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ABSTRACT: Poly(caprolactone-co-glycolide)-co-poly(ethylene gylcol) copolymers (PCEG) with various composition were synthesized

by copolymerization of GA, CL, and PEG. PCEG microspheres were fabricated by oil-in-water (o/w) emulsion and solvent-

evaporation technique. Effect of chemical composition on hydrophilicity, crystallinity, and degradation of the PCEG was investigated.

It was demonstrated that morphology structure of the microspheres was greatly influenced by chemical composition and hydrophilic-

ity of the PCEG polymer. PCEG microspheres could change from a smooth structure to a regular porous structure and an irregular

structure. Moreover, the pore size of them increased with increment of PEG content and length. Cell attachment and growth on the

PCEG microspheres were evaluated by using mouse NIH 3T3 fibroblasts as model cells in vitro. The result showed that the PCEG

microspheres with large porous structure were more favorable for cell attachment and growth. Thus the PCEG microspheres with

rapid degradation rate and large porous structure possess potential use as injectable scaffolds in tissue engineering. VC 2015 Wiley Period-

icals, Inc. J. Appl. Polym. Sci. 2016, 133, 42861.

KEYWORDS: biomaterials; degradation; morphology; polyesters; porous materials

Received 11 February 2015; accepted 13 August 2015
DOI: 10.1002/app.42861

INTRODUCTION

Porous biodegradable polymer scaffolds have been extensively

utilized as temporal templates for regeneration of various tis-

sues.1–4 Highly open porous structured scaffolds with well inter-

connected pores are required, which not only can achieve suffi-

cient cell density in the scaffold, but also can facilitate in- and

out-transport of nutrients and oxygen for subsequent cell prolif-

eration and differentiation. Different morphology of scaffolds

could be fabricated by various methods such as the solvent cast-

ing and particulate leaching (SCPL) technique,5–7 emulsion/

freeze drying method,8–10 gas saturation and release

method,11,12 3D-guided printing method,13 phase separation

techniques,14–17 electrospinning techniques,18–20 thermal

induced phase separation (TIPS) technique,17,21 etc. Most of

porous scaffolds are fabricated into block or foam shapes for

application in tissue engineering, however these kinds of scaf-

folds are difficult to meet requirements of tissue regeneration

with complex shape. Because biodegradable microspheres pos-

sess flowability, which can be injected and filled into complicate

defect, they are favorite for tissue engineering applications. At

the same time, the biodegradable microspheres have other

advantages such as benefiting to perform minor-incision opera-

tion and carrying some growth factors or drugs. So applications

provided by porous biodegradable microspheres can be more

versatile than that of the fixed-shape porous scaffolds.22–26

Poly(lactide) (PLA) and poly(lactide-co-glycolide) (PLGA) are

widely used in tissue engineering and carriers of drug or protein

in delivery system because of their biodegradability, biocompati-

bility, and the nontoxic degradation products.27–29 However

common disadvantages of them are poor hydrophilicity and

some high crystallinity residual, which can induce slow degrada-

tion and chronic inflammatory reaction.30 Many efforts were

performed for overcoming the problems. One of the most effec-

tive way is to enhance hydrophilicity and lower crystallinity of
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the polymer by introducing hydrophilic components into the

polymer via copolymerization.31–34 Poly(ethylene glycol) (PEG)

is widely used hydrophilic component and it can be performed

as a macromolecular initiator to initiate and copolymerize with

caprolactone (CL), lactide (LA), or other lactone monomers by

the active hydrogen of the hydroxyl group. As a result various

polyester-polyether copolymers can be obtained. Hydrophilicity

and degradation rate of them could be adjusted by controlling

component ratio of the feeding dose.35–41

On the other hand, polymer microspheres can be well fabricated

by an oil-in-water (o/w) emulsion and solvent-evaporation tech-

nique.42,43 However the produced microspheres usually possess

smooth surface and tight structure, which is disadvantageous for

cell adhesion and growth.44 To obtain porous structured micro-

spheres, many other methods such as solvent evaporation and

liquid–solid phase separation method,45 and porogen adding and

gas foaming method12 were also performed. Although porous

structured microspheres could be obtained by these methods, a

lot of un-opened “dead pores” were easily formed, and the micro-

spheres could be polluted by the residual porogen.

A kind of amphiphilic polyester-polyether copolymer—poly-

(caprolactone-co-lactide)-co-poly(ethylene glycol) tri-component

copolymer (PCEL) had ever been reported,36 and porous PCEL

microspheres were fabricated by means of emulsification solvent

evaporation method.46 But, it could be found that pore size

of the PCEL microspheres was too small for cells to be seeded

and grow inside. So it is necessary to fabricate microspheres

with high degradation rate and large sized pores, which will be

favorable for being used as injectable scaffolds in tissue

engineering.

In the present article, poly(caprolactone-co-glycolide)-co-poly(ethyl-

ene glycol) tri-component copolymer (PCEG) was synthesized.

Composition, hydrophilicity, thermal, and crystalline properties of

the polymers were characterized. Degradation rate and morphology

change of the PCEG films was determined and compared with that

of PCEL copolymer. Then, PCEG microspheres were prepared by an

oil-in-water (o/w) emulsion and solvent-evaporation technique.

Cell affinity of the PCEG microspheres in vitro was evaluated by

using mouse NIH 3T3 fibroblasts as model cells. Finally, effect of

composition on morphology structure, mass loss, and cell affinity of

poly(caprolactone-co-glycolide)-co- poly(ethylene glycol) (PCEG)

microspheres were discussed.

EXPERIMENTAL

Materials

Glycolide (GA) (PURAC, the Netherlands) was purified by recrys-

tallization in ethyl acetate (Beijing Beihua Fine Chemicals Com-

pany, China), and then was dried and kept over P2O5 in vacuum.

e-Caprolactone (CL) (Acros Chemica, N.V.) was purified by distil-

lation with CaH2. Poly(ethylene glycol) (PEG) with Mn of 10,000

(PEG10,000) and 4000 (PEG4,000) (Yili Chemical Reagent, China)

was dried by freeze-drying and then stored over P2O5 in vacuum

prior to use. Stannous octoate (Sigma, A.R.) was used without

further purification. Ethyl acetate was dried over P2O5 overnight

and distilled before use. All other reagents were of analytical grade

and used without further purification.

Synthesis of PCEG and PCEL

PCEG and PCEL were synthesized by ring-opening polymeriza-

tion of CL with GA or LA by using PEG as initiator and stan-

nous octoate as catalyst under vacumm at 1708C for 24 h, as

previously described.47 After produced raw product was dis-

solved in chloroform, the solution was precipitated from cold

ethyl ether [1:3–1:5 (v/v)] to obtain purified PCEG or PCEL.

The PCEG (or PCEL) was named as PCEG (x/y/z)(k) (or

PCEL(x/y/z)(k)), where the x, y, and z, respectively represents

molar content of caprolactyl, EG, and glycotyl (or lactyl) unit

of the copolymer, and k represents molecular weight of PEG.

Preparation of Microspheres

PCEG and PCEL microspheres were prepared by an oil-in-water

(o/w) emulsion and solvent-evaporation technique.32 First,

300 mL of 1% (w/v) poly(vinyl alcohol) (PVA) (Beijing Chemi-

cal Plant) aqueous solution containing 0.05% (w/v) Tween-60

was stirred at room temperature to form aqueous phase. Then

6 mL of (300 mg) polymer solution in dichloromethane was

poured into the aqueous phase to form an emulsion under stir-

ring. After the emulsion was stirred at 1200 rpm for 8 h to

remove the solvent at room temperature, the formed micro-

spheres were collected by centrifugation and were washed five

times with distilled water. Finally, the product was obtained

after lyophilization.

Characterization Methods

Chemical Composition, Molecular Weight, and Inherent

Viscosity. Chemical composition of PCEG was determined by
1H NMR measurement using a Bruker DMX400 spectrometer

at room temperature, CDCl3 as solvent and tetramethylsilane as

internal reference. Molecular weight of PCEG was determined

by GPC measurement using a Waters 510 high performance liq-

uid chromatography through a Shodex GPC KF-800 series col-

umn at 358C, while polystyrene samples were used as standard

and chloroform was as eluent at a flow rate of 1.0 mL min21.

The viscosity of the copolymer at a concentration of 0.5 g dL21

in chloroform was determined at 308C 6 0.58C, and then inher-

ent viscosity of the copolymer was calculated from gr by the

“One-Point Method” and expressed in dL g21:

g½ �5½2ðgsp–lngrÞ�1=2=C:

Crystallization and Thermal Property. The crystallization of

PCEG was analyzed by X-ray diffraction measurement, which was

carried out by a Rigaku Dmax-3B X-ray diffractometer equipped

with a graphite monochromator-filtered Cu Ka radiation. The

X-ray tube worked at 40 kV and 200 mA. The thermal property of

PCEG was determined by differential scanning calorimetry (DSC)

measurement, which was carried out on a differential scanning

calorimeter (Diamond). Thermogram covering a range of 2100

to 2008C was recorded at a heating rate of 108C min21, to give the

melting temperature (Tm), the glass transition temperature (Tg),

and DH.

Contact Angle and Water Sorption. PCEG films for contact

angle measurement was prepared by a solution casting method

using 8 wt % solution of PCEG in a chloroform into a poly(tetra-

fluoroethylene) (PTFE) mould. After solvent evaporation in air at

room temperature, the film was removed from the mould and
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dried under vacuum at room temperature for 3 days until con-

stant weight films with thickness of 0.30 mm were obtained.

Contact angles to water of the PCEG films were measured on air

surface of the films using a FACE CA-D type contact angle meter

(Kyowa Kaimenkagaku). The measuring time for every datum was

within 10 s, and 10 data were averaged. Some other PCEG films

were weighed and then were put in a beaker containing 50 mL of

deionized water at 378C 618C. After 3 days the films were taken

out and weighed again. Water sorption of the film was calculated

as follows:

Water sorption %ð Þ5 Wt - W0ð Þ=W0½ �3 100

where Wt and W0 were the weight of water-saturated film

and the dried film, respectively. The data were expressed as

means 6 standard deviations (SD) (n 5 3 and 10 for water sorp-

tion and contact angle, respectively).

Degradation Test In Vitro. The PCEG film with thickness of

0.2–0.3 mm was prepared by the similar procedure as afore-

mentioned method, and cut into similar sized small specimens.

Then the films were weighed (about 300 mg) and separately

immersed in individual test-tube with 15 mL of pH 7.4 phos-

phate buffer solution (PBS) including 0.05% NaN3 to prevent

bacterial growth. Degradation test of PCEG in vitro was per-

formed in a thermo-stated shaking water bath with constant

shaking at 378C 618C and buffer solution was renewed every

week. At predetermined interval the specimen was taken out

and rinsed three times by deionized water. Finally, it was dried

to constant weight by freeze-drying. The morphology of speci-

men was observed by SEM and weight loss of it was calculated

as following:

Mass loss %ð Þ5 W02Wdð Þ=W03100

where W0 and Wd represent the initial and dried weight of the

degraded specimen, respectively. Here, three samples were meas-

ured for each material at each time point.

Scanning Electron Microscopy. PCEG and PCEL microspheres

were well dispersed in distilled water and dropped onto a piece

of silicon sheet and were freeze-dried. Then the microspheres

and immersed films were coated by gold and observed with a

Hitachi S-4300 scanning electron microscope (SEM).

Cell Culture and Observation

Mouse NIH 3T3 fibroblasts were supplied by the Chinese Acad-

emy of Military Medical Sciences. The cells were incubated at

378C in DMEM (Gibco) supplemented with 10% FBS (Gibco)

and 100 U cm23 each of penicillin and streptomycin in a 5%

CO2 incubator. When the cells had grown to confluence, they

were detached by trypsin/EDTA (0.05% w/v/trypsin/0.02%

EDTA) (Sigma) and seeded onto PCEG films and microspheres.

Various PCEG films were cut into disks with a diameter of 15 mm

and placed in a 24-well culture plate. After the films were irradi-

ated by ultraviolet light for 1 h, cells were seeded at a density of

4–5 3 104 cells/well and cultured for 6 h. Then the culture

medium was removed and the films were rinsed with PBS for

three times in order to remove the unattached cells. The attached

cells on the films were digested by trypsin/EDTA and the number

of cells in the wells was counted. Finally, cell attachment efficiency

was calculated according to the following formula: Cell attach-

ment efficiency (%) 5 100(N1/N0), where N1 and N0 are the num-

ber of attached cells and seeded cells, respectively.

About 10 mg of dry PCEG microspheres were soaked into PBS

(pH 7.4) for 1 h to make the microspheres disperse well. After

removing PBS, the PCEG microspheres were irradiated by ultra-

violet light for 1 h. Then the microspheres were mixed with

100,000 of NIH 3T3 fibroblasts containing 500-lL culture

media and transplanted into a glass flask, which was previously

siliconized. The media were changed once every 2 days.

After NIH 3T3 fibroblasts had been cultured for 6 h on various

microspheres respectively, the cell attachment efficiency of vari-

ous microspheres was evaluated by the similar method as men-

tioned above.

After NIH 3T3 fibroblasts had been cultured for 7 days on

microspheres, the microspheres were washed with PBS and fixed

with 2.5% glutaraldehyde at 48C for 24 h. And then the micro-

spheres were dried and sputter-coated with gold. Finally, the

Table I. Characterizations of PCEG Copolymers

Sample
[C]/[EG]/[G]a

(molar ratio)
Mw/Mn

b

(3 1024) [g]c dL g21
Contact
angle (deg)

Water
sorption (wt %)

PCEG(30/8/62)(10,000) 29.8/8.4/61.8 4.8/3.6 1.86 69.7 6 2.2 10.1 6 0.3

PCEG(28/16/56)(10,000) 27.9/15.8/56.3 5.0/3.9 1.75 59.5 6 1.1 33.9 6 1.0

PCEG(25/25/50)(10,000) 25.5/24.9/49.6 4.5/2.7 1.35 45.8 6 1.2 67.5 6 1.8

PCEG(23/30/47)(10,000) 22.9/30.5/46.6 5.2/3.7 1.19 42.9 6 1.8 72.8 6 4.7

PCEG(28/16/56)(4000) 28.0/15.7/56.3 4.8/3.3 1.07 54.1 6 3.2 42.4 6 2.7

PCEG(52/16/32)(10,000) 52.1/15.7/32.2 4.7/3.4 1.32 63.0 6 1.9 42.3 6 0.5

PCEL(28/16/56)(10,000) 27.5/16.2/56.3 4.6/3.0 1.59 90.7 6 2.8 21.4 6 2.7

PCEG(71/16/13)(10,000) 71.5/15.6/12.9 4.3/7.4 1.41 66.1 6 1.2 17.3 6 1.2

PCEG(52/24/24)(10,000) 52.1/23.8/24.1 2.9/4.9 1.05 45.8 6 2.6 67.5 6 3.6

a Calculated from 1HNMR measurement.
b Determined by GPC measurement using polystyrenes as standard.
c Calculated by viscosity measurement using chloroform as solvent in concentration of 0.5 g dL21 at 308C.
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morphology of the cells on microspheres was observed by SEM

(Hitachi S-4300, Japan).

Viability and proliferation of 3T3 fibroblasts were determined

by MTT assay after cultured on different microspheres for 1, 4,

7, and 10 days, respectively. At each predetermined interval,

after the original culture medium was removed, 400 lL of fresh

culture medium was added to each glass flask, and followed by

incubation at 378C and 5% CO2 for 4 h. The upper medium

was removed carefully and the intracellular formazan was dis-

solved by adding 400 lL of 0.04 mol L21 HCl/iso-propanol to

each glass flask. The absorbance of produced formazan was

measured at 570 nm with micro-plate reader (ZS-2, Beijing).

RESULTS AND DISCUSSION

Two series of PCEG copolymers were synthesized. One was the

polymers composed of similar molecular weight of PEG (4000

or 10,000) but molar ratio of glycotyl (G) to caprolactyl (C) to

ethylene glycol (EG) was changed, the other had similar molar

ratio of [G] to [C] to [EG] but different molecular weight of

PEG (4000 and 10,000). The results obtained from Table I indi-

cated that composition of all produced PCEG copolymers was

basically consistent with components ratio of the feeding dose.

It meant that composition ratio of the PCEG could be easily

controlled by adjusting the feeding dose of copolymerization.

Morphology of PCEG Microspheres

According to the method described previously,23,38 a series of

PCEG microspheres were made from PCEGs with different con-

tent and length of PEG segment. To study effect of PEG on mor-

phology of PCEG microspheres, molar ratio of [C]/[G] remained

the same. It could be seen that morphology structure of the

microspheres closely depended on composition of the polymer. In

the case of PCEG composed of lower PEG content (<10%), the

produced microspheres had a tight surface, as shown in Figure

1(a). With PEG content increasing to 16%, surface morphology

Figure 1. Effect of content and length of PEO segment on morphology of PCEG microspheres. (a) PCEG(30/8/62)(10,000); (b) PCEG(28/16/

56)(10,000); (c) PCEG(25/25/50)(10,000); (d) PCEG(23/30/47)(10,000); (e) PCEG(70/15/15)(10,000); (f) PCEG(28/16/56)(4000).
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of the produced microspheres changed to rough and porous [Figure

1(b)]. When PEG content increased to 25%, highly porous micro-

spheres with well interpenetrating pores, whose diameter reached to

about 10–20 lm, could be obtained [Figure 1(c)]. However irregu-

lar structured microspheres would be formed when PEG content

reached to 30%, as shown in Figure 1(d).

On the other hand, it could be also found that the length of

PEG segment had also an effect on morphology structure of the

PCEG microspheres. In the case of PCEG composed of similar

composition but different length of PEG segment (4000 and

10,000), pore size and surface roughness of the microspheres

increased with the length of PEG segment increasing, as shown

in Figure 1(b,f).

Because hydrophilicity of a polymer has great influence on mor-

phology structure of its microspheres and degradation behavior,

surface and bulk hydrophilicities of the PCEG were identified

respectively by measurements of contact angle to water and water

sorption, as summed in Table I. The contact angle reduced from

69.78 to 42.98 and water sorption increased from 10.1% to 72.8%

with PEG10,000 content increasing from 8 to 30 mol %. It could

be seen from the results that when the PCEG polymer was com-

posed of similar segment length of PEG, its surface and bulk

hydrophilicity had increased with increasing PEG content. On

the other hand, the hydrophilicity of PCEG with similar composi-

tion had reduced with increasing segment length of PEG. For

example, the contact angle of PCEG(28/16/56) increased from

54.1 to 59.58 and water sorption reduced from 42.4 to 33.9%

with segment length of PEG increasing from 4000 to 10,000,

respectively.

Above results suggested that different morphologies of the micro-

spheres had been produced by different chemical composition

and hydrophilicity of the polymer. With hydrophilicity of the

polymer increasing, morphology of the produced microspheres

changed from smooth to porous to irregular. This result was also

proven by comparing of PCEG and PCEL microspheres, as shown

in Supporting Information (Figure S1). It was considered that

during formation of the microspheres, with solidification of

PCEG in the aqueous phase, the hydrophilic PEG segment had a

tendency to orientate to aqueous phase and swelled in the aque-

ous phase. As a result, pore-structured microspheres were formed

after the water saturated microspheres were dried by lyophiliza-

tion under vacuum. The mechanism is similar with the formation

of porous structure of PCEL microspheres.32 So the more PEG

content of PCEG was, the bigger pore-size of porous microspheres

was. However, if the hydrophilicity of the PCEG was too high,

swelling of the microspheres in the aqueous phase would be too

big to form regular pores and finally an irregular structure had

been formed. The exact example was the PCEG(23/30/47)(10,000)

microspheres, as shown in Figure 1(d).

Table II. Cell Attachment Efficiency on Films and Microshperes of PCEG

Copolymers

Polymer Film (%) Microspheres (%)

PCEG(70/15/15)(10,000) 45.2 6 2.0 56.6 6 2.1

PCEG(28/16/56)(10,000) 44.5 6 1.6 60.3 6 1.9

PCEG(25/25/50)(10,000) 38.0 6 2.3 58.4 6 1.5

PCEG(28/16/56)(4,000) 44.6 6 2.6 52.2 6 1.2

Figure 2. Morphology of NIH 3T3 fibroblasts on different PCEG microspheres cultured for 7 days (3800). (a) PCEG(70/15/15) (10,000); (b) PCEG(28/

16/56)(10,000); (c) PCEG(25/25/50)(10,000); (d) PCEG(28/16/56)(4000).
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The above results revealed that the porous structure of the

PCEG microspheres depended on both elements of content and

length of the PEG segment. The more the PEG content of

PCEG and the longer PEG segment, the bigger the pore-size of

porous microspheres. Therefore, various porous structured

PCEG microspheres could be fabricated by controlling composi-

tion of the PCEG polymer.

Cell Affinity of PCEG Microspheres

Influence of composition on cell affinity of PCEG microspheres

was studied by mouse NIH 3T3 fibroblasts culture. The attach-

ment, morphology, and proliferation of NIH 3T3 fibroblasts

cultured on various microspheres were investigated and

compared.

Table II showed cell attachment efficiency of various PCEG

films and microspheres. It could be seen that cell attachment

efficiency on various PCEG microspheres was higher than that

on the relative PCEG films. On the other hand, the cell attach-

ment efficiency on PCEG film decreased with PEG content

increasing, but there was no statistic difference on the PCEG

microspheres. Moreover, for PCEG microspheres it increased

with molecular weight of PEG segment increasing when compo-

sition of the PCEG was same.

Figure 2 showed morphology of NIH 3T3 fibroblasts cultured

for 7 days on various PCEG microspheres. It could be seen that

the cells exhibited different shape on the microspheres. Height

of the cells on the PCEG(28/16/56)(10,000) and PCEG(25/25/

50)(10,000) microspheres [Figure 2(b,c)] was lower than that

on the PCEG(70/15/15)(10,000) and PCEG(28/16/56)(4,000)

microspheres [Figure 2(a,d)], which meant the cells much

tightly anchored to the PCEG(28/16/56)(10,000) and PCEG(25/

25/50)(10,000) substrate. After culturing for 7 days NIH 3T3

fibroblasts proliferated promptly on the PCEG(28/16/

56)(10,000) and almost covered whole surface of the micro-

shperes, even some cells on the PCEG(25/25/50)(10,000) micro-

spheres spread into big pores [Figure 2(c)].

Proliferation and viability of NIH 3T3 fibroblasts on various

microspheres was determined by MTT assay after culturing for

1, 4, 7, and 10 days, as shown in Figure 3. It could be seen that

after culturing for 1 day, the proliferation and viability of NIH

3T3 fibroblasts on various PCEG microspheres were not statisti-

cally different. However, after culturing for 4 and 7 days the

proliferation and viability of the cells on PCEG(28/16/

56)(10,000) and PCEG(25/25/50)(10,000) was higher than that

on PCEG(70/15/15)(10,000) and PCEG(28/16/56)(4,000) micro-

spheres. Moreover, after culturing for 10 days the cells showed

the highest viability and the rapidest proliferation on PCEG(25/

25/50)(10,000).

These results revealed that the composition and structure of

PCEG microspheres had an important effect on cell attachment

and growth. Because PEG was not good for cell adhesion,48 cell

attachment of PCEG microspheres should be worse than that of

films. However, because rough surface or porous structure

would be favorable for cells attachment and growth,49–52 the cell

attachment on rough and porous microspheres was better than

that on the dense films. As a result, although PEG content on

surface of the PCEG microspheres was higher, the disadvantage

could be overcome by increasing roughness and porous struc-

ture of the microspheres. In addition, if the high level of PEG

weakened cell adhesion, which could be improved by loading

bioactive substances such as growth factors into the

microspheres.53–55

Therefore, cell attachment and growth of PCEG microspheres

were better than that of PCEG films. Moreover, cell growth on

porous PCEG microspheres was faster than on the non-porous

PCEG microspheres. This could be attributed to hydrophilicity

and large interconnected pores of PCEG microspheres, which

allowed cells and culture medium to penetrate more easily

into the microshperes and provided more space for cell attach-

ment and growth. Therefore, the porous PCEG microspheres

Figure 3. MTT-tetrazolium assay of NIH 3T3 fibroblasts cultured on various

PCEG microspheres within different period. The values represent the

mean 6 standard deviation (n 5 4). *P< 0.05; significant against the prolifera-

tion and viability of NIH 3T3 fibroblasts on PCEG(70/15/15)(10,000) and

PCEG(28/16/56)(4000) microspheres at the corresponding day. #P< 0.05; sig-

nificant against the proliferation and viability of NIH 3T3 fibroblasts on

PCEG(28/16/56)(10,000) microspheres at the corresponding day.

Figure 4. X-ray diffraction spectra of PCEG copolymers and their compo-

nents. (a) PGA; (b) PCL; (c) PEG10000; (d) PCEG(28/16/56)(10,000); (e)

PCEG(71/16/13)(10,000); (f) PCEG(52/16/32)(10,000).
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would be a kind of potential injectable scaffold used in tissue

engineering.

Crystallinity of PCEG

Because degradability of a polymer depended on hydrophilicity

and crystallinity of it, the crystallinity of polymers was studied

by X-ray diffraction measurements, as shown in Figure 4. Some

thermal data of the PCEG polymers determined by DSC mea-

surement were summarized in Table III and Figure 5. The

results indicated glass transition temperature of polymers signif-

icantly decreased with C component of them increasing. All of

the PCEG copolymers and homopolymers of PGA, PCL, and

PEG showed crystalline patterns, which meant that the PCEG

copolymer has a certain degree of crystallinity. However, further

comparing the X-ray diffraction spectra it could easily be found

that spectrum of the PCEG polymer strongly was affected by

the main component of the polymer. For example PCEG (28/

16/56)(10,000) (curve d) and PCEG(71/16/13)(10,000) (curve e)

displayed major peaks at 2h 5 28.68 that was similar with PGA

crystalline patterns (curve a) and major peaks at 2h 5 21.48 and

23.98 that was like PCL crystalline patterns (curve b), respec-

tively. However, for PCEG(52/16/32)(10,000) (curve f) although

it was still composed of a large amount of C content (50%),

lower crystallinity of the polymer indicated that crystalline pat-

terns was greatly affected by the PEG segment. The difference of

the crystalline pattern may be the reason why water sorption of

PCEG(52/16/32)(10,000) (42.4%) was higher than that of

PCEG(28/16/56) (10,000) (33.9%).

The results indicated that the physical properties of the poly-

mers including glass transition temperature and crystallinity

were more similar to that of monomers with high content.

Polymer with different properties could be prepared by adjust-

ing its components.

Mass Loss and Morphology Change of PCEG

Degradability is an important factor for tissue engineering scaf-

folds. Biomaterials with different degradation rate are needed for

repair of tissue defects of different types and positions. So mass

loss and morphology change of the PCEG films were determined

by immersion in PBS in vitro at 378C 6 18C. It was observed that

physical appearance of all the PCEG films changed from initially

translucent to whitish during the immersion. For PCEG(28/16/

56)(10,000), it had broken into a few pieces after 10 weeks, and

then more smaller bits with time increasing. Within the period

molecular weight of the PCEG(28/16/56)(10,000) had changed

from 50,000 to 33,000. However, molecular weight of PCEG(52/

16/32)(10,000) decreased from 47,000 to 34,000.

The change of mass of the polymer during the immersion was

also determined. We could see from Figure 6 that the mass loss

of PCEG(52/16/32)(10,000) within the first 2 weeks was 4.1%

and at the end of 24 weeks was 45.4%, but that of PCEG(28/16/

56)(10,000) had greatly increased from 17.8 to 90.2%, respec-

tively. It was clear that mass loss of PCEG(28/16/56)(10,000)

was much faster than that of PCEG(52/16/32)(10,000).

From Table III it is easy to see that crystallinity of PCEG(28/16/

56)(10,000) was much higher than that of PCEG(52/16/

32)(10,000). According to the usual rule that degradation rate

decreased with the increasing crystallinity of the copolymers with

similar structure.56 However, the result was just an opposite. We

think the reason is hydrophilicity of PCEG(52/16/32)(10,000) was

worse than PCEG(28/16/56)(10,000) because of effect of more

hydrophobic PCL. The water difficultly permeated into the poly-

mer and degradation reaction difficultly performed. It revealed

that hydrophilicity had greater effect on degradation of the PCEG

copolymer than crystallinity.

Table III. Thermal Property of PCEG Copolymers

Samples Tg (8C) DHm (J g21)

PCEG(28/16/56)(10,000) 221.79 16.00

PCEG(52/16/32)(10,000) 240.41 3.24

PCEG(71/16/13)(10,000) 259.08 47.17

PCEG(52/24/24)(10,000) 243.74 20.74

Figure 5. DSC spectra of PCEG copolymers. (a) PCEG(28/16/56)(10,000);

(b) PCEG(52/16/32)(10,000); (c) PCEG(71/16/13)(10,000); (d) PCEG(52/

24/24)(10,000).

Figure 6. Weight loss of PCEG copolymer films after immersion in the

PBS. The values represent the mean 6 standard deviation (n 5 3).
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Further comparing PCEG(28/16/56)(10,000) and PCEL (28/16/

56)(10,000), although both polymers had similar molar

ratio of [C]/[EG]/[G] and [C]/[EG]/[L], the mass loss rate

of PCEG(28/16/56)(10,000) was much faster than that of

PCEL(28/16/56)(10,000), as shown in Figure 6 and Supporting

Information Figure S2. Comparing hydrophilicity of them, it

also could be seen from Table I that the contact angle and water

sorption of PCEG(28/16/56)(10,000) were 59.58 and 33.9%

respectively, but for that of PCEL(28/16/56)(10,000) were 90.78

and 21.4% respectively. So the main reason might be that PGA

has better hydrophilicity and faster degradation rate than that

of PLA.

The change of surface morphology of PCEG(28/16/56)(10,000)

and PCEL(28/16/56)(10,000) films with immersing time was also

different, as shown in Figure 7 and Supporting Information

Figure S3, respectively. It could be seen that with increasing

immersing time the surface morphology of PCEG(28/16/

56)(10,000) film (Figure 7) has become rougher and more

porous. Some pores could be found on the surface after 6 weeks,

and amount and size of the pores greatly increased with immers-

ing time. But for PCEL(28/16/56)(10,000) film no pore could be

found on the surface even after 24 weeks of immersion (Support-

ing Information Figure S3). The result demonstrated the degrada-

tion rate of PCEG(28/16/56)(10,000) was much faster than that of

PCEL(28/16/56)(10,000).

The above results revealed that mass loss rate of different poly-

mers were greatly influenced by hydrophobicity. Besides, replac-

ing lactide with glycolide can effectively improve degradation

rate of the produced copolymer, which provided tissue engi-

neering scaffold materials with faster degradation.

Figure 7. The SEM micrographs of PCEG(28/16/56)(10,000) film after different weeks of immersion in the PBS. (a) 2 w; (b) 6 w; (c) 12 w; (d) 18 w;

(e) 24 w.
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CONCLUSION

By copolymerization of GA, CL, and PEG, a series of PCEG

copolymers with different composition were synthesized and

PCEG microspheres were fabricated by oil-in-water (o/w) emul-

sion and solvent-evaporation technique. Morphology structure

of the microspheres was greatly affected by chemical composi-

tion and hydrophilicity of the PCEG polymer. With PEG con-

tent increasing from 8 to 30%, the morphology structure of

PCEG microspheres changed from smooth to a porous structure

and until an irregular structure. The hole size of the micro-

spheres increased with segment length and content of the PEG

increasing. The pore-size of PCEG microspheres was bigger

than that of PCEL when both of them were composed of similar

EG and C content. On the other hand, degradation rate of

PCEG in vitro was much faster than that of PCEL. The cell

affinity of porous PCEG microspheres was better than that of

nonporous PCEG microspheres. The PCEG microspheres with

rapid degradation and large porous structure could be fabri-

cated by adjusting the composition of copolymer, which would

be a potential injectable scaffold for tissue engineering.
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