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Low methacrylated poly(glycerol sebacate) for soft
tissue engineering†

Iris Cristina Becerril-Rodriguez and Frederik Claeyssens*

Tissue engineering for soft tissue has made great advances in recent years, though there are still chal-

lenges to overcome. The main problem is that autologous tissue implants have not given good results

since approximately 60% of tissue is lost or absorbed after implantation. The main strategy to overcome

this issue has been the development of biomaterials capable of regenerating damaged tissue and mimick-

ing the host environment. Biopolymers have been widely used for their biocompatibility and hydrophili-

city, but they lack structural stability and mechanical properties suitable for the replacement of soft tissue.

Synthetic polymers can overcome the drawbacks faced by biopolymers, with synthetic elastomers being

of particular interest since they have mechanical properties and elastic moduli close to those of soft

tissue. We focused on the physiochemical and biological characterization of poly(glycerol sebacate)

methacrylate (PGS-M), and its application in the fabrication of scaffolds for soft tissue through the

addition of methacrylate groups to improve its mechanical properties. PGS-M is a relatively new polymer

that has not been widely used in soft tissue engineering. Our results confirm that its physicochemical

characteristics make it a promising material for tissue engineering to fabricate scaffolds using various

techniques like emulsion templating, 3D printing, and soft stereolithography.

Introduction

Soft tissue covers a variety of tissues such as skin, fat, muscle,
cartilage, tendon, nerves, and blood vessels, among others. The
main function of soft tissues is to provide support and connec-
tion for body structures and organs by surrounding them. They
are mainly composed of collagen fibres and elastin, giving them
an elastic behaviour and characteristic mechanical features
(5 KPa–5 MPa Young’s modulus).1 However, these values can
differ depending on the variability of biological tissue. These
tissues are easily damaged by traumatic injuries and thus, re-
placement and regeneration strategies for damaged tissue have
been sought after.2–4 Currently, the main strategy proposed to
regenerate soft tissue is autologous implantation. However, its
main disadvantage is that implanted tissue is easily absorbed
and rapidly loses volume. As a result, only 40 to 60% of cells
within soft tissue remain viable after implantation.4

There has been considerable effort made to develop a re-
placement that fulfils all the desired mechanical, biological,
and physiological characteristics. The main characteristics
sought for tissue replacement are physiochemical and biologi-
cal attributes that mimic the environment of the target tissue.

The matching of mechanical properties represents one of the
great challenges in the development of biomaterials for soft
tissue engineering, since good stability and biocompatibility
are required to allow the regeneration of damaged tissue.5 To
date, the creation of soft tissue replacement that approaches
the characteristics of a gold standard continues to be a chal-
lenge. This replacement should have the following character-
istics: (1) ability to mimic the mechanical properties of soft
tissue, (2) possess the necessary thickness to be implanted in
the patient, (3) show biodegradability, and (4) have an ade-
quate shape that favours and influences cell behaviour, pro-
moting cell migration and proliferation.

Natural polymers, such as collagen, fibrin, and chitosan,
have been widely used for the development of soft tissue sub-
stitutes due to their biocompatibility and biodegradability, but
most lack appropriate mechanical properties and some have
reported inflammatory responses.6,7

The use of synthetic polymers has been explored to over-
come the drawbacks present in biopolymers. Various polymers
have been widely used for the synthesis of scaffolds for soft
tissue such as polycaprolactone (PCL), poly(L-lactic acid)
(PLLA), and polyethylene glycol (PEG), among others.
Synthetic polymers are also advantageous due to their versati-
lity in scaffold fabrication, ranging from heat and UV curing,
solvent casting, emulsion templating, and spin coating,
among others. Although the problems with mechanical pro-
perties have been overcome, the processes involved during
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their synthesis and manufacturing are complex and time con-
suming. The hydrophobic nature of some synthetic polymers
often requires extra steps such as surface modification to
increase cytocompatibility with target cells and improve cell
adhesion.8,9 The tuneable mechanical properties, elasticity,
and varied techniques for scaffold fabrication make synthetic
polymers the most viable option to achieve the gold standard
in soft tissue replacement. Thus, synthetic polymers have over-
come many drawbacks found in biopolymers.

Polyester polymers such as PGS have tuneable mechanical
properties and elastic moduli that can match the mechanical
properties of soft tissue.10 PGS in particular has seen increas-
ingly more research interest since its first report by Wang et al.
in 2002 11 due to its biocompatibility, biodegradability, inex-
pensiveness, transparency, and elastomeric nature, with tune-
able mechanical properties useful for working with soft
tissue.12–14 In addition, PGS has been used in biomedical
applications as a retinal graft, vascular tissue, cartilage,
cardiac patch, and nerve applications. It has also been used as
a biomedical adhesive instead of conventional sutures, and
recently as a corneal epithelium replacement.15,16

We hereby propose the addition of methacrylate groups in
low percentages to PGS for use as a biomaterial for soft tissue
engineering based on its physiochemical characterisation. The
characterisation confirmed that the addition of methacrylate
groups makes it possible to control the mechanical properties,
degradation rate, crosslinking density, and elongation through
the degree of methacrylation (DM). This tuneability makes
PGS-M a promising biomaterial for the development of
scaffolds that can more accurately mimic the characteristics of
various types of soft tissue (Fig. 1).

Materials and methods
Polyglycerol sebacate (PGS) prepolymer (pPGS) standard
synthesis

PGS was synthesized through the polycondensation reaction of
a 1 : 1 molar mixture of glycerol (C3H8O3) (Sigma Aldrich) and

sebacic acid (C10H18O4) (Sigma Aldrich) added into a two-neck
round bottomed flask and reacted at 120 °C under a continu-
ous flow of nitrogen for 24 h. This was heated for an additional
24 h under continuous stirring and vacuum at 120 °C to
remove water.

PGS-M synthesis

Methacrylation was carried out as reported previously.17,18

Glycerol has three hydroxyl (OH) groups in its structure. It was
assumed that only the two primary hydroxyl groups in glycerol
reacted with sebacic acid during the PGS synthesis. Therefore,
3.856 mmol of OH are available for methacrylation.19,20 The
methacrylation was carried out by adding methacrylate groups
from methacrylate anhydride to the hydroxyl groups of the
PGS molecule. PGS was methacrylated with four degrees of
methacrylation (DM): 20, 30, 40, and 50%.

The methacrylation was carried out using dichloromethane
(DCM) (CH2Cl2) (Fisher Scientific, UK) to dissolve the PGS pre-
polymer in a 1 : 4 (w/v) ratio. Then, triethylamine ((C2H5)3N)
(Sigma Aldrich) was added (equimolar amount) as a neutraliz-
ing base for the acidic side products (methacrylic acid). After
this, 4-methoxyphenol (MeHQ) (C7H8O2) (Sigma Aldrich) (1 mg
g−1 of PGS prepolymer) was added as a photo-polymerisation
inhibitor to avoid spontaneous crosslinking. Finally,
methacrylic anhydride ([H2CvC(CH3)CO]2O) (Sigma Aldrich)
was added dropwise at four different concentrations corres-
ponding to the degrees of methacrylation (DM) (20%, 30%,
40% and 50%).

The reaction was performed in the dark (24 h) on ice and
allowed to reach room temperature. Extra MeHQ was added at
the end of the reaction (0.5 mg g−1 of PGS prepolymer) and the
solution was washed four times with 30 mM hydrochloric acid
solution (HCl) (Fisher Scientific, UK) at a 1 : 1 ratio to remove
unreacted reagents and impurities. Water was removed from
the washing solution using granular calcium chloride (CaCl2)
(Fisher Scientific, UK) at 0.4 g−1 of pPGS. The solution was fil-
tered using a 6 µm pore cellulose filter (Whatman – Grade 3,
GE Healthcare Life Sciences, UK). Finally, the DCM was

Fig. 1 Schematic showing poly(glycerol sebacate) methacrylate (PGS-M) for use in soft tissue engineering. (1) PGS-M degree of methacrylation (20,
30, 40 and 50%) can be modified according to the desirable characteristics of the target tissue. (2) PGS-M has tuneable mechanical properties and
can be adapted to various scaffold fabrication techniques. (3) Tailoring DM leads to mechanical properties that mimic native soft tissue.
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removed through rotary evaporation under vacuum in an ice
bath until the PGS-M prepolymer was a viscous liquid. To
maintain PGS-M stable, the polymer was stored at −8 °C prior
to use.

PGS-M samples were analysed before and after cross-
linking. The photoinitiator (PI) diphenyl(2,4,6-trimethyl-
benzoyl) phosphine oxide/2-hydroxy-2-methylpropiophenone
(Sigma Aldrich) 1% (w/w) was used to photocure the PGS-M
polymer. The mixture was exposed to UV light (200 W,
OmniCure Series 2000 curing lamp) for 10 min to photocure.
The samples obtained were photocured disks (1 mm thick-
ness and 15 mm diameter). Soxhlet extraction was carried out
using methanol (CH3OH) (Sigma Aldrich) as the organic
phase, with washing for 24 hours to remove unreacted mono-
mers. Then, PGS-M spin coated coverslips (1 mm thickness)
were dried 24 hours under vacuum. Afterwards, the spin
coated coverslips were subjected to Soxhlet extraction with
dH2O for 24 h to remove both unreacted monomers and the
remaining solvent.

Gel permeation chromatography (GPC)

The theoretical number average molecular weight (Mn) and the
weight average molecular weight (Mw) were determined
through the data obtained from gel permeation chromato-
graphy (GPC) (Viscotek GPCmax VE2001 Cirrus with PLgel
3 μm mixed E column). Tetrahydrofuran was used for dissol-
ving samples at 1% w/v. The average molecular weights by
number and by weight were calculated using the following
equations (eqn (1) and (2)):

Average molecular weight by number:

Mn ¼
P ðNiMiÞ
P

Ni
ð1Þ

Average molecular weight by weight:

Mw ¼
P ðNiMiÞ2
P

NiMi
ð2Þ

Sol content

Soluble fractions (sol) were determined by washing photocured
PGS-M disks in methanol to solubilise the unreacted prepoly-
mer. The disks were dried at 70 °C for 24 h under vacuum (Wi

= initial weight) and re-weighed at 24 h (Ws = swollen weight
after the first 24 h) intervals, until reaching a constant mass in
approximately 3 days (N = 3, n = 3).

During weighing, the solvent on the surfaces of the samples
was cleaned up, and the samples were placed into sealed vials
to reduce solvent evaporation. Controls were subjected to the
same drying protocol, but without methanol washing. At the
end of the experiment, the samples were dried at 70 °C 24 h
under vacuum (Wd = final weight) (eqn (3)).

Sol content:

Solð%Þ ¼ ðWi �WdÞ
Wi

� 100 ð3Þ

Gel content

Photocured PGS-M disks were dried at 70 °C for 24 h under
vacuum (Wi: initial weight) and submerged in methanol at
35 °C for 24 h (N = 3, n = 3). The samples were dried at 70 °C
for 24 h under vacuum (Wd: final weight) to determine the
degree of crosslinking (eqn (4)).

Degree of crosslinking:

Gel contentð%Þ ¼ ðWdÞ
Wi

� 100 ð4Þ

Swelling

Sol free samples were immersed in phosphate buffer saline
(PBS), Dulbecco’s modified Eagle’s media (DMEM), and
methanol (Sigma Aldrich) at 35 °C for 24 h. The excess surface
liquid was removed, and the swollen samples (Ws) were
weighed. The degree of swelling and swelling ratio were calcu-
lated from the swollen weight (Ws), final weight (Wd), and
initial weight (Wi) using eqn (5) and (6).

Degree of swelling:

Degree of swellingð%Þ ¼ ðWs �WdÞ
Ws

� 100 ð5Þ

Swelling ratio:

Swelling ratio ¼ Ws

Wi
ð6Þ

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

0.1 ml of PGS prepolymer was analysed using attenuated total
reflectance Fourier transform infrared spectroscopy
(ATR-FTIR), with a Nicolet 380 spectrometer including an ATR
device (Golden Gate, 45° single-bounce diamond anvil,
Specac). Spectra were obtained between 4000 and 500 cm−1,
with a resolution of 4 cm−1. Sol free disks with a 1 mm thick-
ness of photocured PGS-M (DM) 20, 30, 40 and 50%, were
washed with methanol (CH3OH) (Sigma Aldrich) 4 consecutive
times (24 hours each). After this, the samples were dried in a
vacuum oven at 70 °C for 24 h. Afterwards, they were analysed
by ATR-FTIR.

Nuclear magnetic resonance (NMR)

PGS and PGS-M with different DMs were analysed by nuclear
magnetic resonance (NMR) spectroscopy using a Bruker
AVIIIHD spectrometer at 500 MHz. The polymer samples were
dissolved in 1 ml of deuterated chloroform (CDCl3) at 1%
(w/v). The data were analysed using Origin Pro software.

Mechanical analysis

Sol free PGS-M samples with different DMs (20, 30, 40 and
50%) were shaped and photocured into tensile test pieces
(type 4 dumb-bell, as specified in BS ISO 37:2011) using a sili-
cone mould. Tensile testing was performed using a Zwick
Roell system at a crosshead speed of 500 mm min−1, with
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samples elongated to failure to determine Young’s modulus,
ultimate tensile strength (UTS), rupture to strain, and
maximum elongation.

Thermogravimetric analysis (TGA)

Sol free disks were cut into small pieces (∼10 mg). The analysis
was done using a Perkin-Elmer Pyris1 TGA with gas purge at
60 mL min−1. The samples were subjected to a heating cycle of
200 °C to 600 °C at a heating rate of 10 °C min−1. The initial
degradation temperature (TDI) and peak degradation tempera-
ture (TDP) were determined using the first derivative curve to
determine the onset of thermal degradation. Thermal stability
was determined by calculating the remaining weight at 600 °C.
The degradation temperature and temperature range were
determined from the first derivative curve (%weight loss/°C).

Differential scanning calorimetry (DSC)

Sol free disks were cut into small pieces (∼5 mg). The analysis
was done using Perkin-Elmer Pyris1 purged with nitrogen at
30 mL min−1. The samples were heated from −60 °C to 100 °C
under N2 at a rate of 10 °C min−1. Thermal properties such as
the melting point (Tm), glass transition temperature (Tg),
enthalpy of melting (ΔHm) and enthalpy of crystallization
(ΔHc) were calculated using the first cooling cycle and second
heating cycle. The melting temperature (Tm) and glass tran-
sition temperature (Tg) were located at the peak of the process.
Recrystallization temperature (Tc) was found at the valley point
in the heat capacity curve.

In vitro degradation of photocured PGS-M

Sol free disks were weighed and incubated in PBS and media
at 37 °C. The samples were analysed at days 3, 7, 10, and 28,
and dried at 70 °C overnight under vacuum. The dried
samples were weighed and the percentage of weight loss at a
specific time point was calculated from the initial (Wi) and
final dried weights (Wd) using eqn (7). The surface degradation
was analysed using scanning electron microscopy (SEM).

Weight loss percentage:

Weight lossð%Þ ¼ ðWi �WdÞ
Wi

� 100 ð7Þ

Scanning electron microscopy (SEM)

Sol free disks were affixed to aluminium stubs, gold coated
using a sputter coater (Edwards S150B) and examined by scan-
ning electron microscopy (SEM) using a TESCAN Vega 3 LMU
SEM at an accelerating voltage of 20 kV.

Contact angle

PGS-M disk hydrophilicity was determined using a goniometer
by the sessile drop method. A 3 µL drop of deionized water was
placed onto a flat surface of PGS-M with different degrees of
methacrylation using a 21-gauge flat needle. Optical images were
collected after 10 seconds of contact. The contact angle of water
was determined from the optical images with DSA3 software.

Surface coating of glass coverslips with PGS-M

Borosilicate glass coverslips (13 mm diameter, no. 2 thickness)
(Scientific Laboratory Supplies, UK) were treated with piranha
solution for 1 hour and then washed five times with dH2O fol-
lowed by three washes with methanol. Piranha solution was
used as a hydroxylation agent to clean the glass surface and
generate additional silanol groups to allow further surface
coating.21,22 The piranha solution is made of sulphuric acid
(H2SO4) (98%) (Sigma Aldrich) and hydrogen peroxide (H2O2)
(30% wt in dH2O) (Sigma Aldrich) (3 : 1 v/v). The coverslips
were immersed in a 10% (w/v) solution of 3-methacryloxy-
propyltrimethoxysilane in toluene for 24 h in the dark, then
washed three times with methanol and dried at room tempera-
ture. 3-Methacryloxypropyltrimethoxysilane is a silane coup-
ling agent that promotes the adhesion between the glass
surface and PGS-M molecule.23,24

Approximately 50 μl of low methacrylation PGS-M (20, 30,
40 and 50%) and 1% PI (w/w) were deposited at the centre of
the coverslip previously treated with piranha solution. The
spin coating was carried out at 4000 rpm for 40 seconds
(Laurell Technologies WS-400B-6NPP/Lite). The thin layer of
the polymer was photocured under UV light for 5 minutes (200
W, OmniCure Series 2000 curing lamp). Unreacted reagents
were removed from the coated coverslips by washing them four
times in methanol (24 hours each) followed by four washes in
dH2O (24 hours each).

Human dermal fibroblast (hDF) culture

hDFs were obtained from primary tissue with informed
consent from the NHS (National Health Service) for the
donation of waste surgical tissue for research purposes (ethics
reference: 15/YH/0177). The fibroblasts were cultured in
DMEM supplemented with penicillin/streptomycin (100 IU
ml−1), amphotericin (0.625 μg ml−1), L-glutamine (2.5 mM),
and foetal calf serum (FCS) (10% (v/v)). Cells were cultured at
37 °C with 5% CO2.

Porcine limbal fibroblast (pLF) culture

Limbal explants were isolated from porcine eyes (obtained
from “R B Elliott and Son limited”, Chesterfield, United
Kingdom). The explants were cultured in DMEM + Glutamax
and HAM’s 12 media in a 1 : 1 ratio, supplemented with peni-
cillin/streptomycin (PS) 100 IU ml−1, amphotericin 0.625 μg
ml−1, EGF 10 ng ml−1, insulin 5 μg ml−1, and fetal calf serum
10% (v/v). The limbal fibroblasts migrated from the explant
after 4 weeks under culture conditions. These fibroblasts were
then cultured and expanded until passage 3 (P3). Then, the
cells were frozen and stored prior to use. The isolated cells
were used in culture with PGS-M.

Cell culture on spin coated PGS-M substrates

PGS-M spin coated coverslips were sterilised in an autoclave at
121 °C for 30 minutes before cell seeding. Cells (hDFs and
pLFs) were harvested at a confluence of 90% between passages
3 and 9 with trypsin (0.025%)/EDTA (0.01%), centrifuged at
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1000 rpm for 5 minutes (Hettich Zentrifugen Rotofix 32A with
a 131 mm rotor radius), re-suspended in fresh media, and
counted. The PGS-M spin coated coverslips were placed in a
12-well plate and 50 000 cells were seeded in each coverslip.
Uncoated glass coverslips seeded with cells were used as the
positive control, and unseeded coated coverslips were desig-
nated as the negative control. The cells were left to attach for
6 hours. After that time, the coated coverslips were transferred
to a new 12 well plate to ensure that only attached cells were
included in future analysis. The cells were cultured with 2 ml
of media, which were changed every two days. Cell growth was
evaluated after incubating the spin coated coverslips at 37.5 °C
with 5% CO2 for 7 days.

Resazurin reduction assay

The resazurin working solution was prepared with 1 mM resa-
zurin salt (Scientific Laboratory Supplies) dissolved in dH2O
and filtered through a 0.22 μm filter. On days 1, 3, and 7, the
growth media were changed prior to resazurin assay and
mixed with 10% (v/v) resazurin solution. The samples were
incubated at 37 °C with 5% CO2 in the dark, using media with
resazurin solution as a blank. After 4 hours in incubation, the
samples were taken out and 200 μl of each sample were placed
in a 96-well plate in triplicate. The resorufin fluorescence was
read at 540 nm excitation and 635 nm emission (BioTek
Instruments FLX800). The blank was subtracted from the
samples before analysing the data.

PicoGreen® DNA quantification assay

The number of cells on PGS-M surfaces was evaluated as
follows: on days 1, 3, and 7, the growth media were removed;
the samples were washed three times with PBS to remove the
remaining media. The samples were incubated in a refrigerator
with 500 μl of dH2O at 4 °C for 12 hours. Then, they were sub-
jected to a freeze–thaw regime, passing from −80 °C to 37 °C
three times, with time intervals of 30 min freeze and 30 min
thaw, with the purpose of lysing the cells and releasing the
DNA for quantification. After the final thawing, each solution
was removed and placed in a 1 ml microcentrifuge tube. The
tubes were vortexed for 15 seconds and centrifuged at 10 000
rpm for 5 minutes (Sanyo MSE Micro Centaur MSB010.CX2.5
with a 64 mm rotor). 180 μl were taken from each sample and
mixed with 180 μl of stock working solution (0.5% PicoGreen®
in TE buffer 10 mM). 180 μl of the stock solution mixed with
180 μl of dH2O was used as a blank. The samples were covered
with foil, vortexed for 5 seconds and incubated for 10 minutes
at room temperature. 100 μl were taken from each sample and
were placed in triplicate in a 96-well plate. The PicoGreen®
fluorescence was read at 480 nm excitation and 520 nm emis-
sion (BioTek Instruments FLX800); before analysing the data,
the blank was subtracted from the samples.

Lactate dehydrogenase (LDH) release assay

The cytotoxicity of PGS-M surfaces was evaluated as follows: on
days 1, 3, and 7, 50 μl of the growth media were taken and
placed in a 96-well plate in triplicate along with 50 μl of LDH

working solution in each well. The samples were incubated at
room temperature in the dark for 30 minutes. Afterwards,
50 μl of LDH stop solutions were added to complete the reac-
tion. The absorbance for each well was read at 490 nm exci-
tation and 680 nm emission (BioTek Instruments ELx800).
LDH values on days 4 and 7 correspond to the cumulative LDH
release of previous days.

Statistics

The characterization was carried out with three independent
experimental repeats (N = 3) in triplicate per experiment (n =
3). The data were analysed with GraphPad Prism version 7.04
software. The data significance was calculated with one-way
ANOVA with Tukey post hoc pairwise multiple comparison ana-
lysis for experiments with one independent variable or factor
(sample type or condition). Two-way ANOVA (paired samples)
with Tukey post hoc pairwise multiple comparison analysis was
used for the experiments with two independent variables or
factors (sample type or conditions). P ≤ 0.05 was considered
statistically significant (*) and P > 0.05 was considered non-sig-
nificant (ns). Data were presented as means ± SD (standard
deviation).

Results and discussion
Gel permeation chromatography (GPC)

The average molecular weights (by number and by weight) of
the synthesized samples (PGS and PGS-M 20, 30, 40 and 50)
were calculated from the data obtained in GPC, using eqn (1)
and (2). The results are shown in Table 1.

Interestingly, as the DM increases both Mn and Mw

decrease. In the PGS-M synthesis section, it was explained that
the PGS’s OH groups are methacrylated; PGS-M 20 has 20% of
its OH groups methacrylated, while PGS-M 50 has 50% of its
OH groups methacrylated. Therefore, PGS-M 20 has 80% of its
OH groups “free”, which can interact among themselves to
form longer polymeric chains that are reflected in larger Mn

and Mw. On the other hand, PGS-M 50 has fewer free OH
groups to form longer chains, also reflected in lower Mw and
Mn compared to those of PGS-M 20.

Sol content

The sol content is the un-crosslinked network in the scaffold.
The sol content decreases as the DM increases from 39.95% ±

Table 1 Average molecular weights of pPGS and PGS-M with various
DMs

Sample
Molecular weight
(Mw), g mol−1

Molecular weight
(Mn), g mol−1

pPGS 34 716.39 19 488.38
PGS-M 20 65 547.8 59 987.37
PGS-M 30 48 824.39 47 611.13
PGS-M 40 34 849.69 32 126.88
PGS-M 50 31 235.38 20 835.17
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0.29% to 6.16% ± 0.41% for 20% DM to 50% DM, respectively.
This is caused by the higher number of methacrylate groups
attached to the PGS molecule, which increased the degree of
crosslinking network and the amount of ester bonds within
the molecule that make the polymer chains longer. Therefore,
unbound chains with low DM result in a higher sol content.
The statistical analysis showed that all the samples were sig-
nificantly different (P < 0.0001) (Fig. 2).

Gel content

The percentage of gel content shows the degree of the cross-
linked network. The gel fraction increases as the DM rises
from 60% ± 0.28% to 93% ± 0.41% for 20% DM to 50% DM,
respectively. This is due to the higher number of methacrylate
groups attached at the PGS molecule that increase the degree
of crosslinking and the amount of ester bonds within the
molecule, which make the polymer chains longer. In contrast,
unbound chains can be found in PGS-M with a low DM, result-
ing in a lower gel content. The statistical analysis showed that
all the samples were significantly different (p < 0.0001)
(Fig. S1†).

A range of values have been reported for gel content (60.3%
to 93.84%), but these are for thermally crosslinked polymers,
not photopolymerised matrices like PGS-M.20,25,26

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

The PGS-M molecular structure and the effect of the methacry-
lation degree were analysed by ATR-FTIR. Peaks related to
methacrylate groups appear at 940 cm−1 (vC–H bending) and
1640 cm−1 (Cv stretching).27 These peaks were absent in
pPGS and disappeared after polymerisation. The DM was com-
pared with the area under these peaks (Fig. 3, 4, S2† and
Table 1).

Fig. 4 shows the peaks related to methacrylate groups
with different DM (20%–50%) in PGS-M spectra. These
peaks are absent in pPGS and disappear after PGS-M
photopolymerization.

The photocuring process was evaluated through the ana-
lysis of the ATR-FTIR spectral peaks related to methacrylate
groups (Fig. 4 and ESI Fig. S2†).

We can observe that peaks related to the methacrylate
groups at 940 and 1640 cm−1 decrease after crosslinking under
UV light. The percentage of conversion was calculated through
the integration of the peaks and analysis with OriginPro 2017
software (Table 2).

The area of these peaks is well correlated with the DM of
the PGS-M samples, as can be observed in Table 1 and
Fig. S2.† The data have strong agreement for 940 cm−1 y =

Fig. 2 Effects of DM on the sol content percentage. Samples show
means and error bars corresponding to ±SD (N = 3, n = 3), analysed by
one-way ANOVA and Tukey’s post hoc pairwise comparison. P ≤ 0.05
was considered significant.

Fig. 3 ATR-FTIR spectra of pPGS and PGS-M samples before and after
curing.

Fig. 4 Close up of the ATR-FTIR spectra of pPGS and PGS-M samples
before and after curing. (a) Peaks related to methacrylate groups at
940 cm−1 (vC–H bending). (b) Peaks related to methacrylate groups at
1640 cm−1 (Cv stretching).
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0.0128x + 0.3057 and R2 = 0.9691 and for 1640 cm−1 y =
0.0054x + 0.0703 and R2 = 0.9039.

Nuclear magnetic resonance (NMR)

pPGS and PGS-M chemical composition was estimated with
NMR analysis. It was determined by calculating signal inte-
grals of –COCH2CH2CH2– at 1.2, 1.65, and 2.36 ppm for
sebacic acid, –CH2CH– at 3.75, 4.19, and 5.11 ppm for glycerol,
and –CH3 and –CH2 at 1.97, 5.3, and 6.17 ppm for the addition
of the methacrylate group to the pPGS molecule. CDCl3 was
used as a reference at 7.3 ppm. The integrals of the signal for
the methacrylate groups (1.97, 5.3 and 6.17 ppm) were calcu-
lated with the software OriginPro 2017 and the obtained
values correspond to the degree of methacrylation (DM)
(Fig. 5).

The obtained DM has a linear relationship and is directly
proportional to the molar ratio of methacrylic anhydride per

mol of pPGS hydroxyl groups. The results show a correlation of
y = 0.923x and an R2 value of 0.9626 (Fig. S3†). From these
data, we can conclude that all methacrylate groups added
during the reaction are attached in the PGS-M molecule.

NMR analysis suggests that an effective pPGS methacryla-
tion process was carried out, resulting in PGS-M with DMs
20%, 30%, 40% and 50%. This can be confirmed by the
appearance of peaks related to methacrylate groups that are
absent in pPGS spectra. This result can be compared with the
data reported by Pashneh-Tala et al. during the PGS methacry-
lation (DM: 30%–80%). Even though the methacrylation in
that study is higher, the relationship between the DM and the
molar ratio of methacrylic anhydride per mol of pPGS hydroxyl
groups is consistent.18

Mechanical analysis

Tissue regeneration involves stress and load bearing in the sur-
rounding tissue. Therefore, there should be an equilibrium
between the scaffold’s mechanical stability and degradation
time until tissue regeneration is achieved.28,29 The mechanical
properties of scaffolds such as the degree of crosslinking and
stiffness affect cell behaviour and biodegradability.30 Ideally,
scaffolds for tissue engineering should have the characteristics
that mimic the target tissue such as transparency, elasticity,
structural and functional requirements of soft tissues.31 They
should also support the intraocular pressure, eyelid motion,
intraocular pressure and external forces.32 PGS-M mechanical
analysis was carried out in order to evaluate each degree of
methacrylation to match the mechanical properties in various
types of soft tissues and provide appropriate mechanical
signals to stimulate the production of new tissue33 (Fig. 6).

Table 2 Area under the peaks related to methacrylate groups in
different DMs and percentage of methacrylate conversion after curing (n
= 3)

Degree of methacrylation

Area
Methacrylate
conversion after
cure (%)

Wavenumber
(cm−1)

1640 940 1640 940

pPGS 0.014 0.124 — —
PGS-M 20% 0.161 0.323 — —
PGS-M 20% cured 0.018 0.146 88.82 54.8
PGS-M 30% 0.258 0.399 — —
PGS-M 30% cured 0.024 0.184 90.7 53.88
PGS-M 40% 0.310 0.497 — —
PGS-M 40% cured 0.028 0.165 90.97 66.8
PGS-M 50% 0.326 0.516 — —
PGS-M 50% cured 0.014 0.165 95.7 68.02

Fig. 5 pPGS and PGS-M NMR spectra. PGS-M with different DM (20%,
30%, 40% and 50%). Hydrogen environment peaks of methacrylate
groups appear at 1.97, 5.3, and 6.17 ppm (“a”, “b” and “c”).

Fig. 6 PGS-M mechanical properties in different DMs (20%–50%).
The graph values correspond to the mean of load deformation curves
(n = 3).
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The scaffold should be strong enough to support deformation,
but not too stiff that it stresses the surrounding tissue.34 There
is a considerable variation in the soft tissue tensile strength
and Young’s modulus reported before (strength between 1 and
10 MPa and Young’s modulus between 10 kPa and 57 MPa).35

These results depend on different testing mechanisms, tissue
anisotropy, and donor variability.34,36,37

As can be seen in Fig. 8, the Young’s modulus and ultimate
tensile strain increase along with the DM. However, the
maximum elongation decreases as the DM increases.
Therefore, PGS-M with a higher DM is stiffer, which coincides
with the Young’s modulus increment as it is a measurement
of stiffness.38 The ultimate tensile strain is the force applied to
cause rupture; it makes sense that the values increase with the
DM, because the last one is an indication that the polymer
matrix is more cross-linked.39 The maximum elongation
decreases as a result of the material being stiffer with more
covalent bonds in the polymer matrix, making it more
ductile.40 From these data we can assume that the methacryla-
tion of PGS-M enhances its mechanical properties compared
with PGS (Young’s modulus of 0.17 ± 0.018 MPa, tensile
strength of 0.264 ± 0.025 MPa and rupture elongation of 292.8
± 14.1% 13).

The data obtained are comparable with other studies for
the development of soft tissue scaffolds. Duan et al. obtained
dendrimer crosslinked collagen-based scaffolds with a Young’s
modulus of 1.47 ± 0.1 MPa and an ultimate tensile strength of
1.27 ± 0.17 N.41 Similarly, Bakhshandeh et al. reported similar
values for a poly(ε-caprolactone) (PCL) nanofibrous matrix
(Young’s modulus: 7.5 MPa and ultimate tensile strength: 2.53
± 0.58 MPa) and polyvinyl alcohol (PVA) hydrogels (Young’s
modulus: 5.3 MPa and ultimate tensile strength: 0.85 ± 0.55
MPa).42

Thermogravimetry (TGA)

PGS-M thermal stability was determined by TGA analysis
(Fig. S4†). Thermal behaviour is an important feature that
determines the polymer mechanical stability and degra-
dation.43 Fig. 9 shows that PGS-M started to degrade at 436 °C.
There is no significant difference in the degradation behaviour
for the different DMs. The degradation profile of PGS-M is also
comparable with the previously reported PGS profiles by Jiang
et al. and Gaharwar et al. with a degradation temperature of
433 °C and 439 °C, respectively.43,44

Differential scanning calorimetry analysis (DSC)

PGS-M thermal transitions and crystalline behaviour were
determined by DSC analysis (Fig. S5†).

Fig. S5† and Table 3 show the glass transition temperature
(Tg) for PGS-M with different DMs. The initial and peak
thermal decomposition temperatures (TDI and TDP) were
obtained from the TGA thermograph. The glass transition
temperature (Tg), melting temperature (Tm), crystallization
temperature (Tc), enthalpy of melting (ΔHm) and enthalpy of
crystallization (ΔHc) were obtained from the DSC thermo-
graph. It was observed that Tg increases as the DM increases,

from −37 to −33.95 °C. Melting points (Tm) showed a similar
behaviour of increasing as the DM increased, from −28.63 to
−21.10 °C. The enthalpy of melting decreases as the DM
increases from 3.024 to 2.048 (J g−1). In the cooling cycle the
crystallization temperature increases directly proportional to
the DM from −22.00 to −14.48 °C. The enthalpy of crystalliza-
tion decreases as the DM increases from −1.36 to −0.852 (J
g−1). Similar results were reported by Singh et al. on PGS-M
methacrylation with a DM of 75%, reporting a Tg of −30 °C.17

The low Tg (below 0 °C) suggest that PGS-M is semicrystalline
below its melting point and amorphous-elastomeric at physio-
logical temperature. Likewise, similar results were previously
reported for PGS.45–48

In vitro degradation of photocured PGS-M

Polymeric materials used for tissue engineering should be bio-
compatible and bioresorbable with controlled degradation
rates that match the tissue where they will be implanted.49,50

Current polymers used for soft tissue regeneration have a lack
of degradability and stability after implantation. The polymers
for soft tissue engineering are expected to be degradable bio-
materials that support wound healing processes.51 PGS-M
in vitro (PBS) degradation was evaluated through weight loss
and SEM analysis (Fig. 7, 8 and S6†).

PGS is a biocompatible polymer but has a fast degradation
rate in vivo (around 21 days per mm thickness) and full resorp-
tion in 60 days, which limits its biomedical applications.52,53

Comparatively, PGS-M shows a lower degradation rate, remain-
ing stable in vitro for 30 days, and showing a degradation rate
of ∼3% throughout this time. This is possibly due to the
higher degree of crosslinking in PGS-M compared with that in
PGS. The increment in gel content indicated a higher degree

Table 3 PGS-M thermal properties from TGA and DSC thermographs

Sample PGS-M 20 PGS-M 30 PGS-M 40 PGS-M 50

TDI (°C) 350 360 360 360
TDP (°C) 439.52 438.71 438.31 433.86
Tg (°C) −37 −36.8 −34.54 −33.95
Tm1 (°C) −28.63 −28.35 −22.65 −21.10
ΔHm (J g−1) 3.024 2.183 2.182 2.048
Tc (°C) −22 −18.32 −15.79 −14.48
ΔHc (J g

−1) 1.36 1.052 0.936 0.852

Fig. 7 PGS-M weight loss in different DMs (20%–50%).
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of crosslinking and hence a lower degradation rate.54 The gel
content of PGS has been reported around 70% 13,25,55 while the
gel content in PGS-M has been reported in this study as 60 to
93%, for 20% and 50% DM, respectively.

PGS degradation in PBS occurs by hydrolysis, which breaks
the ester bonds between glycerol and sebacic acid after an
extended period of time.56 Degradation of PGS is caused by
surface erosion with a linear loss of mass, which allows the
scaffold geometry and mechanical properties to be
maintained.53,57 In comparison, PGS-M is an amorphous
polymer at physiological temperature. The amorphous region
in the polymers are more susceptible to hydrolysis, but by
increasing the DM the degradation rate decreases, as reported
by Singh et al. and Pashneh-Tala et al.17,18,58 Fig. 8 and S6†
show the SEM images of PGS-M (20–50% DM) degradation in
PBS at 0, 3, 7, 10, and 28 days.

In Fig. 8 and S6,† it is possible to observe that PGS-M has no
significant mass loss in PBS. The addition of methacrylate
groups increases the degradation time compared with that of
PGS, with PGS-M showing degradation by surface erosion. This
results in a small reduction of strength and structure. Therefore,
the PGS-M scaffold maintains its integrity throughout the degra-
dation process. Similar degradation rates of PGS-M in PBS were
reported previously by Singh et al. and Pashneh-Tala et al.17,18

The degradation rate is similar in all DMs because PGS-M
is highly crosslinked due to the methacrylate groups, and this
study was carried out in a bulk scaffold. The low degradation
rate offers certain advantages since the scaffold can maintain
its shape without losing integrity when exposed to tensile
forces, pressure, motion, and external forces.31,32 However,
depending on the biomaterial application, it is necessary to
have control over the degradation rate.

As mentioned above, PGS-M bulk scaffolds degrade through
surface erosion and have hydrophobic characteristics. In order to
control their degradation rate, we propose different strategies
that could be studied in future works: (1) decrease the scaffold
thickness, (2) add functional groups that increase their hydro-
philic nature (peptides, carbonates, esters, etc.), (3) blend the
PGS-M with another polymer with more hydrophilic nature to
increase water uptake which leads to degradation by hydrolysis,
and (4) subject to surface treatment (magnetron sputtering, ion
irradiation, plasma polymerization, and plasma treatment).30,59,60

Surface analysis

Contact angle. PGS-M hydrophilicity was measured with a
sessile drop method (Fig. S7†). The contact angle decreases as
the DM increases from 143 to 111° for 20 to 50% DM, respect-
ively. PGS has previously been reported to have good hydrophi-
licity (∼37°).16,25 This is due to the OH groups attached to its
molecules. The methacrylation of PGS is carried out by adding
methacrylate groups in the OH groups, which reduces their
number. In addition, methacrylate groups promote matrix
crosslinking, further reducing OH group exposure. Thus,
PGS-M is more hydrophobic than PGS.

Human dermal fibroblast (hDF) culture on spin-coated PGS-M
surfaces

Fibroblasts from human skin, oral mucosa, periodontal mem-
brane, or embryonic lung have been widely used in studies for
the evaluation of materials cytotoxicity.61,62 Fibroblasts are
useful in studies of adhesion to surfaces, replication, and cel-
lular integrity due to their characteristics.63 The biocompatibil-
ity, cell viability, cell proliferation and cytotoxicity of hDFs on
PGS-M surfaces were evaluated with resazurin reduction assay,

Fig. 8 Higher magnification images of PGS-M (20–50% DM) degradation analysis in PBS for 0, 3, 7, 10, and 28 days (scale bar = 100 μm).
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LDH release assay, PicoGreen® DNA quantification assay, and
F-actin staining.

hDFs were seeded on PGS-M spin coated substrates with 20,
30, 40, and 50% DMs to evaluate materials cytotoxicity. Cell
proliferation and cytotoxicity were evaluated with resazurin
reduction assay in spin coated PGS-M 20–50% (Fig. 9, 10 and
S8†). PicoGreen® DNA quantification assay was performed
only in spin coated PGS-M 40% DM (Fig. 11).

In Fig. 9 and S8† it is possible to observe that hDFs show
similar behaviour growing on PGS-M spin coated substrates,
but cells grow better on lower DM. There is a significant differ-
ence with hDFs seeded in each DM and timepoint (P ≤ 0.0001).

The spontaneous LDH release in positive controls (hDF
culture on borosilicate glass) was compared with spontaneous
LDH release in hDF culture on spin coated PGS-M (Fig. 10
and S9†).

Spontaneous LDH release of hDFs seeded on spin coated
PGS-M is lower for 20, 30 and 50% DM compared with the
positive control. LDH release is higher in 40% DM, but it is
still lower than the control (Fig. S9†).

PicoGreen® DNA quantification assay was carried out only
on PGS-M 40% because it was the DM with mechanical pro-
perties that showed better match with the soft tissue require-
ments and with the lower percentage of sol content. Fig. 11
shows that the PicoGreen® DNA quantification assay is well
correlated with the data obtained with resazurin reduction
assay: hDFs grow on PGS-M spin coated substrates.

The cell morphology was evaluated and compared with the
control. The cells were stained with phalloidin-FITC (495 nm
excitation and 520 nm emission) (Fig. 12). hDFs grew well on
spin coated PGS-M substrates, showing cell adhesion and pro-
liferation. It is possible to observe that the cell morphology on
all DMs (20 to 50%) is spindle-shaped since day 1. This
suggests that cell behaviour is not affected by the DM and that
PGS-M is a promising material for soft tissue engineering.

Porcine limbal fibroblast (pLF) culture on spin-coated PGS-M
surfaces

pLFs were seeded on PGS-M spin coated substrates with 20,
30, 40, and 50% DMs to evaluate materials cytotoxicity and
proliferation with the resazurin reduction and LDH release
assays in spin coated PGS-M 20–50% (Fig. 13, 14 and S10†).
PicoGreen® DNA quantification assay was used to evaluate
spin coated PGS-M 40% DM (Fig. 15).

Fig. 13 shows that pLFs grow on PGS-M spin coated sur-
faces, with cells seemingly growing better on lower DM. The
most likely cause of high proliferation is the low amount of gel
fraction in lower DMs: around 60% gel in 20% DM which
increases up to 80% gel in 50% DM. There is a significant
difference in the cell growth in each time point for all the DMs
(P ≤ 0.0001).

Fig. 9 Resazurin reduction assay of hDF culture on spin coated PGS-M
(20–50% DM). The assay was carried out at days 1, 4 and 7 (N = 3).
Samples show means and error bars corresponding to ±SD (N = 3, n =
3), analysed by two-way ANOVA and Tukey’s post hoc pairwise compari-
son. P ≤ 0.05 was considered statistically significant (*).

Fig. 10 LDH release assay of hDF culture on spin coated PGS-M
(20–50% DM). The assay was carried out at days 1, 4 and 7. Samples
show means and error bars corresponding to ±SD (N = 3, n = 3), ana-
lysed by two-way ANOVA and Tukey’s post hoc pairwise comparison. P
≤ 0.05 was considered statistically significant (*).

Fig. 11 PicoGreen® DNA quantification assay of hDFs cultured on spin
coated PGS-M (40% DM). The assay was carried out at days 1, 4 and 7.
Samples show means and error bars corresponding to ±SD (N = 3, n =
3), analysed by two-way ANOVA and Tukey’s post hoc pairwise compari-
son. P ≤ 0.05 was considered statistically significant (*).
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The spontaneous LDH release in positive controls (pLFs
cultured on borosilicate glass) was compared with spon-
taneous LDH release in pLF culture on spin coated PGS-M
(Fig. 14 and S11†).

Spontaneous LDH release of pLFs seeded on spin coated
PGS-M is comparable with the one obtained in the positive
control. Based on these results, we can infer that spin coated
PGS-M substrates do not cause significant cytotoxicity regard-
less of DMs.

We decided to utilize the PicoGreen® DNA quantification
assay only on PGS-M 40% as it is the DM with mechanical pro-
perties that better matched the soft tissue and had a lower per-
centage of sol content.

In Fig. 15 it is possible to observe that the PicoGreen® DNA
quantification assay results corroborate the data obtained with
resazurin reduction assay: pLFs grow on PGS-M spin coated
substrates. There is no significant difference between pLFs

Fig. 12 Fluorescence microscopy images of hDFs cultured on spin coated PGS-M (20–50% DM). Positive controls were hDFs cultured on uncoated
borosilicate glass. Negative controls were PGS-M spin coated substrates. The images were taken at days 1, 4 and 7. Scale bars are 200 μm. All images
were acquired using the same exposure and display settings.

Fig. 13 Resazurin reduction assay of pLFs cultured on spin coated
PGS-M (20–50% DM). The assay was carried out at days 1, 4, and 7.
Samples show means and error bars corresponding to ±SD (N = 3, n =
3), analysed by two-way ANOVA and Tukey’s post hoc pairwise compari-
son. P ≤ 0.05 was considered statistically significant (*).

Fig. 14 LDH release assay of pLFs cultured on spin coated PGS-M
(20–50% DM). The assay was carried out at days 1, 4, and 7 (N = 3).
Samples show means and error bars corresponding to ±SD (N = 3, n =
3), analysed by two-way ANOVA and Tukey’s post hoc pairwise compari-
son. P ≤ 0.05 was considered statistically significant (*).
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seeded on PGS-M and pLFs seeded on glass at days 1 and 4,
but there is a significant difference at day 7 (P ≤ 0.01).

The cell morphology on spin coated PGS-M substrates was
also analysed by fluorescence microscopy. Image acquisition

was carried out only with phalloidin-FITC (495 nm excitation
and 520 nm emission) because PGS-M was found to show fluo-
rescence at 405 nm excitation and 450 nm emission (which
overlaps with DAPI absorption and emission) (Fig. 16).

pLFs grew and proliferated on PGS-M spin coated surfaces
after 7 days of culture, and the morphology of cells seeded on
PGS-M surfaces is comparable with that of pLFs grown on
glass. Morphology is an important feature that can tell us
about cell behaviour, stability, and stress responses to a variety
of conditions.64,65 Spindle-shaped fibroblasts are observed on
glass and PGS-M substrates. Interestingly, lower DMs seem to
affect pLF growth in D1. This can be caused by the lower
stiffness in lower DMs, as was reported previously by Yeung
et al., where it was shown that fibroblasts grew better on stiffer
substrates. Also, Jones et al. demonstrated that stiffer collagen
gels promote cell differentiation using hLECs.66 Cells grown
on softer substrates presented a rounded shape like pLFs on
PGS-M surfaces in this present work.67 Also, the high amount
of sol fraction in lower DMs can affect cell growth as was
observed in the resazurin assays. Previous reports show that
the cell morphology can be a response of the interaction with
a material (mechanical, biochemical and architectural
features).68–70

Conclusion

PGS-M with different degrees of methacrylation was success-
fully synthesized through the standard synthesis for evalu-

Fig. 15 PicoGreen® DNA quantification assay of pLFs cultured on spin
coated PGS-M (40% DM). The assay was carried out at days 1, 4, and 7
(N = 3). Samples show means and error bars corresponding to ±SD (N =
3, n = 3), analysed by two-way ANOVA and Tukey’s post hoc pairwise
comparison. P ≤ 0.05 was considered statistically significant (*).

Fig. 16 Fluorescence microscopy images of pLFs cultured on spin coated PGS-M (20–50% DM). Positive controls were pLFs cultured on uncoated
borosilicate glass. Negative controls were PGS-M spin coated substrates. The images were taken at days 1, 4, and 7. All images were acquired using
the same exposure and display settings. Scale bars are 200 μm.
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ation as a biomaterial for soft tissue engineering. The
physicochemical properties of the polymer were analysed
using different characterization techniques. Based on the
data, all the DMs match the mechanical properties of soft
tissue. During chemical characterisation (FTIR and NMR
analyses), the addition of methacrylate groups was con-
firmed, by the analysis of the peaks related to the methacry-
late groups. The degradation of PGS-M was only carried out
in vitro (PBS): further evaluation is still necessary under
physiological conditions that resemble the physiological
environment. The low degradation rate of PGS-M has advan-
tages for biomedical applications, such as stable long-term
implants that retain their shape, low risk of uncontrollable
degradation, and unvarying mechanical properties. The
optimization of the PGS-M degradation rate opens a new
area of research for using different techniques that allow the
synthesis of PGS-M scaffolds with different physical charac-
teristics. In comparison with the bulk material which under-
goes surface degradation, structures such as fibres and
pores may allow a more uniform degradation both within
and throughout the scaffold. In addition, the combination
of PGS-M with other polymers with better biodegradability
such as PLA, PGA, and PHB, could positively impact its
degradation rate, and are certainly an area of interest that
can be explored in further work. Hydrophilic evaluation
resulted in PGS-M being a more hydrophobic polymer than
PGS, indicating that its biocompatibility still needs to be
studied to determine suitability as a material for soft tissue
engineering. hDFs and pLFs were seeded on PGS-M spin
coated substrates and showed positive results on cell
growth. The cell morphology was as expected on PGS-M sub-
strates. Cell morphology is an important feature that can tell
us about cell behaviour, stability, and stress responses to a
variety of conditions. Cells seeded on lower DMs showed a
slightly rounded shape with pseudopodial retraction in com-
parison with cells seeded on higher DMs and glass, which
showed a spindle shape. Our hypothesis is that lower
stiffness and higher percentages of sol fractions in lower
DMs possibly affect cell growth based on resazurin reduction
and LDH release assays. In conclusion, physiochemical
characterisation of low DM PGS-M showed that it has excel-
lent tuneable physicochemical properties, which are highly
advantageous for soft tissue engineering. Further work with
PGS-M should carefully select specific tissue by considering
all evaluated parameters to best mimic the target tissue and
improve cell proliferation.
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