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ABSTRACT: A series of biodegradable thermoset polyesters, poly(1,8-octanediol–glycerol–dodecanediaote)s (POGDAs), were synthe-

sized with the polycondensation polymerization method without a catalyst and with different monomer molar ratios. Synthesis was

confirmed with structural analysis via Fourier transform infrared spectroscopy. The effect of varying the monomer molar ratio on the

material properties was illustrated in the gel content and swelling analysis, ultraviolet–visible spectroscopy, differential scanning calo-

rimetry, X-ray diffraction, and degradation tests. Degradation tests were performed in phosphate-buffered solution at 37 8C for 60

days. Temperature-responsive behavior was revealed with POGDA (0.5 glycerol), and bending tests were performed to study the

shape-memory effect. In vitro cytotoxicity tests and cell proliferation tests suggested that these POGDAs have potential applications in

biomedical fields such as tissue engineering. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44007.
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INTRODUCTION

Polymer-based biomaterials have been developed since the

1920s.1 Market research reports by MarketsAndMarkets has

indicated that the biomaterials market will be worth US$130.57

billion by 2020. Polymeric biomaterials are the fastest growing

field in biomaterials. The main reasons for the popularity of

polymeric biomaterials are their low cost, ease of production,

light weight, great mechanical strength, and biocompatibility.

Biodegradable and biocompatible polymers have been consid-

ered as replacements for permanent prosthetic devices used for

temporary treatments.2,3 The development of a new generation

of synthetic biodegradable polymers is underway and is being

driven by the latest biomedical technologies, such as tissue engi-

neering and controlled drug delivery.4–6

The consumption of polymeric biomaterials is more than

8000 kt annually, yet the market contains only a small fraction

of degradable polymers.7,8 Public concerns about the environ-

ment have created an interest in biodegradable polymeric bio-

materials synthesized from renewable resources. Attention has

been paid to biodegradable polyesters that are easily produced

from renewable resources such as poly(lactic acid), a thermo-

plastic polyester.9,10 Biodegradable thermoplastic polyesters

degrade through bulk erosion, and this results in mechanical

instability.11,12 Thermoset polyesters that degrade via surface

erosion were developed to improve mechanical stability.13

Thermoset polyesters are hydrolytically degradable, retain

their mechanical integrity during degradation, and offer a

wide range of properties that can be achieved through the

manipulation of monomers and synthesis conditions.14,15 Dif-

ferent degrees of crosslinking densities in thermoset polyesters

create different material properties for the same type of

material.

Biodegradable polymers with smart functions, such as thermor-

esponsivity, have been reported in the area of petroleum-based

polymers and include poly(E-caprolactone), polyurethanes, and

their copolymers.16–18 Few studies have been conducted on bio-

based polymers.19–21 For thermally responsive or shape-memory

polymers, there are two shapes in the shape-memory process,

one permanent shape and another temporary shape. Hard seg-

ments determine the permanent shape of a polymer, whereas

soft segments determine the temporary shape. Shapes can be

switched at the transition temperature (Ttrans). Deformation

occurs above Ttrans, and cooling below Ttrans allows a shape-

memory polymer to obtain a temporary shape. The permanent

shape of a shape-memory polymer can be recovered through

heating to above Ttrans. The glass-transition temperature Tg or

melting temperature (Tm) can be a Ttrans; this depends on the

type of polymer.
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1,8-Octanediol (Oct) and glycerol (Gly) were used in this study

to react with 1,12-dodecandioic acid (DA) to form a thermoset

polyester, poly(1,8-octanediol–glycerol–dodecanediaote) (POGDA).

Oct is the longest water-soluble aliphatic diol, with no reported

toxicity in research conducted by Yang et al.22 to produce

poly(1,8-octanediol-co-citrate). Their research showed the

potential of Oct as a monomer for the synthesis of polyesters

for biomedical applications. A precursor to lipids, Gly is mainly

produced from renewable resources as a byproduct during the

transesterification of vegetable oils and animal fat in the pro-

duction of biodiesel.23,24 It can also be produced by microbial

fermentation.25 DA has 12 carbon atoms26 and a longer chain

of dicarboxylic acid compared to adipic aid and glutaric acid.

DA was chosen for this study because short-chain aliphatic

dicarboxylic acids tend to stimulate intramolecular condensa-

tion.27 DA can be produced from renewable resources, such as

vernonia galamensis oil.28

Monomers derived from renewable resources are potential raw

materials for thermoset polyesters. With three monomers to cre-

ate a long backbone chain for this study, the degree of cross-

linking and crystallinity was manipulated through the variation

of the monomer molar ratios. Only POGDA (0.5 Gly) exhibited

excellent shape-memory behavior; this confirmed the role of

crystallinity for the soft segments. All of the synthesized POG-

DAs were biodegradable and showed different material properties

with different molar ratios. POGDA polymers showed compara-

ble biocompatibilities with poly(lactic acid) (PLA), the commonly

used material for biomedical application suggesting the potential

application of POGDA in this field.

EXPERIMENTAL

Synthesis and Preparation of POGDA

High-purity Oct (molecular weight 5 146.23 g/mol, Tm 5 57–

61 8C), Gly (molecular weight 5 92.09 g/mol, Tm 5 20 8C), and

1,12-dodecanedioic acid (molecular weight 5 230.3 g/mol,

Tm 5 127–129 8C) were purchased from Sigma-Aldrich and were

used as received.

POGDA was synthesized with the polycondensation polymeriza-

tion method, which is also a solvent-free and catalyst-free

method (Scheme 1). The synthesis of the prepolymer was car-

ried out in a 500-mL, round-bottomed reaction flask with a

reactant stoichiometry of 0.1:0.9:1 of Oct to Gly to DA under a

dry nitrogen atmosphere. Amounts of 3.217 g of Oct and

50.666 g of DA powder were placed into the reaction flask,

which was equipped with a mechanical stirrer, in a 140 8C oil

bath. After the solid Oct and DA melted completely, the reac-

tion temperature was decreased to 120 8C while 18.236 g of Gly

was added to the flask. The solution was stirred continuously

for 24 h to produce the prepolymer of POGDA. The synthesized

prepolymer was cast into a preheated polytetrafluoroethylene

mold (16 3 18 3 1 mm3) and cured for 7 days at 120 8C in a

universal oven. This was repeated with different molar ratios for

Oct and Gly with DA. The synthesized POGDAs were washed

with acetone to remove any unreacted monomers and kept in a

desiccator after drying.

Formulation Development

Five samples were synthesized with different molar ratios of Oct

and Gly to react with DA. The formulations and designations of

POGDA are listed in Table I.

Structural Analysis

Fourier transform infrared (FTIR) spectra were obtained at

ambient temperatures with a Spectrum Two IR spectrometer

(PerkinElmer, model L160000A). Gel content and swelling

measurements were conducted to determine the gel content and

crosslinking density in the samples. All of the POGDA samples

(10 3 5 3 1.5 mm3, number of specimen for each formulation,

n 5 3) were weighed [initial mass (W0)] before immersion in

acetone solvent at room temperature. After 24 h, the swollen

specimens were removed and blotted with filter paper to

remove excess solvent. The swollen specimens were placed in

sealed vials and weighed to determine the swollen mass (Ws).

After 3 days of drying at 60 8C, the specimens were weighed

again to obtain the dry mass (Wd). The gel content and the

Scheme 1. Reaction scheme between Oct, Gly, and DA to produce POGDA.
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swelling percentages were calculated according to the following

equations:

Gel content ð%Þ 5 ðWd=W0Þ 3 100 (1)

Swelling ð%Þ 5 ½ðWs2WdÞ=Wd � 3 100 (2)

The crosslinking density, (v) was computed from the swelling

properties with the Flory–Rehner equation29,30:

v5
2ln½ð12v2Þ1v21vv2

2 �
Vs v

1=3

2 2 2v2

f

� � (3)

where v2 is the polymer volume fraction of the swollen sample,

Vs is the molar volume of the solvent (molar volume of aceto-

ne 5 74 cm3/mol),31 and v is the polymer–solvent interaction

parameter. A value of v 5 0.38 was calculated for this study,

and the details of calculation were discussed in a previous

article.32

Thermal Properties

Differential scanning calorimetry (DSC) was performed with a

Mettler Toledo DSC 882e to determine the Tm values of the

POGDA polymers with 8–13-mg samples encapsulated in alu-

minum pans. The samples were heated under nitrogen gas from

30 to 100 8C, cooled to 250 8C, and then heated again to 100 8C

at a heating/cooling rate of 10 8C/min.

Transmittance Study

Optical transmittances of the POGDAs ranging from 200 to

800 nm were determined by ultraviolet–visible (UV–vis) spec-

troscopy (Shimadzu UV-3101PC, Japan) at room temperature.

The sample thickness was 1.5 6 0.08 mm.

Study of Crystallinity

X-ray diffraction (XRD) patterns were obtained with an XRD

diffractometer (Rigaku Miniflex II) with Cu Ka radiation

(wavelength 5 1.54 Å) at 40 kV and 30 mA. Patterns were

recorded in the region of 2u from 5 to 608. The polymer crys-

tallinity percentages were calculated with eq. (4) and Bragg’s

law33 [eq. (5)] and were used to determine the interplanar dis-

tances of different peaks:

Crystallinity percentage 5 ½Ac=ðAa1AcÞ� 3 100% (4)

Interplanar distance 5 nk=ð2 sin uÞ (5)

where Ac is the area of the crystalline peak, Aa is the area of the

amorphous peak, n is the order of diffraction (n 5 1), k is the

X-ray wavelength, and u is Bragg’s angle.

In Vitro Biodegradation Testing

The in vitro biodegradation rates of the POGDA samples were

measured by determination of changes in dry weight. The speci-

mens (1 3 1 3 0.15 cm3, n 5 3) were weighed and immersed

into phosphate-buffered saline at 37 8C for 60 days. The weight

loss was calculated with eq. (6) by comparison of the initial

weight (Wi) and the dried weight (Wd). Phosphate-buffered

saline was changed regularly to maintain a pH of 7:

Weight loss ð%Þ 5 ½ðWi2WdÞ=Wi� 3 100 (6)

Shape-Memory Assessment

Bending tests used previously34,35 were adapted to evaluate the

shape-memory properties of POGDA. The specimens (2.5 3

0.5 3 0.15 cm3, n 5 3) were heated to 60 8C and then folded in

half to deform to intial angle (u0). The deformed samples were

quenched at 220 8C for 30 min. After external force was

released, the deformed angle (ui) was recorded. The specimens

were again heated to 60 8C at a heating rate of 2.5 8C/min, and

changes in angle uf were recorded. Three cycles were repeated

for each specimen. The fixity and recovery percentages were cal-

culated with the following equations:

Fixity ð%Þ 5 ðui=u0Þ 3 100 (7)

Recovery ð%Þ 5 ½ðui2uf Þ=ui� 3 100 (8)

In Vitro Cytotoxicity Testing

Cytotoxicity tests were performed according to ISO 10993-

5:2009, and specimens were prepared according to ISO 10993-

12:2012. All of the specimens were sterilized under UV radiation

for 20 min for both the top and bottom surfaces. We obtained

the extraction fluids by soaking the specimens in Dulbecco’s

modified Eagle’s medium (GIBCO, 1% PenStrep, 10% FBS) for

24 h at 37 8C with 5% CO2 in an incubator with a ratio of

3 cm2/mL. The negative control media was prepared by incu-

bated Dulbecco’s modified Eagle’s medium at 37 8C with 5% of

CO2 for 24 h. Human skin fibroblast 1184 (HSF 1184; passage

13) was seeded into a 96-well plate at a density of 1 3 105 cells/

mL and incubated for 24 h at 37 8C with 5% CO2. The fibro-

blast cells were exposed to the extraction fluids and the negative

control media. The 96-well plate was incubated for an addi-

tional 24 h. At the end of the incubation period, a 3-(4,5-dime-

thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

was carried out to determine the cell viability with eq. (9) with

a spectrophotometric microplate reader (ELx808) at 570 nm:

Cell viability ð%Þ 5 ðSample absorbance=

Negative control absorbanceÞ 3 100
(9)

In Vitro Cell Proliferation Testing

Cell proliferation was analyzed under an inverted microscope

(Zeiss, Axiovert100) equipped with a camera (Zeiss, AxioCa-

mERc5s) and direct cell counting. HSF 1184 cells were seeded

onto a 24-well plate with test samples at a density of 8 3 103

cells/mL. The test specimens were sterilized under UV radiation

for 20 min for both the top and bottom surfaces, and they cov-

ered approximately one tenth of the cell layer surface. After the

24-well plate was incubated overnight at 37 8C with 5% CO2, the

cell morphology was examined under the inverted microscope,

and the morphologies between days 1 and 4 were compared. On

day 4, the end of incubation period, the cells at each well were

Table I. Design Matrix of POGDA

Designation

Molar ratio

Oct Gly DA

POGDA (0.9 Gly) 0.1 0.9 1

POGDA (0.8 Gly) 0.2 0.8 1

POGDA (0.7 Gly) 0.3 0.7 1

POGDA (0.6 Gly) 0.4 0.6 1

POGDA (0.5 Gly) 0.5 0.5 1
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detached with TrypLE Express enzyme (GIBCO) and counted on

a hemocytometer. The medium was changed every 2 days.

Statistical Analysis

The results in this article are expressed as the mean plus or minus

the standard deviation. Data obtained by in vitro experiments

were analyzed with one-way analysis of variance and Tukey post

hoc tests with OriginPro software. Differences between groups

with p< 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Structural Analysis

Figure 1 shows the FTIR spectra of the three monomers, Oct,

Gly, and DA and the FTIR spectra of the POGDAs synthesized

by polycondensation without solvent. The stretching shown in

the range 3000–3600 cm21 for Oct and Gly corresponded to

OAH groups.36 Broad absorption caused by the OAH groups

in DA shifted to the region 3000 cm21 because of the stronger

hydrogen bonding between acid molecules. Observation in this

region helped detect reactions between Oct, Gly, and DA. All of

the spectra of POGDAs showed a similar trend. There was no

significant peak in the region 3000–3600 cm21 in the POGDA

spectra; this indicated that the OAH groups in Oct and Gly

almost disappeared in POGDA. A pronounced peak appearing

in POGDA at 1736 cm21 belonged to the carbonyl groups

(C@O) in the esters.37 DA C@O groups showed a peak at

1687 cm21. The shifting absorption band from 1687 to

1736 cm21 further confirmed that the synthesis was successful.

The stretching appearing at 2950 and 2850 cm21 in all of the

spectra was contributed by CAH bonds.

The gel content and swelling ratios are illustrated in Figure 2.

All of the synthesized POGDAs showed 80–93% gel contents.

POGDA with the highest molar ratio of Gly showed a gel frac-

tion of 93.1 6 0.9%. The lowest content of gel was found in

POGDA (0.5 Gly) with a value of 80.1 6 0.7%. It is important

to analyze the gel content in a thermoset polymer because the

sol–gel content indicates the efficiency of crosslinking.38,39 The

gel content is normally proportional to the degree of crosslink-

ing. POGDA (0.9 Gly) was expected to contain the highest

crosslinking density. The crosslinking density decreased when

the amount of Gly decreased in the polymers. The swelling per-

centage of the POGDA polymers showed a different trend from

that of the gel content, as shown in Figure 2. The swelling per-

centage in the POGDAs increased when the amount of Gly used

in the polymers decreased. The crosslinking densities in the

POGDAs were determined from the swelling properties and are

summarized in Table II. On the basis of these results, the Oct/

Gly molar ratio of 0.1:0.9 produced the POGDA with the high-

est crosslinking density value, and the crosslinking density val-

ues decreased gradually with decreasing molar ratios of Gly.

POGDA (0.5 Gly) showed the lowest crosslinking density value,

as expected. The molecular mass between crosslinks of POGDA

(0.5 Gly) was calculated to be 1578 6 42 g/mol, but it decreased

to 670 6 13 g/mol for POGDA (0.9 Gly) because of crosslinking

in the polymers, and similar results were found in other stud-

ies.40,41 The results from the gel content and swelling tests sug-

gest that Gly acted as a crosslinking agent, as demonstrated in

Figure 3. Three OAH groups in Gly reacted with DA to pro-

duce ester bonds and produce cross chains.

Thermal Data

To investigate the amorphous and crystalline properties of POG-

DAs, DSC was used to record thermographs of POGDA (0.9–0.5

Gly, Figure 4). Table II summarizes the thermal properties of the

POGDAs. The curves in Figure 4(A) indicate the second heating

run for all of the samples. The melting temperature (Tm) of POG-

DAs range from 12–40 8C with POGDA (0.5 Gly) owned the high-

est Tm, which was 39.8 8C. The cooling curves of the POGDAs are

shown in Figure 4(B). Crystallization temperatures (Tc) were

found in all POGDA polymers, ranged from 216 8C to 9 8C. The

endothermic melting peaks and exothermic crystallization peaks of

POGDAs observed in Figure 4 revealed the existence of a

Figure 1. FTIR spectra of (a) Oct, (b) Gly, (c) DA, and POGDA with

Oct/Gly/DA molar ratios of (d) 0.1:0.9:1, (e) 0.2:0.8:1, (f) 0.3:0.7:1, (g)

0.4:0.6:1, and (h) 0.5:0.5:1. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 2. Gel contents and swelling percentages of POGDA (0.9 Gly),

POGDA (0.8 Gly), POGDA (0.7 Gly), POGDA (0.6 Gly), and POGDA

(0.5 Gly). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4400744007 (4 of 9)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


crystallinity region in the polymer for all compositions; this indi-

cated that POGDA was a semicrystalline polymer. As the content

of Gly increased, the melting of polymer crystals shifted to lower

temperatures and the enthalpy of melting (DHm) decreased; this

indicated that Gly hindered the crystallization process in POGDA.

Crystallization can be initialized by a chain-folding conformation

with flexible and linear chain molecules of sufficient length.42 With

low contents of Gly, the crosslinking density and chain branches in

the backbone of POGDA were expected to decrease, and the for-

mation of flexible long aliphatic chains that were able to crystallize

was expected to increase.

Transmittance Study

Figure 5 compared UV–vis spectroscopy among POGDAs. All

POGDAs showed different transmittance values. To compare the

transparency of POGDA, transmittance values were taken at

550 nm, the wavelengths where human eyes are the most sensi-

tive.43 As seen in Figure 5, POGDA (0.9 Gly) had the highest

value of 63% followed by POGDA (0.8 Gly) at 55%. POGDA

(0.7 Gly) and (0.6 Gly) had 51 and 38% transmission values,

respectively. 30% of transmission, the lowest rate, was shown by

POGDA (0.5 Gly). Transparency in POGDA reflects the struc-

ture of polymer chains and if they are amorphous or appreci-

able crystalline. When all wavelengths of visible light are able to

be transmitted through an unmodified polymer, the polymer is

transparent. When light is scattered, the polymer appears milky;

this shows that the polymer has a crystalline region in addition

to an amorphous region.44 The results of UV–vis spectroscopy

demonstrated that POGDA (0.9 Gly), POGDA (0.8 Gly), and

POGDA (0.7 Gly) appeared as transparent polymers with trans-

mittance values above 50% and Tms lower than room tempera-

ture. POGDA (0.9 Gly) was relatively amorphous compared to

the others because it had the closest transmittance value to pol-

y(methyl methacrylate) (PMMA), a polymer which is highly

amorphous with around 75% transparency.45 POGDA (0.5 Gly)

was relatively crystalline at room temperature, with a 30%

transmittance value. The transparency of POGDA decreased

with Gly content.

Study of the Crystallinity

The POGDA crystallinity was studied with XRD at ambient

temperature. The XRD patterns for the POGDA samples are

displayed in Figure 6. As shown in Figure 6, two different dif-

fraction patterns were observed. For samples POGDA (0.9 Gly),

POGDA (0.8 Gly), POGDA (0.7 Gly), and POGDA (0.6 Gly),

their diffractograms revealed broad distributions in the 2u

range, centered at approximately 2u 5 19.98. These are the typi-

cal diffraction or scattering patterns for an amorphous solid.33

Two sharp peaks were observed in the diffraction pattern of

POGDA (0.5 Gly) at 2u 5 21.4 and 23.88. These peaks corre-

sponded to the reflection of X-rays hitting the crystal planes in

POGDA (0.5 Gly). The POGDA (0.9 Gly)–POGDA (0.6 Gly)

polymers showed amorphous characteristics at ambient temper-

ature. POGDA (0.5 Gly) revealed its semicrystalline nature by

showing crystalline peaks upon the amorphous peaks in its dif-

fraction pattern. With Bragg’s law, the distances between adja-

cent crystal planes (d-spacing) in POGDA (0.5 Gly) were

calculated to be 4.147 Å for 2u 5 21.48 and 3.734 Å for

2u 5 23.88. The crystallinity of POGDA (0.5 Gly) was calculated

to be 14.9% with eq. (4). The study of the POGDA crystallinity

with XRD confirmed this study’s hypothesis. POGDA (0.5 Gly)

possessed crystalline regions at ambient temperature because of

its high Tm. POGDAs with Tms lower than ambient temperature,

such as POGDA (0.9 Gly), POGDA (0.8 Gly), and POGDA (0.7

Gly), did not show diffraction peaks on their diffractograms.

POGDA (0.6 Gly) had a Tm value close to ambient temperature

(25–27 8C) and failed to show diffraction peaks because the very

low amount of crystalline regions remaining in the polymer

after the melting of the crystallinity region across a wide range

of temperatures, as shown in the DSC curves. We concluded

that Gly acted as a crosslinking agent that hindered the crystalli-

zation process of POGDA.

Figure 3. Possible network structure of POGDA with Gly acting as a

crosslinking agent. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table II. Physical and Thermal Properties of POGDA Polymers

Polymer Density (g/cm3)
v, Crosslinking
density (mol/m3) Mc (g/mol) Tm (8C) DHm (J/g) Tc (8C) DHc (J/g)

POGDA (0.9 Gly) 1.09 6 0.01 1621 6 32 670 6 13 12.0 34.7 0.0 35.9

POGDA (0.8 Gly) 1.07 6 0.06 1494 6 81 725 6 42 15.2 36.3 24.9 36.1

POGDA (0.7 Gly) 1.08 6 0.03 1084 6 44 993 6 40 21.1 31.9 215.6, 6.1 41.8

POGDA (0.6 Gly) 1.06 6 0.05 836 6 45 1264 6 66 28.9 53.65 210.9, 2.4 53.1

POGDA (0.5 Gly) 1.05 6 0.05 668 6 18 1578 6 42 39.8 66.10 27.2, 9.4 70.1

Mc, molecular mass between crosslinks. DHc, enthalpy of crystallization
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In Vitro Biodegradation Properties

The in vitro degradation of the POGDAs was investigated by

the monitoring of the weight loss during immersion in

phosphate-buffered saline at 37 8C, and the results are shown in

Figure 7. With a hydrolytically cleavable ester linkage as a back-

bone, POGDA was degradable via hydrolysis. At the beginning

of testing, the weight loss increased rapidly for all of the sam-

ples and slowed after 2 weeks. No significant difference in the

weight loss was observed for any of the samples for the first 2

weeks. After 2 weeks, POGDA (0.6 Gly) and POGDA (0.5 Gly)

degraded more rapidly than the other samples. During the 60-

day testing period, POGDA (0.9 Gly) lost the least weight,

about 8.0 6 0.3%; this was followed by POGDA (0.8 Gly),

which had a weight loss of 8.2 6 0.7%. Previous studies have

shown that degradation rates can be influenced by various fac-

tors, including the material composition, hydrophobicity, and

crosslinking density of the polymer under the same environ-

mental conditions.22,46 As expected, POGDA (0.9 Gly) showed

the lowest weight loss because it contained the highest cross-

linking density. A higher crosslinking in POGDA suggested that

the number of bonds that could be broken to produce lower

molecular weight products that were water-soluble increased.

Similar trends have been reported in previous studies; when the

composition of the polymer is the same, the degradation rate is

affected mainly by the effect of the crosslinking density.39,47

POGDA (0.5 Gly) had the lowest crosslinking and degraded the

most in 60 days, although its crystallinity should have slowed

down the time for the water molecules to attack its backbone.

The effect of the crosslinking density was dominant in the deg-

radation rate of the POGDAs.

Figure 4. (A) DSC graphs of the second heating run for (a) POGDA (0.9 Gly), (b) POGDA (0.8 Gly), (c) POGDA (0.7 Gly), (d) POGDA (0.6 Gly), and

(e) POGDA (0.5 Gly). (B) DSC graphs of the cooling run for (a) POGDA (0.9 Gly), (b) POGDA (0.8 Gly), (c) POGDA (0.7 Gly), (d) POGDA (0.6

Gly), and (e) POGDA (0.5 Gly). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. XRD diffraction patterns of (a) POGDA (0.9 Gly), (b) POGDA

(0.8 Gly), (c) POGDA (0.7 Gly), (d) POGDA (0.6 Gly), and (e) POGDA

(0.5 Gly). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 5. Visible light transmittance of POGDA (0.9 Gly), POGDA (0.8

Gly), POGDA (0.7 Gly), POGDA (0.6), and POGDA (0.5 Gly). [Color

figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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Shape-Memory Behavior

The shape-memory behavior of POGDA (0.5 Gly) was deter-

mined with a simple bending test and is demonstrated in Figure

8. The fixity rate of POGDA (0.5 Gly) was approximately 100%.

We observed in Figure 8 that around 24 8C, the deformed sam-

ple started to recover its permanent shape. The sample regained

50% of its permanent shape at approximately 32 8C. When the

Tm (39.8 8C) of POGDA (0.5 Gly) was reached, the polymer

recovered 95% of its original shape and fully recovered around

43 8C. The recovery behavior shown by POGDA (0.5 Gly) was

an S shape. It recovered slowly below 30 8C, accelerated above

30 8C, and decreased at 95% recovery. POGDA (0.5 Gly) showed

a 100% recovery ability at the end of the test. For a polymer to

have a shape-memory effect, it has to contain hard and soft seg-

ments in its structure. The hard segment determines the perma-

nent shape of the polymer, and the soft segment contributes to

the temporary shape of the polymer.35,48 Among the synthesized

POGDAs, only POGDA (0.5 Gly) displayed temperature-

sensitive shape-memory behavior by maintaining a temporarily

deformed shape and recovering its permanent shape upon heat-

ing. Other samples were unable to maintain a temporarily

deformed shape because of a lack of crystallinity in their poly-

mer structure to act as a soft segment. POGDA (0.5 Gly) had

the highest degree of crystallization and showed better shape-

memory behavior than the other samples. POGDA (0.5 Gly)

was deformed to a temporary shape at 220 8C, where the crys-

tallization process occurred, and was able to retain the deforma-

tion at temperatures lower than its Tm. Crystallization in

POGDA (0.5 Gly) never reached 100%, but it was sufficient to

prevent the sample from recovering to its permanent shape

immediately after the external force was removed. The recovery

of the polymer occurred between 24 and 43 8C. As the heating

process continued, decreasing amounts of crystallites were pres-

ent to maintain the deformed shape, and eventually POGDA

(0.5 Gly) recovered to its permanent shape, as defined by its

covalent crosslinked points.34 The results prove that POGDA

(0.5 Gly) contained sufficient hard segments to recover from

deformation to its original shape.

In Vitro Cytotoxicity Testing

Human skin fibroblasts were used to perform an in vitro cyto-

toxicity assessment as an initial screening of the biocompatibil-

ity of the synthesized polyester. The quantitative MTT

assessment results are displayed in Figure 9. All of the samples

were cultured in 100% extraction fluid and compared to cells

cultured as a negative control. All of the POGDAs showed cell

viabilities of 70% or greater. There was no significant difference

between the five samples (p> 0.05). The samples showed low

cytotoxic potentials and, by ISO 10993-5:2009 standards, were

potentially biocompatible.

In Vitro Cell Proliferation Testing

A preliminary investigation of the biocompatibility of the POG-

DAs was conducted with fibroblast cells without any treatment

of the polymers. The impact of the POGDA polymers on fibro-

blasts is shown in Figures 10 and 11. As shown in Figure 10(A),

cells cultured with the POGDAs exhibited multipolar or bipolar

shapes regardless of the monomer composition. HSF 1184 cells

exposed to the POGDAs adopted the same healthy, well-spread,

Figure 8. Shape-memory behavior of POGDA (0.5 Gly) at temperatures

of 20–60 8C.

Figure 9. MTT assay of human skin fibroblasts cultured with the extrac-

tion fluid from POGDA (0.9 Gly–0.5 Gly) for 24 h.

Figure 7. Degradation rates of POGDA (0.9–0.5 Gly) as the mass loss (%)

versus the time (days). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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and spindle-like shape as the negative control cells. All cells

were elongated and ready to proliferate. Figure 10(B) illustrates

the cell conditions on day 4. The fibroblast cells were fully con-

fluent in each well for all of the test samples, and similar cell

morphologies were found. Direct cell counting was carried out

on day 4 to determine cell growth rate, and the results are dis-

played in Figure 11. After 4 days of incubation, the cell densities

in all of the wells had increased by at least 10 times. The growth

rates of the cells between the PLA and POGDA samples were

not significantly different.

CONCLUSIONS

POGDAs, biodegradable polyesters composed of monomers

from renewable resources, were synthesized in this study with a

solvent-free method. The results for gel content, swelling, UV–

vis spectroscopy, DSC, XRD patterns, and biodegradation show

that the properties of the POGDAs could be fine-tuned through

variations in the molar ratio of the reactants. A shape-memory

effect for POGDA was achieved by alterations in the crosslinking

density and crystallinity to obtain hard and soft segments that

remembered permanent and temporary shapes. The in vitro

cytotoxicity and in vitro cell proliferation tests confirmed that

the POGDAs have great potential for use in biomedical applica-

tions, such as scaffolds in tissue engineering.
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