grew on the entire Multi-PLE scaffolds. From the results 

of these cell-cultivation experiments, it could be concluded that the cell affinity of the 

Multi-PLE copolymers scaffolds was improved when appropriate amounts of PEG 

blocks were introduced into PLA polymer chain. 
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