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a  b  s  t  r  a  c  t

Composites  of sesame  husk  and  glycidyl  methacrylate-grafted  polytrimethylene  terephthalate  (PTT-g-
GMA/SH)  exhibit  noticeably  superior  mechanical  properties  compared  to  PTT/SH  composites  due  to
greater  compatibility  between  the two  components.  The  dispersion  of  SH  in the  PTT-g-GMA  matrix
is  highly  homogeneous  as  a result  of  condensation  reaction  formations.  Human  lung fibroblasts  (FBs)
were  seeded  on  these  two  series  of  composites  to characterize  the  biocompatibility  properties.  In a  time-
dependent  course,  the  FB proliferation  results  demonstrated  higher  performance  from  the  PTT/SH series
eywords:
omposites
oly(trimethylene terephthalate)
esame husk
iocompatibility

of  composites  than  from  the  PTT-g-GMA/SH  composites.  In  addition,  collagen  production  by  FBs present
in the  PTT/SH  series  was  20%  higher  than  in  regular  culture-plates  after 7 days  of  incubation.  The  water
resistance  of  PTT-g-GMA/SH  was  higher  than  that of  PTT/SH,  although  the  weight  loss  of  both  composites
buried  in  soil  compost  indicated  that  they  were  both  biodegradable,  especially  at  higher  levels  of  SH  sub-
stitution.  The  PTT/SH  and  PTT-g-GMA/SH  composites  were  more  biodegradable  than  pure  PTT,  implying

een  S
iodegradability a  strong  connection  betw

. Introduction

Biomedical materials can be approximately divided into three
ajor types: metals, ceramics, and organic plastic matter. Their

erived products are used for different clinical applications (Golish
 Anderson, 2012; Lévesque, Hermawan, Dubé, & Mantovani, 2008;
air & Laurencin, 2007; Xuanyong, Chu, & Ding, 2010). For exam-
le, the various surgical instruments and internal and external
xing devices used in orthopedics are mostly made of metal,
hile ceramic material is mostly applied as a bone filling mate-

ial. Organic plastic materials have been extensively developed into
iversified, expendable medical products for 50 years due to their
asy processability and good mechanical properties. Organic plastic
aterials have high biocompatibility and can transmit cell recog-

ition signals, as well as be used for cell adsorption, multiplication,
nd differentiation (Brocchini, 2001; Shruti & John, 2011; You et al.,

010). Therefore, in addition to traditional medical appliances,
rganic plastic materials are presently being used in the devel-
pment and application of tissue engineering materials. Tissue

∗ Corresponding author. Fax: +886 7 6077788.
E-mail address: t50008@cc.kyu.edu.tw (C.-S. Wu).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.01.083
H  content  and  biodegradability.
© 2013 Elsevier Ltd. All rights reserved.

engineering aims to replace body parts that have impaired function
due to diseases or injuries; it also aims to assist in wound heal-
ing, enhance the functions of organs and tissues, and rehabilitate
or replace defective and abnormal tissues and organs (Artemenko
et al., 2012; Marquès, Méndez, Gironès, Ginebra, & Pèlach, 2009).
Furthermore, biomedical materials are expected to be emphasized
in regenerative medicine in the future, and today’s biomedical
materials are mostly composed of organic plastic. To provide plas-
tics with multiple functions, developing high quality aliphatic
polyester plastics is very important. However, due to their typically
poor mechanical properties, aliphatic polyester plastics have thus
far only been used to develop nonelastic products [e.g., polylac-
tic acid (PLA), polyhydroxybutyrate (PHB), polycaprolacton (PCL)];
in contrast, aromatic polyester plastics [e.g., polyethylene tereph-
thalate (PET), polytrimethylene terephthalate (PTT), polybutylene
terephthalate (PBT)], with their good mechanical properties and
processability, can be extensively used to develop products meet-
ing the market demand in tissue engineering and regenerative
medicine. For these reasons, in this study, we  investigated aromatic

polyester plastics (Liu et al., 2005; Safapour et al., 2010).

PTT is a thermoplastic organic plastic typically formed by the
reaction of 1,3-propanediol (1,3-PDO) with N,N′-dimethylaniline
(DMA). This synthetic process saves more than 40% of the energy

dx.doi.org/10.1016/j.carbpol.2013.01.083
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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sed in traditional petroleum extraction methods for PTT pro-
uction, and the PTT material can be recovered completely, thus
educing the consumption of both raw materials and energy. In
ddition, the formation of the toxic by-product acrolein can be
educed by more than 95% compared to traditional PTT forma-
ion methods; hence, PTT today is regarded as an environmentally
riendly, recycled material with zero pollution. PTT is character-
zed by elasticity, ductility, flexibility, and minimal deformability.
t also has a positive effect on the fiber structure of green products
hrough special processing, imparting such products with antistatic
roperties, ultraviolet resistance, chlorine resistance, and fouling
esistance, without any chemical treatment (Gupta & Choudhary,
012; Toshikazu, Barbara, & Akio, 2012). In the past decade, sev-
ral companies have paid close attention to this topic and have
nvestigated how to improve the durability and practicability of this
olyester. Unfortunately, PTT does not typically provide economic
enefits; it has a relatively high cost, and thus agricultural residues
e.g., rice husk, bamboo and sesame husk (SH)] have been added
o the PTT plastic as a filling material to reduce its cost (Nyambo,

ohanty, & Misra, 2010; Sain & Panthapulakkal, 2006).
In this study, we evaluated sesame husk as filling material

or PTT. Sesame husk is a type of vegetable fiber that con-
ains large amounts of vitamins B1, B2, B6, C, and E, as well
s dietary fiber. The main constituent is vitamin E, which is
egarded as an antiaging vitamin that can be effective for improv-
ng blood circulation and promoting metabolism. In addition to
he above-mentioned nutrients, sesame husk contains vegetable
ompounds, including polyphenols such as anthocyanin, lignin, and
itamin B1, all of which can improve immunity and anti-oxidation
ffects, inhibit cancer cell multiplication (e.g., mastocarcinoma
nd skin carcinoma), and enhance cell vitality, thus making cells
nlikely to cancerate (Mohdaly, Smetanska, Ramadanc, Sarhan,

 Mahmoud, 2011; Sain & Panthapulakkal, 2006; Suja, Abraham,
hamizh, Jayalekshmy, & Arumughan, 2004; Suja, Jayalekshmy, &
rumughan, 2005).

This report describes a systematic investigation of the biocom-
atibility, mechanical and thermal properties, and biodegradability
f SH composites with PTT and glycidyl methacrylate-grafted
oly(trimethylene terephthalate) (PTT-g-GMA). The biocompati-
ility of composites was characterized using a cytotoxicity assay,
ell surface adhesion, and the soluble collagen assay. The results
f this study will be applicable to the development of biomedical
aterials and serve as a reference for future-developed biomedical

omposites.

. Experimental

.1. Materials

PTT was supplied by Shell Chemical Co. (Singapore); gly-
idyl methacrylate (GMA), benzoyl peroxide (BPO), and dimethyl
ulfoxide (DMSO) were purchased from Sigma–Aldrich Chem-
cal Inc. (St. Louis, MO,  USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
iphenyltetrazoleliumbromide (MTT) was obtained from Promega
Madison, WI,  USA). Fetal bovine serum (FBS) and Dulbecco’s mod-
fied Eagle’s medium (DMEM) were purchased from Gibco-BRL
Gaithersburg, MD,  USA). All buffers and other reagents were of
he highest purity commercially available. SH was obtained from
ainan (Taiwan).

.2. Preparation and testing of PTT/SH composites
.2.1. PTT-g-GMA copolymer
The grafting reaction of GMA  onto PTT is illustrated in

cheme 1(A). A mixture of GMA  and benzoyl peroxide was added
ymers 94 (2013) 584– 593 585

in four equal portions at 2-min intervals to molten PTT to allow
grafting to take place. The reactions were performed in a nitro-
gen (N2) atmosphere at 45 ± 2 ◦C. Preliminary experiments showed
that reaction equilibrium was  attained in less than 12 h. Thus,
reactions were allowed to progress for 12 h under stirring at
60 rpm. The product (4 g) was  dissolved in 200 mL  of refluxing phe-
nol/tetrachloroethane solution (60:40 v/v) at 40 ± 2 ◦C, and then
the solution was filtered through several layers of cheesecloth.
The phenol/tetrachloroethane-soluble product in the filtrate was
extracted five times using 600 mL  of cold acetone per extraction.
The GMA  loading of the phenol/tetrachloroethane-soluble polymer
was determined by titration and expressed as a grafting percent-
age as follows. Approximately 2 g of copolymer was  heated for 2 h
in 200 mL  of refluxing phenol/tetrachloroethane solution. After the
sample was  completely dissolved, 0.8 mL  of hydrogen chloride in
5 mL  diethyl ether (1.0 M)  was added to open the epoxide rings of
PTT-g-GMA. Then, the excess hydrogen chloride (HCl) was titrated
with 0.05 M methanolic sodium hydroxide (NaOH) solution using a
phenolphthalein indicator. The grafting percentage was  calculated
using the following equations (Cho, Eom, Kim, & Park, 2008):

Grafting percentage (wt%) = (0.6 × 10−3 − 0.05 × 10−3Vs) × 142.15 g/mol
2

× 100,

(1)

where VS is the volume of NaOH solution for titration (mL) and
142.15 g/mol is the molecular weight of GMA. The grafting yield was
2.11 wt% for BPO and GMA  loadings of 0.3 and 10 wt%, respectively.

2.2.2. SH processing
SH was extracted as a by-product of sesame husk processing

from 4 to 6 months and was  supplied by Tainan of Taiwan. As shown
in Scheme 1(B), purification consisted of immersing 60 g ground
and dried SH in 1000 mL  distilled water for 2 days to remove any
water-soluble components. The product was then dried at 50–60 ◦C
for 2 days under vacuum. The resulting brown fragments were
0.1–0.5 cm long. The fibers were dried, ground, and sorted. After
grinding, the fiber mixture consisted of a fine brown powder. The
samples were passed through 300-mesh and 400-mesh sieves, air-
dried for 2 days at 50–60 ◦C, and vacuum-dried for at least 6 h at
100–110 ◦C until the moisture content fell to 5 ± 2%.

2.2.3. Composite preparation
Prior to composite fabrication, SH samples were cleaned with

acetone and dried in an oven at 105 ◦C for 24 h. Composites
were prepared in a Plastograph® 200-Nm mixer W50EHT with a
blade rotor (Brabender, Dayton, OH, USA). The blends were mixed
between 220 ◦C and 230 ◦C for 20 min  at a rotor speed of 50 rpm.
Composite samples were prepared with SH:PTT or SH:PTT-g-GMA
mass ratios of 10/90, 20/80, 30/70, and 40/60. Residual GMA  in the
PTT-g-GMA reaction mixtures was removed via acetone extraction
prior to the preparation of PTT-g-GMA/SH composites. After mix-
ing, the composites were pressed into thin plates using a hot press
and placed in a dryer for cooling. These thin plates were cut to
standard sample dimensions for further characterization.

2.2.4. Characterization analyses
The composites were characterized using Fourier-transform

infrared spectroscopy (FTIR) and 13C nuclear magnetic resonance
(NMR) to identify bulk structural changes induced by the maleic
anhydride moiety. Solid-state 13C NMR  was  performed using an
AMX-400 NMR  spectrometer (Bruker, Billerica, MA, USA) and was

obtained at 100 MHz  under cross-polarization while spinning at the
magic angle. Power decoupling conditions were set with a 90◦ pulse
and a 4-s cycle time. Infrared spectra of the samples were obtained
using an FTS-7PC FTIR spectrophotometer (Bio-Rad, Hercules, CA,
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Scheme 1. (A) The grafting reaction of GMA onto PTT. (B) Modification of PTT wit

SA). A mechanical tester (model LLOYD, LR5K type; Instron, Nor-
ood, MA,  USA) was used to measure the tensile strength and

he elongation at break in accordance with ASTM D638. Test sam-
les were prepared in a hydrolytic press at 230 ◦C and conditioned
t 50 ± 5% relative humidity (RH) for 24 h before making mea-
urements. Measurements were made using a crosshead speed of
0 mm/min. Five measurements were performed for each sample,
nd the mean value was determined. The glass transition temper-
tures (Tg), melting temperatures (Tm), and heat of fusion (�Hf)
ere determined with a differential scanning calorimeter (DSC;
odel 2010 DSC; TA Instruments, New Castle, DE, USA). Sample

uantities ranged from 4 to 6 mg;  melting curves were recorded
etween 0 ◦C and 300 ◦C at a heating rate of 10 ◦C per min. Val-
es of Tg, Tm, and �Hf were extracted from the temperatures and
reas of melting peaks in the DSC heating thermograms. A thin
lm (150 mm  × 150 mm  × 1 mm)  of each composite was prepared
ith a hydraulic press and treated with hot water at 60 ◦C for

4 h. Specimens were cut according to ASTM D638. After rupture,
 thin section of the fracture plane was removed. The thin sections
ere then coated with gold, and the fracture surface morphologies
ere observed using a scanning electron microscope (SEM; model

-1400; Hitachi Microscopy, Tokyo, Japan).

.3. Bio-functions of human lung fibroblasts on the PTT series
omposites
.3.1. Cell and culture medium
Human lung fibroblasts (FBs, MRC-5) were supplied by the

ioresource Collection and Research Center in Taiwan. The MRC-5
cultural residues (sesame husks, SH) and the preparation of composite materials.

cells were grown in culture medium [90% Eagle’s minimum
essential medium (EMEM) with 2 mM l-glutamine and Earle’s
balanced salt solution (EBSS) adjusted to contain 1.5 g/L sodium
bicarbonate, 0.1 mM nonessential amino acids, and 1.0 mM
sodium pyruvate + 10% FBS]. The cells were cultivated at 37 ◦C in a
humidified incubator with a 5% CO2 atmosphere.

2.3.2. Cell viability assay
The MTT  assay (Su, Lin, Lee, & Ho, 2005) was  used to evaluate

the cytotoxicities of human lung FB cells on the membranes. The
sample sheets were contained in 24-well plates and sterilized by
ultraviolet light for 1 h. Each well plate was  embedded with 5 × 104

human lung FBs, which were incubated with 5% CO2 at 37 ◦C for 1,
4, and 7 days, respectively. At the end of the incubation period, the
media in the plates was  discarded, and the cells were washed once
with phosphate-buffered saline (PBS). Each well plate was then
filled with 100 �L of MTT  in a dark environment. The culture was
incubated for 4 h to convert the MTT  to formazan. The supernatant
was then removed, and 150 �L of the DMSO solution was added to
dissolve the formazan. The plates were shaken and stirred to ensure
the formation of a uniform solution, and the optical density (OD)
was read at 540 nm.

2.3.3. Collagen quantification
The composite material sheets were contained in 24-well plates
and sterilized by ultraviolet light for 1 h. The well plates were then
embedded with 3 × 104–5 × 104 human lung FB cells, which were
incubated with 5% CO2 at 37 ◦C for 24 h. A total of 0.1 mL  of the
culture fluid from the samples and 1 mL  of Sircol dye reagent were
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ixed in a centrifuge tube for 1 h. The mixed liquid was centrifuged
nder 12,000 × g for 10 min. The supernatant was  then removed,
nd the residual liquid on the edge of the centrifuge tube was
emoved using absorbent paper. It was necessary to avoid touching
he precipitate during the process. Next, 1 mL  of an alkali reagent
as added to dissolve the precipitate, and after 10 min of stable

oloration, 0.2 mL  was extracted to 96-well plates. The stain was
laced into the 96-well plates, and the absorbance was  read at
40 nm using a spectrometer plate reader.

.4. Water absorption

Samples were prepared for water absorption measurements by
utting the composites into 50 × 30-mm strips (150 ± 5 �m thick-
ess) in accordance with ASTM D570. The samples were dried in a
acuum oven at 50 ± 2 ◦C for 8 h, cooled in a desiccator, and then
mmediately weighed to the nearest 0.001 g. This weight was  des-
gnated Wc. Thereafter, the samples were immersed in distilled

ater and maintained at 25 ± 2 ◦C for a 60-day period. During this
ime, they were removed from the water at 10-day intervals, gently
lotted with tissue paper to remove excess water from their sur-
aces, immediately weighed to the nearest 0.001 g three times, and
hen returned to the water. An average value of the weight mea-
ured at each 10-day interval was calculated, and these average
eights were designated Ww. The percentage of weight increase
ue to water absorption (Wf) was calculated to the nearest 0.01%
ccording to Eq. (2):

Wf = Ww − Wc

Wc
× 100%. (2)

.5. Biodegradation studies

Biodegradability of the samples was assessed by measuring the
eight loss of the composites over time in soil. Samples measuring

0 mm × 30 mm × 1 mm were weighed and buried in boxes con-
aining alluvial-type soil obtained from farmland topsoil before
lanting. The soil was sifted to remove large clumps and plant
ebris. Soil was maintained at approximately 35% moisture by
eight, and the samples were buried at a depth of 12–15 cm.  A

ontrol box consisted of samples and no soil. The samples were
nburied after 20 days, washed in distilled water, dried in a vac-
um oven at 50 ± 2 ◦C for 3 days, and equilibrated in a desiccator
or at least 1 day. The samples were then weighed before being
eturned to the soil.

.6. Statistical analysis

Results are presented as a mean value of the data obtained from
riplicate experiments. Student’s t-test was used to determine the
evel of significance. Differences were considered nonsignificant

hen P > 0.05, significant when P ≤ 0.05, and very significant when
 ≤ 0.01.

. Results and discussion

.1. Structure of PTT and its composites

FTIR spectroscopy was used to examine the grafting of GMA  onto
TT. The FTIR spectra of PTT and PTT-g-GMA are shown in Fig. 1A
ndB. Characteristic peaks for PTT at 3200–3700, 1700–1750, and
00–1600 cm−1 appeared in both polymers (Yao & Yang, 2010).

wo extra shoulders characteristic of ester carboxyl groups were
bserved at 1730 cm−1 in the modified PTT-g-GMA spectrum. Sim-
lar results have been reported previously (Cartier & Hu, 1998;
orres, Robin, & Boutevin, 2001). The shoulders represent free acid
Fig. 1. FTIR spectroscopy spectra for (A) PTT, (B) PTT-g-GMA, (C) PTT/SH (20 wt%),
and  (D) PTT-g-GMA/SH (20 wt%).

in the modified polymer PTT-g-GMA and thus indicated the suc-
cessful grafting of GMA  onto PTT.

In the composite PTT/SH (20 wt%), the peak assigned to the O H
stretching vibration at 3200–3700 cm−1 intensified (Fig. 1C) due
to contributions from the −OH group of SH. The FTIR spectrum
of the PTT-g-GMA/SH (20 wt%) composite in Fig. 1D revealed a
peak at 1737 cm−1 that was not present in the FTIR spectrum of
the PTT/SH (20 wt%) blend. This peak was assigned to the ester
carbonyl stretching vibration of the copolymer. Kocer et al. also
reported an absorption peak at 1737 cm−1 for this ester carbonyl
group (Kocer, Cerkez, Worley, Broughton, & Huang, 2011). These
spectral data suggest the formation of branched and cross-linked
macromolecules in PTT-g-GMA/SH by covalent reaction of the gly-
cidyl methacrylate groups in PTT-g-GMA with the hydroxyl groups
of SH.

Further evidence of ester formation was  provided by 13C
solid-state NMR  spectroscopy. The 13C solid-state NMR  spec-
trum of neat PTT (Fig. 2A) was  similar to that reported by
Kameda, Miyazawa, and Murase (2005) and showed five peaks: (1)
ı = 27.8 ppm, (2) ı = 62.6 ppm, (3) ı = 129.8 ppm, (4) ı = 133.7 ppm,
and (5) ı = 165.5 ppm). Compared with that of neat PTT, the 13C
solid-state NMR  spectrum of PTT-g-GMA (Fig. 2B) contained three
additional peaks: (6) ı = 19.2 ppm, (7) ı = 54.8 ppm, (8) ı = 50.2 ppm,
(9) ı = 175.6 ppm, (10) ı = 68.3 ppm, and (11, 12) ı = 45.6 ppm. These
peaks confirmed the grafting of GMA  onto PTT, as illustrated in
Fig. 2B.

The solid-state 13C NMR  spectra of PTT-g-GMA/SH (20 wt%),
PTT/GMA (20 wt%), and SH are shown in Fig. 2C–E. The spectra are

similar to those reported by Kuo, Lin, Chen, Yiu, & Tzen (2011).  Rel-
ative to unmodified polyester, additional peaks were observed in
the spectra of composites containing PTT-g-GMA. These additional
peaks were located at (6)–(12). These same features were observed
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Fig. 2. Solid-state 13C NMR spectra for (A) PTT, (B) PTT-g-GMA, (C) PTT/SH (20 wt%),
(D) PTT-g-GMA/SH (20 wt%), and (E) SH.

Fig. 3. SEM photomicrographs showing the distribution and adhesion of SH in (A) PTT/SH
on  tensile strength at break is shown for PTT/SH and PTT-g-GMA/SH composites.
ymers 94 (2013) 584– 593

in previous studies (Juntuek, Ruksakulpiwat, Chumsamrong, &
Ruksakulpiwat, 2011) and indicate grafting of GMA onto PTT. How-
ever, the peak at ı = 175.6 ppm (C O) (9) (Fig. 2B), which is also
typical for GMA  grafted onto PTT, was absent in the solid-state
spectrum of PTT-g-GMA/SH (20 wt%). This absence is most likely
a result of an additional condensation reaction between the gly-
cidyl methacrylate group of GMA  and the –OH group of SH that
caused the peak at ı = 175.6 ppm to split into two bands (ı = 176.9
and 178.3 ppm). This additional reaction converted the fully acyl-
ated groups in the original SH to esters (represented by peaks 13
and 14 in Fig. 2C) and did not occur between PTT and SH, as indi-
cated by the absence of corresponding peaks in the FTIR spectrum
of PTT/SH (20 wt%) in Fig. 2D. The formation of ester groups signif-
icantly affects the mechanical properties of PTT-g-GMA/SH and is
discussed in greater detail in the following sections.

3.2. Morphology and mechanical properties of PTT and its
composites

In most composite materials, effective wetting and uniform dis-
persion of all components in a given matrix and strong interfacial
adhesion between the phases are required to obtain a compos-
ite with satisfactory mechanical properties. In the current study,
SH may  be thought of as a dispersed phase within a PTT or-PTT-
g-GMA matrix. To evaluate the composite morphology, SEM was
employed to examine tensile fractures in the surfaces of PTT/SH
(20 wt%) and PTT-g-GMA/SH (20 wt%) samples. The SEM micropho-
tograph of PTT/SH (20 wt%) in Fig. 3A shows that the SH fibers in
this composite tended to exhibit poor interfacial adhesion in the

matrix. This poor interfacial adhesion was  due to the formation
of hydrogen bonds between SH and the disparate hydrophilicities
of PTT and SH. Poor wetting in these composites was also noted
(Fig. 3A) due to large differences in surface energy between the SH

 (20 wt%) and (B) PTT-g-GMA/SH (20 wt%) composites. (C) The effect of SH content
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Fig. 4. (A) Cell proliferation ratios of human lung FBs seeded on two series membranes. From 1 to 7 days, the cell proliferation rate was quantified by MTT  assay. (B) The
c for 7 d
h fter 7

a
t
s
i
P

ollagen amount secreted from human lung FBs seeded on two series membranes 

uman  lung FBs and collagen on the PTT, PTT/SH, and PTT-g-GMA/SH membranes a

nd the PTT matrix (Wong, Zahi, Low, & Lim, 2010). In contrast,

he PTT-g-GMA/SH (20 wt%) microphotograph presented in Fig. 3B
hows a more homogeneous dispersion and better wetting of SH
n the PTT-g-GMA matrix, as indicated by the complete coverage of
TT-g-GMA on the fiber and the removal of both materials when
ays. Sircol dye was used to quantify the collagen amount. (C) SEM micrographs of
 days of culture (scale bar is 50 �m).

a fragment was pulled from the bulk. This improved interfacial

adhesion is due to the similar hydrophilicity of the two compo-
nents, which allows for the formation of branched and cross-linked
macromolecules, and the prevention of hydrogen bonding between
SH composites.
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Table 1
Influence of SH content on the thermal properties of PTT/SH and PTT-g-GMA/SH
composites.

SH PTT/SH PTT-g-GMA/SH

(wt%) Tg (◦C) Tm (◦C) �Hf (J/g) Tg (◦C) Tm (◦C) �Hf (J/g)

0 54.3 229.3 55.6 53.2 227.6 54.1
10 55.1 226.8 47.8 59.6 225.8 52.6
20 56.2 225.6 43.6 62.3 223.2 51.5
30 57.1 225.0 41.5 63.5 222.7 50.9
40 57.9 224.6 40.1 64.6 222.3 50.5
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Fig. 3C shows the variation in tensile strength at break with
H content for the two composites. The tensile strength of pure
TT (56.6 MPa) decreased after grafting with GMA  (48.6 MPa).
hat of PTT/SH composites (Fig. 3C) decreased markedly and con-
inuously with increasing SH content (from 50.68 to 26.2 MPa).
his decrease was attributable to poor dispersion of SH in the
TT matrix, according to the morphology discussed previously
nd as shown in Fig. 3A. The effect of this incompatibility on
he mechanical properties of the composites was substantial. The
TT-g-GMA/SH composites shown in Fig. 3 C exhibited unique
ehavior; tensile strength at break decreased with increasing
H content despite the fact that PTT-g-GMA had a lower ten-
ile strength than pure PTT. Furthermore, the tensile strength
f the PTT-g-GMA/SH composites remained constant or slowly
ncreased with SH content greater than 20 wt%, likely due to the
nhanced dispersion of SH in the PTT-g-GMA matrix resulting from
he formation of branched or cross-linked macromolecules (Kuan,

a, Kuan, Wu,  & Liao, 2006). In addition, the tensile strength of
TT-g-GMA/SH was approximately 11–23 MPa  higher than that of
TT/SH.

.3. Thermal properties of PTT and its composites

The �Hf, Tm, and Tg of both PTT/SH and PTT-g-GMA/SH compos-
tes with various SH contents were determined by measuring DSC
eating thermograms (Table 1). For both composites, Tm decreased
ith increasing SH content. This decrease in Tm may have been due

o the inclusion of SH in the composites; SH will expand PTT or PTT-
-GMA, hence causing slack polymer structure and reduced Tm. At
he same SH content, the PTT/SH composites had a higher Tm than
he PTT-g-GMA/SH composites. The Tg increased with increasing
H content for both PTT/SH and PTT-g-GMA/SH composites. This
ncrease was likely a result of decreasing space available for molec-
lar motion. Tg values were higher for the PTT-g-GMA composites
y between 1.0 ◦C and 8.5 ◦C, suggesting that the grafting of gly-
idyl methacrylate groups to the PTT further restricted molecular
otion.
The �Hf of pure PTT was 55.6 J/g, whereas that of PTT-g-

MA  was 54.1 J/g (Table 1). The lower �Hf of PTT-g-GMA was
ttributable to the disruption of regularity in chain structure
nd increased spacing between chains as a result of the grafted
ranches. The values of �Hf in PTT-g-GMA/SH were approximately
–11 J/g higher than those in PTT/SH. These higher �Hf values were
ttributable to the formation of ester carbonyl groups as discussed
bove. The �Hf may  be used as an indicator of blend crystallinity.
lthough �Hf of both PTT/SH and PTT-g-GMA/SH blends decreased
ith increased SH content (Table 1), the extent of the decrease
as significantly greater in PTT/SH, indicating a lower degree of
rystallinity. These results are similar to those obtained elsewhere
ith composites of PTT and agricultural residues (Wu,  2011). The
arked decrease in the crystallinity of PTT/SH was attributable to

indered motion of the PTT polymer segments as a result of the
Fig. 5. Percent weight gain due to the absorption of water for PTT/SH and PTT-g-
GMA/SH composites.

presence of SH in the composite matrix (Wong, Shanks, & Hodzic,
2004).

3.4. Biocompatibility properties of PTT and its composites

The composites’ biocompatibility was evaluated by measuring
the cell growth rate of human lung FBs seeded on the membranes
(Fig. 4). The cell viability was examined by MTT  assay. The FB cell
numbers on different membranes were measured (Fig. 4A). Upon
seeding of FBs on the membranes, the PTT/SH series membranes
showed similar cell viabilities to FBs seeded on the plate directly
from the 1st day to the 7th day, which revealed that the membranes
have good compatibility with human lung FBs. With increasing SH
content, the cell viability did not exhibit obvious differences; at
SH contents of 10 and 30 wt%, the results were similar (data not
shown). The FB cell viabilities on PTT-g-GMA membranes were
slightly lower than on the plate on the 1st day. However, on the
7th day, the cell viabilities were quite similar to those observed for
the PTT/SH series and on the plate.

Sircol dye was used to stain the collagen secreted by human
lung FBs on the well or on the membranes. In Fig. 4B, which com-
pares the seeding of FBs on the plates, the collagen production
on different membranes was  similar at day 1. At day 4 or 7, col-
lagen production by human lung FBs on PTT/SH was higher than
on the plate, the vehicle control. With increasing SH content, the
collagen production increased. Less collaged was produced in the
PTT-g-GMA series than in the PTT series but also more than in the
control on day 4. On day 7, the collagen amount produced on the
PTT series membranes increased. These results indicated that PTT
series membranes stimulated collagen secretion in the FBs.

Collagen is an important component for cell proliferation and
tissue body formation, which are dependent on FB production (Kim,
Chun, Han, & Kim, 2010). Collagen in extracellular matrix (ECM)
imparts appropriate mechanical strength to the tissue body shape
(Muzzarellia, Grecoa, Busilacchia, Sollazzob, & Gigantea, 2012; Sell,
McClure, Garg, Wolfe, & Bowlin, 2009). Therefore, the concentration
of collagen secreted is a key indicator of biocompatibility. Because
the PTT series membranes stimulated collagen secretion by FBs,
these membranes may be good biomaterials for tissue engineering.
Fig. 4C shows the SEM image of collagen and FBs on cell-treatment
membranes (7 days). The arrows indicate the adhesion of collagen.

With increasing SH contents in PTT, more excretion of collagen
was observed in the SEM image; these results indicated that the
membranes could stimulate collagen production.
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Fig. 6. SEM micrographs showing the morphology of PTT (A–C), PTT/SH (20 wt%) (D–F), and PTT-g-GMA/SH (20 wt%). (H–J) Films as a function of incubation time in soil. (K)
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eight  loss percentages of PTT, PTT-g-GMA, PTT/SH, and PTT-g-GMA/SH are shown

.5. Water absorption of PTT and its composites

At the same SH content, the PTT-g-GMA/SH composites exhib-
ted a higher resistance to water absorption than the PTT/SH
omposites (Fig. 5). The water resistance of the PTT-g-GMA/SH
omposites was moderate, and the hydrophobicity of SH was likely
nhanced by interactions with the PTT-g-GMA. As expected, for
oth PTT/SH and PTT-g-GMA/SH, the percent water gain over

he 60-day test period increased with SH content. Because the
rrangement of polymer chains in these systems is random, this
esult could be attributable to both decreased chain mobility in
omposites with greater amounts of SH and to the hydrophilic
unction of incubation time in soil.

character of SH, which weakly adheres to the more hydrophobic
PTT.

3.6. Biodegradation of PTT and its composites

Changes in the morphology of both the PTT and PTT-g-GMA/SH
composites were noted as a function of the amount of time they
were buried in soil. SEM photomicrographs taken after 60 and 120

days illustrate the extent of morphological change (Fig. 6). PTT/SH
composites (20 wt%; Fig. 6E and F) exhibited larger and deeper
pits that appeared to be more randomly distributed than those
in the PTT-g-GMA/SH (20 wt%) composites (Fig. 6I and J). These
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nalyses also indicated that biodegradation of the SH phase in
TT/SH (20 wt%) increased with time, confirming the results pre-
ented in Fig. 6K. After 60 days, the disruption of the PTT matrix
ecame more obvious (Fig. 6B). This degradation was  confirmed by

ncreasing weight loss of the PTT matrix as a function of incuba-
ion time (Fig. 6K), which reached nearly 10% after only 120 days.
he most likely cause of this weight loss was biodegradation. The
EM photomicrographs in Fig. 6 indicate that the PTT-g-GMA/SH
20 wt%) composites were more readily degraded than neat PTT.

oreover, at 60 and 120 days, larger pores were apparent in the
TT-g-GMA/SH composite (Fig. 6I and J), indicating a higher level
f degradation. The rate of weight loss of the PTT-g-GMA/SH com-
osites was also accelerated relative to that of PTT, exceeding 25%
fter 120 days (Fig. 6K). These results demonstrate that the addi-
ion of SH to the PTT-g-GMA enhanced the biodegradability of the
omposite.

Fig. 6K shows the percent weight change as a function of time for
TT/SH and PTT-g-GMA/SH composites buried in the soil compost.
or both composites, the degree of weight loss increased with SH
ontent. Composites with 40 wt% SH degraded rapidly over the first
0 days, losing a mass approximately equivalent to their SH con-
ent, and they showed a gradual decrease in weight over the next
0 days. PTT-g-GMA/SH exhibited a weight loss of approximately
–9 wt%.

. Conclusions

The biocompatibility and mechanical properties of SH com-
osites with PTT and PTT-g-GMA were examined. FTIR and NMR
nalyses revealed the formation of condensation reactions between
OH groups in SH and glycidyl methacrylate groups in PTT-g-GMA,
ignificantly altering the structure of the composite materials.
he morphology of the PTT-g-GMA/SH composites was consistent
ith good adhesion between the SH phase and the PTT-g-GMA
atrix. In mechanical tests, GMA  grafting enhanced the mechanical

roperties of the composite, especially the tensile strength. PTT-g-
MA/SH exhibited a tensile strength of approximately 2–26 MPa
ore than PTT/SH. The cell viability tests indicated that PTT mem-

ranes have good biocompatibility for FBs to proliferate upon. The
ollagen secretion by FBs stimulated by PTT series membranes
ndicated the potential for PTT/SH membranes as biomaterials
or tissue engineering. Although the water resistance of PTT-g-
MA/SH was higher than that of PTT/SH, the biodegradation rate of
TT-g-GMA/SH was lower than that of PTT/SH, but still higher than
hat of pure PTT, when incubated in soil. After 120 days, the PTT-
-GMA/SH (40 wt%) composite suffered greater than 60% weight
oss. PTT/SH exhibited a weight loss of approximately 3–9 wt%

ore than PTT-g-GMA/SH. The degree of biodegradation increased
ith increasing SH content. Overall, the PTT-g-GMA/SH compos-

tes exhibited good mechanical properties, biocompatibility, and
iodegradation. In the future, adjustment of the formula of this
omposite may  be used to optimize its functionality and increase
ts product utility.
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