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Poly(ester amide) derived from municipal
polyethylene terephthalate waste guided
stem cells for osteogenesis†

Krishanu Ghosal and Kishor Sarkar *

In spite of the recent progress in the field of tissue engineering, there is still a lack of suitable

biomaterials due to the high cost and difficult synthesis procedures of biopolymers. To address this

problem, herein, we have developed a bioresorbable poly(ester amide) using soybean oil and a

monomer bis(2-hydroxyethyl)terephthalamide (BHETA) derived from recycled poly(ethylene terephthalate)

waste (PET) and other low cost renewable resources, such as citric acid, sebacic acid and mannitol, by a

simple solvent and catalyst-free melt polycondensation reaction. A series of polymers were synthesized by

altering the monomer feed ratio and the synthesis was confirmed by FTIR spectroscopy, NMR spectroscopy,

TGA, DSC, XRD, etc. The synthesized poly(ester amide) showed excellent cytocompatibility against mouse

embryonic stem cells (OP9) with tunable mechanical properties along with a degradation rate that

depended on the monomer feed ratio. Interestingly, the poly(ester amide) guided the differentiation of stem

cells towards osteogenesis rather than chondrogenesis, although the extent of osteogenesis depended on

the monomer feed ratio. The formation of bone minerals was confirmed by alizarin red assay, SEM and

EDAX study. Therefore, the synthesized poly(ester amide) may be a potential alternative low-cost biopolymer

for bone tissue engineering applications in future.

Introduction

Tissue engineering is an interdisciplinary field of science and
medicine, which offers a wide range of possibilities by regene-
rating or replacing damaged tissues or organs that have lost
their functionality due to diseases, genetic errors or by severe
injuries.1 For successful tissue regeneration, the fabrication
and design of the scaffold material play very critical roles as the
scaffold supports cell adhesion, proliferation and extracellular
matrix (ECM) formation. An ideal scaffold for tissue engineering
should be biocompatible biodegradable in nature, and should
comprise a highly porous interconnected structure with sufficient
physical and mechanical properties so it can support cell attach-
ment, proliferation, differentiation and ECM formation, which will
ultimately lead to tissue regeneration.2,3 Till now, a wide range of
scaffolds have been prepared from ceramics, metals, composite
materials and polymers for tissue regeneration.4–6 In this context,
biopolymers are very useful for tissue engineering applications as
their synthesis and processing steps can be tuned easily and their

physical and chemical properties, such as surface wettability,
mechanical properties and biodegradability, can be altered
depending on the cell response.7

The currently available biopolymers for tissue engineering
applications include polyesters,8 poly(ester amides),9 poly-
anhydrides,10 polyphosphazenes,11 polyorthoesters,12 polyur-
ethanes,13 polyglycolic acid,14 polylactide-co-glycolide,15 and
polylactic acid.16 Most of these biopolymers are derived from
non-renewable resources, are very expensive and require com-
plicated synthesis steps and toxic metallic catalysts and organic
solvents, which limit their usage for tissue engineering
applications.7 In addition to this, often these biopolymers fail
to mimic the physical properties of the host human tissue;
thus, they are not suitable for tissue regeneration.17,18 Hence,
there is an urgent need for low-cost biopolymers derived from
renewable sources using a green synthesis process.

In the last few decades, the use of PET has increased
enormously due to its extensive applications in the food and
packaging industries.19–22 This extensive use of PET has resulted
in an ever-increasing volume of industrial and post-consumer PET
waste.23,24 Thus, the recycling and reuse of PET waste has become
a significant challenge throughout the globe.25,26 In this context,
the chemical recycling of PET waste by various processes, such as
glycolysis, hydrolysis, aminolysis and methanolysis, has received
much attention due to the easy conversion process.27,28 The goal
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of the present work was the synthesis of a novel poly(ester amide)
based on a monomer, bis(2-hydroxyethyl)terephthalamide (BHETA),
derived from recycled PET waste and other low-cost renewable
resources, such as edible soybean oil (SO), citric acid (CA), sebacic
acid (SA) and mannitol (MA) for tissue engineering applications.

Among the major components of soybean oil are the trigly-
cerides that consist of both saturated and unsaturated fatty
acids.29 The most convenient and best method to prepare
polyols from soybean oil is by epoxidation using inorganic
acids followed by an oxirane ring-opening reaction by alcohols
and hydrogenation.30 BHETA consists of two hydroxyl groups at
both ends that participate in the ring-opening reaction with
epoxidized SO to form a polyamide-polyol. In a previous study,
Sarkar et al.31 reported the synthesis of a polyester consisting
of bis(2-hydroxyethyl)terephthalate (BHET) as the monomer
derived from the glycolysis of PET waste. The polyester was
biocompatible both in vitro as well as in vivo, thus showing the
applicability in the bone tissue engineering field. Inspired from
that work, we hypothesised that the monomer BHETA derived
from PET waste by aminolysis may be useful for the synthesis of
a poly(ester amide) with improved mechanical properties due
to the presence of strong amide bonds within BHETA along
with a polymer backbone. The other monomers used for the
synthesis of poly(ester amide) were citric acid (CA), sebacic acid
(SA) and mannitol (MA). CA is an easily available and low-cost
weak organic acid with three acid groups and one hydroxyl
group; it also acts as a crosslinker and reacts with polyol to
form ester bonds as well as strong hydrogen bonds within
the polymer network. CA acts as a major intermediate in the
Krebs cycle,32 which is a central metabolic pathway for animals,
including humans. The Krebs cycle comprises a series of
reactions, which represent the main source of food-derived
energy in higher order animals. SA is also a biocompatible
inexpensive monomer and is used for the synthesis of bio-
polymers.33,34 MA is an alcoholic sugar and is often used as a
sweetener in diabetic food as it is metabolized in an insulin-
independent pathway.35 Hence, all these monomers used for
the synthesis of this novel poly(ester amide) were very cheap as
well as readily available and can be eliminated safely from the
body after degradation.

In particular, the objective of this work was to prepare a low-
cost biocompatible and biodegradable poly(ester amide) based
on SO, BHETA, SA as monomers and CA and MA as crosslinkers
for potential applications in the tissue engineering field.

Experimental section
Materials

Commercial PET bottles were bought from a local market
(Milton India Pvt. Ltd) at Kolkata, India. Soybean oil was also
purchased from a local market (Ruchi Soya Industries Pvt. Ltd)
at Kolkata, India. Ethanolamine, sodium acetate, glacial formic
acid, sulfuric acid (98%), hydrochloric acid, hydrogen peroxide
(30%), citric acid, mannitol, acetone, dimethyl sulfoxide (DMSO)
and sodium chloride were obtained from Merck India Pvt. Ltd.

Sebacic acid was procured from Loba Chemie Pvt. Ltd, Mumbai,
India. Acetone-D6 and DMSO-D6 were acquired from Chembridge
Isotope Laboratories (USA). Chloroform-D and paraformaldehyde
were purchased from Sigma Aldrich, Germany. (3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT), guanidine
hydrochloride, alizarin red-s and alcian blue were procured from
Sisco Research Laboratories India Pvt. Ltd (Mumbai, India).
Dulbecco’s modified eagle’s medium (DMEM), fetal bovine
serum (FBS) (US origin), penicillin–streptomycin, trypsin–
EDTA, Dulbecco’s phosphate-buffered saline (DPBS), sodium
dodecyl sulfate (SDS) and molecular grade water were obtained
from HiMedia Laboratories Pvt. Ltd (Mumbai, India).

Synthesis of BHETA

BHETA was synthesized by the depolymerization of PET as
reported earlier by Aslzadeh et al.36 with slight modification.
Briefly, PET bottles were cut into small pieces with a dimension
of 5 � 5 mm2. After that, 30 g of PET flakes (5 � 5 mm2) were
reacted with an excess amount (300 mL) of ethanolamine
(B1 : 12 molar ratio of PET : ethanolamine) under reflux condi-
tion at 180 1C for a period of 7 h in the presence of 0.3 g (1%)
sodium acetate by weight of PET flakes. After the completion
of the reaction, excess distilled water (600 mL) was added to
the reaction mixture with vigorous stirring to precipitate the
product BHETA and the dimer was subsequently separated out
by filtration. The filtrate majorly contained excess ethanol-
amine and some water-soluble PET degradation products. After
that, the precipitate of BHETA and the dimer was boiled in
distilled water for about half an hour and filtered, which was
followed by a recrystallization process. This step eliminated the
dimer from BHETA as dimers are insoluble in hot water
whereas BHETA is soluble in excess hot water. Finally, the
purified recrystallized BHETA was collected by filtration and
was vacuum dried to obtain the dry product. A schematic
representation of the synthesis of BHETA from PET waste is
demonstrated in Fig. 1a.

Synthesis of epoxidized soybean oil (ESO)

ESO was prepared by following the similar method as reported
by Kolanthai et al.37 Briefly, 100 mL of SO and 11 mL of glacial
formic acid were taken in a round-bottom flask and placed in
an oil bath at 55 1C with continuous stirring followed by the
addition of 0.5 mL of concentrated sulfuric acid (98%). After
that, 81 mL of hydrogen peroxide (30%) was added drop-wise
very slowly to the reaction mixture; during the addition of H2O2,
the temperature of the reaction mixture should be controlled
very carefully as the reaction is highly exothermic in nature.
After the complete addition of H2O2, the reaction was continued
for 7 h at 55 1C.

After the completion of the reaction, the yellowish-coloured
product was separated by a separating funnel, followed by
continuous washing with double distilled water until the pH
of the crude product was neutralized to 7. Finally, the faint
yellowish-coloured ESO was collected by rotary evaporation
followed by vacuum drying at 60 1C overnight. A schematic
representation of the synthesis of ESO is depicted in Fig. 1b.
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Synthesis of the polyamide-polyol (SO-BHETA-OH)

For synthesis of the polyamide-polyol (SO-BHETA-OH), we
performed a ring-opening reaction between ESO and BHETA,
as shown in Fig. 1b (with different weight ratios of 3 : 1, 4 : 1,
5 : 1, 6 : 1 of ESO : BHETA) in a two-necked round-bottom flask
at a temperature of 205 1C for 7 h under continuous N2 purging
and constant stirring. During the course of the reaction, the
colour of the reaction mixture changed from light yellow to
deep brown, which indicated the formation of (SO-BHETA-OH).
The synthesized SO-BHETA-OH was further characterized by
FTIR and NMR spectroscopy and subsequently used for the
synthesis of the poly(ester amides).

Synthesis of the poly(ester amide)

Poly(ester amide) was synthesized by a simple melt condensa-
tion reaction between the polyamide-polyol (SO-BHETA-OH),
CA, SA and MA, as shown in Fig. 1b. Briefly, 8 g of the
polyamide-polyol, 4 g of CA and 4 g of SA were taken in a

round-bottom flask and reacted for 1.5 h under a nitrogen
atmosphere at 160 1C. After 1.5 h of reaction, 2 g of MA was
added to the reaction mixture and further reacted for another
0.5 h under the nitrogen atmosphere (weight ratio of SO-BHETA-
OH : CA : SA : MA was maintained at 2 : 1 : 1 : 0.5). After 2 h of
reaction, the synthesized highly viscous poly(ester amide) was
termed as the pre-polymer and was collected for further charac-
terization and post-polymerization.

After the synthesis of the pre-polymer, it was collected in a
Teflon Petri dish and placed in a hot air oven at 120 1C for
5 days to get a crosslinked poly(ester amide), which was
designated as the post-polymer and was further characterised
by IR spectroscopy, TGA, XRD, DSC and UTM and used for all
the biological studies.

Characterization of the intermediates and poly(ester amide)

The synthesized SO, ESO, SO-BHETA-OH and poly(ester amide)
were characterized by Fourier transform infrared spectrophotometry

Fig. 1 Schematic representation of the synthesis of BHETA from PET waste (a) and the poly(ester amide) containing ESO, BHETA, SA, CA and MA by a
melt polycondensation process (b).
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(FTIR) on a PerkinElmer Spectrum Two spectrometer. The infrared
spectra were recorded in the frequency range of 4000–600 cm�1 with
8 consecutive scans at 1 cm�1 resolution. 1H nuclear magnetic
resonance (1H NMR) and 13C nuclear magnetic resonance (13C
NMR) spectra of SO, ESO, SO-BHETA-OH and poly(ester amide)
(pre-polymer) were collected at 400 MHz (Bruker Germany DPX
400 MHz NMR spectrometer) using deuterated acetone as the
solvent and tetramethylsilane as the internal reference. In the case
of BHETA, the 1H NMR and 13C NMR spectra were recorded using
deuterated dimethyl sulfoxide as the NMR solvent using a similar
instrument (Bruker Germany DPX 400 MHz NMR spectrometer).
Differential scanning calorimetry (DSC) thermograms of BHETA
were collected using a Mettler Toledo 822e (Mettler Toledo, Ohio,
USA) instrument within the range of 40–250 1C with a heating rate
of 10 1C min�1 using copper pan under a nitrogen atmosphere.
In the case of poly(ester amide) (post-polymers), DSC was carried
out from �70 1C to 200 1C under a nitrogen atmosphere at a
heating rate of 10 1C min�1 using a DSC 200 pc instrument
(NETZSCH, Germany). The thermogravimetric analyses of
BHETA and post-polymerized poly(ester amides) were performed
on a PerkinElmer, TGA 4000 (PerkinElmer, Waltham, USA)
instrument between 40–600 1C with a scan rate of 10 1C min�1

under a nitrogen atmosphere. X-Ray diffraction (XRD) patterns
of the poly(ester amide) films were recorded by wide-angle X-ray
scattering diffractometry (Panalytical X-ray Diffractometer,
Malvern Panalytical, Herrenberg, Germany) with Cu Ka radiation
(1.544 Å) in the range of 51–801 (2y) at 40 kV. The mechanical
properties of the post-polymerized poly(ester amide) were
characterized by a universal testing machine (UTM Zwick/Roell
Z050, Zwick/Roell, Germany) equipped with a data acquisition
software using a 20 N load cell according to the ASTM D638
standards with an elongation rate of 5 mm min�1. Prior to the
mechanical tests, the poly(ester amide) films were cut into
specific dimensions of 30 mm in length, 5 mm in width and
3 mm of thickness. The SEM images of the cell-seeded polymer
films were characterized by a FEI ESEM Quanta 200 (Hillsboro,
Oregon, USA) instrument after sputter-coating with gold for
10 min. The chemical composition of the mineral deposited
on the polymer films was also verified by energy dispersive X-ray
(EDAX) analysis, which was performed along with SEM. The
crosslinking density of the polymer film and molecular weight of
the polymer chain between the crosslinks were characterized
using the rubber elastic equation:

n ¼ E

3RT
¼ r

Mc

where n is the number of active chain segments per unit volume
(mole m�3), E is the Young’s modulus in Pascal, R is the
universal gas constant 8.314 m3 Pa K�1 mol�1, T denotes the
temperature 37 1C (310 K), r is the polymer density in kg m�3,
and Mc is the molecular weight between crosslinks.

Swelling test

For the swelling test, the post-polymerized poly(ester amides)
were cut into small pieces (dimension 10 � 10 � 2 mm3) and
weighed (W1), and after that, the post polymers were immersed

into double distilled water for 1 day and weighed again (W2).
The formula for calculating the % swelling ratio can be written
as follows.

% Swelling ¼ W2 �W1

W1

� �
� 100

In vitro degradation study

An in vitro degradation study was performed in PBS buffer
under continuous stirring condition at 37 1C. Briefly, the post-
polymerized poly(ester amides) were cut into small pieces
(dimension 10 � 10 � 2 mm3) and placed into the PBS buffer
solution (50 mL, pH 7.4) under shaking at 100 rpm in a shaker/
incubator. The PBS buffer was replaced with fresh medium at
regular intervals (every 2 days) to avoid the occurrence of any
auto acceleration hydrolysis process. After every four day inter-
val, the remaining polymer was dried at 55 1C in a hot air oven
until a steady weight was achieved, and the dry polymer weight
was recorded. All degradation studies were done in triplicate.
The degradation percentage of the poly(ester amides) was
calculated using the following equation.

% Mass remaining ¼ Mt

M0
� 100

where Mt is the weight of the remaining polymer at different
time points of degradation and M0 is the initial weight of the
polymer sample prior to degradation.

Cell viability and proliferation study

For the cell culture study, mouse embryonic stem cells OP9
(ATCCs CRL-2749t) were used, which were purchased from
ATCC USA. The cell culture was done in DMEM supplemented
with 10% FBS (v/v) and 1% penicillin–streptomycin antibiotic.
The cells were maintained in a CO2 incubator (ESCO Global)
at 37 1C and 5% CO2 atmosphere. The cells were harvested at
60–70% confluency using 0.05% trypsin–EDTA for further sub
culturing.

Cell seeding on polymer films

Poly(ester amide) synthesized using different compositions of
ESO and BHETA were cut into particular dimensions (round-
shaped, 5 mm in diameter and 1 mm in thickness) and placed
in 96-well plates. Prior to cell seeding, the polymer films were
sterilized in an autoclave, followed by UV irradiation and 70%
ethanol washing. Next, the polymer films were washed with PBS
several times to wash out the ethanol, which was absorbed by
the polymer films. After washing with PBS, the polymer films
were immersed in the cell culture medium overnight. After the
completion of sterilization, 2000 cells were seeded in each well
containing the polymer film. To check the cell morphology and
cell attachment, the cells were fixed with 4% paraformaldehyde
followed by washing with PBS and molecular grade water and
subsequently dried to 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90% and 100% before SEM imaging.

Paper NJC



14170 | New J. Chem., 2019, 43, 14166--14178 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

MTT assay

Cell viability and cell proliferation on the polymer films were
quantified by methylthiazoletetrazolium (MTT) assay at an
interval of 1, 4 and 7 days. Before the addition of MTT, the
medium was removed from all the wells and replaced with
fresh DMEM medium containing 10 mL of MTT (MTT stock
solution concentration 5 mg mL�1). After that, the well plates
were placed in a CO2 incubator at 37 1C for 4 h, followed by
the removal of the MTT-containing medium and the addition
of 100 mL of DMSO. After the complete dissolution of the
formazan crystals, the polymer films were taken out from the
wells and their absorbance was recorded at 578 nm by an
Elisa reader (Erba LisaScan EM, Transasia, Transasia Bio-
medicals Ltd, Mumbai, India). All the experiments were done
in triplicate. All data are presented as the mean of three
experiments (�SD).

Alizarin red S (ARS) assay

To check the osteogenic differentiation of stem cells, we
performed an Alizarin red S (ARS) assay, which is a well-
established method for the determination of osteogenesis.
To perform the ARS assay, the cells on the polymer film were
fixed after 7 and 14 days of cell seeding with 4% paraform-
aldehyde for a period of 30 min at 37 1C. After discarding the
paraformaldehyde solution, the polymer films were washed
with PBS three times. Then, the polymer films were strained
with ARS (10 mg mL�1) for a period of half an hour. After that,
the polymer films were rinsed with double-distilled water
several times to remove excess dye from the polymer film
and were then dried in a freeze drier. For the quantification of
mineral deposition, the ARS dye was dissolved in 200 mL of
0.5 (N) HCl containing 5% sodium dodecyl sulfate (SDS) for
half an hour. The absorbance of ARS was recorded at 405 nm
using an Elisa reader. All the experiments were carried out in
triplicate.

Alcian blue (AB) assay

The Alcian blue (AB) assay is a well-known method to determine
the chondrogenesis of stem cells. A similar procedure was
followed as described in the previous section. To quantify the
amount of chondrogenesis, the stained AB dye was dissolved by
immersing the polymer films in 200 mL of 6 (M) guanidine
hydrochloride overnight and subsequently the O.D value of the
dissolved AB was recorded at 630 nm using an Elisa reader.
All the experiments were repeated three times.

Statistical analysis

All the universal testing machine experiments and biological
experiments were performed in triplicate for reproducibility
and the data presented herein are in the form of the average
value � standard deviation (SD). Two-way ANOVA in Graphpad
Prism software was used for the statistical analysis and *, **,
*** and **** were considered for p values o0.05, o0.01,
o0.001 and o0.0001, respectively.

Results and discussion
Structural characterization

Fig. 2a represents the FTIR spectra of SO, ESO, BHETA and
SO-BHETA-OH. The IR spectra of SO showed the following
characteristic peaks: a peak at 3008 cm�1 corresponding
to trans –CH stretching frequency and peaks at 2923 and
2853 cm�1 due to the asymmetric and symmetric stretching
frequency of –CH2.38 A peak at 1743 cm�1 was due to the CQO
stretching of triglyceride. After the epoxidation of SO, the peak
due to the trans –CH stretching at 3008 cm�1 completely
disappears and a new peak is generated at 827 cm�1 due to
the conversion of the double bonds to epoxide bonds (high-
lighted in pink colour).37 In the case of BHETA, the peak at
3366 cm�1 is due to the primary alcohol present in BHETA.
The peak at 3289 cm�1 is attributed to the –NH stretching
frequency.39 The peak at 1627 cm�1 corresponds to the –CQO
stretching, which is present with the amide linkage, and
the peak at 1555 cm�1 corresponds to the secondary amide
bending. The peak at 1498 cm�1 denotes the aromatic C–C
bending and the peak at 1463 cm�1 is due to the methylene
–CH bending. The peak at 835 cm�1 represents the para
substituted benzene ring stretching (highlighted with green
colour). In addition to FTIR spectroscopy, the synthesis of
BHETA from PET waste was characterized by DSC, 1H, 13C
NMR spectroscopy and TGA, as shown Fig. S1–S4 (ESI†). For
SO-BHETA-OH, the –NH stretching frequency overlaps with the
hydrogen-bonded broad –OH stretching frequency in between
3730 and 3120 cm�1 (highlighted in blue colour). The asym-
metric and symmetric stretching frequency of –CH2 groups
can be observed at 2927 and 2858 cm�1, whereas the peak at
1742 cm�1 is due to the CQO stretching (highlighted with
yellow), which are present in the SO part of SO-BHETA-OH. The
peak at 1660 cm�1 is attributed to the CQO bonds (highlighted
with yellow) present in the amide linkage along with the peak at
1544 cm�1, which is due to the –NH bending that are present in
the BHETA part of SO-BHETA-OH. To confirm the synthesis of
BHETA from PET waste, we also performed 1H NMR spectro-
scopy of BHETA, as shown in Fig. S2 (ESI†). It can be observed
from Fig. S2 (ESI†) that the peaks at 8.52 ppm and 7.91 ppm are
attributed to the protons of the amide group and benzene ring
of BHETA, respectively. The other peaks at 4.75 ppm, 3.52 ppm
and 3.35 ppm are due to the hydroxyl hydrogen (number 3 H
atom in Fig. S2, ESI†), CH2 bonded to hydroxyl group (number
2 H atom in Fig. S2, ESI†) and CH2 (number 1 H atom in Fig. S2,
ESI†) bonded to amide group, respectively.36 The 13C NMR
spectrum of BHETA also confirmed the synthesis of BHETA,
as demonstrated in Fig. S3 (ESI†). It can be seen from Fig. S3
(ESI†) that the chemical shifts at 165.8 ppm, 136.6 ppm,
127.1 ppm, 59.7 ppm and 42.2 ppm correspond to the carbon
of a carboxyl group (number 3 C atom in Fig. S3, ESI†), aromatic
ring bonded C to a carboxyl group (number 2 C atom in Fig. S3,
ESI†), aromatic ring carbons that are non-bonded to a carboxyl
group (number 1 C atom in Fig. S3, ESI†), C bonded to a hydroxyl
group (number 5 C atom in Fig. S3, ESI†) and C bonded to an
amide group (number 4 C atom in Fig. S3, ESI†), respectively.
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Fig. 2b depicts the 1H NMR spectra of SO, ESO and SO-BHETA-
OH. In the case of SO, the peak at 5.32 ppm (designated in green
colour, number 1 peak) is attributed to the hydrogen attached
with double bonds. The two peaks at 4.16 ppm and 4.32 ppm
(highlighted in green colour, number 6 peak) correspond to the
protons present in the glycerol centre, while the shift at 0.87 ppm
(designated in green colour, number 3 peak) is attributed to the
methylene protons present at the end of SO. The peak at 2.28 ppm
(designated in green colour, number 4 peak) is ascribed to the
protons next to the carbonyl oxygen. After the epoxidation of SO,
the peak at 5.32 ppm due to the double bond protons disappears
completely and two new peaks appear at 3.02 ppm and 1.48 ppm
(shown in blue, number 1 peak). Similarly in the case of the
13C NMR spectrum of SO (Fig. S6, ESI†), the peak due to the two

carbon atoms attached to double bonds appears at 128.1 ppm and
129.4 ppm (numbers 2 and 3 C atoms in Fig. S6, ESI†), which
are diminished after the epoxidation and two new peaks arise at
53.7 ppm and 56.5 ppm (numbers 1 and 2 C atoms in Fig. S8,
ESI†). However no change in peaks were observed for the methy-
lene protons and protons present in a glycerol moiety. After the
reaction between BHETA and ESO, polyamide polyol was formed,
which is represented by SO-BHETA-OH, and the corresponding
1H NMR spectrum is shown in Fig. 2b. The peak at 7.95 ppm
(highlighted in red colour, number 5 peak) is attributed to the
protons attached with an aromatic ring present in SO-BHETA-OH,
whereas the peak at 5.87 ppm (highlighted in green colour,
number 4 peak) is due to the amide protons40 present in the
polyamide polyol structure. In addition, the peak corresponding

Fig. 2 FTIR spectra of SO, ESO, BHETA, SO-BHETA-OH (a), 1H NMR spectra of SO, ESO, SO-BHETA-OH (b).
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to the protons attached to the epoxide ring in ESO around
3.02 ppm and 1.48 ppm completely disappeared after the reaction
between ESO and BHETA, which confirmed the successful for-
mation of the polyamide polyol. The peak due to the methyl
protons at the end of the SO-BHETA-OH shows a chemical shift at
0.88 ppm, and the peak at 2.04 ppm is ascribed to the methylene
protons present in the polyamide polyol. Furthermore a new peak
at 2.83 ppm (highlighted in red colour, peak number 3) is
generated due to the –CH2 groups present in the BHETA portion
in SO-BHETA-OH. The exact 1H peak position and peak integrals
of SO, ESO and SO-BHETA-OH are shown in Fig. S5, S7 and S9
(ESI†). In the case of the 13C NMR spectrum (Fig. S10, ESI†) of
SO-BHETA-OH, the peak corresponding to the aromatic ring
bonded C near the carboxyl group (number 3 C atom in
Fig. S10, ESI†) appears at 130.47 ppm, while that of the four
aromatic C atoms (number 4 C atom in Fig. S10, ESI†) appear at
128 ppm. The other two major peaks at 80.44 and 73.13 ppm are
due to the C atoms of the SO segment attached to BHETA
(number 7 C atom in Fig. S10, ESI†) and C atoms of the SO
segment near BHETA (number 8 C atom in Fig. S10, ESI†).

The 1H NMR spectrum of the pre-polymer is demonstrated
in Fig. 3a. Due to the presence of multiple reactants, the NMR
spectrum of the pre-polymer (both 1H and 13C) is extremely
complicated and is very difficult to distinguish each and every
proton and carbon. However, in the case of 1H NMR spectrum
in Fig. 3a, the peaks in between 3 to 4 ppm correspond to the

CA and MA. The amide proton and peaks corresponding
to aromatic protons present in BHETA arise at 5.87 ppm and
8.04 ppm. The presence of SA in the polymer backbone is
confirmed by two peaks at around 1.3 ppm and 2.27 ppm. The
exact peak position and 1H peak integrals of the pre-polymer
are demonstrated in Fig. S11 (ESI†).

Fig. 3b represents the FTIR spectra of the post-polymerized
poly(ester amide). The broad peak in between B3500–3100 cm�1

confirmed the presence of –OH group in the post-polymerized
poly(ester amide). The two peaks at 2913 and 2823 cm�1 can be
attributed to the C–H stretching frequency. The peak at 1703 cm�1

corresponds to the ester linkages present in the poly(ester amide).
The –NH stretching frequency of the amide bond overlaps with
the broad –OH stretching frequency; however, the –NH bending
frequency of the amide bond can be observed at 1546 cm�1. The
peak at B1649 cm�1 is ascribed to the –CQO amide stretching
frequency. It was noticed from the FTIR peak pattern of the post-
polymerized poly(ester amide) that with a decrease in the weight
ratio of BHETA, there was a gradual decrease in the FTIR intensity
of the ester and amide bonds, which suggested a lower formation
of ester and amide bonds within the polymer backbone.

The X-ray diffraction pattern confirmed the amorphous
nature of the polymer. Fig. 3c depicts the typical XRD patterns
of the poly(ester amide). A broad peak was observed for all the
post-polymerized poly(ester amide) in between 10–301. There
were also two very little broad humps observed in between

Fig. 3 1H NMR spectrum of the pre-polymer poly(ester amide) made with ESO : BHETA weight ratio of 4 : 1 (a), FTIR spectra of the post-polymer
poly(ester amide) made with ESO : BHETA weight ratios of 3 : 1, 4 : 1, 5 : 1 and 6 : 1 (b), XRD spectra (c) and TGA thermograms (d) of the post-polymer
poly(ester amide) with ESO : BHETA weight ratios of 3 : 1, 4 : 1, 5 : 1 and 6 : 1.
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5–101 and 35–501. In terms of the crystallinity, all the polymers
had almost the same crystallinity. However, if we compare
them very precisely, we can say that the 4 : 1 weight ratio of
ESO : BHETA showed less crystallinity and the 5 : 1 weight ratio
of ESO : BHETA showed the highest amount of crystallinity,
albeit the difference in crystallinity was very low between them.
These data also support the swelling nature of the poly(ester
amide) (as shown in Table 1, where we can see the poly(ester
amide) with the ESO : BHETA content). The remaining two
weight ratios of ESO : BHETA, that is 3 : 1 and 6 : 1, lie in between
4 : 1 and 5 : 1 in terms of crystallinity.

We also studied the swelling nature of the poly(ester amides)
(results shown in Table 1). We observed that the poly(ester
amide) with an ESO : BHETA content of 5 : 1 demonstrated the
least swelling, with a swelling ratio of 0.03. This may be due to
the tight close packing structure of the polymer chains, which
resists the penetration of water molecules through them.

The other poly(ester amides) with ESO : BHETA contents of
3 : 1, 4 : 1 and 6 : 1 exhibited swelling ratios of 3.80, 1.96 and
0.08, respectively. The highest swelling ratio was observed in
the case of the 3 : 1 weight composition of ESO and BHETA,
which may be due to the presence of the least amount
of hydrophobic ESO content, followed by the 4 : 1 weight
composition.

Fig. 3d presents the TGA thermograms of different post-
polymerized poly(ester amides). From Fig. 3d, we can clearly see
that all the poly(ester amides) were thermally well stable up to
300 1C. After that, all the polymers gradually started to degrade
and in between 380 1C and 440 1C 90% of their initial weight
were degraded. Further increases in temperature caused a
complete weight loss of the poly(ester amide), and complete
degradation occurred at 550 1C for all the poly(ester amides).
In the case of poly(ester amides) with the ESO : BHETA ratio
of 3 : 1, 5 : 1 and 6 : 1, almost a similar type of TGA profile

Table 1 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 : BHETA
(wt ratio)

Crosslinking density
(mol m�3)

Molecular weight between
cross-links (Mc) (g mol�1)

Swelling
ratio

Degradation rate constant (kd)
(g h�1) (� 10�3)

Contact angle
(degree)

3 : 1 183 � 31 5738 3.80 0.075 73.0 � 0.45
4 : 1 263 � 71 4068 1.96 0.073 90.6 � 0.80
5 : 1 1573 � 45 693 0.03 0.030 94.3 � 0.01
6 : 1 449 � 33 2249 0.08 0.025 95.9 � 0.25

Fig. 4 Typical stress–strain curves (a), ultimate tensile strength (b), calculated Young’s modulus (c) and elongation at break of the post-polymer
poly(ester amide) with ESO : BHETA weight ratios of 3 : 1, 4 : 1, 5 : 1 and 6 : 1 (d). All the experiments were performed in triplicate for reproducibility and the
data are presented here in the form of the average value � the standard deviation (SD). **** were considered for p values o 0.0001.
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was observed. However, for the poly(ester amide) with the
ESO : BHETA weight ratio of 4 : 1, the degradation was a little
bit faster in comparison with other poly(ester amides), which
may have been due to the poor crystallinity of the 4 : 1 weight
ratio, as shown in Fig. 3c.

Fig. 4 presents the mechanical properties of the different
poly(ester amides). Fig. 4a shows the typical stress–strain curve
of the different poly(ester amides). From the stress–strain
curve, it can be clearly observed that the 5 : 1 composition
had both the maximum tensile strength and modulus of
1.1843 � 0.13567 MPa and 12.16 � 0.35 MPa, respectively.
The mechanical properties demonstrated by the poly(ester
amide) prepared with a composition of 5 : 1 weight ratio of
ESO and BHETA was the best among all the other compositions,
and moreover, its mechanical properties were far better than
some of the previously synthesized polymers for tissue engi-
neering applications, including polyester,37 poly(ester amide)41

and polyurethane,42 as well as comparable to some of the
polymer nanocomposite systems. In the case of elongation at
break (EAB), the 5 : 1 composition showed elongation at break
with a value of 48.43 � 3.56%, which is comparable to the
poly(ester amide) made with a 4 : 1 composition of ESO and
BHETA. However, the poly(ester amide) made with the 4 : 1
composition exhibited a much lower ultimate tensile strength
and Young’s modulus of 0.36383 � 0.163 MPa and 2.033 �
0.546 MPa, respectively, than those of poly(ester amide) 5 : 1
composition. The poly(ester amide) made with the 3 : 1 compo-
sition of ESO and BHETA displayed much poorer mechanical
properties compared with the poly(ester amide) made with the
5 : 1 composition of ESO : BHETA. In fact, it showed the mini-
mum tensile strength, with the ultimate tensile strength of
0.1892 � 0.03 MPa, Young’s modulus of 1.413 � 0.24 MPa and
elongation at break of 21.523 � 2.097%, whereas the poly(ester
amide) synthesized with the composition of a 6 : 1 weight ratio
of ESO and BHETA demonstrated a reasonable ultimate tensile
strength around 0.30867 � 0.0673 MPa and a Young’s modulus
of 3.47367 � 0.26 MPa, which were comparable with those of the
4 : 1 poly(ester amide); however, these were much lower compared
with the poly(ester amide) prepared with the 5 : 1 composition.

The superior mechanical strength of the poly(ester amide) made
with the 5 : 1 composition may be due to its greater crystallinity.
The mechanical properties of the synthesized poly(ester amides)
are quite similar to many soft tissues, like articular cartilage
(Young’s modulus in between 2.1–11.8 MPa; tensile strength of
9–40 MPa, tensile strain ranging in between 60–120%), smooth
muscle (Young’s moduli of 0.01–0.006 MPa; elongation at break
of 300%) as well as some other tissues, like bovine ligament,
ligamentum flavum and interspinous ligaments.31,37

Fig. 5 depicts the DSC spectra (Fig. 5a) and in vitro degrada-
tion data (Fig. 5b) of the poly(ester amides). From Fig. 5a, we
can clearly see that each composition of poly(ester amide) had a
distinct glass transition temperature (Tg). However, the polymers
did not have any melting temperature (Tm). It is clear from Fig. 5a
that with the increase in BHETA content there was a steady
increase in Tg of the polymer. This may be due to the increase
in stiff aromatic segments of BHETA with the increase in the
BHETA content in the polymer backbone. The poly(ester amide)
with the highest BHETA content, that is a 3 : 1 weight ratio of
ESO and BHETA, demonstrated a Tg of �43.7 1C, whereas the
poly(ester amides) with 4 : 1 and 5 : 1 weight ratios of ESO and
BHETA demonstrated Tg values of �44.7 1C and �46.6 1C. The
poly(ester amide) with the least amount of BHETA, that is the 6 : 1
weight composition of ESO and BHETA, demonstrated the Tg with
the lowest temperature among the poly(ester amides), that is
�47.6 1C.

Fig. 5b demonstrates the in vitro degradation behaviour of
the poly(ester amides) in PBS buffer (pH 7.4). Despite the
presence of various satisfactory properties of various biopolymers,
such as polycaprolactone (PCL) and polyurethanes, for tissue
engineering applications, the slow degradation rate restricts
their clinical application for tissue regeneration; in fact, PCL is
a well-known biopolymer but its degradation time is too long at
over 2 years.43–45 So, it is very important to check the biodegrad-
ability of any biomaterials before its bio-applications. From
Fig. 5b, it can be clearly observed that with the increase in the
ESO content (hydrophobic oil part), the degradation rate of the
poly(ester amide) is reduced. As we can see, the poly(ester amides)
with ESO : BHETA contents of 3 : 1 and 4 : 1 lose 50% percent of

Fig. 5 DSC thermogram of poly(ester amides) with ESO : BHETA weight ratios of 3 : 1, 4 : 1, 5 : 1 and 6 : 1 (a), in vitro degradation data of the post-polymer
poly(ester amide) made with ESO : BHETA weight ratios of 3 : 1, 4 : 1, 5 : 1 and 6 : 1 in PBS buffer (b).
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their initial weight by 30 and 36 days and are completely degraded
within 60 days from the starting day, whereas the poly(ester
amides) with 5 : 1 and 6 : 1 content ratios were degraded by only
39% and 32% after 56 days, with average degradation rates of
0.030 and 0.025 g h�1 (as shown in Table 1). Moreover, the
degradation rate of poly(ester amides) with 3 : 1 and 4 : 1 weight
ratios of ESO : BHETA had degradation rates of 0.075 g h�1 and
0.073 g h�1 (as shown in Table 1). The enhanced degradation
rate of these two compositions was due to the presence of a
lesser amount of hydrophobic ESO content than the other two
compositions.

Cytocompatibility cell attachment proliferation and
differentiation assay

From the above physicochemical characteristics, we can say that
the poly(ester amide) may be a potential candidate for tissue
engineering applications and also useful for making tissue
scaffolds. To check the cytocompatibility of the synthesized
poly(ester amide), we seeded multipotential mouse embryonic
stem cells OP9 (ATCC, USA) on the 2D polymer film. Mouse
embryonic stem cells are one of the most widely used stem cells
in the field of regenerative medicine due to their ability to
differentiate into different cell lineages in the presence of
specific biochemical cues. The cytocompatibility of the stem
cells on the polymer films was measured by an MTT assay,
which is a well-established assay to determine cell viability by

measuring the mitochondrial activity. We checked the number
of viable cells on the polymer films after 1 day, 4 days and
7 days of cell seeding by the MTT assay.

From Fig. 6a, it can be observed that there was an increase in
the number of cells with the increase in time, with the average
doubling time of OP9 cells being 26 h, which suggests that all
the polymers were cytocompatible and the cells were attached
to the polymer surface and were able to proliferate with time.
Similar observations were also reported in previous reports,
where the cell numbers were significantly increased with time
due to the cytocompatibility of the tested polymers.37,46,47 The
contact angle of water on the polymer films was between 731
and 961 (as listed in Table 1), which is well suited for the cell
attachment and proliferation.48,49 However, depending on the
ESO and BHETA composition, the stem cells exhibited different
proliferation rates, which can also be observed in Fig. 6a. After
1 day of cell seeding, a greater number of cell adhesion was
observed on all the polymer films compared to on the control
blank polystyrene tissue culture plate, which suggests that the
stem cells were well attached on the polymer surface. After
4 and 7 days of cell seeding, there was a significant increase in
cell numbers on both the control and on the polymers. However
after 7 days, in the case of only the 6 : 1 composition of polymer
film, there was a significantly higher number of cells attached
compared to the control, whereas in the case of the rest of the
polymer films, there was no significant difference compared to

Fig. 6 In vitro cell viability of 2D post-polymer poly(ester amide) films having ESO : BHETA weight ratios of 3 : 1, 4 : 1, 5 : 1 and 6 : 1 towards mouse
embryonic stem cells (OP9) at various time intervals of 1 day, 4 day and 7 days (a). Quantification of alizarin red (b) and alcian blue (c) after 7 and 14 day cell
culture on 2D post-polymerized poly(ester amide) films.
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Fig. 7 SEM images of 2D post-polymer poly(ester amide) films with an ESO : BHETA weight ratio of 5 : 1 after 7 days (a and c) and 14 days (b and d).
The corresponding EDAX spectra of the 2D post-polymer films with an ESO : BHETA weight ratio of 5 : 1 after 7 days and 14 days of cell culture (e and f).
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the control, which suggested that the cells were able to pro-
liferate well on the polymer surface. In a previous report,
Murikipudi et al. also observed a similar effect, where they
found that the cell proliferation increased with a certain modulus
of polymer and decreased after that with increase in modulus.50

To check the differentiation ability of the stem cells on the
polymer surface, we performed the ARS assay and AB assay for
osteogenic differentiation and chondrogenic differentiation of
stem cells without adding any external growth factor or differ-
entiation media. Fig. 6b and c exhibit the differentiation ability
of stem cells towards osteogenesis and chondrogenesis after
7 days and 14 days of culture. Interestingly, we found that stem
cells differentiated towards osteogenesis on the polymer surface.
More specifically, the poly(ester amides) made with 4 : 1 and 5 : 1
compositions of ESO : BHETA demonstrated superior osteogen-
esis compared to the control and the other polymer compositions,
which may be due to the strong mechanical performance of the
poly(ester amide) and inherent cues that were received by the
stem cells from the polymer samples. Gandavarapu et al.51

showed the effect of the matrix stiffness on the stem cell differ-
entiation and they found the osteogenic differentiation of human
mesenchymal stem cells (hMSC) by the comparison of a stiff
matrix (Young’s modulus of B25 kPa) to a soft matrix having a
Young’s modulus of B2 kPa. In another report, Sun et al.52

observed a similar effect, where the stem cell differentiated
predominantly towards osteogenesis by a crosslinked gelatin
scaffold with a higher stiffness (2.5 kPa) compared to a less stiff
non-crosslinked scaffold (0.6 kPa). The differentiation of hMSC
towards chondrogenesis in the presence of a soft surface with a
Young’s modulus of B1 kPa was observed.53 From the ARS assay,
we found that stem cells started osteogenesis after 7 days of
incubation, which increased significantly after 14 days of culture
and can be clearly observed in Fig. 6b. However, not all the
polymer films demonstrated the same efficacy towards osteo-
genesis. Among all the polymer samples, the poly(ester amide)
made with a 5 : 1 weight ratio of ESO and BHETA showed the
maximum potential towards osteogenesis, which may be due to
its superior mechanical properties among all the other polymer
samples. However, the polymer did not demonstrate any
chondrogenic differentiation after 7 days or 14 days of culture
on the polymer film (Fig. 6c).

To further evaluate and confirm the osteogenic potential of
the polymers, we performed SEM and EDAX analyses of the
polymer films after 7 days and 14 days of cell culture. Fig. 7a
and b demonstrate the SEM images of the polymer films
(poly(ester amide) made with a 5 : 1 weight composition of
ESO and BHETA) after 7 days and 14 days of stem cell culture.
Fig. 7c and d are the magnified images of Fig. 7a and b. Fig. 7e
and f demonstrate the EDAX spectra of the polymer films after
7 and 14 days of cell culture.

From Fig. 7a, we can clearly see that after 7 days of culture,
there was substantial amount of hydroxyapatite formation by
stem cells on the polymer films, which increased significantly
after 14 days (Fig. 7b) of incubation.

The EDAX spectrum in Fig. 7e shows the presence of calcium
(3.8 keV) and phosphorous (2.1 keV), which further supports

the formation of bone minerals through osteogenesis of the
stem cells, which increased significantly after 14 days (Fig. 7f).
From the SEM images and EDAX spectra, we can say that
hydroxyapatite minerals were deposited on the polymer films
after 7 days, and this significantly increased after 14 days of
incubation, which also supports the ARS data and confirmed
that the synthesized poly(ester amide) may be a promising
candidate for bone tissue engineering applications.

Conclusion

Herein, have a series of poly(ester amide) elastomers by a
solvent- and catalyst-free melt polycondensation reaction
between SO-BHETA-OH and other low cost renewable resourced
monomers, including SA, CA and MA. The poly(ester amide)
elastomer showed variable mechanical and degradation proper-
ties with the variation of the ESO and BHETA weight ratios. The
polymer showed excellent cytocompatibility against mouse
embryonic stem cells, and interestingly, the polymer guided
the stem cell differentiation towards osteogenesis rather than
chondrogenesis although the extent of osteogenesis was depen-
dent on the ESO : BHETA weight ratio. This phenomenon may
be attributed to the mechanical properties of the polymers, as
reported previously.54,55 Therefore, this novel class of poly(ester
amide) can be an alternative potential candidate for bone tissue
engineering applications in the future although extensive
in vivo studies are required, which are under investigation at
our lab.
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