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Despite advances in regenerative medicine, the cost of such therapies is beyond the reach of many patients

globally in part due to the use of expensive biomedical polymers. Large volumes of poly(ethylene

terephthalate) (PET) in municipal waste is a potential source of low cost polymers. A novel polyester was

prepared by a catalyst-free, melt polycondensation reaction of bis(hydroxyethylene) terephthalate

derived from PET post-consumer waste with other multi-functional monomers from renewable sources

such as citric acid, sebacic acid and D-mannitol. The mechanical properties and degradation rate of the

polyester can be tuned by varying the composition and the post-polymerization time. The polyester was

found to be elastomeric, showed excellent cytocompatibility in vitro and elicited minimal immune

response in vivo. Three-dimensional porous scaffolds facilitated osteogenic differentiation and

mineralization. This class of polyester derived from low cost, recycled waste and renewable sources is a

promising candidate for use in regenerative medicine.
1. Introduction

It is widely believed that engineered tissues could revolutionize
medicine and offer promising new treatments for many debil-
itating diseases. In tissue engineering, a scaffold should ideally
be non-toxic, biodegradable, and highly porous with inter-
connected architecture to support cell attachment, proliferation
and extra-cellular matrix (ECM) production to ultimately facil-
itate tissue generation. In addition, it should possess optimal
mechanical and physical properties.1–4 The currently available
library of such materials is limited and expensive adding to the
already high costs of these emerging therapies. There is a need
for biomedical polymers derived from low cost, renewable
sources and recycled waste that could offer cost effective
solutions.

The use of PET has greatly increased because of its wide-
spread application in packaging of food and drinks. This has
resulted in an ever-growing volume of post-consumer and
industrial PET waste. Therefore, recycling of waste PET has
become a signicant global challenge.5,6 PET can be recycled by
various techniques such as glycolysis, aminolysis and
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hydrolysis.7–9 For recycling of PET, glycolysis is economically
advantageous over the other chemolysis processes.10 The
objective of this work was to prepare polymers for regenerative
medicine using recycled PET as a source. PET fabrics have been
used clinically for over ve decades in vascular gras. However,
non-biodegradable PET is not well suited for preparation of
scaffolds for tissue regeneration. The hydroxyl-terminated
monomer, bis(hydroxyethylene) terephthalate (BHET)
prepared by glycolysis of PET has been used as a raw material
for preparing various polymers such as polyurethanes, unsatu-
rated polyesters, epoxy resins, and UV curable lms11–14 and was
utilized in this study.

In this study, we report the synthesis and characterization of
a novel class of biodegradable BHET-based polyester for
biomedical applications. BHET is soluble in hot water. It has
not been used in biomedical applications and its toxicity is not
reported. The polyester elastomer was synthesized using BHET
with multi-functional monomers from renewable sources such
as citric acid (CA), sebacic acid (SA) and D-mannitol (MA). The
terminal active primary hydroxyl groups of BHET can react with
carboxylic acid groups to form ester linkage. The aromatic ring
located at the centre of BHET contributes to the rigidity and
strength of the polymer. SA and CA were used as the source of
carboxylic acid groups. SA and CA are known to be non-toxic
and have been successfully used as biomedical polymers.15–18

Acetyl-CoA and succinyl CoA are degraded products of SA in the
Krebs cycle and CA is also an intermediate in the Krebs'
cycle.19,20 Apart from this, MA is an intermediate product of
carbohydrate metabolism and it is metabolized in an insulin-
independent manner.21 This BHET–CA–SA–MA (BCSM)
RSC Adv., 2014, 4, 58805–58815 | 58805
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polyester offers many potential advantages. BHET is obtained
by recycling PET waste, and is thus, eco-friendly. All the other
monomers are also easily available from renewable sources and
are non-toxic. The synthesis process is solvent and catalyst free,
simple and economical. Moreover, the mechanical properties,
water wettability and degradation rate can be tuned by varying
the monomer fractions and the duration of post-
polymerization.

2. Experimental section
2.1. Materials

Commercial consumable PET bottles (Pearl Polymers Limited,
New Delhi, India) were used. The bottles were cut into approx-
imately 5 � 5 mm2

akes and subsequently cleaned with weak
detergent solution followed by washing and drying. Zinc
acetate, ethylene glycol andmannitol were purchased from S. D.
Fine Chemicals. Sebacic acid, (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (MTT) and Alizarin Red S were
obtained from Sigma-Aldrich. Sodium chloride and citric acid
were purchased from Merck. Alpha-modication of Minimum
Essential Medium (a-MEM), foetal bovine serum (FBS), peni-
cillin–streptomycin, L-glutamine and trypsin–EDTA were
obtained from Invitrogen. All other chemicals were analytical
grade and used as received.

2.2. Preparation of BHET from PET waste

BHET was prepared by depolymerisation of PET as reported
previously with minor modications.22 Briey, 30 g of PET
akes, 100 g of ethylene glycol (EG) and 0.3 g of zinc acetate (as a
trans-esterication catalyst) were charged in a three-necked 500
mL round-bottom ask equipped with a thermometer, a reux
condenser and a magnetic stirrer. The depolymerization reac-
tion was performed at 198 �C for 8 h under nitrogen atmo-
sphere. The reaction mixture was then cooled to room
temperature and 500 mL of distilled water was added under
vigorous stirring. Aer ltration, the solid cake was dispersed in
hot water and boiled for 1 h with constant stirring to extract the
BHET as it is soluble in hot water.23 The boiling solution was
ltered rapidly to separate the oligomer fraction from the
BHET. The ltrate was cooled to room temperature and then
placed at 4 �C for 24 h. BHET in the form of needle-shaped
crystals was obtained aer ltration and dried at 40 �C for 24 h.

2.3. Synthesis of polyester

To synthesize the polyester, BHET, SA, CA and MA were used as
the monomers. The polyester was synthesized by melt-
condensation polymerization process as reported previously.24

The composition of monomers for different polyester synthesis
is shown in Table 1. BHET, SA and CA were taken in a three-neck
100mL round-bottom ask. Aer purging with nitrogen gas, the
ask was heated to 160 �C with constant stirring. The reaction
was continued at this temperature under nitrogen ow to
remove the water obtained as by-product during reaction for 90
min. MA was added to the mixture and the reaction was allowed
to continue for 30 min. The pre-polymer was removed from the
58806 | RSC Adv., 2014, 4, 58805–58815 This journal is © The Royal Society of Chemistry 2014
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ask aer cooling. Finally, the pre-polymer was taken in a
Teon Petri dish and cured at 120 �C for different time intervals
(2, 3, 4 and 5 days) for post-polymerization.

The pre-polymer was puried before characterization by
NMR and gel permeation chromatography (GPC). The pre-
polymer was washed with distilled water to remove unreacted
water soluble monomers CA and MA followed by washing with
hot water to remove unreacted BHET. Subsequently, the pre-
polymer was dissolved in acetone and re-precipitated in water/
iso-propanol mixture to remove unreacted SA as SA is soluble
in iso-propanol whereas the pre-polymer is insoluble in water.
The puried pre-polymer was obtained by repeating the solu-
tion precipitation method thrice.
2.4. Characterization of polyester

All post-polymerized polyesters were characterized by attenu-
ated total reection (ATR) Fourier transform infrared (FT-IR)
spectrophotometer (Perkin Elmer Spectrum 100 FT-IR spec-
trometer). The infrared spectra were recorded at the frequency
range of 4000–500 cm�1 with 42 consecutive scans at a 4 cm�1

resolution. 1H and 13C nuclear magnetic resonance (1H and 13C
NMR, Bruker NMR) spectra of the pre-polymers were recorded
at 400 MHz using acetone d6 as solvent and tetramethylsilane
(TMS) as internal reference. The molecular weight of pre-
polymer was determined by gel permeation chromatography
(Waters). X-ray diffraction spectrometry of the polyesters in the
lm form was performed by a wide angle X-ray scattering
diffractometer (Panalytical X-ray diffractometer) with Cu Ka
radiation (l¼ 1.544) in the range 5–60� (2q) at 40 kV and 30 mA.
Differential scanning calorimetry (DSC, Mettler Toledo DSC1)
thermograms were recorded in the range of�40 �C to +250 �C at
a heating rate of 10 �C min�1. The mechanical properties of the
post-polymerized polyesters were evaluated using a Universal
Testing Machine (Mecmesin) equipped with data acquisition
soware at room temperature according to ASTM D 638 stan-
dards. Six specimens were tested for each polymer. The contact
angles of the polyester were measured by sessile drop method
on a goniometer using ultrapure water as the liquid phase. For
contact angle measurements, a small drop of water was placed
by a micro syringe on the polymer lm and simultaneously the
contact angle at the liquid–solid interface was determined by
measuring the angle made with the tangent using a calibrated
angular scale. At least six measurements were carried out with
each polymer at random locations.
2.5. In vitro degradation

The in vitro degradation of the polymers (10 � 10 � 1 mm3

sample dimensions) was studied in phosphate buffered saline
solution (PBS, 100 mL, pH 7.4). Aer regular intervals, the
polymer sample was taken out from PBS and dried in a hot air
oven at 60 �C until a constant weight was achieved. PBS was
replaced at every time period to avoid auto-acceleration of
hydrolysis. All measurements were performed in triplicate. The
percent degradation was calculated by using the following
equation:
This journal is © The Royal Society of Chemistry 2014
% mass remaining ¼ Mt

M0

� 100

where, Mt and M0 are the mass of polymer at time t and before
the experiment, respectively.
2.6. Fabrication of 3D porous scaffold

The porous 3D scaffolds were fabricated using solvent casting
followed by particulate leaching method according to our
previous study.25 The pre-polymer was dissolved in dioxane at
concentration of 0.2 g mL�1. Scaffolds (3 mm height � 6 mm
diameter) were fabricated in 96 well plates by mixing 100 mL of
the pre-polymer solution with 0.13 g of NaCl crystals sieved to
250–425 mm size range. Plates were air-dried for 1 day to remove
solvent and placed in an oven at 120 �C for post-polymerization.
Then the salt particulate was leached in water for 4 days with
daily water changes, freeze-dried (Labconco) and stored under
vacuum until use.
2.7. Characterization of scaffolds

The microstructure of the porous scaffolds was observed with
an emission scanning electron microscope (FEI ESEM Quanta
200) aer sputter-coating with gold for 6 min. The density and
porosity of the scaffolds were measured by liquid displacement
method.26 Ethanol was used as the displacement liquid. Salt
leached scaffold of weight W was taken in a small graduated
measuring cylinder containing known volume (V1) of ethanol.
Aer keeping the scaffold for 10 min in ethanol, ethanol
penetration was carried out by centrifugation. Then the volume
of ethanol having immersed scaffold was recorded as V2. The
volume of ethanol aer removing of ethanol-impregnated
scaffold was recorded as V3. The volume differences (V2 � V1)
and (V1 � V3) were the volume of the scaffold skeleton and the
volume of entrapped ethanol in the scaffold, respectively.
Therefore, the total volume of the scaffold was (V2 � V3). The
density (d) and porosity (3) of the scaffold were calculated
according to the following equations:

d ¼ W

V2 � V3

3 ¼ V1 � V3

V2 � V3

Three measurements of each material were taken for an
average value to calculate the density and porosity of the
scaffolds.
2.8. Cell proliferation and viability assay

2.8.1. Cell culture. MC3T3-E1 subclone 4 mouse cells
(ATCC, USA), a well-characterized osteoblast model,27 were used
for cell culture. The cells were cultured in a-MEM supplemented
with 10% (v/v) FBS, 1% penicillin–streptomycin and 1% of 2
mM L-glutamine. The cells were maintained in 5% CO2 at 37 �C
RSC Adv., 2014, 4, 58805–58815 | 58807
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(Thermo Scientic). The cells were harvested at 70–80% con-
uency using 0.05% trypsin–EDTA for further sub-culturing.

2.8.2. Cell seeding on polymer lms and scaffolds. BCSM-
2_5d polyester lms were cut into small pieces (5 � 5 mm2

and 1 mm thickness) and placed in 6 well plates. 3D scaffolds
were prepared in 48 well plates. All plates were sterilized with
ethylene oxide (Anaprolene) and degassed under vacuum for 3
days. Prior to cell seeding, the lms and scaffolds were incu-
bated in culture medium for 1 day. 6.0 � 104 cells per well and
1.5 � 104 cells per well were seeded on the polymer lms and
the scaffolds, respectively. To observe the cell attachment and
cell morphology, cells were xed with 3.7% formaldehyde,
washed with PBS and subsequently dried with 30%, 50%, 70%,
90% and 100% ethanol gradients prior to imaging by SEM.

2.8.3. MTT assay. Cell attachment and proliferation on the
scaffolds was quantied by methylthiazoletetrazolium (MTT)
assay at 1 and 7 days, respectively. The medium was removed
and 20 mL of MTT solution (5 mg mL�1) in DMEM media was
added to each well. Aer further incubation for 4 h at 37 �C, the
media was removed and replaced with 100 mL DMSO to dissolve
the MTT formazan crystals. The absorbance was recorded at 570
nm by a microplate reader (BioTek). The cell viability (%) was
calculated according to the following equation:

Cell viability
�
%
� ¼ OD570ðSampleÞ

OD570ðControlÞ
� 100

where OD570(Sample) represents measurement from the wells
containing scaffold and OD570(Control) from the wells without
scaffold. All data are presented as the mean of three measure-
ments (�SD).

2.8.4. Alizarin Red S staining. For Alizarin Red staining,
scaffolds were xed with 3.7% formaldehyde for 1 h at 37 �C and
Fig. 1 (a) Synthesis scheme for preparation of BHET monomer and subse
post-polymerization (white, opaque) and after post-polymerization at d
days (brighter yellow, transparent) and 5 days (bright yellow, transparent

58808 | RSC Adv., 2014, 4, 58805–58815
then stained with Alizarin Red S (10 mg mL�1) for 1 h. Scaffolds
were washed several times with double distilled water to remove
excess stain and air dried. Digital images of stained scaffolds
were acquired using a digital camera (DSC-W510, SONY). The
chemical composition of the mineral was further conrmed by
energy dispersive X-ray (EDX) analysis in SEM.
2.9. In vivo biocompatibility

All experiments were approved by the Institutional Animal
Ethics Committee of the Indian Institute of Science. Polymer
lms of BCSM-2_5d were cut into disks (5 mm diameter � 1.5
mm thickness) and sterilized with ethylene oxide gas for 1 day.
Two month old Sprague-Dawley rats were anesthetized using
Ketamine (75 mg kg�1) and Xylazine (10 mg kg�1) through
intraperitoneal route. Disks were implanted subcutaneously by
blunt incision in the lower back of the animals using sterile
surgical techniques. A sham surgical procedure served as the
control. Rats were euthanized at 7, 21, 42 and 77 days. The skin
tissue with the implanted disk was harvested and xed in 10%
formalin. The tissue was embedded in paraffin, sectioned and
stained with hematoxylin and eosin (H&E) for necroscopy study
of the polymer–tissue interface. Liver and kidney were also xed
in 10% formalin, and tissue sections were stained with hema-
toxylin and eosin (H&E) for histopathological diagnosis.
2.10. Statistics

All the data are reported as the average� the standard deviation
about the average. Statistical differences were determined using
a one-way ANOVA and differences were considered signicant
for p values less than 0.05.
quently the pre-polymer, and (b) photographs of the polyester prior to
ifferent post-polymerization times, 1 day (light yellow, transparent), 3
).

This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion
3.1. Synthesis of polyesters

BCSM elastomer was synthesized by a two-stage process (Fig. 1).
In the rst stage, the pre-polymer was prepared in a one-step
catalyst-free, melt-condensation process without the need for
severe temperature and pressure reaction conditions. Catalyst-
free synthesis is highly desired to minimize potential cytotox-
icity arising from the remnant catalyst, which may be toxic for
biomedical applications. BCSM polyester was prepared with
three different mole ratios of the monomers (Table 1). The pre-
polymers were soluble in acetone, dioxane, tetrahydrofuran
(THF), dimethyl sulfoxide (DMSO), ethanol and methanol but
they were insoluble in water, chloroform and hexane. In the
second stage, the pre-polymer was post-polymerized at 120 �C to
obtain the nal elastomeric polyester. The nal post-
polymerized polyesters were insoluble in all solvents.
3.2. Structural characterization

Fig. 2a shows the FTIR spectra of PET, BHET and BHET-based
all polyesters at 5 days post-polymerization. PET shows a
strong peak at 1714 cm�1 attributed to C]O stretching of ester
group. The C]O peak intensity of ester decreased aer glycol-
ysis of PET and a new peak appeared at 3440 cm�1 corre-
sponding to the free hydroxyl group in BHET. Along with this, a
sharp peak at 723 cm�1 is related to the para substituted
aromatic ring. Aer post-polymerization, further increase in the
peak intensity at 1718 cm�1 for C]O stretch of ester group
conrms the esterication of BHET with SA and CA. The peaks
at 2929 cm�1 and 2855 cm�1 are assigned to symmetrical and
asymmetrical stretching of the CH2 group, respectively. Fig. S1†
shows the FTIR spectra of BCSM-2 polyester at different post-
polymerization times. A broad peak of O–H stretching at 3411
cm�1 in pre-polymer (0 day post-polymerization) indicates the
presence of unreacted monomers. The absorption of O–H
stretching and C]O stretching of ester gradually decreased and
increased, respectively, with increasing post-polymerization
time and reached saturation aer 5 days.

1H NMR (Fig. 2b) and 13C NMR (Fig. S2†) were used to
characterize the puried pre-polymer to conrm the monomer
composition in the pre-polymer. Due to overlapping of peaks,
the quantication of the monomer ratios in the nal polymer
from the NMR spectrum was not possible. The peaks were
broadened and groups of signals were obtained due to presence
of oligomers with different chain lengths in the pre-polymer.
The same nuclei can have slightly different chemical shis
due to different neighbouring molecules in the oligomer
sequence.21 The peaks at 8.1, 4.5 and 3.9 ppm are attributed to
the presence of BHET monomer in the polymer composition.
The unreacted COOH group of SA showed a broad peak at
around 9.7 ppm along with the other peaks at 1.3, 1.2 and 2.3
ppm. The methylene protons of citric acid are merged with
methylene peaks of SA at 2.7 and 2.6 ppm. In addition, a cluster
of peaks for citric acid and mannitol appeared at 2.8–3.1 ppm.
The 13C NMR spectrum also conrmed the assumption drawn
from the 1H NMR spectrum. Fig. S2† shows a strong peak at 130
This journal is © The Royal Society of Chemistry 2014
ppm that corresponds to the aromatic ring carbons of BHET.
The a, b and the remaining methylene carbons of sebacic acid
were observed around 24 to 36 ppm.28 The peaks for carbon
atoms of mannitol appeared within 62–65 ppm. The carboxylic
carbon peaks for sebacic acid and citric acid were obtained at
around 175 ppm and 170 ppm, respectively. A small peak for
quaternary carbon was found at around 75 ppm, corresponding
to the quaternary carbon in citric acid.29 It was found that the
molecular weight of pre-polymers gradually increased from 386
to 423 to 505 dalton with increase in BHET content.

X-ray diffraction (XRD) pattern of all polyesters at 5 days
post-polymerization is shown in Fig. 2c. Fig. 2c shows that the
crystallinity peak gradually broadened with increase in the
BHET content in the polyester composition due to incorpora-
tion of bulky aromatic moiety in the polymer chain which
renders the chain alignment. The crystallinity of BCSM-2 poly-
ester gradually decreased with increase in the post-
polymerization time (Fig. S3†). All polyesters were prepared by
crosslinking the pre-polymers at 120 �C. The pre-polymer of
BCSM-2 polyester was post-polymerized for different durations
(1 day to 5 days) to study the effect on polymer properties. The
other two compositions were post-polymerized for 5 days. Aer
post-polymerization, all crosslinked polyester elastomers were
transparent (Fig. 1b).
3.3. Mechanical properties

Tensile stress–strain curves and the values of Young's modulus,
ultimate tensile strength and tensile strain of different poly-
esters at 5 days post-polymerization are shown in Fig. 3a and
Table 1, respectively. Fig. 3a shows that both Young's modulus
and tensile strength of the polyesters gradually decreased from
3.03 and 3.27 to 0.15 and 0.49 MPa, respectively, with increase
in BHET content. However, the ductility increased from 139% to
607%. This is because the crystallinity of the polyester
decreased with increased BHET content due to incorporation of
bulky aromatic rings in the polymer. On the other hand, it was
found that the ultimate tensile strength (UTS) and Young's
modulus of BCSM-2 polyester increased from 0.42 to 2.31 MPa
and 0.16 to 1.84 MPa, respectively, with increase in the duration
of post-polymerization (crosslinking). The percent elongation at
break decreased from 388� 27% to 167� 11% (Fig. S4†). This is
due to increase in the crosslinking density with increasing post-
polymerization time.

Poly(glycerol sebacate) polyester elastomer30 showed
moderate mechanical properties having Young's modulus,
tensile stress and tensile strain of �0.282 MPa, �0.5 MPa, and
�267%, respectively. In another study, poly(xylitol sebacate)
polyesters31 was prepared by varying the molar content of
diacid. The polyester exhibited Young's modulus, ultimate
tensile strength (UTS) and elongation at break of 0.82–5.33MPa,
0.61–1.43 MPa and 33–205%, respectively. Polyester elastomer
containing hydrolytically stable amide bonds were synthesized
to enhance in vivo degradation rate.32 These polyesters had
Young's moduli, UTS, and tensile strain ranging from 1.45–4.34
MPa, 0.24–1.69 MPa and 21–92%, respectively. Citric acid based
biodegradable elastomers33 showed Young's modulus and
RSC Adv., 2014, 4, 58805–58815 | 58809
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Fig. 2 Chemical characterization of different polyester elastomers at 5 days post-polymerization. FTIR spectra of PET, BHET and all polyesters at
5 days post-polymerization (a); 1H NMR spectra of purified BCSM-2 pre-polymer (b) and X-ray diffraction patterns of all polyesters at 5 days post-
polymerization (c).
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tensile strain of the elastomer increased and decreased,
respectively with increase in the post-polymerization time. In
this work, we have synthesized novel polyesters by solvent and
catalyst free method using recycled consumer PET waste, which
is not only economical but also eco-friendly. This polyester has
equivalent or better mechanical properties compared to the
previously synthesized polyesters. There are many so tissues
such as articular cartilage (Young's modulus – 2.1–11.8 MPa;
tensile strength – 9–40 MPa, tensile strain – 60–120%), aorta
(Young's modulus – 2.0–6.5 MPa; tensile strength – 0.3–0.8 MPa,
tensile strain – 50–100%), smooth muscle (Young's modulus –

0.01–0.006 MPa; tensile strain – 300%) where the mechanical
properties are quite similar to that of synthesized BHET based
Fig. 3 Representative stress–strain plots of different polyesters with va
mograms of different polyesters with varying BHET contents after 5 d
different polyesters with varying BHET contents after 5 days post-polym
BCSM-2 after 5 days post-polymerization (d) after 1 day (i), 7 day (ii) and

Fig. 4 Cell attachment and proliferation on BCSM-2 polyester films after
cells on polyester film at (a) 1 day, (b) 3 days and (c) 7 days. The dimensi

This journal is © The Royal Society of Chemistry 2014
polyester in this work. Thus, this class of BHET-based polymers
could be developed for use in repair and regeneration of
different tissues. The mechanical properties can be appropri-
ately tuned by varying the composition and curing conditions.

3.4. Thermal properties

The differential scanning calorimetry (DSC) measurements of
all polyesters at 5 days post-polymerization is shown in Fig. 3b.
The DSC thermogram does not show any crystallization and
melting temperature demonstrating that the polymers are not
crystalline in nature. All polyesters show that the glass transi-
tion temperatures (Tg) were below room temperatures (�10 �C
to +10 �C) indicating that all polyesters are elastomeric at 37 �C.
rying BHET contents after 5 days post-polymerization (a); DSC ther-
ays post-polymerization (b); in vitro hydrolytic degradation profile of
erization (c) and SEM images of degraded polyester film surfaces of
14 day; 300� mag. (iii) and 600� mag. (iv).

5 days post-polymerization. SEMmicrographs of MC3T3-E1 osteoblast
on of the film sample was 5 � 5 mm2 and 1 mm thickness.

RSC Adv., 2014, 4, 58805–58815 | 58811
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Fig. 5 Photographs of Sprague-Dawley rat subcutaneous tissue
response at 7 days (a) and 21 days (b) after implantation, showing loose
connective tissue matrix surrounding the implant with moderate
inflammation and infiltration of inflammatory cells. Histopathological
micrographs of liver and kidney at 7 days (c and e) and 21 days (d and f),
respectively. The dimension of implanted sample was 5 mm diameter
and 2 mm thickness. M ¼muscular tissue, CT¼ connective tissue, P ¼
polyester. Scale bar is 50 mm.
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BCSM-3 polyester showed the lowest glass transition tempera-
ture among the all polyesters due to its more amorphous nature
caused by higher BHET content. The glass transition value
gradually decreased with increase in BHET content due to the
presence of bulky aromatic ring in BHETmonomer that hinders
the polymer chain alignment to form a crystalline structure.
3.5. Surface wettability

The biological response to a material is known to depend on the
hydrophobicity of its surface. From Table 1, it was found that the
Fig. 6 SEMmicrographs of as-prepared 3D porous scaffold (a), cell attac
and 7 days (c). The dimension of 3D scaffold was 6 mm diameter and 3

58812 | RSC Adv., 2014, 4, 58805–58815
water-in-air contact angle gradually increased as expected from
60.5 to 85.4� with increase in the BHET content in the polyester
due to increase in the hydrophobic aromatic content presented
in BHET. The effect of curing time on water-in-air contact angle
of polymer was also observed. The contact angle of BCSM-2 at 3
days post-polymerization was comparatively low at 68.7� due to
the presence of unreacted hydroxyl groups. But the contact angle
gradually increased from to 72.8� and 76.9� aer 4 days and 5
days post-polymerization, respectively, due to the decrease in the
availability of free hydroxyl groups because of the condensation
reaction with carboxyl groups. The degradation rate of biomate-
rials is also inuenced by its water wettability.

3.6. In vitro degradation

Hydrolytic degradation of the polyester elastomer in PBS at 37
�C was studied in vitro. The degradation prole of all polyesters
at 5 days post-polymerization is presented in Fig. 3c. It was
found that the degradation rate of polyester can be modulated
by varying the BHET content. Increased BHET content
decreased degradation rates due to the hydrophobicity of the
aromatic ring in BHET. The effect of post-polymerization time
on in vitro degradation rate of the polymer was also studied.
Fig. S5† illustrates the in vitro degradation prole of BCSM-2
polyester with varying post-polymerization time. It was
observed that BCSM-2 post-polymerized for 1 day degraded
completely in 18 days whereas the polyester post-polymerized
for 4 days and 5 days showed only 15% and 9% degradation,
respectively, in 30 days. Therefore, the degradation rate of the
polyester can be tuned by varying the duration of post-
polymerization because the crosslinking density of elastomer
scales with the curing time. SEM images (Fig. 3d) revealed ne
cracks on the surface of the elastomer at 1 day (Fig. 3d(ii)) which
progressively developed into deeper cracks by 10 days
(Fig. 3d(iii)) indicating bulk degradation in contrast to surface
erosion as the underlying mechanism.

3.7. In vitro and in vivo biocompatibility of polyesters

BCSM-2_5d polyester was used in all in vitro and in vivo studies
because of its optimal mechanical properties (Young's modulus
– 1.84 MPa, tensile strength – 2.31 MPa and tensile strain –

168%), moderate surface wettability (contact angle – 77�) and
hment with 3D scaffold (b) and cell proliferation on 3D scaffold at 1 day
mm thickness.

This journal is © The Royal Society of Chemistry 2014
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medium degradation rate (60% degradation aer 60 days). To
evaluate the cytocompatibility of the polyester elastomer in vitro
and specically its potential in orthopaedics, mouse osteoblasts
were cultured on BCSM-2_5d polymer lms. SEM micrographs
show that cells were attached and spread on the polymer lm at
Fig. 7 SEM micrographs of 3D scaffold showing mineral deposition afte
spectra of mineralized scaffold, before cell culture (c), cell culture withou
in media (e) at 7 days with inset displaying the photograph of the scaffold
diameter and 3 mm thickness.

This journal is © The Royal Society of Chemistry 2014
1 day (Fig. 4a). Cells were observed to be connected to each
other through the long axis of the cell body. Increased number
of cells seen at 3 days and 7 days (Fig. 4b and c, respectively)
indicated that the polymer supported cell proliferation and is
thus cytocompatible. Cell morphology is important in
r 7 days of cell culture at 500� (a) and 2000� magnification (b). EDAX
t osteogenic supplement in media (d) and with osteogenic supplement
stained with Alizarin Red S dye. The dimension of 3D scaffold was 6mm

RSC Adv., 2014, 4, 58805–58815 | 58813
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determining its fate and function, including survival, migra-
tion, proliferation, and differentiation.34,35 Most cells on the
polyester lm spread radially in all directions and several lo-
podia of the spread cells were also observed (inset, Fig. 4c).

Biocompatibility of the polyester elastomer was further
assessed by subcutaneous implantation of BCSM-2_5d in a rat
model. Acute and chronic inammation up to 77 days was
assessed by histology of the polymer–tissue interface, liver and
kidney, (Fig. 5) and was compared to those in sham surgery
(Fig. S6†). Representative images of the skin in the vicinity of
implant aer 7 days and 21 days (Fig. 5a and b, respectively)
showed normal architecture of epidermis and dermis similar to
that in the sham (Fig. S6a and S6b,† respectively). Histopatho-
logical investigation of the liver (Fig. 5c and d) and kidney
(Fig. 5e and f) did not suggest any toxicity associated with the
implanted polymer. The dermis also appeared normal without
any leukocyte inltration denoting absence of inammation
and the skin adnexa were also normal at 42 days and 70 days
(not shown).

Three-dimensional (3D) macroporous scaffolds were
prepared by the widely-used salt leaching method wherein NaCl
was used the porogen.36 SEM micrographs in Fig. 6a show the
interconnected porous architecture of the 3D scaffold. The
porosity of the all scaffolds was 85 � 6%, and the average pore
size was 400 � 25 mm (Table 1) which is the recommended size
range for bone tissue engineering.37 Micropores within the
macropores were also observed and may enhance the trans-
portation of nutrient within the scaffold. Osteoblasts in the
BCSM-2_5d scaffolds were full stretched morphology (Fig. 6b)
such that it was difficult to discern the boundary between the
cell membrane and polymer. Cell attachment and proliferation
in the scaffolds were quantied by MTT assay at 1 day and 7
days, respectively (Fig. 6c). The four-fold increase in absorbance
from 1 day to 7 days indicates that these scaffolds supported
proliferation of the osteoblasts. Interestingly, SEM images
(Fig. 7a and b) showed mineral deposition in the scaffold at 7
days even in the absence of osteogenic supplement. Alizarin S
staining also conrmed the formation of mineral deposits in
the scaffolds at 7 days (inset, Fig. 7d and e). The distinct calcium
peak at 3.7–3.8 keV in the EDAX spectra corroborated the
formation of calcium phosphate deposition (Fig. 7d and e),
although the peak intensity was higher in presence of osteo-
genic media indicating more deposition of calcium phosphate.
Thus, BCSM scaffolds are well suited for bone regeneration
applications.

Previously, Langer and co-workers have prepared poly(-
glycerol sebacate) (PGS) polyester by random polycondensation
reactions between glycerol and sebacic acid for several followed
by post-polymerization.4 Ameer and co-workers have reported
on the preparation of poly(1,8-octane citrate) (POC) polyester for
preparing small diameter blood vessels.38 In this work, we have
prepared the BCSM polyester elastomer by random poly-
condensation reaction. In contrast to the other polymers, we
have utilized BHET derived from recycled consumer PET waste
demonstrating the use of recycled plastic waste for developing
affordable healthcare solutions. Thus, BHET-based polyesters
58814 | RSC Adv., 2014, 4, 58805–58815
could serve as low cost, eco-friendly, biocompatible and
biodegradable polymers for possible biomedical applications.

4. Conclusions

We have synthesized a novel polyester elastomer using BHET
monomer from recycled PET waste and other monomers
derived from low cost, renewable sources including SA, CA and
MA. The synthesis of this polyester elastomer is simple, eco-
friendly and cost effective. A wide range of mechanical proper-
ties and degradation rates were obtained just by tuning the
monomer feed ratios and the post-polymerization times. The
elastomer showed excellent cytocompatibility in vitro and eli-
cited little immune response in vivo. 3D porous scaffolds facil-
itated osteogenic differentiation and mineralization. Therefore,
the polyester can be used as so tissue engineering application
and it may be also used in bone tissue engineering application
aer further improvement of its mechanical properties.
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