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ABSTRACT: A family of soybean oil (SO) based biodegradable
cross-linked copolyesters sourced from renewable resources was
developed for use as resorbable biomaterials. The polyesters were
prepared by a melt condensation of epoxidized soybean oil polyol
and sebacic acid with citric acid (CA) as a cross-linker. p-Mannitol
(M) was added as an additional reactant to improve mechanical
properties. Differential scanning calorimetry revealed that the
polyester synthesized using only CA as the cross-linker was
semicrystalline and elastomeric at physiological temperature. The
polymers were hydrophobic in nature. The water wettability,
elongation at break and the degradation rate of the polyesters
decreased with increase in M content or curing time. Modeling of
release kinetics of dyes showed a diffusion controlled mechanism
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underlies the observed sustained release from these polymers. The polyesters supported attachment and proliferation of human
stem cells and were thus cytocompatible. Porous scaffolds induced osteogenic differentiation of the stem cells suggesting that
these polymers are well suited for bone tissue engineering. Thus, this family of polyesters offers a low cost and green alternative
as biocompatible, bioresobable polymers for potential use as resorbable biomaterials for tissue engineering and controlled release.
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B INTRODUCTION

Tissue engineering is a rapidly emerging field of medicine, as it
promises to treat millions worldwide suffering from loss of
tissue function due to damage from injury or trauma. Successful
tissue regeneration involves the use of a three-dimensional
(3D) scaffold with an open porous structure and of sufficient
mechanical properties to facilitate cell growth, proliferation, and
differentiation for tissue formation."” The biomaterial for an
ideal scaffold must be biocompatible and biodegradable to be
resorbed as the tissue forms. Various types of scaffolds prepared
from ceramics, naturally derived polymers and synthetic
polymers have been used for tissue engineering.” Biodegradable
polymers are useful as their degradation rate, biodegradability,
processing routes and chemical functionalization can be tuned
to optimize mechanical properties, control scaffold architecture
and control cell response.*”¢

Several biodegradable polymers such as polyanhydrides,”
polyorthoesters,” polyphosphazenes,” polyhydroxyalkanoates'®
and the polyesters of polyglycolic acid (PGA),"" polylactic acid
(PLA),"* polylactide-co-glycolide (PLGA),"* polyurethane,'*
etc. have been developed for biomedical applications including
drug delivery and tissue engineering. Many of these polymers
are expensive, derived from nonrenewable sources and the
synthesis requires toxic catalyst and/or large volumes of organic
solvents.*!® In addition, the mechanical properties of these
polymers do not mimic that of human tissues and thus are not
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well suited for tissue engineering. Therefore, there is a need to
develop low cost biodegradable polymers for tissue engineering
derived from renewable sources and prepared by green
synthesis routes.

Soybean oil (SO) is one of the cheapest vegetable oils that is
abundantly available. Polyurethanes prepared from SO have
been reported in recent years.'™'® In general, polyurethanes
tend to exhibit slower degradation rates compared to
polyesters,'” which is leveraged for biomedical applications
requiring chemically stable, nondegradable materials such as
tubing, catheters, drapes, wound dressing, and in some drug
delivery devices.”® The high melting temperature of polyur-
ethanes compared to polyesters is suggested to be a plausible
mechanism underlying enhanced stability.”! For tissue
engineering, scaffold prepared from bioresorbable polyesters,
which are susceptible to hydrolytic and enzymatic degradation
are widely utilized. There are few reports on the synthesis of
SO based polyesters.”> >* However, SO based polyesters have
not been reported for biomedical applications previously.

Triglycerides are the major component in SO and these
include both saturated and unsaturated fatty acids.”® Epox-
idation followed by oxirane ring opening is the best method to
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prepare polyols from SO using inorganic acids, alcohols, and
hydrogenation.26 Ricinoleic acid (RA) consists of hydroxyl and
carboxyl functional groups for the formation of polyols and
ester linkage in the polymer backbone” It is a bioactive
molecule that has analgesic and anti-inflammatory uses®® and is
released when the polymer degrades. Fatty acids are disposed
from the body by the $-oxidation pathway. p-Mannitol (M) is
derived from mannose and is metabolized in an insulin
independent manner.” Citric acid (CA) is a readily available,
inexpensive monomer with multifunctional groups and is
known to act as a cross-linker. It is reactive and forms
hydrogen bonding within a polyester matrix. It is an
intermediate in the Krebs or the CA cycle.®® Sebacic acid
(SA) is an easily available biocompatible monomer, used as a
biopolymer and chemotherapy agent.*' SA is completely
converted into acetyl CoA and succinyl CoA that subsequently
enters the Krebs cycle. Thus, all these monomers used to
prepare polymers were nontoxic and can be eliminated safely
from the human body after degradation.

The aim of this work was to prepare biocompatible,
biodegradable copolyesters, which are elastomers from SO
and SA using CA as the cross-linker. Mannitol was used as an
additional reactant to improve the mechanical properties of the
polymers. All these monomers are obtained from the renewable
resources. In this study, we have prepared SO based
copolyesters by melt condensation. The mechanical properties
were tailored by varying the curing process and cross-linker
concentration. Physico-chemical properties, release kinetics and
human stem cell response on the polyester surface were
characterized for potential use as biodegradable biomaterials.

B EXPERIMENTAL SECTION

Materials. Consumer refined soybean cooking oil was procured
from Fortune-Adani Wilmar, India. RA and SA were purchased from
Sigma-Aldrich. All the monomers used were 99% pure. Glacial formic
acid, sulfuric acid, hydrogen peroxide, and CA were purchased from
Merck, India. Tetrahydrofuran (THF), dimethylformamide (DMF),
and M were brought from S.D. Fine Chemicals.

Synthesis of Epoxidized SO and SO Polyol. Epoxidized SO
(ESO) was synthesized according to the previous report.*> 100 mL of
SO and 11 mL of glacial formic acid were taken in a round-bottom
flask placed in an oil bath at 55 °C. 0.5 mL of concentrated sulfuric
acid was added to the mixture with constant stirring followed by
dropwise addition of 81 mL of 30% hydrogen peroxide, and the
reaction was continued for 7 h at 55 °C. The crude product was
filtered to remove excess water and then washed with water several
times to neutralize the product. Finally, the light yellowish colored
ESO was obtained by rotary evaporation followed by vacuum drying at
60 °C.

SO polyol (SO—OH) was prepared by the ring opening reaction of
ESO. For this reaction, 3 g of ESO and 1 g of RA were taken in a 100
mL three-neck round-bottom flask equipped with a reflux condenser.
The reaction mixture was refluxed with continuous stirring at 160 °C
for 8 h under nitrogen atmosphere. During reaction, the solution color
changed from light yellow to wine red and finally to a dark red viscous
liquid. The synthesized SO—OH was used directly at the subsequent
stage to synthesize the SO based polyester.

Synthesis of Soybean Oil based Polyester. A family of
polyesters was prepared by initially reacting up to four different
components (SO—OH, SA, CA and M) to form the prepolymer and
subsequently curing the prepolymer. When the prepolymer was
prepared from either two or three components, as listed in Table 1, the
components were taken in a 100 mL three neck round-bottom flask
and mixed using a magnetic stirrer at 160 °C for 120 min with
continuous nitrogen purging. When all the four components were used
to prepare the polymer, the weighed amounts of SO—OH, SA and CA
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Table 1. Composition of Polymers Containing Either CA or
M Cured at 120° C for S Days

weight (g)
SO-OH SA CA M weight ratio SO—OH:SA:CA:M remarks

2 1 1 0 1:0.5:0.5:0 elastomeric but
soft

2 1 20 1:0.5:1:0 brittle polymer;

2 2 1 0 1:1:0.5:0 crumbles into
powder and

2 4 1 0 1:2:0.5:0 fragments after

2 4 2 0 1:2:1:0 curing

2 1 0 2 1:0.5:0:1

“Same as MO in Table 2.

were taken and melted as mentioned above with constant stirring for
90 min under nitrogen purging. Subsequently, M at different weight
ratios, as listed in Table 2, was added to the reaction mixture. The
reaction was continued for 30 min under the same condition. After
cooling, the obtained prepolymer was transferred to a Teflon Petri dish
and postpolymerized at 120 °C without vacuum at 3 and S days to
obtain the final polyester. The postpolymerized polyesters are referred
to as MX wherein X indicates the content (weight ratio) of M in the
polymer. The weights taken and the compositions of the different
polyesters prepared in this work are listed in Table 2.

Characterization. The proton (*H) and carbon (**C) nuclear
magnetic resonance spectra of modified SO and prepolymers were
recorded at 400 MHz in a Bruker NMR spectrometer. Acetone dg and
tetramethylsilane were used as the solvent and the internal reference,
respectively. Prepolymers were purified by solution precipitation
method according to our previous report> before NMR character-
ization. Fourier transform infrared (FTIR) spectra of SO, ESO, SO—
OH, and synthesized polyesters were recorded using PerkinElmer
Spectrum 100 FTIR spectrometer attached with attenuated total
reflection (ATR) accessories. Differential scanning calorimetry (DSC)
thermograms were recorded using a TA Instruments Thermo DSC
Q100 in the range of —50 to +250 °C at a heating rate of 10 °C/min.
The melting point, glass transition, and crystallization temperature of
synthesized polyesters were analyzed from DSC thermograms. The
static water contact angle of all postpolymerized polyesters surface was
measured by sessile drop method using Dataphysics contact angle
equipment at 25 °C. The contact angle of the liquid—solid interface
was determined by placing a small drop of water (1 uL) through a
microsyringe on the polymer film and simultaneously recording the
angle made with the tangent using SCA20 software. The measurement
was carried out at three different positions on each polymer surface
and averaged. The mechanical properties of all polyesters at different
postpolymerization time were carried out using 10 N load cell
(Mechanism micro universal testing machine) and data acquisition
software. All samples were cut into dog-bone shapes using a punching
machine, and the experiment was carried out at room temperature
with stain rate of S mm/min (ASTM D638). The elastic modulus was
measured from the initial slope of the stress—strain graph, and the
experiment was carried out six times for each sample and averaged.

The molecular weight of polymer chain in between the cross-links
and the cross-linking density were measured using the rubber elasticity
equation:

E, _»p

n= =
3RT M, (1)

In eq 1, n is number of active network chain segments per unit volume
(mol/m?); E, is Young's modulus (Pa), R is universal gas constant
(8.314 J/mol K), T is absolute temperature (300 K), M. is the
molecular weight between the cross-links (g/mol), and p is the
polymer density (g/m?). The p of the synthesized polymers was
calculated using water by Archimedes’ principle.

In Vitro Degradation. To characterize the degradation in vitro,
the postpolymerized polymer films (8 X 8 X 1 mm) were taken in
nylon mesh bags and immersed in 20 mL of phosphate-buffered saline
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Table 2. Composition, Swelling Ratio and Sol Content of Polymers Containing Both CA and M cured at 120° C

weight (g) swelling ratio % of sol content
3 day S day 3 day S day
code SO-OH SA CA M  weight ratio SO—OH:SA:CA:M remarks (S day cured) cured cured cured cured
Mo 2 1 1 0 1:0.5:0.5:0 elastomeric but soft 32+03 3.0%+03 14 +1 10+2
M0.05 2 1 1 010 1:0.5:0.5:0.05 elastomeric and progressively higher 3.0 + 04 26 +02 12x1 9+1
elastic modulus with increasing M
content
MO.15 2 1 1 0.30 1:0.5:0.5:0.15 29 +£0.1 22+ 04 11+1 8+1
MO0.25 2 1 1 0.50 1:0.5:0.5:0.25 2.7+£02 19 + 03 10+1 7+1
MO0.50 2 1 1 1 1:0.5:0.5:0.5 brittle and hard 2.0 £ 02 1.5 £02 6+1 4+1
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Figure 1. Schematic illustration for preparation of SO—OH and followed by SO based polyesters.

(PBS; pH 7.4) with constant shaking at 100 rpm at 37 °C. Samples
were removed from PBS at predetermined time points and dried at 50
°C until constant weight was attained. The percentage mass loss of the
polymer was calculated from the following equation:

o _ Mo - Mt
%My = ——— X 100

M, ()

where M, is the mass of polymer before degradation and M, is the
mass of polymer after degradation at specified time ¢.

In Vitro Dye Release. To assess the release capability of the
polyester, the release of model dyes was investigated. 10 wt %
Rhodamine B (RB, hydrophilic) and Rhodamine B base (RBB,
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hydrophobic) dyes were dissolved in 3 mL of N,N-dimethyformamide
(DMEF) followed by addition of 90 wt % prepolymers (MO and MO0.25)
in a Teflon Petri dish with constant stirring to make a homogeneous
solution. The solvent was evaporated from the dye loaded polymer in a
laminar air flow chamber at 25 °C for 2 days followed by
postpolymerization at 120 °C for 3 and S days. The dye loaded MO
and M0.25 postpolymerized films (8 X 8 X 1 mm) were taken in a
cotton bag and immersed in 20 mL of PBS (pH 7.4) at the
physiological temperature of 37 °C with continuous shaking at 100
rpm for dye release study. 200 yuL of the solution containing the
released dye was withdrawn at definite time intervals for measurement
and replaced with 200 uL of fresh PBS. The amount of dye released
from the polymers was determined by measuring the absorbance (1 =
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553 nm) using a microplate reader (BioTek Synergy HT). All
experiments were carried out in triplicate.

Fabrication and Characterization of Films and Porous
Scaffolds. 30 wt % MO and MO0.2S prepolymers were dissolved in
tetrahydrofuran (THF) and used for preparation of flat films (two-
dimensional, 2D) and macroporous 3D scaffolds. For films, 100 uL
polymer solutions were drop casted on microscope coverslips (12 mm
diameter) and subsequently dried at room temperature. 3D porous
scaffolds of M0.25 with dimensions of 8 mm diameter and 3 mm
height were fabricated by a salt leaching method. 0.5 mL of polymer
solution was added to a 2 mL polypropylene centrifuge tube
containing 2 g of NaCl crystals sieved to a size range of 250—425
um. The tube was centrifuged at 1.3 X 10* rpm for 20 min to facilitate
the ingress of the polymer solution into the packed NaCl bed, and
subsequently air-dried overnight to remove the solvent. The films and
the scaffolds were kept in an oven at 120 °C for S days for
postpolymerization. After the polymer cured, the tube containing the
scaffolds was cut into 3 mm height. The salt particulates were leached
out in deionized water for S days with repeated changes of the water
every 12 h. Finally, the scaffold was freeze-dried (Labconco) for 1 day.
The surface morphology and pore size of the scaffold were analyzed
using scanning electron microscopy (SEM, FEI ESEM Quanta 200).

Stem Cell Studies. Bone marrow derived human mesenchymal
stem cells (hMSCs, Stempeutics) from a 25 year old male donor were
cultured in growth medium (GM) composed of knockout Dulbecco’s
modified Eagle’s media (KO DMEM, Invitrogen) supplemented with
15% MSC-qualified fetal bovine serum (Invitrogen), 1% glutamax, and
1% antibiotic mixture of penicillin—streptomycin (Invitrogen), and
incubated at 37 °C in a humidified atmosphere with 5% CO,. Passage
4 cells were used for all studies reported herein.

Prior to cell seeding, films and scaffolds were washed in ethanol and
dried under UV light. Films of MO and MO0.25 were placed in 24-well
plates and 1 X 10* cells were added to each well. Porous scaffolds were
inserted in 48-well plates and were seeded with 1 X 10* cells for each
well. Cells grown on the tissue culture polystyrene (TCPS) well
surfaces were taken as the controls. hMSC viability on films and
scaffolds was evaluated using WST-1 assay (water-soluble tetrazolium
salts, Roche) at 1, 3, and 7 days. At each time interval, culture medium
was removed and samples were washed with PBS. 400 uL of 10%
medium containing WST-1 was added to each well and incubated for 3
h to observe the color change from pink to yellow. Optical absorbance
was measured at 440 nm using a microplate reader. To observe cell
morphology, samples were fixed with 3.7% formaldehyde, dried,
sputter coated with gold, and observed under SEM.

Osteogenesis and mineralization in vitro was studied using Alizarin
red S (ARS) dye on 3D scaffolds cultured with hMSCs for 7 and 14
days in GM. Cells grown on TCPS in GM and osteogenic medium
(oMm) containing known osteogenic supplements, as reported
previously, were taken as the controls.** At each time point, cells
were fixed with 3.7% formaldehyde for 30 min and stained with 2% AR
dye for 20 min and washed several times with deionized water to
remove excess stain. The stain was dissolved in 0.5 mL of 0.5 N HCL
containing 5% SDS for 30 min. The absorbance of the dissolved AR
stain was measured at 415 nm using a microplate reader and
quantified. Separately, the mineral deposition on scaffolds was
analyzed using SEM with energy dispersive X-ray analysis (SEM-
EDX).

Statistical Analysis. Statistical analysis of WST and AR assay data
(six replicates each) was carried out by one-way analysis of variance
(ANOVA), and differences were considered statistically significant for
p < 0.05.

B RESULTS AND DISCUSSION

Polyester Synthesis. A family of SO based polyesters was
synthesized by solvent and catalyst free melt polycondensation
of SO—OH with other monomers derived from renewable
resources such as SA, CA, and M. First, SO—OH was
synthesized by epoxidation of SO followed by ring opening
reaction of ESO by RA (Figure 1). The synthesized ESO and
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Figure 2. Chemical characterization of chemically modified SO. FTIR
spectra of SO, ESO, and SO—OH (a), and '"H NMR spectra of SO,
ESO, and SO—OH (b).

SO—OH were characterized by FTIR spectroscopy, as shown in
Figure 2a. The IR spectra of the SO show the following
characteristic absorption peaks: 3013 cm™ (trans = C—H
stretch), 2922, and 2852 cm™' (asymmetric and symmetric
stretching of —CH,, respectively) and 1744 cm™ (C=O0
stretching of triglyceride).

The intensity of the peak at 3013 cm™" corresponding to the
double bonds presented in SO was much lower compared to
that of —CH, stretching (2922 and 2852 cm™') and C=0
stretching (1744 cm™). After epoxidation, the peak at 3013
cm™! completely disappeared and a new peak appeared at 824
cm™, indicating that all double bonds converted to epoxide
ring. The peak for the hydroxyl group appeared at 3466 cm™
after reaction of ESO with RA and the peak for the epoxide
group disappeared, indicating that all the epoxide rings reacted
with RA to form SO—OH by ring opening. The intensity of
hydroxyl peak is related to the number of double bonds. As the
peak intensity for the double bond was low, the peak intensity
of the corresponding hydroxyl groups was not so intense.
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Figure 3. Chemical characterization of synthesized polyesters. FTIR
spectra of MO, M0.05, M0.15, M0.25, and MO0.50 after S days of
postpolymerization (a) and 'H NMR spectrum of purified M0.25

prepolymer (b).

Figure 2b shows the 'H NMR spectra of SO, ESO, and SO—
OH. The chemical shifts at 4.0—4.4 ppm and 5.3—5.5 ppm
were attributed to the presence of glycerol backbone and
unsaturated double bonds in SO. The peak for the methylene
proton at the position 4 carbon atom (green) was obtained at
2.8 ppm. The peak intensity for the protons of unsaturated
double bonds significantly decreased after epoxidation, and new
peaks at 2.8—3.3 ppm appeared, indicating the formation of
epoxide ring (indicated by 1, red) at the double bonds.*® The
chemical shifts at 1.5—2.2 also indicated the formation of
epoxide ring at the double bonds. The peak intensity for
epoxide ring decreased after reaction of ESO with RA and new
peaks were observed at 4.9 ppm attributed to the proton
attached to the newly formed ester bond (indicated by 2,
blue).** Additionally, the peak for proton attached to the
carbon adjacent to hydroxyl group was obtained at 3.5-3.8
ppm. The peak for unsaturated proton comes from RA and
appeared at 5.3—5.6 ppm, indicating the chemical conjugation
of RA with ESO to form SO—OH.

The synthesized SO—OH was reacted with SA and CA in the
presence or absence of M. CA acts as a cross-linker with M as
an additional reactant to yield a cross-linked polyester (Figure
1). The polyester was prepared by prepolymerization followed
by postpolymerization. The prepolymers were synthesized by
melt condensation followed by curing. Table 1 shows the
different weight ratios of the monomers for the synthesis of the
polyester with either CA or M. It was observed that the
polymer of SO—OH:SA:CA:M with a weight ratio of
1:0.5:0.5:0 was elastomeric but soft after curing for S days.
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Figure 4. DSC of different polyesters with varying D-mannitol

contents after 3 days (a) and S days (b) postpolymerization.

With an increase in CA content, the polymer was found to be
brittle, and therefore, the cured polymer fragmented into
smaller pieces when it was removed from the Petri dish after
curing. Thus, M was added as an additional reactant (Table 2)
to improve the mechanical properties of the polymer. However,
the polyester prepared using only M in the absence of CA
yielded a brittle polymer (Table 1). Thus, the polymers listed in
Table 2 were used for further studies. The synthesized
prepolymers were soluble in different solvents such as acetone,
dioxane, THF, dimethyl sulfoxide (DMSO), and DMF, whereas
postpolymerized polyesters were insoluble in the above
solvents. All the prepolymers were analyzed using gel
permeation chromatography to determine the molecular
weights. All the prepolymers had molecular weights in the
range of 1000—1200 Da. As the cured copolymers were not
soluble in the solvents, the molecular weights of the cured
copolyesters could not be determined. To determine the gel
fraction of these polyesters after curing, the polymers were first
swelled in DMSO for 24 h and then dried under vacuum for 24
h. The swelling ratio and the sol content were computed from
the weight gain and weight loss, respectively and given in Table
2. It is clearly observed that the swelling ratio and % of sol
content decreased with increasing M content or increased
curing time.

Structural Characterization of Polyester. Figure 3a
shows the FTIR spectra of the polyesters after 5 days
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Table 3. Thermal Properties of the Copolyesters Cured for 3 and S Days

thermal properties (+1 °C)

3 day cured S day cured
code weight ratio SO—OH:SA:CA:M T, (°C) T, (°C) T. (°C) T, (°C) T, (°C) T. (°C)
Mo 1:0.5:0.5:0 -11 104 68 =7 106 69
MO0.0S 1:0.5:0.5:0.05 —11 114 84 =7 108 70
Mo0.15 1:0.5:0.5:0.15 -11 92 46 =7 98 48
Mo0.25 1:0.5:0.5:0.25 -12 87 26 -8 91 38
MO0.50 1:0.5:0.5:0.5 -14 a? a -11 a a

“The “a” indicates no T,, and T. values were observed.

postpolymerization without M and varying amounts of M. The
absorption peak for hydroxyl group at 3466 cm™" presented in
SO—OH disappeared after postpolymerization, indicating that
all hydroxyl groups reacted with carboxylic acid groups of SA
and CA to form ester bonds. The corresponding ester peak was
obtained at 1696 cm™" along with the triglyceride ester peak at
1736 cm™". The peak at 1736 cm™ is ascribed to free ester
(C=O stretching) bond, whereas the peak at 1696 cm™" is due
to hydrogen bonded C=0 stretching after the curing process.
Similar results were obtained when ESO in the presence of
tetraethylammonium bromide catalyst was thermally cured by
using methylhexahydrophthalic anhydride (curing agent).””*
The peak intensity of the ester bond gradually increased with
increase in M content that can be attributed to the formation of
more ester bonds. The peaks at 2922 and 2852 cm™" arise due
to the —CH, symmetrical and asymmetrical stretch, respec-
tively. Figure S1 of the Supporting Information shows the FTIR
spectra of MO and M0.25 polyesters postpolymerized for 3 and
5 days. A broad peak of hydroxyl stretching at 3466 cm™" was
absent and C=O stretching of ester increased for both
polyesters at S days postpolymerization compared 3 days,
indicating the S days postpolymerization reached saturation of
polymerization.

To confirm the observations in FTIR, 'H and *C NMR were
also carried out. Figure 3b shows the 'H NMR spectra of
purified prepolymer of M0.25. From proton NMR, it was not
possible to determine the monomer composition in the
prepolymer due to overlapping peaks. NMR confirmed the
presence of all monomers in the polymer. The peaks at 5.3—5.8
ppm correspond to the protons attached to the unsaturated
carbon atoms present in RA. SA showed the peaks at 1.2—1.8
and 24 ppm. The overlapped peak at 2.8—3.2 ppm was
obtained for both CA and M. The alcohol peaks of M and CA
overlap § at 3.3 to 4 ppm.*

The synthesis of SO—OH and polyesters was further verified
by C NMR spectrum (Figure S2 of the Supporting
Information). In SO, the chemical shifts were observed at
172.5 ppm and 128—130 ppm due to carbonyl carbon of
triglyceride and unsaturated carbons, respectively. Other peaks
at 22—34 ppm were related to methylene carbons, and the peak
at 14 ppm corresponds to terminal carbon of methyl (—CHs,)
groups.” After epoxidation of SO, a new peak appeared at 52
ppm, indicating the formation of the epoxide ring.*’

The peak height at 52 ppm, corresponding to the carbon
atoms of epoxide ring, is small in the *C NMR spectra.
However, additional evidence is provided by FTIR and NMR.
FTIR and '"H NMR spectra showed strong peak at 824 cm™
and 2.8—3.3 ppm, respectively, indicating and confirming the
presence of epoxide ring in ESO.
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The disappearance of peak at 52 ppm was due to reaction of
ESO with RA* The g, B, and the remaining methylene
carbons of SA were observed around 24 to 36 ppm. The
carboxylic carbon peaks for SA and CA were obtained at
around 175 and 170 ppm. The quaternary carbon in CA in MO
is seen as the small peak at around 75 ppm.*' For M0.25, the
additional peaks for carbon atoms of M appeared within 62—65
ppm.*!

Thermal Properties. Figure 4a,b shows the DSC thermo-
grams of all the polymers cured for 3 and S days, respectively.
Table 3 summarizes their glass transition (T,), melting (T,),
and crystallization (T.) temperature for the cured samples.
Similarly, T, and T peaks were observed in M0.0S and M0.25.
It appears that, at low concentrations, M does not hinder the
formation of crystalline phases, which is indicated by the T,
and T, peaks. At a higher concentration of M (MO0.50), no
melting and crystallization peaks were observed and this
suggests that MO.S is amorphous. This is likely because a higher
fraction of M added into polymer matrix leads to increased
cross-linking of the polymer chains, which leads to a decrease in
free volume and acts as an impediment in polymer
crystallization.*” The extremely large number ester and
hydrogen bonds formed appears to have resulted in an
amorphous M0.5 polyester.*’ All the compositions of polyester
showed T, values less than 0 °C, which indicates that the
polyesters will exhibit nonglassy behavior in vivo (at 37 °C). As
shown in Table 4, the cross-linking density increased, whereas
molecular weight between cross-links (M,) decreased with an
increase in M content. The increased cross-linking density and
shorter M, imparts increased amorphous content consistent
with the findings from DSC, as discussed above.

Mechanical Properties. For tissue engineering, the elastic
modulus of these polymers is an important parameter, as they
have to match the modulus of different tissues in the human
body. Table 4 shows the percentage elongation at break, tensile
strength, and elastic modulus determined from tensile stress—
strain curves for all the polyesters of different M content after 3
and S days of curing. Representative stress—strain plots of all
the polyesters after 3 and S days of curing are shown in Figure
Sa,b, respectively. The elastic modulus gradually increased from
0.44 to 1.33 MPa with increase in M content in the polyester at
3 days. The elongation at break decreased monotonically from
107% to 18% with increase in M content. The modulus further
increased (ranging from 0.46 to 3.17 MPa with increased M
content) with increase in the curing time to S days. The
elongation at break gradually decreased (ranging from 68% to
8% with increasing M content) for polyesters cured for S days.
MO.S after S days of curing was too brittle and lacked the
elastomeric nature desired for preparing tissue scaffolds. These
trends arise because of increase in extent of cross-linking with
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Figure 6. In vitro hydrolytic degradation profiles of 3 day (a) and §
day (b) cured polyesters. All experiments were conducted in triplicate
and the error bars represent one standard deviation.

Table 5. Degradation Rate Constant

kg (gh™)
polymer 3 day cured S day cured
MO 8.9 8.4
MO0.05 6.4 S.1
MO0.15 5.6 2.9
Mo0.25 34 2.3
MO0.50 3.1 1.3

a recent study, a biodegradable phosphoester prepared from
castor oil and SO has been reported and its use in biomedical
applications has been proposed.*®

Wettability Study. Surface water wettability of a polymer is
important for its use as a biomaterial, as it determines its
degradation rate, drug release kinetics, protein adsorption, and
cellular response. Table 4 tabulates the water contact angles of
polyesters cured for 3 and 5 days. The contact angle for 3 day
cured polyesters was marginally lower than that of 5 day cured.
This increase in water contact angle may be attributed to the
reduced availability of unreacted hydroxyl functional groups
with curing. The contact angle was approximately 85° for the 5
day cured MO polymer. It gradually increased from 85° to 95°
with increasing M content in the polymer. It was expected that
the increase in M content in the polyester would afford more
hydrophilic (OH) groups to the polymer surface and thereby
increase the wettability. Interestingly, the polyester surface
showed a decrease in wettability (higher contact angle) as the
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curing time and concentration of the M increased. This
suggests that all the free hydroxyl groups likely reacted with
carboxyl groups present in the other monomers, leading to the
formation of long aliphatic carbon chains.

Degradation Study. Figure 6a,b shows the degradation
profiles of polyesters cured for 3 and S days in PBS (pH 7.4) at
37 °C. Complete degradation (100% weight loss) of MO
polymer was observed after the seventh week (1176 h) for 3
day cured and eighth week (1344 h) for S day cured samples.
Further, the degradation rate gradually decreased with increase
in M content in the polyester. After 8 weeks, the weight loss of
MO0.05, M0.15, M0.25, and MO0.50 was 99%, 89%, 67%, and
59% for 3 day cured, respectively, and 87%, 68% 28% and 17%
for S day cured polymers, respectively. The degradation rate
decreased around 40% for 3 day cured and 80% for 5 day cured
MO0.50 compared to the corresponding MO samples by 8 weeks.
The initial kinetics of degradation was modeled as zero-order
rate law (where kg is the rate constant of degradation) as
follows

dMm,
dt

— ™

(3a)

In eq 3a, M, is the initial mass and M, is mass of polymer after
degradation at a given time t. The equation may be solved to
obtain

Mt

t—q
MO

_ kg

M, (3b)
The values of k; are compiled in Table S and are determined
from the initial slopes of the lines in Figure 6a,b. These results
indicate that kyq decreased with increase in cross-linking either
due to prolonged curing or increased M content. This is due to
the higher cross-linking density which can lead to the formation
of longer hydrophobic polymer chains which lowers the
diffusion coefhicient and maximum resistance against hydrolysis.
These data are also consistent with the hydrophobicity of the
polymer (water contact angles in Table 4). Increased
hydrophobicity tends to moderate hydrolytic degradation of
the polyesters likely because of the ingress of the water into the
polymer for hydrolytic degradation is retarded.

Dye Release. The release kinetics of the dyes, RB and RBB,
from 3 and 5 day cured MO and MO0.25 polymers were
investigated (Figure 7ab) because these polymers exhibit
markedly different mechanical properties and degradation
profiles. After 720 h, the fractions of RB released from the 3
day cured MO and MO0.2S polymers were 99% and 55%,
respectively. The corresponding values were 80% and 50% from
the S day cured polyesters. In the case of RBB loaded MO and
MO0.25, the fractions of dye released were 44% and 23% for 3
day cured polymers, respectively; and 39% and 19% for S day
cured polyesters after 720 h. RB was released faster than RBB
from the MO in a controlled manner. A similar result was also
observed for M0.25. This may be attributed to the presence of
more hydrophilic tert N* group and CI ions in RB relative to
the more hydrophobic RBB dye. Hydrophobic interactions
between a hydrophobic dye and the hydrophobic polyesters
prepared in this study will moderate the release of RBB relative
to RB. Interestingly, as the hydrophobicity of the polymer
increased with increased cross-linking due to either increased
curing time or M content, the release of RB and RBB from both
MO and MO0.25 polymers slowed. Because the dye release is
determined by the hydrolytic degradation and erosion of the
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Figure 7. In vitro release profiles of model hydrophilic RB dye and model hydrophobic RBB dye from MO (a) and M0.25 (b) polymers cured for 3
and 5 days. The error bars indicate standard deviation between three replicates. The log—log plots of (M,/M,,) versus time (based on eq 5) for MO
(c) and M0.25 (d) of RB and RBB release. All experiments were conducted in triplicate and the error bars represent one standard deviation.

Table 6. Dye Release Rate Constant

MO_RB MO RBB  MO025 RB  M025 RBB
rate 3 S 3 S 3 $ 3 S

constant days days days days days days days days

k (h™) 15 09 09 06 07 06 05 04

polymer, increased hydrophobhicity resulting from increased
cross-linking retarded the dye release. We recently observed
similar trends of dye loaded hydrophobic poly(xylitol
dicarboxylate) polyesters.*

The dye release mechanism can be modeled using the
Korsmeyer—Peppas semiempirical relation®® to determine the
dye dissolution profile

4)

where M, is the dye released at time t, M, is the total amount
of dye released, k is the rate constant, and n is the release
exponent. Equation 4 can be written as

M
ln(—t) =In(k) + nlnt
M

(s

)

Figure 7c,d shows that log—log plots of (M,/M,,) versus time
of RB and RBB released are linear for both MO and MO0.25
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polyesters. A value of n = 0.67 was used to fit the data for the
initial release. A value of n > 0.5 indicates the polyesters exhibit
a non-Fickian/anomalous release behavior.”® The values of the
parameter k were calculated from the RB and RBB release
profiles, and are tabulated in Table 6. The k value of RB was
lower than the corresponding value for RBB for a given
polymer. The value decreased for both RB and RBB with
increased curing time. The value also decreased with increased
M content. The release of the dye is governed by a number of
factors such as uniform dispersion of drug in polymer matrix,
solubility of the drug in dispersion media, bonding between
drug and polymer, polymer hydrolytic degradation, degree of
cross-linking, porosity, size of drug molecules, and wettability.>!
The observation that k decreased for RB and RBB as M content
increased or curing time increased suggests that the release
depends on the degree of cross-linking between polymer chains
and, as a result, on the degradation rate of polymer and its
water contact angle. M0.25 could thus be used for sustained
drug delivery system, whereas MO can be used for the rapid
release of a drug. In tissue engineering, drugs and biomolecules
are commonly released from the scaffolds. Rapid release of
antimicrobial and anti-inflammatory drugs at the implantation
site may be desired for certain applications, whereas sustained
release of osteoinductive factors can be leveraged to stimulate
stem and progenitor cells to augment tissue formation in the
case of bone regeneration, for example.
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Figure 8. Stem cell response to the polymer. hMSC proliferation in growth medium (GM) on tissue culture polystyrene (TCPS) surface, MO_2D
and M0.25_2D films, and M0.25_3D scaffold measured using WST assay at 1, 3, and 7 days (a); SEM micrograph of cells on M0.25_2D film at day
3 (b); SEM micrograph of porous M0.25_3D scaffold with inset showing digital photograph of the whole scaffold (c); quantification of mineral
deposition in M0.25_3D scaffold in GM, and on TCPS plates in GM and osteogenic medium (OM) by Alizarin red assay at 7 and 14 days (d);
SEM-EDX spectra confirming deposition of calcium phosphate minerals in M0.25_3D scaffold at day 14 with SEM of mineralized scaffold shown in
the inset (e). Statistical analysis are based on assay data from six replicates each and an asterisk (*) indicates statistical significance (p < 0.05).

Cytocompatibility and Stem Cell Osteogenesis. The
physicochemical characterization reported above showed that
the polyesters prepared from ESO, CA, and SA optionally
containing varying M content, as listed in Table 2, exhibited
elastomeric properties and were thus potential candidates for
preparing tissue scaffolds. Increasing M content up to 0.25
improved mechanical properties and attenuated the rate of
hydrolytic degradation. The polyester was brittle and non-
elastomeric with a low % elongation at break at higher M
content (MO0.5). It was also observed that the porous scaffolds
could not be prepared from MO0.5, as further discussed below.
Thus, films of MO and MO0.25 cured for S days prepared by drop
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casting were used to evaluate cytocompatibility in 2D culture
format (cells on surface). Primary bone marrow hMSCs were
used for this work, as the polymer is intended for use in tissue
regeneration. hMSCs are multipotential cells that are being
widely studied for use in stem cell based therapies. Osteogenic
differentiation of hMSCs is well established. Cells on the films
and scaffold were evaluated using the WST assay, which
measures mitochondrial activity of viable cells, and is thus taken
as a measure of the number of cells at 1, 3, and 7 days (Figure
8a). There were no significant differences between the numbers
of attached cells at 1 day. The increase in optical density (O.D.)
at days 3 and 7 suggests an increase in number of cells. At day
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3, the number of cells was significantly higher on M0.25 than
on MO and TCPS.

At day 7, the number of cells was higher on M0.25 than
TCPS, which was higher than on MO. Cell morphology was
assessed by SEM. Figure 8b is the representative micrograph of
cells on M0.25 at 3 days. hMSCs are conventionally known to
exhibit an elongated, spindle-shaped morphology on TCPS
surfaces. In contrast, we observed that the cells exhibited a less
spread, rounded morphology on these polymers, likely due to
the hydrophobic nature of the polymers. Thus, both polymers
MO and MO0.25 were determined to be cytocompatible and
capable of supporting cell proliferation.

Macroporous scaffolds are widely prepared for tissue
engineering, and salt leaching is the most commonly used
technique wherein sodium chloride is used as the porogen.
250—425 pum sized salt crystals were used, as this range is
postulated to be optimal for bone tissue engineering.*>
Scaffolds were prepared using MO0.2S, as it was observed to
be better in supporting cell growth, as discussed above. SEM
micrographs revealed an interconnected open porous structure
of the scaffolds with pores in the size range of approximately
240—400 pm (Figure 8c).

Osteogenic differentiation of hMSCs in M0.2$ scaffolds was
confirmed by formation of mineral deposits at 7 days that
significantly increased by day 14, as revealed by ARS
quantification (Figure 8d). Little mineralization could be seen
on TCPS surfaces in OM at 7 and 14 days, as expected. In OM,
mineralization on TCPS at 14 days was comparable to that in
the scaffolds. Note that in vitro mineralization of hMSCs in the
scaffolds was observed in the scaffolds even in the absence of
soluble osteoinductive factors. The chemical nature of the
mineral deposits was confirmed from SEM-EDX, which
indicated characteristic P and Ca peaks (Figure 8e)
corroborating the findings of the ARS results. CA is an
important comgonent of bone and has been implicated in
mineralization.>® The presence of CA in the polymer and its
putative release after degradation of the polymer could have
played an important role in driving osteogenesis, as is reported
recently.>* The role, if any, of the other polymer degradation
products on driving stem cell fate is less well understood and
will require further investigation. Thus, the M0.2S scaffold was
found to induce hMSC osteogensis, leading to formation of
calcium phosphate deposits in the scaffolds, suggesting that
these polymers could be used in bone tissue engineering.

Bl CONCLUSION

A family of biocompatible, biodegradable copolyesters based on
SO along with other monomers from abundantly available,
inexpensive, renewable resources such as SA, CA, and M was
prepared by melt condensation. The polymers were elastomeric
at physiological temperature. The mechanical properties and
degradation rate of the polyester can be tuned by varying the
monomer compositions and curing time. Attachment and
proliferation of hMSCs in vitro confirmed that the polymers
were cytocompatible. A 3D porous scaffold induced osteo-
genesis of hMSCs even in the absence of osteoinductive factors,
suggesting its use in bone tissue engineering. This family of
copolyesters offers low cost, green, biocompatible, bioresorb-
able polymers for potential use as resorbable biomaterials. The
physicochemical properties of these polymers can be tailored
for tissue-specific applications including both tissue regener-
ation and controlled release by varying the composition and
curing time.
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