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A B S T R A C T

Despite the recent progress in the field of tissue engineering still there are great challenges to regenerate os-
teochondral tissue interface due to its complex material composition and mechanical properties. A series of
biomaterials have been developed in the last few decades, still suitable biomaterial remained undiscover to
regenerate osteochondral tissue interface. Here we have reported a new family of low cost biopolymer derived
from edible soybean oil (SO) and recycled polyethylene terephthalate (PET) waste along with other renewable
resources such as citric acid, sebacic acid and mannitol by facile catalyst and solvent free melt polycondensation
process. The physicochemical properties of the synthesized polyester can be tailored by simply varying the
monomer feed ratio. The polyesters were found to be elastomeric and biodegradable in nature. 3D porous
scaffold shows in vitro mineralization which attributes that the polymer may be applicable for bone formation.
2D polyester film exhibited excellent cytocompatibility to the stem cell and interestingly the polyester guided the
stem cell towards both osteogenic and chondrogenic differentiation without using any external differentiating
chemicals. Thus this novel class of polyester derived from SO, recycled PET waste and other low cost renewable
resources may be a potential candidate in field of interfacial tissue engineering for the treatment of arthritic
patients in future.

1. Introduction

Osteoarthritis (OA) is the most common type of joint disorder by
which the articular cartilage and subchondral bone are damaged and
subsequently results severe pain, inflammation and inadequate quality
of life. Presently, more than 250 million of people are suffering from OA
throughout the world which is a serious impact on health care and
society [1,2]. Currently there is no therapeutic treatment to cure OA or
to regenerate the damaged tissues such as cartilage and subchondral
bone. Although, knee replacement, joint replacement, periosteal grafts,
lavage and mosaicplasty are the only available surgical procedure to
relive the disability from OA [3–7]. But, degenerative alteration and
immune rejection limit its long term therapeutic effect [8,9]. So re-
searchers and clinicians are looking for alternative way to repair os-
teochondral defect.

Over the past few decades, tissue engineering has shown great
promise to regenerate damaged tissues or organs due to accident,
trauma and life threatening diseases [10–13]. Successful tissue en-
gineering comprises 3D porous scaffold (acts as extracellular matrix
(ECM) for cell attachment, proliferation and differentiation), cells and

cell signaling molecules such as growth factors [14–17]. For successful
tissue engineering an ideal scaffold should be biocompatible, biode-
gradable and highly porous interconnected structure with sufficient
physical and mechanical properties [14,18]. However, conventional
tissue engineering using polymeric scaffolds are capable to regenerate
functional tissues like cartilage, bone, skin, tendon, ligament, etc.
[19–23] but unable to regenerate interfacial osteochondral tissues such
as bone-cartilage, ligament-bone etc. due to presence of complex che-
mical composition and mechanical properties [24–29]. The self-re-
newal incapability of articular cartilage demands new biomaterial or
tissue engineering approach for the regeneration of osteochondral
tissue. In this regard, interfacial tissue engineering (ITE) has gained
tremendous attention due to its capability to regenerate interfacial os-
teochondral tissue [7,30–32]. Despite the development of a series of
biomaterials from ceramic to inorganic to polymeric materials, there is
no single biomaterial which is capable to regenerate osteochondral
tissue. Some strategies reported for osteochondral tissue regeneration
including bilayered [33–35], multilayered [36–39], and gradient scaf-
fold fabrication [32,40–42]. In most of the work, either some signaling
molecules such as hydroxyl apatite, bone morphogenic protein-2 (BMP-
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2), tumor growth factor-β (TGF-β), insulin growth factor (IGF) etc. or
physical stimulus like mechanical properties, structural pattern etc. are
used separately or in combination both to regenerate for bone and
cartilage, respectively. Due to short half-life and huge cost of growth
factors restrict its clinical translation. Apart from this, polycaprolactone
(PCL), polyethylene glycol (PEG), polylactide-co-glycolide (PLGA),
chitosan, collagen, gelatin etc. have been used extensively for scaffold
fabrication. But, improper mechanical property, longer degradation
time, high cost, complicated synthesis procedure, immunogenic pro-
blem are the major drawbacks of the existing polymeric materials.
Hence, there is a big demand of biopolymers having low cost, ease of
synthesis, tunable mechanical properties and limited degradation time
for ITE application.

Over the last few decade, the use of PET has increased enormously
due to its extensive applications in food and packaging industry and
resulted in an increasing volume of industrial and post-consumer PET
waste. Thus recycling and reuse of PET waste has become a significant
challenge throughout the globe [43,44]. Till now various processes
such as glycolysis [45], aminolysis [46,47] and methanolysis [48] have
been used extensively for recycling of PET waste. Among these, gly-
colysis is economically more favorable over other chemical recycling
processes [49]. In this context, Sarkar et al. [50] recently developed
biodegradable polyester for bone tissue engineering application by
using PET glycolysis mediated BHET (bis(2-Hydroxyethyl) ter-
ephthalate) as a starting material along with other renewable resourced
monomers. In another study, they also developed soybean oil (SO)
based polyester which showed osteogenic differentiation of human
mesenchymal stem cell (hMSC) even in absence of any osteogenic
compound [51]. Being inspired from these works, it was hypothesized
that the combination of BHET and SO based polymer may be an in-
teresting novel biopolymer for ITE application due to inclusion of hard
and soft segments by BHET and SO, respectively in polymer backbone.

In this work, BHET and SO based polyol was synthesized by reacting
of BHET and epoxidized SO (ESO). The polyol of BHET and SO was then
polymerized by catalyst and solvent free melt polycondensation reac-
tion with other renewable resourced monomers such as sebacic acid
(SA), citric acid (CA) and mannitol (MA) which are well known bio-
compatible and inexpensive monomers [52–54].

The mechanical, thermal and degradation properties of the polymer
was dependent on BHET and SO weight ratios. Interestingly, the
polymer showed both osteogenesis and chrondogenesis of mouse em-
bryonic stem cell (OP9) without using any differentiating compounds
such as bone morphogenetic protein-2 (BMP-2) or tumor growth factor-
β3 (TGF-β3). Therefore, the BHET-SO based polyester may be an in-
teresting low cost biopolymer for ITE application.

2. Experimental section

2.1. Materials

PET bottles were purchased from Milton India. Soybean oil was
purchased from local market at Kolkata and manufactured by Ruchi
Soya Industries Limited (India). Ethylene glycol, alizarin red S, alcian
blue and guanidine hydrochloride were obtained from Sisco Research
Laboratories Pvt. Ltd. (India). Glacial formic acid, sulfuric acid (98%),
hydrogen peroxide (30%), citric acid, mannitol, sodium chloride, so-
dium bicarbonate (NaHCO3), potassium chloride, potassium hydrogen
phosphate trihydrate, magnesium chloride hexahydrate, hydrochloric
acid (37%), calcium chloride, sodium sulphate and ethanol were pur-
chased from Merck India. Sebacic acid was obtained from LobaChemie.
Acetone-D6 was purchased from Chembridge Isotope Laboratories.
Chloroform-D, and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) (MTT) were bought from Sigma Aldrich. Dulbecco's
modified eagle's media (DMEM), fetal bovine serum (FBS), peni-
cillin–streptomycin, trypsin–EDTA, Dulbecco's phosphate-buffered
saline (DPBS) and molecular grade water were obtained from HiMedia

Laboratories Pvt. Ltd (India). All other chemicals were analytical grade
and used as received.

2.2. Synthesis of BHET, ESO and EBHET-OH (polyol)

BHET was synthesized by depolymerization of PET as reported
earlier with minor modifications [50]. Briefly, 100 g of washed PET
flakes with × mm5 5 2 dimension, 333 g of ethylene glycol and 1.0 g of
zinc acetate as a catalyst were charged into a three necked 1000ml
round bottom flask equipped with a magnetic stirrer, a reflux condenser
and a thermometer was put on an oil bath. After degassing of the flask
with nitrogen gas for 30min, the temperature of the oil bath was raised
to 198 °C and the reaction was carried out under nitrogen atmosphere at
198 °C for 8 h with constant stirring. The reaction temperature was then
cooled down to room temperature and the crude product was collected
by addition of 1000ml of distilled water followed by filtering with
Buchner funnel. The solid cake was re-suspended in 1000ml distilled
water and boiled for 30min to dissolve the BHET due to its insolubility
in water at room temperature. After filtering the solution in hot con-
dition, the supernatant was cooled down to room temperature followed
and kept the solution at 4 °C overnight. The purified BHET crystals were
obtained after the filtration of chilled solution followed by drying the
BHET crystals at 60 °C for 24 h (yield: ~60%).

Epoxidized soybean oil (ESO) was synthesized according to the
previous report with slight changes [51]. In details, 200ml of SO and
22ml of glacial formic acid were taken in to 500ml round bottom flask
and placed in an oil bath at 55° C followed by addition of 1ml of
concentrated sulfuric acid with continuous stirring. After that, 162ml
of 30% hydrogen peroxide was added drop wise over a period of 1 h to
avoid the increment of temperature as it is highly exothermic reaction
and the reaction was continued for another 7 h at 55 °C. After com-
pletion of the reaction, the crude product was filtered to separate out
excess water followed by washing with water for several times till it
becomes to neutral pH. Finally, the light yellowish colored ESO was
obtained by rotary evaporation followed by vacuum drying at 60 °C for
24 h.

EBHET-OH (polyol) was synthesized by the ring opening reaction of
ESO by BHET at different ESO and BHET weight ratios such as 3:1, 4:1,
5:1 and 6:1. The reaction was carried out in a two necked round bottom
flak equipped with constant stirring at 160 °C under nitrogen atmo-
sphere for 7 h. The synthesized EBHET-OH was used directly for the
synthesis of all polyesters.

2.3. Synthesis of polyester

The polyester was synthesized through melt polycondensation re-
action by reacting EBHET-OH and other renewable resourced mono-
mers such as SA, CA and MA. The synthesis of polyester was consisted
of two successive steps including pre-polymerization and post-poly-
merization. Pre-polymerization was carried out by reacting 4 g of
EBHET-OH, 2 g of SA and 2 g of CA in a two neck round bottom flask
and placed in an oil bath at 160 °C with constant nitrogen gas purging.
After 1.5 h of the reaction, 1 g of MA was added to the reaction mixture
and reacted for another 30min. The reaction was stopped by cooling
down the temperature to room temperature and a brown colored waxy
pre-polymer was obtained. A series of polyesters was synthesized by
using the various EBHET polyols of different weight ratios (3:1, 4:1, 5:1
and 6:1) with keeping constant the final weight ratio of EBHET-OH: SA:
CA: MA at 2: 1: 1: 0.5. The pre-polymer was then transferred to Teflon
petri dish and kept it in an oven at 120 °C for post-polymerization. After
5 day of post-polymerization, deep brown colored polyester was ob-
tained and used for all experiments.

2.4. Characterization of polyester

Prior the characterization, the pre-polymer was purified by washing
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with double distilled water to remove unreacted monomers MA and CA
and then with hot water to eliminate unreacted BHET. After that, the
pre-polymer was dissolved in acetone and re-precipitated in water/iso-
propanol mixture to separate out unreacted SA. The purified pre-
polymer was collected after repeating the solution precipitation method
thrice followed by drying overnight at 60 °C in vacuum oven.

The synthesized ESO, BHET, EBHET-OH and polyesters were char-
acterized by Fourier transform infrared spectrophotometer (FTIR)
equipped with attenuated total reflection (ATR) module (Model-Alpha,
Bruker, Germany). The infrared spectra was recorded at the frequency
range of 4000–600 cm−1 with 32 consecutive scans at 1 cm−1 resolu-
tion. 1H nuclear magnetic resonance (1H NMR, Bruker DPX 500MHz
NMR spectrometer) spectra of EBHET-OH and pre-polymer was re-
corded at 500MHz using deuterated acetone (C2D6O) as solvent and
tetramethylsilane as internal reference. The 1H NMR spectra of BHET
was recorded at 300MHz (Bruker) using deuterated chloroform (CDCl3)
as solvent and tetramethylsilane as reference. Differential scanning
calorimetry (DSC, Mettler Toledo 822e) thermogram of BHET was re-
corded in the range of 40–200 °C at a heating rate of 10 °C/min using
copper pan under nitrogen atmosphere. For polyester, the DSC was
carried out from −70 °C to 200 °C under nitrogen atmosphere at a
heating rate of 10 °C/min using DSC 200 F3 instrument (Netzsch,
Germany). Thermo gravimetric analysis (TGA) was recorded using
PerkinElmer, TGA 4000 instrument within the temperature range of
40–600 °C at a scan rate of 10 °C/min using alumina crucible under
nitrogen atmosphere. X-ray diffraction (XRD) spectra was recorded by a
wide angle X-ray scattering diffractometer (Panalytical) with Cu Kα
radiation (1.544 Å) in the range of 5–80° (2θ) at 40 kV and 30mA. The
mechanical properties of the polyesters were carried out by using a
universal testing machine (UTM) (Model-H5KT, Tinius Olsen, USA)
equipped with data acquisition software at room temperature according
to ASTM D638 standards at an elongation rate of 5mm/min. The sur-
face water wettability of the polyester was recorded by sessile drop
technique with Theta QC, Biolin Scientific Finland.

The crosslinking density and molecular weight of polymer chain in
between the crosslinks were calculated using the rubber elastic equa-
tion reported elsewhere [51].

= =n E
RT M3 c

where n is the number of active chain segment, per unit volume (mol/
m3), E is the Young’s modulus in Pa, R is the universal gas constant
8.314m3 Pa K-1 mol−1, T is 37 °C (310°K) and ρ is the polymer density
(gm/m3) which was determined according to the previous report [51].
Mc is the molecular weight between crosslinks (gm/mole).

For swelling ratio measurement, post-polymers were cut into small
pieces at the dimension of × × mm10 10 2 3and weighed (W1) and im-
mersed into double distilled water. After 1 day of swelling, the post-
polymers were removed and weighed (W2). The swelling ratio was
calculated according to the following equation:

=swelling ratio W W
W

( )2 1

1

2.5. In-vitro degradation

For in-vitro degradation of the polyesters, the post-polymer samples
were cut into a dimension of × × mm10 10 2 3and put in 25ml phos-
phate buffer saline solution (PBS) having pH of 7.4. The whole de-
gradation study was carried out under shaking condition (100 rpm) and
at the temperature of 37 °C. PBS was changed at every 2 day of interval
to avoid auto acceleration rate of hydrolysis. After regular intervals, the
polymer films were removed from PBS and dried in a hot air oven at
55 °C until a steady weight was reached. All degradation experiments
were carried out in triplicate. The degradation percentage was calcu-
lated using the following equation:

= ×mass remaining M
M

% 100t

0

Here, Mt is the weight of polymer at different time intervals and M0

is the initial weight of the polymer sample.

2.6. Fabrication of 3D scaffold

3D porous scaffold was fabricated by particulate leaching technique
according to the previous study [55,56] with a newly developed tech-
nique. Briefly, the pre-polymer was dissolved in ethanol at a con-
centration of 0.25 g/ml. After that, the sieved sodium chloride having
particle size within the range of 250–425 µm was taken into 2ml
polypropylene tube in such a manner that 2/3rd of the tube was filled
(as shown in Fig. 6a). 1 ml of pre-polymer solution was added to the salt
and mixed thoroughly by vortexing followed by centrifugation at
10,000 rpm for 10min for close packing of the salt particles. The sol-
vent was evaporated by placing the tubes in fume hood for 24 h and
then kept at 120 °C for 5 day for post polymerization. After post poly-
merization, the tubes were cut into small pieces at a thickness of 5mm
with a sharp cutter. Subsequently, the small pieces were placed in ex-
cess double distilled water for 3 day with mild shaking to leach out the
salts with changing the water at regular intervals. The 3D scaffolds were
obtained after freeze drying (Hantech, South Korea) for 3 day followed
by eliminating cautiously the plastic part outside the scaffold with the
help of needle. The microstructure of 3D porous scaffolds was con-
firmed by field emission scanning electron microscopy (FESEM, JEOL
JSM-7600F) after sputter coating with platinum for 10min.

2.7. In-vitro mineralization on 3D scaffold in simulated body fluid (SBF)

SBF was prepared according to Kokubo et al. [57] in a scratch free
empty cleaned plastic bottle. In details, 350ml of ion exchanged dis-
tilled water was taken into the plastic bottle and stirred slowly at 37 °C.
After that, 4.0175 g of sodium chloride (NaCl), 0.1775 g of sodium bi-
carbonate (NaHCO3), 0.1125 g of potassium chloride (KCl), 0.1155 g of
potassium hydrogen phosphate trihydrate (K2HPO4·3H2O), 0.1555 g of
magnesium chloride hexahydrate (MgCl2·6H2O), 1 (M) 19.5ml of hy-
drochloric acid (HCl), 0.146 g of calcium chloride (CaCl2) and 0.036 g
of sodium sulphate (Na2SO4) were added one by one slowly (a regent
was added after complete dissolution of preceding one). Finally, the rest
of the ion exchanged distilled water was added to make the final vo-
lume of SBF to 500ml.

For in-vitro mineralization, the scaffolds were immersed in SBF
placed in a 24 well plate and incubated at 37 °C for 10 day. The SBF
solution was changed at every 2 day of interval. After 10 day, the
scaffolds were freeze dried after mild washing and characterized by
XRD, FE-SEM and EDAX for the confirmation of mineral deposition.

2.8. Cell proliferation and viability assay

2.8.1. Cell culture
Mouse embryonic stem cell, OP9 (ATCC® USA CRL2749™) were

used for cell culture study. The cells were cultured in DMEM supple-
mented with 20% (v/v) heat inactivated FBS and 1% penicillin–-
streptomycin antibiotics. The cells were maintained at 37 °C and in CO2
incubator under 5% CO2 (ESCO Global). The cells were subcultured and
used for experiment at 60–70% confluency.

2.8.2. Cell seeding on polymer film
Different composition of polyester films were cut into small pieces

having dimension of 5mm in diameter and 1mm in thickness. All
samples were sterilized by autoclave followed by ethanol treatment.
After evaporation of ethanol in biosafety cabinet, the samples was
washed with PBS for several times to remove any trace of ethanol.
Finally, the samples were put in 96 well plate and incubated with
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culture medium for 24 h in CO2 incubator to remove any unreacted
monomers presented in post-polymer. After that, ×2 103 cells were
seeded on the polymer films and cultured in CO2 incubator at 37 °C for
1, 4 and 7 day. To observe the cell attachment and cell proliferation,
MTT assay was carried out at 1, 4 and 7 day.

2.8.3. MTT assay
Cell viability and proliferation on the polymer films were quantified

by measuring the absorbance of formazan crystals at predetermined
time intervals such as 1, 4 and 7 day. Before addition of MTT, the media
was removed from each well and replaced with fresh DMEM media
containing 10 µl of MTT solution (5mg/ml) in each well of 96 well
plate. After that, the plate was incubated for 4 h at 37 °C followed by

Fig. 1. Schematic representation for the synthesis of monomers such as BHET, ESO, EBHET-OH and the polyester.
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removal of the media and addition of 100 µl of DMSO to dissolve the
formazan crystals formed by the live cell. After complete dissolution of
formazan crystals, polymer films were taken out from DMSO and con-
sequently the absorbance was recorded at 578 nm by plate reader (Erba
LisaScan EM, Transasia). All experiments was performed in triplicate.
All data were represented in triplicates (± SD).

2.8.4. Alizarin Red-S assay
To confirm the bone mineralization through osteogenic differ-

entiation of stem cell, we carried out Alizarin Red-S (ARS) straining.
After predetermined time intervals such as 7 and 14 day, attached cells
on the films were fixed with 4% paraformaldehyde for 30min at 37 °C
followed by staining with ARS (10mg/ml) for 30min after washing
with PBS thrice. After that, films were rinsed several times with double
distilled water to remove excess amount of dye and dried by ethanol
gradient. Digital images of stained films were collected by a digital
camera. To quantify the stained dye, stained films were immersed in
200 µl of 0.5 (N) HCl containing 5% SDS for 30min to dissolve the dye
and subsequently the absorbance of the dissolved dye was measured at
405 nm using plate reader. All experiments were performed in

triplicate.

2.8.5. Alcian blue assay
To check the chrondogenesis of stem cells, Alcian Blue (AB) assay

was performed. Similar to ARS straining, AB staining was carried out
after fixation of the attached cells on the films by 4% paraformaldehyde
for 30min at 37 °C followed by staining with AB dye for 30min. Digital
images of stained films were captured by a digital camera after re-
moving unstained dye with washing several times with double distilled
water followed by drying with ethanol gradient. After dissolving the
stained AB dye in 200 µl of 6(M) guanidine hydrochloride solution for
overnight, the absorbance of the dissolved AB dye was recorded at
630 nm using plate reader. All experiments were carried out in tripli-
cate.

2.9. Statistical analysis

All the UTM, degradation and biological experiments were con-
ducted in triplicate for reproducibility and the data are presented here
in the form of average value ± the standard deviation (SD). Two-way

Fig. 2. FTIR spectra of SO, ESO, BHET, EBHET-OH (a), NMR spectra of EBHET-OH (b).
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ANOVA in Graphpad Prism software was used to for statistical analysis
and for *, ** and *** were considered for p values < 0.05,< 0.01
and < 0.001 respectively.

3. Results and discussion

3.1. Polyester synthesis

Despite the development of several biopolymers for tissue en-
gineering application, suitable and inexpensive biopolymer is still re-
mained undiscovered for interfacial tissue regeneration. Most of the
biopolymers either useful for bone regeneration or cartilage formation.
Primarily this is due to complex material composition and mechanical
properties, it is difficult to regenerate tissue interface such as bone-
cartilage using a single biopolymer. The existing biopolymers have
limited clinical application for tissue regeneration due to its huge
production cost. In this context, biopolymers derived from waste ma-
terial or renewable resources may solve this problem for this life saving
emerging field. Being inspired from our previous studies [50,51], we
hypothesized that the incorporation of soybean oil through epoxidation
into BHET, SA, CA and MA based polyester may develop a novel low
cost biopolymer for tissue engineering application. The presence of
aromatic ring in BHET and the long aliphatic hydrocarbon chain in
soybean oil may provide hard segment and soft segment, respectively
which consequently may form tissue interface such as bone-cartilage for
ITE application. Prior to the synthesis of polyester, the polyol (EBHET-
OH) was synthesized by the reaction of ESO and BHET through solvent
and catalyst free ring opening reaction as shown in Fig. 1. Conse-
quently, the polyester was synthesized by melt polycondensation re-
action between the EBHET-OH and dicarboxylic acid (SA) in presence
of CA and MA which acted as crosslinker. All polyesters synthesized by
catalyst and solvent free melt condensation process to minimize any
unwanted cytotoxicity which is prime parameter for biomedical appli-
cations. All polyesters were consisted of two step processes including
pre-polymerization followed by post-polymerization. Pre-polymeriza-
tion is 2 h reaction where a waxy like polymer is obtained and com-
pletely cured polyester is formed after post-polymerization for 5 day at
120 °C. A series of polyesters were synthesized here just varying the
composition of ESO and BHET during the synthesis of EBHET-OH and
keeping constant the ratio of EBHET-OH: SA: CA: MA at 2: 1: 1: 0.5.

3.2. Structural characterization

The synthesis of starting materials such as BHET, ESO and EBHET-
OH was characterized by FTIR and 1H NMR as shown in Fig. 2. Fig. 2a
shows the characteristic peaks of SO at 3008 cm−1 due to the trans CeH
stretching of eCH]CHe, the peak at 2923 and 2854 cm−1 corre-
sponding to the asymmetric and symmetric stretching of eCH2 and at
1744 cm−1 related to the C]O stretching of triglyceride groups. After
epoxidation of SO, the peak at 3008 cm−1 completely disappeared and
a new peak appeared at 827 cm−1 corresponding to the epoxide group
which indicates the conversion of double bonds to epoxide ring as re-
ported previously [51]. On the other hand, the presence of sharp peak
at 3442 cm−1 (eOH stretching), less intense peak at 1713 cm−1 (C]O
stretching of ester group) and sharp peak at 723 cm−1 (para substituted
aromatic ring) signify the synthesis of BHET from recycled PET through
glycolysis as evidenced by Sarkar et al. [50] The synthesis of BHET from
PET was further confirmed by 1H NMR, DSC, TGA and XRD as shown in
Figs. S1 and S2. DSC spectra (Fig. S2b) shows the melting point of BHET
is 114 °C which is well correlated with the previous report [50]. Fig. S2
represents XRD patterns of PET having a broad peak at 25°.But, BHET
obtained by depolymerization of PET shows sharp peaks due to its
crystalline nature. The major peaks are observed at 7°, 16.7°, 21.3°,
23.6° and 27.8° which are almost similar to as reported by Zhou et al.
[58] After the ring opening reaction of ESO by BHET, the appearance of
broad stretching peak at 3479 cm−1, strong bending peak at 1100 cm−1

corresponding to the hydrogen bonded eOH group, sharp eCH2
stretching peak at 2924 and 2854 cm−1 as well as the disappearance of
epoxide peak at 825 cm−1 confirm the synthesis of EBHET-OH. In ad-
dition to this, the change of ester peak position of BHET or ESO from
1713 or 1739 cm−1, respectively to 1727 cm−1 for EBHET-OH also
suggests the formation of a new compound after reaction of ESO and
BHET which attributes the synthesis of EBHET-OH.

The synthesis of polyol was further confirmed by 1H NMR and the
corresponding NMR spectra are represented in Fig. 2b. Usually epox-
idized soybean oil demonstrates three significant peaks in between 2.8
and 3.3 ppm [51,59]. Whereas these peaks are completely disappeared
after ring opening reaction of ESO by BHET and new peak observed at
8.2 ppm corresponding to the aromatic ring present in polyol. Ad-
ditionally, appearance of more new peaks at 4.6 ppm (2H at number 6,
red), 4.4 ppm (2H at number 4, red), 4.1 ppm (2H at number 7, red) and
3.8 ppm (2H at number 5, red) further confirms the synthesis of EBHET-
OH through ring opening reaction of ESO by BHET. These data confirms
the synthesis of staring materials such as BHET and EBHET-OH suc-
cessfully.

The synthesis of polyester was also characterized by FTIR, 1H NMR,
XRD and TGA and the corresponding spectra are shown in Fig. 3. Fig. 3a
shows the FTIR spectra of post-polymerized polyesters with varying
ESO: BHET ratios of 3:1, 4:1, 5:1 and 6:1. It is observed that with in-
creasing the ESO content the peak intensity at 1708 cm−1 corre-
sponding to C]O stretching of ester group gradually decreased. The
reason can be explained that with increasing ESO content (i.e. de-
creasing BHET content) the number of eOH groups in polyol (EBHET-
OH) gradually decreased and consequently formation of ester groups
(through reaction of polyol and dicarboxylic acid such as SA) also de-
creased which resulted in gradual decrease of C]O stretching peak
intensity as observed in Fig. 3a. A broad peak at 3491 cm−1 was ob-
served for the polyester having ESO-BHET weight ratio of 3:1 indicating
the presence of unreacted hydrogen bonded eOH groups in the
polyester. As the number of eOH groups decreased with increasing the
ESO:BHET weight ratio and the number of available eOH groups in the
polyol (EBHET-OH) completely participated in the polycondensation
reaction for esterification which showed complete disappearance of the
eOH stretching peak at 3500 cm−1 region as shown in Fig. 3a for the
polyesters having ESO:BHET weight ratios of 4:1, 5:1 and 6:1. These
data suggests the synthesis of polyesters.

To validate the FTIR data, we further carried out 1H NMR of syn-
thesized polyester and the corresponding 1H NMR spectra of pre-
polymer (as the post-polymer is insoluble in any solvent) having
ESO:BHET weight ratio of 4:1 is shown in Fig. 3b. Due to complex
structure of the polymer and overlapping of the peaks, the 1H NMR
spectra in Fig. 3b suggests the presence of all monomers in the pre-
polymer. The peaks in between 4.0 and 4.5 ppm and at 8.2 ppm con-
firms the presence of BHET in the polyester. The two peaks at 1.3 and
2.3 ppm also suggest the presence of SA in the polymer backbone while
the peaks in between 2.7 and 3.0 ppm are corresponding to CA and MA.

The extent of crystallinity of the polyesters after post-polymeriza-
tion was analyzed by XRD analysis and the corresponding spectra are
shown in Fig. 3c. From Fig. 3c, it is observed that the polyester shows
typical characteristic crystalline peak at 19.3° (2θ) along with amor-
phous peak at 41° (2θ). Similar type of crystalline peak of BHET based
polyester was also obtained in the previous report [50]. It is also notices
that the intensity of crystalline peak initially increased from ESO:BHET
weight ratio from 3:1 to 4:1 and then declined with further increasing
the ESO:BHET weight ratio. As discussed in Fig. 3a, there was in-
complete reaction at the ESO:BHET weight ratio of 3:1 whereas com-
plete esterification reaction occurred at the weight ratio of 4:1 and
consequently resulted increased crystalline peak intensity compared to
that of the weight ratio of 3:1. The crystallinity may be obtained due to
presence of aromatic ring in the polyester backbone. Due to further
increment of ESO content (lowering BHET content) beyond the
ESO:BHET weight ratio of 4:1, the amorphous content in the polyester
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increased which resulted the reduction of crystalline peak intensity at
the ESO:BHET weight ratio of 5:1 and 6:1.

The post-polymers are also thermally well stable which was char-
acterized by TGA and the corresponding thermogram spectra are shown
in Fig. 3d. Fig. 3d shows that the polyesters are thermally stable up to
225 °C without any significant weight loss. However, all polyesters
showed very slow degradation beyond the temperature of 225 °C and
around 25% weight loss occurred at the temperature of 225 °C. After
that temperature a sharp weight loss happened at the temperature of
430 °C (obtained from derivative curve, Fig. S3) and complete thermal
degradation of all polyesters occurred at the temperature of around
480 °C. However, among the different polyesters, the polyester com-
prises with ESO:BHET weight ratio of 4:1 showed comparatively better
thermal stability (shown in inset) which may be due to the presence of
more crystallinity in its structure as shown in XRD (Fig. 3c). Due to
presence of lowest crystalline region in the polyester of ESO:BHET ratio
of 6:1 (as observed in XRD analysis), it showed comparatively lowest
thermal stability.

To know more information like glass transition temperature (Tg)
about the polymer, we further performed differential scanning calori-
metry (DSC) and the respective DSC thermograms and calculated Tg of
the polyesters at different ESO:BHET ratios are shown in Fig. 4. Fig. 4a
depicts the respective DSC curves of the post–polymerized polyesters at
different ESO:BHET weight ratios. Fig. 4a does not show any melting
peaks which suggests the elastomeric nature of the synthesized polye-
sters. Previous report also supports this observation [51]. Generally
elastomer shows single Tg below room temperature but thermoplastic
elastomer exhibits two different Tg due to presence of elastomeric soft
segment and thermoplastic hard segment. Interestingly, here two or
more Tg are observed for the elastomeric polyesters at various

ESO:BHET weight ratios as shown in Table 1.
Two, one, one and three Tg were obtained for ESO:BHET weight

ratio of 3:1, 4:1, 5:1 and 6:1, respectively from DSC thermogram (cal-
culated from instrument software). We further calculated the respective
Tg by second derivatives of DSC thermograms and the corresponding
second derivative graph is shown in Fig. 4b. It is found that the Tg
values calculated from second derivative graph and instrument soft-
ware were almost same as given in Table 1. The polyester having
ESO:BHET weight ratio of 3:1 showed two Tg at −24.3 °C (-25.1 °C,
instrument data) and 15.6 °C (21.4 °C, instrument data) which may be
due to the presence of soft segment (attributed by long alkyl chain of
ESO part) and hard segment (attributed by BHET part), respectively as
shown schematically in Fig. 4c. As discussed in the previous section
(Fig. 3a), the unreacted ESO-BHET polyol completely reacted in the
polyester of 4:1 ESO:BHET weight ratio and comparatively higher
crystallinity (as shown in Fig. 3c) of the polyester might show a single
Tg (−4.6 °C) which is in between the Tg of the polyester of 3:1
ESO:BHET weight ratio. In 4:1 ESO:BHET weight ratio polyester, the
hard segment predominated the amorphous soft segment (shown in
Fig. 4c) and the overall elastomeric nature of the polyester might show
less negative Tg compared to 3:1 ESO:BHET weight ratio polyester.
With further increasing the ESO content in the polyester with
ESO:BHET weight ratio of 5:1, the quantity of amorphous soft segment
increased (also reflected in XRD spectra, Fig. 3c) and consequently
lowered the Tg value (−17.9 °C, Fig. 4b) compared to that of preceding
polyester (4:1 ESO:BHET weight ratio). Interestingly, the polyester with
ESO:BHET weight ratio of 6:1 showed three Tg having the values of
−24.2, 1.4 and 17.2 °C which may be corresponding to the soft segment
(attributed by long alkyl chain of ESO), hard segment (attributed by
BHET) and self-induced crystalline hard segment (as shown by dotted

Fig. 3. FTIR of the post-polymer polyester with the ESO:BHET weight ratios of 3:1, 4:1, 5:1 and 6:1 (a), 1H NMR spectra of pre-polymer polyester with the ESO:BHET
weight ratio of 4:1 (b), XRD spectra (c) and TGA spectra (d) of the post-polymer polyester with the ESO:BHET weight ratios of 3:1, 4:1, 5:1.
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circle in Fig. 4c, below right of fourth quadrant), respectively.

3.3. Mechanical properties

In addition to the thermal properties of any newly developed
polymer, it is also necessary to know about its mechanical properties of
that polymer. Respective tensile stress-strain curve, ultimate tensile
strength, Young’s modulus and elongation at break of the post-poly-
merized polyesters at various ESO:BHET weight ratios are shown in
Fig. 5. Fig. 5a represents typical stress-strain curve of the polyesters at
different ESO:BHET weight ratios of 3:1, 4:1, 5:1 and 6:1. Stress-strain
curve shows the elastomeric nature for all polyesters. Polyester having
ESO:BHET weight ratio of 3:1 shows intermediate mechanical proper-
ties with Young’s modulus, ultimate tensile strength and elongation at
break of 1.91 ± 0.44MPa (Fig. 5b), 0.21 ± 0.04MPa (Fig. 5c) and

84 ± 22% (Fig. 5d), respectively. Due to the superior crystallinity of
the polyester with 4:1 ESO:BHET weight ratio (as discussed in previous
section, Fig. 3c), the mechanical properties significantly increased
compared to all polyesters and the corresponding Young’s modulus, and
ultimate tensile strength are 3.64 ± 0.26MPa (Fig. 5b),
0.34 ± 0.08MPa (Fig. 5c), respectively and consequently its elonga-
tion at break decreased from 84 ± 22% to 62 ± 10% (Fig. 5d). With
further increasing the ESO:BHET weight ratio (ESO:BHET weight ratio
5:1), the elongation at break significantly increased from 62 ± 10% to
184 ± 5% (Fig. 5d) which results the suppression of mechanical
properties and the corresponding Young’s modulus and ultimate tensile
strength are 0.66 ± 0.07MPa and 0.12 ± 0.03MPa, respectively.
This was occurred due to the decreasing of crystallinity of the polyester
with increasing the ESO content as shown in Fig. 3c. Interestingly, the
Young’s modulus and ultimate tensile strength of the polyester with
ESO:BHET weight ratio of 6:1 increased compared to that of 5:1
ESO:BHET weight ratio polyester despite the presence of higher amount
of ESO content and lowest crystallinity (as shown in Fig. 3c). This
phenomenon may be due to the formation of self-induced crystalline
domains by the alkyl chain of ESO as shown schematically in Fig. 4c
and consequently resulted the augmentation of Young’s modulus and
ultimate tensile strength with the value of 2.03 ± 0.63MPa (Fig. 5b)
and 0.19 ± 0.03MPa (Fig. 5c), respectively. As expected, the elonga-
tion at break of the polyester decreased from 184 ± 5% to 62 ± 6%
(Fig. 5d). The elastic modulus of these polyesters closely similar to
human tissues such as soft collagenous bone, ligaments etc.

Fig. 4. DSC spectra of post-polymer polyester with the ESO:BHET weight ratios of 3:1, 4:1, 5:1 and 6:1 (a) and their corresponding second order derivative curves (b),
schematic representation for the hypothesis of polymer chain conformation which is responsible for different Tg of the polyester (c).

Table 1
Comparative Tg values of different post-polymers determined from instrument
software and 2nd derivative of DSC thermograms.

Sample
ESO:BHET
(weight ratio)

Tg measured by instrument
software (°C)

Tg measured by second derivative of
DSC thermograms (°C)

Tg1 Tg2 Tg3 Tg1 Tg2 Tg3

3:1 −25.1 21.4 – −24.8 15.6 –
4:1 −4.1 – – −4.6 – –
5:1 −16.2 – – −17.9 – –
6:1 −24.6 21.1 1.7 −24.2 17.2 1.4
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3.4. In vitro degradation

For successful tissue engineering application, the polymeric bio-
material should be biodegrable within a particular time period. Despite
the presence of enormous suitable properties of various biopolymers
such as polycaprolactone (PCL), poly-l-lactic acid (PLA), poly(glycolic
acid) (PGA) etc. for tissue engineering application, poor and slow de-
gradation rate limits its clinical application for tissue regeneration.
Therefore, we checked the in vitro hydrolytic degradation of the syn-
thesized polyesters in PBS buffer at 37 °C prior to the further biological

studies for tissue regeneration and the corresponding degradation
profile is shown in Fig. 5e. It is observed that all polyesters at different
ESO:BHET weight ratios degraded completely within a month. Among
the all polyesters, the polyester having ESO:BHET weight ratio of 6:1
showed fast degradation rate, = ×k g h2.80 10 /d

3 (shown in Table 2)
and completely degraded within 15 days. The poor crystallinity (as
shown in Fig. 3c) may facilitated to penetrate more water molecules
inside the polymeric architecture (evident by highest swelling ratio
with the value of 3.80, Table 2) and resulted fast degradation through
bulk erosion as reported in previous report [Sarkar et al.]. Due to more

Fig. 5. Typical stress-strain curves (a), calculated Young’s modulus (b), ultimate tensile strength (c) and elongation at break of the post-polymer polyester with the
ESO:BHET weight ratios of 3:1, 4:1, 5:1 and 6:1 (d). In-vitro degradation data of post-polymer polyester with the ESO:BHET weight ratios of 3:1, 4:1, 5:1 and 6:1 in
PBS buffer (e).

K. Ghosal, et al. European Polymer Journal 122 (2020) 109338

9



elastomeric nature of the polyester having ESO:BHET weight ratio of
5:1 may be attributed to slowest degradation rate ( = ×k g h0.71 10 /d

3 ,
Table 2) and ~80% degradation occurred after 30 days (as shown in
Fig. 5e). The polyesters with ESO:BHET weight ratios of 4:1 and 3:1
showed moderate degradation rates with the values of

= ×k g h1.19 10 /d
3 and = ×k g h2.04 10 /d

3 , respectively. The mole-
cular weight of the polymer also played an important role on de-
gradation rate. From Table 2 it is noticed that the polyester of 5:1
ESO:BHET weight ratio possessed highest molecular weight segments
( =M g mol11, 412 /c , Table 2) in between the two crosslinking sites
which resulted slowest degradation rate among the all polyesters. Not
only molecular weight of polymer segment in between two crosslinking
site but also crosslinking densities have a combined effect on the de-
gradation rate. By the combination of molecular weight and cross-
linking density, the degradation rate of the polyesters followed the
order < < <k k k kd d d d(6:1) (3:1) (4:1) (5:1).

3.5. Fabrication of 3D-scaffold

3D scaffolds were initially prepared by salt leaching method ac-
cording to the previous reported techniques such as compression
technique [55] and 96 well plate technique [56]. Unfortunately, porous
3D scaffold was not formed using this polymer as shown in Fig. 6b
(compression technique) and c (96 well plate technique). In the pre-
vious work, the authors used PCL as the polymeric material and ob-
tained 3D porous scaffold through dissolving PCL in chloroform fol-
lowed by mixing with sodium chloride salt, making disk by
compression or putting in 96 well plate and then evaporating the sol-
vent and finally leaching out the salt and lyophilization. Here, the
polymer system is different and the final usable polymer is obtained
after post-polymerization preceding by pre-polymerization. After fol-
lowing previous reported methods, we had to post-polymerize after
evaporating the solvent and got 3D scaffold with distorted surface
without any pore after leaching out of salt particles and lyophilization
(Fig. 6b and c). This phenomenon may be explained by the fact that
during post-polymerization the polymer flows slightly which might
form a polymer skin over the salt particle and results closed pore after
leaching out of the salt particle. For successful tissue regeneration, the
scaffold should have interconnected porous structure which facilitates
cell growth, proliferation and differentiation [14,18]. To overcome this
problem, we developed a new method for fabrication of 3D porous
scaffold as described in previous section and shown schematically in
Fig. 6a. The corresponding SEM images of the 3D scaffold obtained
from the polyester with ESO:BHET weight ratio of 4:1 are shown in
Fig. 6d (low magnification) and e (high magnification). Fig. 6d shows
nicely 3D porous interconnected structure with the pore size within the
range of 250–450 µm without formation of any polymer skin as ob-
tained in previous reported methods (Fig. 6b and c). The high magni-
fication image (Fig. 6e) shows micropores within the macropore (shown
by white arrow) which may facilitate the nutrient transportation for
better cell growth. Therefore, this technique may be an attractive way
to fabricate the 3D porous scaffold for this type of polymer system.

3.6. In-vitro mineralization in SBF

As the composition of SBF is almost similar to the human blood
plasma [60], the suitability of any biomaterial to form bone in in vivo
model can be assessed by the formation of apatite on the surface of the
biomaterial in SBF. Therefore, we carried out in vitro mineralization
study on the 3D scaffold of the polyester with ESO:BHET weight ratio of
4:1 in SBF. The apatite formation on the scaffold was confirmed by
FESEM, EDAX and XRD and the corresponding images and spectra are
shown in Fig. 7. Fig. 7a and b depict the typical FESEM images of 3D
porous scaffold before and after immersing in SBF, respectively. Fig. 7a
shows nice porous architecture of the polyester 3D scaffold (ESO:BHET
weight ratio of 4:1) with the pore size within the range of 250–450 µm
which is ideal for bone formation [61] before mineral deposition in
SBF. Surprisingly, the pore size significantly decreased through mineral
deposition after 10 days of incubation in SBF and the pore size becomes
to around 10–100 µm as shown in Fig. 7b. The appearance of calcium
(Ca) and phosphorus (P) peak at 2.2 and 3.8 keV, respectively in EDAX
spectra (Fig. 7d) after 10 days of incubation in SBF confirms the mineral
deposition of the 3D scaffold. The deposition of hydroxyl apatite, which
is main component for bone was further confirmed by XRD and the
related XRD spectra are shown in Fig. 7e. Fig. 7e shows the XRD graph
of pure hydroxyapatite which shows the typical peaks at 31.7, 32.1 and
32.8° for 211, 112 and 300 plane, respectively. These data are well
correlated to the JCPDS (09-0432) of hydroxyapatite. After 10 day of
incubation in SBF, 3D scaffold showed the appearance of new peak
within the range of 31–33° confirms the deposition of hydroxyapatite
on the scaffold. Therefore, the polyester scaffold would be suitable for
bone formation in in vivo.

3.7. Cytocompatibility assay

Prior to the bio-application of any new material, it is necessary to
check the cytocompatibility of that material. Here, we used polyester
2D film with various ESO:BHET weight ratios for all biological studies.
For cytocompatibility assay of the polyester 2D films, MTT assay was
carried out at different intervals such as 1, 4 and 7 day and the corre-
sponding data is shown in Fig. 8a. From Fig. 8a, it is observed that
almost same number of cells were attached on the polyester 2D films
with all ESO:BHET weight ratios compared to control TCPS plate after
1 day of cell seeding which suggests the cytocompatibility of the
polyester at all ESO:BHET weight ratios. The contact angle values of the
polyester surface at all ESO:BHET weight ratios lie within the value of
88–99° (shown in Table 2) which are moderate values for cell attach-
ment as supported the previous report [51,62]. The number of cells did
not change after 4 day of culture for the polyester 2D films with
ESO:BHET weight ratios of 3:1 and 4:1 which are comparatively hard
polyester. But the cell number significantly increased (comparable or
better than control TCPS surface) on the comparatively soft polyester
films with ESO:BHET weight ratios of 5:1 and 6:1 after 4 day of in-
cubation. Surprisingly, the cell number dramatically increased espe-
cially on 3:1 and 4:1 ESO:BHET weight ratio containing polyester film
after 14 day of culture. Although, the polyester with 5:1 ESO:BHET
weight ratio showed better cell proliferation among the all polyester

Table 2
Comparative values of crosslinking density, molecular weights between two crosslinking units, swelling ratio, degradation rate constant and contact angle of different
post-polymers.

Sample
ESO:BHET
(wt ratio)

Crosslinking density (mol/m3) Molecular weight between cross-links
(Mc)
(g/mol)

Swelling ratio Degradation rate constant (kd) (g/h)
(×10−3)

Contact angle (Degree)

3:1 247 ± 56 4244 1.80 2.04 99.0 ± 0.5
4:1 470 ± 34 2299 0.06 1.19 88.1 ± 0.4
5:1 85 ± 9 11,412 0.08 0.71 92.2 ± 0.4
6:1 262 ± 82 3814 3.80 2.80 93.7 ± 0.1
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films and even control TCPS surface. There is a strong correlation be-
tween the cell attachment and its proliferation with mechanical prop-
erties of the polymer [63]. Li et al. [64] observed that the number of
cell attachment after 1 day of seeding on the material surface decreased
with increasing the material hardness or elastic modulus. Cell

proliferation also decreased with increasing material hardness and they
obtained maximum cell proliferation on comparatively soft surface
after 5 day of culture. Similarly, Murikipudi et al. [65] reported on how
the substrate modulus effects on the cell number and its growth rate.
They also noticed that the cell numbers significantly increased on soft

Fig. 6. Schematic representation for the fabrication of 3D scaffold by salt leaching method (a). SEM image of 3D scaffold obtained from post-polymer polyester with
ESO:BHET weight ratio of 4:1 by compression technique (b), 96 well plate technique (c) and low magnification image (d) and high magnification image (e) of newly
developed technique in this work.
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polymeric scaffold having modulus of 0.5 kPa whereas least number of
cells was obtained on highest modulus (1.4 kPa) scaffold after 21 day of
culture. Cell proliferation or growth rate also followed similar trend as
cell number. Here, we also observed similar trend where comparatively

soft polyester (ESO:BHET weight ratio of 5:1) facilitated better cell
attachment and cell proliferation compared to that of hard polyester.
The result suggests the cytocompatibility of the polyesters at all
ESO:BHET weight ratios.

Fig. 7. SEM images of in vitro mineralized 3D scaffold of polyester having ESO:BHET weight ratio of 4:1 in SBF at 0 day (a) and 10 day (b). The corresponding EDAX
spectra of the mineralized 3D scaffold at 0 day (c) and 10 day (d). XRD spectra of the mineralized 3D scaffold of polyester having ESO:BHET weight ratio of 4:1 at 0
and 10 day of incubation in SBF along with hydroxyapatite (e).
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3.8. Osteogenic and chondrogenic differentiation

In OA patients, the articular cartilage and the underlying sub-
chondral bone become damaged. Currently, there are no existing
therapeutic treatment to cure or regenerate such type of osteochondral
defect. Despite the enormous advancement in tissue engineering field,
conventional tissue engineering fails to regenerate such osteochondral
tissue interface due to presence of complex mechanical properties and
material composition. Interfacial tissue engineering has shown some
hope for the regeneration of osteochondral tissue interface
[33,34,36–38]. As per hypothesis of this work, we seeded the mouse
embryotic stem cells on 2D polyester films with all ESO:BHET weight
ratios and cultured for 7 and 14 days followed by staining with alizarin
red and alcian blue to confirm the osteogenesis and chondrogenesis of
stem cell, respectively. The corresponding photographic images of the

stained 2D polyester films are shown in Fig. 8b. Alizarin red generally
forms complex with calcium and results red color whereas alcian blue
complexes with proteoglycan present in collagen to form cyan color.
Fig. 8b shows that the red color intensity gradually increased with in-
creasing the ESO:BHET weight ratio and maximum color intensity was
obtained for ESO:BHET weight ratio of 4:1 and then the color intensity
declined beyond the ESO:BHET weight ratio of 4:1. As the polyester 2D
film itself has slightly reddish brown color, so we quantified the color
intensity through dissolving the alizarin red-Ca complex in HCl and SDS
solution mixture followed by measuring the OD and the corresponding
data are represented in Fig. 8c. The polyester with ESO:BHET weight
ratio of 4:1 showed highest OD value after 7 and 14 day which signifies
the formation of highest quantity of calcium through osteogensis of
stem cell. With further increasing of ESO:BHET weight ratio (ESO:BHET
weight ratio of 5:1 and 6:1), the OD value significantly decreased. The

Fig. 8. In vitro cell viability of 2D post-polymer polyester films having ESO:BHET weight ratios of 3:1, 4:1, 5:1 and 6:1 towards mouse embryonic stem cell (OP9) at
various time intervals of 1 day, 4 day and 7 day (a). Digital pictures of stained polyester 2D films by alizarin-red S (for bone formation) and alcian blue (for cartilage
formation) through osteogenic and chondrogenic differentiation, respectively of stem cells (b) and the corresponding quantification of alizarin red (c) and alcian blue
(d) after 7 and 14 day cell culture.
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superior Young’s modulus (3.64 ± 0.26MPa) and tensile strength
(0.34 ± 0.08MPa) of the polyester with ESO:BHET weight ratio of 4:1
might guide the stem cell towards osteogenesis. Similar effect was
found in previous studies [66–68].

In addition to this, the presence of aromatic moiety (from BHET
part) in the polyester architecture might also help in osteoconduction
for osteogenesis of stem cell and resulted the formation of more bone
mineral i.e. calcium. With increasing the ESO:BHET weight ratio, the
content of BHET decreased which reduces the osteoconductivity and
subsequently less calcium was formed through stem cell osteogenesis.

On the other hand, the polyesters with ESO:BHET weight ratios of
4:1 and 5:1 showed almost similar color intensity (Fig. 8b, here it is

looking bottle green which is obtained by combining cyan color with
the polyester reddish brown color) after staining with alcian blue which
attributes the formation of similar amount of collagen through chon-
drogenesis of stem cell. The quantification data (Fig. 8d) shows that
both the polyesters with ESO:BHET weight ratios of 4:1 and 5:1 showed
similar OD values after 7 day but the OD value significantly increased
for the polyester with ESO:BHET weight ratio of 5:1 after 14 day which
signifies the formation of more collagen through chondrogenesis of
stem cell. The lowest mechanical properties (Young’s modulus and ul-
timate tensile strength are 0.66 ± 0.07MPa and 0.12 ± 0.03MPa,
respectively) for the polyester with ESO:BHET weight ratio of 5:1 might
guide the stem cell towards the chondrogenic differentiation as

Fig. 9. SEM images of 2D post-polymer polyester films with ESO:BHET weight ratio of 4:1 (a, b) and 5:1 (c, d) after 7 and 14 day of cell culture. The corresponding
EDAX spectra of 2D post-polymer films ESO:BHET weight ratio of 4:1 after 14 day of cell culture (e).
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observed in previous report [66–68]. It is noticed that the polyester
with ESO:BHET weight ratio of 4:1 promotes both the bone formation
as well as cartilage formation compared to all other polyesters. Not only
the mechanical cues of the polyester stimulated the stem cell differ-
entiation but also the degraded product from the polyester might pro-
mote the stem cell differentiation towards both osteogenic and chon-
drogenic differentiation as found in previous report [69,70]. The
formation of bone minerals was further confirmed by SEM and EDAX
and the corresponding SEM images and EDAX spectra are shown in
Fig. 9. From SEM images it is observed that the stem cell became round
shaped after both 7 and 14 day of culture on the polyester 2D film
having ESO:BHET weight ratio of 4:1 as shown in Fig. 9a and b, re-
spectively. Whereas some cells acquired round shaped morphology
after 7 day of culture (Fig. 9c) but the overall round shaped morphology
disappeared after 14 day (Fig. 9d) on the polyester 2D film with
ESO:BHET weight ratio of 5:1. EDAX spectra of Fig. 9b shows the
presence of calcium (3.8 keV) and phosphorous (2.1 keV) which further
supports the formation of bone minerals through osteogenesis of stem
cell on the polyester with ESO:BHET weight ratio of 4:1.

4. Conclusion

A family of low cost biodegradable and biocompatible polyesters
were synthesized using SO, BHET (derived from recycled PET waste)
and other low cost, renewable resources such as SA, CA and MA by eco-
friendly, catalyst free and solvent free melt polycondensation process.
The mechanical properties and degradation rates of the polyesters can
be fine-tuned by varying the weight ratio of ESO and BHET. Deposition
of hydroxyapatite on the 3D scaffold in SBF suggests that the polyester
is suitable for bone tissue engineering application. Attachments and
proliferation of mouse embryotic stem cells on the 2D polymer films
suggest that polyesters are cytocompatible. The mechanical cues of the
polyesters guided the stem cell towards osteogenic and chondrogenic
differentiation although the differentiation was dependent on
ESO:BHET weight ratios in the polyester. Among the different polye-
sters, the polyester with the ESO:BHET weight ratio of 4:1 showed both
osteogenesis along with the chondrogenesis. Therefore, the polyester
with the ESO:BHET weight ratio may be regenerate osteo-chondral
tissue interface which is essential for OA patients although animal
studies are required before that.
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