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Poly (glycerol sebacate)-co-poly (ethylene glycol) (PGS-co-PEG) copolymers have multifunctional and tunable
properties and great potential as high-performance biomaterials. However, the application of these materials is
currently limited by harsh crosslinking conditions that include high temperatures and long reaction times. In this

gl})::r(:i)cal modification study, in order to overcome these limitations, the methacrylation process was conducted on PGS-co-PEG,
Methacrylation resulting in photocurable (PGS-co-PEG)-M copolymers. Methacrylation of PGS-co-PEG, formulated respectively

from polyethylene glycol (PEG2) or glycerol ethoxylate (PEG3), was investigated for the first time. (PGS-co-
PEG2)-M and (PGS-co-PEG3)-M were found to be biodegradable, biocompatible, bioadhesive, pH-responsive and
photocurable. Multifunctional characteristics remained after methacrylation, they were, however, drastically
altered. Mechanical strength was enhanced significantly for (PGS-co-PEG)-M copolymers. Tensile Young’s
moduli of (PGS-co-PEG2)-M samples ranged from 0.08 to 0.48 MPa, while those of (PGS-co-PEG3)-M ranged
from 2.67 to 35.47 MPa, indicating the mechanical properties of the materials can be tuned via crosslinking
density. In contrast, bioadhesive properties, such as lap-shear and adhesion strengths, were almost halved due to
methacrylation. The degradation and swelling rates were slightly reduced, but pH-responsive behaviours at pH
=5.0, 7.4 and 9.1 were still observed. Cell metabolic activity and double-stranded DNA content, investigated by
resazurin and PicoGreen® assays, demonstrated that the (PGS-co-PEG)-M copolymers were biocompatible.
Photocurable (PGS-co-PEG)-M copolymers facilitate a simple and user-friendly curing process (photo-
crosslinking) that could be used for biomedical applications. Moreover, these photocurable copolymers are
beneficial for various biofabrication methods, including emulsion techniques and additive manufacturing, either
directly or indirectly.

Photocurable polymers

1. Introduction

Poly (glycerol sebacate) (PGS) is one of several polymeric bio-
materials that have been used recently in a variety of applications. The
synthesis of PGS as a biodegradable polyester was outlined in 2002, and
since then, because of its simple and reliable manufacture, it has gained
popularity in tissue engineering. PGS synthesis involves poly-
condensation reactions between glycerol and sebacic acid, resulting in a
3D network of random coils with hydroxyl groups attached to the PGS
backbone [1-3]. PGS is made of two natural components that can both
be found in the body. Glycerol is the primary building block for lipids,

whereas sebacic acid is a metabolic intermediate in the w-oxidation of
fatty acids [3-5]. These two precursors are also cheap and have Food
and Drug Administration (FDA) approval [6]. PGS chemical and me-
chanical properties and degradation behaviour are determined by the
synthesis parameters, which enable a tunable degree of esterification.
Despite these benefits, PGS production and properties are not yet ideal
for biological applications; for example, PGS production needs high
curing temperatures, and PGS exhibits limited hydrophilicity. Indeed,
unmodified or pure PGS crosslinks only in vacuum under high temper-
ature (>120 °C) and long reaction times (>24 h) are required for ther-
mal curing [4,7]. These harsh conditions mean complex 3D
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architectures cannot be fabricated using simple manufacturing tech-
niques. Moreover, these circumstances are not conducive to utilising the
materials for purposes such as cell encapsulation. To address such
drawbacks, PGS can be physically and chemically modified to improve
its properties.

PGS is typically subjected to chemical modification(s) to change its
chemical, mechanical, and degradation properties and to meet the needs
of its intended use. In terms of crosslinking conditions, modified PGS is
more adaptable without requiring further processing at high tempera-
tures or in a vacuum, making it more appropriate for a range of appli-
cations [8,9]. For example, it was shown that diisocyanate, specifically
hexamethylene diisocyanate (HDI), can effectively act as a crosslinker
for PGS-based elastomers [10-13]. In a study conducted by Wang et al. a
novel urethane-based PEGylated PGS (PEGS-U) bioelastomer was
developed using HDI, which can be crosslinked at low temperatures.
This crosslinking process led to the development of elastomers with
highly-customised mechanical properties, hydrophilicity, and biode-
gradability [11]. Also, it was shown that by incorporating
beta-tricalcium phosphate (8-TCP) powder in PEGS-U, rapid additive
manufacturing at low temperatures is possible, and the printed grid
scaffolds exhibited enhanced mechanical strength and hyperelasticity.
These scaffolds supported cell proliferation and osteogenic differentia-
tion and promoted new bone formation in critical-sized cranial defects
[12]. PGS is most frequently chemically modified via acrylation [4,14]
or methacrylation [8,15-17], particularly for additive manufacturing,
stereolithography in particular. The presence of acrylate or methacry-
late groups in PGS produces a photocurable PGS that can be photo-
crosslinked when combined with a free-radical generating
photoinitiator and suitable wavelength of light (mainly UV light) [18,
19], allowing it to be used in additive manufacturing techniques.
PGS-based photocurable polymers can be crosslinked rapidly, almost
within a few seconds up to a few minutes, which is one of their main
advantages. Additionally, by simply changing the degree of acrylation or
methacrylation, the characteristics of modified PGS can be altered [20,
21].

Here, first, PGS was chemically modified by the addition of two types
of polyethylene glycol (PEG), PEG2 (polyethylene glycol 1000) and
PEG3 (glycerol ethoxylate 1000), as detailed in our previous study [22].
PEG is a polymer that is FDA approved, and when a PEG segment is
added to the PGS backbone, a PGS-co-PEG copolymer is created that is
less hydrophobic; therefore, it is more suited for biomedical applications
[23,24]. Previously, we showed that adding PEG2 and PEG3 results in
multifunctional copolymers with different characteristics, such as bio-
adhesion, flexibility, pH-responsive behaviour, degradability and cyto-
compatibility [22]. However, to cure PGS-co-PEG copolymers and make
solid structures, harsh conditions (130 °C and 72 h in vacuum) were
required. In this study, to address this issue, PGS-co-PEG copolymers,
either PGS-co-PEG2 or PGS-co-PEG3, were methacrylated (developing
(PGS-co-PEG)-M) in order to facilitate a simple and user-friendly curing
process. To the best of our knowledge, this is the first study that syn-
thesises and evaluates (PGS-co-PEG)-M copolymers, both (PGS-co--
PEG2)-M and (PGS-co-PEG3)-M, with this methacrylation technique.
(PGS-co-PEG)-M bioelastomers were characterised and showed multi-
functional properties as before methacrylation but with noticeable al-
terations. Also, these photocurable copolymers can be used to make
scaffolds with complex patterns such as micron-scale patterns and
microparticles.

2. Materials and methods
2.1. Materials

Sebacic acid (SA), polyethylene glycol 1000 termed PEG2 (Mw =
1000 g/mol), glycerol ethoxylate termed PEG3 (Mw = 1000 g/mol),

glycerol, tetrahydrofuran (THF), diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide/2-hydroxy-2-methylpropiophenone (PI), Dulbecco’s
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modified Eagle’s medium (DMEM), amphotericin B, fetal bovine serum
(FBS), penicillin/streptomycin (PS), i-glutamine, trypsin, para-
formaldehyde, lipase, dimethyl sulfoxide (DMSO) and ethanol were all
purchased from Sigma Aldrich.

2.2. Preparation of poly (glycerol sebacate)-co-poly (ethylene glycol)
(PGS-co-PEG) copolymers

Following the method previously described by Aleemardani et al. the
PGS-co-PEG copolymers, either PGS-co-PEG2 or PGS-co-PEG3, were
synthesised [22]. Briefly, the copolymerisation of the PGS-co-PEG
pre-polymer was carried out in two steps: (1) sebacic acid (SA) and PEG
were polycondensed at various weight ratios to produce the SA/PEG
pre-polymer, and (2) glycerol was added to the mixture to create the
PGS-co-PEG pre-polymers. Two different PEG types, PEG 2-arm or PEG2
(Polyethylene glycol 1000; SIGMA, Mw = 1000 g/mol) and PEG 3-arm
or PEG3 (Glycerol ethoxylated; SIGMA, Mw = 1000 g/mol), were
employed in this study to synthesise the PGS-co-PEG prepolymers
(Table 1). First, under stirring conditions, SA and PEG (20%, 40%, and
60% wt) were polycondensed. This was followed by a reaction at 130 °C
with a nitrogen flow for 3 h and a vacuum of 9 mbar for 24 h. For
PGS-co-PEG2 copolymers, PEG2 was first melted at 90 °C in a vacuum
chamber. Second, glycerol was added and thoroughly mixed while
under nitrogen flow, and the reaction was then carried out for 48 h at
130 °C and 9 mbar of vacuum (Fig. S1 Supporting Information).

2.3. Preparation of poly (glycerol sebacate)-co-poly (ethylene glycol)
methacrylates (PGS-co-PEG)-M

The PGS-co-PEG copolymers were methacrylated in the following
steps (Fig. 1A and B): The 100 g of PGS-co-PEG copolymers were dis-
solved in 400 ml of dichloromethane (Fisher Scientific, UK) for 1 h. Then
4-methoxyphenol was added at 1 mg/g of PGS-co-PEG prepolymer as a
photo-polymerisation inhibitor due to the avoiding spontaneous cross-
linking. Methacrylic anhydride (adding methacrylate groups) and trie-
thylamine (as a neutralising base for the acidic side products like
methacrylic acid) were added slowly. For PGS-co-PEG2, it was assumed
that merely one hydroxyl group is available and others (two) reacted
with sebacic acid. However, for PGS-co-PEG3, it was assumed that two
hydroxyl groups are free, one hydroxyl group of glycerol and one hy-
droxyl group of glycerol ethoxylated. Therefore, the amounts of meth-
acrylic anhydride and triethylamine for PGS-co-PEG3 were considered
to be double compared to PGS-co-PEG2. The amounts of methacrylic
anhydride (MEA) and triethylamine (TEA) are given in Table 1. The
reaction temperature was 0 °C and after completion the mixture was
allowed to equilibrate to room temperature over 24 h. Afterwards,
further 4-methoxyphenol was then added at 0.5 mg/g of PGS-co-PEG
prepolymer. Then the solution was washed three times with 30 mM
hydrochloric acid (Fisher Scientific, UK) at 1:1 (v/v). Eventually, the
solvent (dichloromethane) was removed by rotary evaporation under a
vacuum pressure of 9 mbar to yield a viscous (PGS-co-PEG)-M prepol-
ymer. The prepolymers were stored at —8 °C prior to use. Throughout
this study, PGS-M with a degree of methacrylation (DM) of 80% was
used as a control [15].

In order to make solid samples, 2% wt of photoinitiator (PI),
diphenyl(2,4,6-trimethylbenzoyl) =~ phosphine  oxide/2-hydroxy-2-
methylpropiophenone (Sigma Aldrich), was added into the (PGS-co-
PEG)-M and PGS-M prepolymer solutions and were mixed. Then speci-
mens were crosslinked by exposure to UV light (100 W, OmniCure Series
1000 curing lamp with an installed filter for 320-500 nm wavelengths)
for 10 min (each side for 5 min). After photocrosslinking, all samples
were washed with methanol (Fisher Scientific, UK) and PBS three times
each to remove any residual of the solvent (dichloromethane). Samples
were kept overnight in the oven at 60 °C to be dried prior to the
experiments.
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Table 1

Ratios of the PGS-co-PEG, both PEG 2-arm (PEG2) and 3-arm (PEG3), and the amounts of MEA and TEA used for methacrylation
Sample code Molar ratio (PEG:Sebacic acid:Glycerol) PEG (wt%) MEA (g) TEA (8)
PEG2 PEG3
(PGS-co-20PEG2)-M (PGS-co-20PEG3)-M 0.07:1:1 20 12.33 g for PGS-co-PEG2 8.10 g for PGS-co-PEG2
(PGS-c0-40PEG2)-M (PGS-co-40PEG3)-M 0.19:1:1 40 24.66 g for PGS-co-PEG3 16.20 g for PGS-co-PEG3
(PGS-co-60PEG2)-M (PGS-co-60PEG3)-M 0.44:1:1 60

2.4. Characterisation of (PGS-co-PEG)-M prepolymers by proton nuclear
magnetic resonance (NMR) spectroscopy

To analyse PGS-M and (PGS-co-PEG)-M prepolymers, proton (*H)
nuclear magnetic resonance NMR spectroscopy (Burker AVIIIHD 400
NMR spectrometer) at 400 MHz was used. For recording standard 'H
experiments, a 30° pulse for excitation, 64 k acquisition points over a
spectral (20.5 ppm width with 64 transients) and a 2s relaxation delay
were utilised. Prepolymers were dissolved in deuterated chloroform
(CDCl3; 1 ml) at 1% w/v. CDCl;3 at 7.27 ppm was used as a standard for
chemical shifts. MestReNova software was used to analyse spectra
(MestreLab Research). To calculate the degree of methacrylation (DM),
the signal integrals of the methylene groups in sebacic acid (1.3 ppm)
and the methacrylate groups (1.9, 5.6, and 6.2 ppm) in each sample
were used [15,16]. Among the samples, (PGS-co-40PEG3)-M showed a
DM of 100%, so the DM of other specimens were reported in percentage
by using the following Eq. (1) (Supporting Information):

(o] Jou) (frsne] fromn)omm

where S and FMS are sample and fully methacrylated sample ((PGS-co-
40PEG3)-M), respectively.

2.5. Characterisation of (PGS-co-PEG)-M prepolymers by attenuated
total reflectance-fourier transform infrared (ATR-FTIR)

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy was conducted on PGS-M and (PGS-co-PEG)-M samples
before and after photocrosslinking by a Thermo Scientific Nicolet iS5
Fourier Transform Infrared (FTIR) with iD7 Single-Bounce ATR Acces-
sories with readings between 400 and 4000 em™!, 4 em ™! resolution, 16
scans.

2.6. Characterisation of (PGS-co-PEG)-M prepolymers using gel
permeation chromatography (GPC)

The molecular weights of the prepolymer of PGS-M and (PGS-co-
PEG)-M copolymers were determined using gel permeation chroma-
tography (GPC) using Agilent 1260 Infinity with inbuilt refractive index
detector. The samples were dissolved in THF (2 mg/ml) and then
injected into the system at a constant flow rate of 1 ml/min. Polystyrene
standards were utilised as a reference for calibration, and a toluene
reference was incorporated (0.1% toluene was added to both samples/
standards). Specimens were analysed at 35 °C by 2x PLgel 5 pm MIXED-
C columns, 7.5 x 300 mm and a PLgel 5 pm column guard. The data
analysis was performed using Agilent GPC/SEC Software (Version
A.02.01 Build 9.3485). The chromatogram peaks were examined to
determine the number average (M,), weight average (M,,), and poly-
dispersity index (DI) of the prepolymer molecular weights (Supporting
Information).

2.7. Sol-gel content evaluation

A sol-gel content analysis was carried out on photocured PGS-M and
(PGS-co-PEG)-M samples to define the degree of crosslinking. In this
experiment, specimens (7 mm in diameter, 1.3 mm in thickness and n =

5) were weighed (Wy) and then allowed to swell in phosphate-buffered
saline (PBS; 5 ml) and tetrahydrofuran (THF; 5 ml) for 48 h. The per-
centage of sol content was calculated by the following equation (Eq. (2))
after specimens had been thoroughly dried (Wy).

Sol (%) = [(Wo — Wq) / Wo] x 100 ()

2.8. Swelling ratio (%) analysis

As part of this study, the specimens (n = 5; diameter: 0.7 cm;
thickness: 1-1.2 mm) were weighed first (Wgqry) before completely
immersing in pH = 5.0 (citrate buffer; 1.5 ml), pH = 7.4 PBS (1.5 ml)
and pH = 9.1 (glycine-NaOH buffer; 1.5 ml) and incubating at physio-
logical temperature, 37 °C. After collecting the swollen samples at spe-
cific intervals, a filter paper was used to remove surface buffer and then
the samples were weighed (Wyet). Swelling ratios were calculated using
Eq. (3).

Swelling ratio (%) = [(Wue« — Wary) / Wary] x 100 (3)

2.9. In vitro degradation test

The degradation kinetics of photocrosslinked (PGS-co-PEG)-M were
studied over 35 days. To do so, firstly, the (PGS-co-PEG)-M samples (n =
5; diameter: 0.7 mm,; thickness: 1.2-1.4 mm) were weighed (Wj,;) and
then incubated in the following degrading media: (1) PBS without en-
zymes (1.5 ml) and (2) PBS with lipase (110 U/L; 1.5 ml). In order to
maintain full enzyme activity, the media was changed daily. The weight
loss was determined at specific time intervals, 7, 14, 21, 28 and 35 days.
At the end of the incubation period, the specimens were washed and
dried, and then weighed (Wgay). The following equation, Eq. (4), was
used to calculate the weight loss (%).

Weight loss (%) = [(Wini — Waay) / Wini] x 100 4

2.10. Poly (ethylene glycol) (PEG2) and glycerol ethoxylate (PEG3)
release study

A two-phase colourimetric assay was used to quantify PEG release
[25,26]. First, standard curves were obtained through serial dilution of a
20 mg/ml PEG2 and PEG3 stock solution in PBS. The reagent was pre-
pared by dissolving 16.2 g of anhydrous ferric chloride (FeCl3) in 1 L of
distilled water and then adding 30.4 g of ammonium thiocyanate
(NH4SCN). In a microfuge tube, 0.5 ml of ammonium ferrothiocyanate
reagent (upper phase) and chloroform (bottom phase) were added. The
(PGS-co-PEG)-M and PGS-M (as a control) samples (7 mm in diameter
and average of 1.4-1.9 mm thickness) were soaked in PBS at 37 °C. In a
two-phase system microfuge tube, 50 pl aliquots of release media (PBS)
from each sample were added at specific intervals for 35 days. At each
interval, to keep the sink conditions constant over time, fresh PBS was
replaced with constant withdrawn volume. A vortex and rocker were
used to vigorously mix the tubes for 30 min, following which they were
centrifuged at 5590 g for 2 min (Sanyo MSE Micro Centaur MSB010.
CX2.5, UK). After removing the lower chloroform layers, the absorbance
at 510 nm was measured with a UV spectrophotometer (JENWAY 6305).
The replication of specimens was 5 (n = 5).
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Fig. 1. Chemical structures of PGS-co-PEG2 and PGS-co-PEG3 after methacrylation, (A) (PGS-co-PEG2)-M and (B) (PGS-co-PEG3)-M, respectively.
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2.11. Mechanical properties

2.11.1. Tensile test

Using a MultiTest-dV tester (Mecmesin, Slinfold, UK), the mechani-
cal characteristics of (PGS-co-PEG)-M specimens were assessed
following a modified version of ASTM D638-10. (PGS-co-PEG)-M solu-
tions containing photoinitiator (PI) diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide/2-hydroxy-2-methylpropiophenone (Sigma Aldrich)
2% wt (liquid phase) were injected into a dog-bone shaped PDMS mould
in accordance with ASTM D638-10, and specimens crosslinked by
exposure to UV light (100 W, OmniCure Series 1000 curing lamp) for 10
min (5 min for each side) (solid phase). With a load cell of 25 N, a grasp
distance of 10 mm, and an extension rate of 1 mm/min, photocured
samples were tested on a MultiTest-dV tester, and data on both force and
elongation were collected. The linear-elastic area of each sample’s
stress-strain curve was used to compute tensile Young’s modulus. The
maximum elongation, also known as the elongation at yield, is the
proportional elongation at the boundary of the linear elastic region,
which was measured during the test. Each specimen had five replica-
tions (n = 5), and the samples ranged in thickness from 1 to 1.3 mm.

2.11.2. Compression test

Compressive properties of (PGS-co-PEG)-M samples with a dimen-
sion of 5 mm in diameter and 5 mm in height were measured. Dry (as-
prepared) and swollen (hydrated, after 140 h being in PBS at 37 °C)
samples were tested under compression using a MultiTest-dV tester
(Mecmesin, Slinfold, UK) at a rate of 1 mm/min. Swollen samples were
prepared to mimic the physiological conditions. For testing dry samples,
aload cell of 15 N was employed, whereas a load cell of 5 N was utilised
for testing wet samples. Due to the increased softness of the (PGS-co-
PEG2)-M specimens, especially (PGS-co-60PEG2)-M after swelling, they
were unable to withstand a 15 N load. At least five specimens were
tested for each group, and the results were averaged. The data were
obtained using Vector Pro software. Furthermore, to assess reversibility,
the load was gradually released at the same rate, allowing for the
acquisition of hysteresis diagrams for the specimens. The reversibility
(after 10 s) was calculated from the height before loading (h;) and after
loading (hy), Eq. (5) [27]:

Reversibility (%) = [(h, —h;)/h; ] x 100 5)

The stress-strain curves were generated through a single loading-
unloading cycle followed by 30 cyclic cycles. Cyclic load-unload cy-
cles were tested in the same condition.

2.12. Lap-shear strength

A modified lap shear test based on the F2255-05 ASTM standard was
used to quantify the shear strength of (PGS-co-PEG)-M samples in order
to evaluate their bioadhesive characteristics [28]. Two pieces of glass
slides with 10 mm x 50 mm dimensions were used, coated with a 20%
w/v gelatin solution at 37 °C and dried at room temperature. Fifty
milligrams of copolymers solution containing photoinitiator (PI)
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide/2-hydroxy-2-methyl
propiophenone (Sigma Aldrich) 2% wt were sandwiched between two
overlayer glass slides and then crosslinked by exposure to UV light (100
W, OmniCure Series 1000 curing lamp) for 10 min (PGS-co-PEG)-M
copolymers were cured between two glass slides by 10 mm x 10 mm
dimensions. Shear strengths were measured at the detachment point of
the samples (n = 5) by a MultiTest-dV tester (Mecmesin, Slinfold, UK)
under tensile stress (1 mm/min). Dermabond™ Mini Topical Skin Ad-
hesive was utilised as a control.

2.13. Wound closure test

A modified ASTM standard test, F2458-05, was performed on (PGS-
co-PEG)-M specimens to evaluate wound closure capability [29,30].

Materials Today Advances 19 (2023) 100410

This test was conducted using fresh porcine skin cut into pieces of 10
mm x 20 mm obtained from a local butcher shop. Before testing, the
excess fat on the skin was removed and the remaining skin kept hydrated
in PBS. To simulate a wound, a straight-edge razor was used to make an
incision [31]. Super glue was used to attach the tissues to two glass slides
(20 mm x 60 mm), resulting in about 10 mm of space was kept between
the slides. Fifty milligrams of copolymers solution containing photo-
initiator (PI) diphenyl(2,4,6-trimethylbenzoyl) phosphine
oxide/2-hydroxy-2-methylpropiophenone 2% wt was administered onto
the wound site and crosslinked by exposure to UV light (100 W,
OmniCure Series 1000 curing lamp) for 10 min. The ultimate adhesive
strength of (PGS-co-PEG)-M was calculated at the detachment point by a
MultiTest-dV tester at a 1 mm/min strain rate (n = 5). As a control,
Dermabond™ Mini Topical Skin Adhesive was used.

2.14. Adhesion test with different substrates and stainless steel calibration
weights

The most adhesive sample, (PGS-co-60PEG2)-M, was used to adhere
to different substances, including glass, polypropylene, polyethylene
terephthalate, polytetrafluoroethylene, silicone, polystyrene, wood,
stainless steel, and aluminium. Also, several stainless steel calibration
weights were used to determine how much weight the sample could hold
[22,32,33]. Typically, the joint was lightly compressed with a finger for
10 s before measuring the adhesion [22,33].

2.15. Cytocompatibility test

2.15.1. Preparing samples for cell culture and cell seeding

(PGS-co-PEG)-M and PGS-M samples (diameter of 10 mm) were
washed in methanol and PBS and then dried. After that samples were
sterilised with 70% ethanol (10 min, repeated three times), followed by
a series of washes in sterile PBS (10 min, repeated three times). After
sterilisation, the specimens ((PGS-co-PEG)-M and controls) were soaked
overnight in foetal bovine serum (FBS) to improve the cell attachment.
Immortalised human keratinocyte (HaCaT ATCC® HB-241TM) cells
were maintained in adherent culture in a cell culture medium (DMEM
containing 10% (v/v) FBS, 100 IU/ml penicillin, 100 mg/ml strepto-
mycin, 2 mM t-glutamine and 0.625 pg/ml amphotericin B) at 37 °C and
5% CO. HaCaT cells were cultured and expanded in T75 flasks until
they reached a confluent state of 70-80%. HaCaT cells were trypsinised
and then seeded at a density of 2 x 10% (15 pl) cells per sample. Then
samples were incubated for 30 min at 37 °C and 5% CO,, and after that,
1 ml of medium was added. Tissue culture plastic (TCP) and PGS-M were
used as controls. The medium was changed every two days during the
culture of the cells for 1, 3 and 7 days. The replications of each sample
were five (n = 5).

2.15.2. Evaluation of cell attachment, proliferation and viability

Cell attachment was evaluated on day 1, and cell proliferation and
viability were measured on day 3 and day 7 using the resazurin reduc-
tion assay. A fluorescent plate reader can detect resorufin (fluorescent,
pink), which has been reduced by the live cells from the resazurin so-
lution (nonfluorescent, blue). A resazurin working solution was pre-
pared by diluting a 1 mM resazurin stock solution with a cell culture
media to 100 pM. In the following step, the scaffolds were transferred to
a newly prepared well plate with sterile tweezers, and then a 1 ml so-
lution of resazurin solution was added for each well. Well plates were
incubated at 37 °C for 4 h with a foil cover to protect them from light. To
read the related reductions, excitation and emission were measured at
wavelengths of 540 nm and 630 nm, respectively, with a spectrofluo-
rometer (FLX800, BIO-TEK Instruments, Inc.) by transferring duplicate
samples of 200 pL of the reduced resazurin solution from each scaffold to
a 96-well plate. Separate plates containing identical scaffolds were used
to perform resazurin reduction assays at each interval (day 1, day 3 and
day 7).
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2.16. PicoGreen® assay

An alternative technique to investigate the growth and proliferation
of HaCaT cells is to quantify double-stranded DNA (dsDNA) content at
various time points. A PicoGreen assay is an established method to assess
cell proliferation by quantifying dsDNA content. In this assay, the
fluorescence intensity increases significantly when the PicoGreen dye
intercalates with dsDNA molecules. The PicoGreen dye displays a low
fluorescence when it is free in solution; however, once it binds to dsDNA,
it experiences a change in its fluorescence emission spectrum, producing
a higher signal that can be detected with a fluorescence plate reader.

The DNA content was measured using a Quant-iT™ PicoGreen®
dsDNA Kit. Seeded HaCaT cells on (PGS-co-PEG)-M and PGS-M samples
with a diameter of 10 mm were transferred into 24-well plates on day 3
and day 7. Cell digestion or lysing buffer (1 ml containing 10 mM Tris-
HCIl, 1 mM ZnCl, and 1% Triton-X100 in distilled water (dH20)) was
added to the specimens and incubated for 30 min at room temperature.
Then samples were vortexed for 60 s and kept overnight in a fridge at 4
°C. The (PGS-co-PEG)-M samples and controls (PGS-M and TCP) then
underwent 3 x freeze-thaw cycles (10 min at - 80 °C and 20 min at 37 °C,
15 s vortex between the freeze-thaw cycles). To make the PicoGreen
working solution, 20 x Tris-EDTA (TE) was diluted 1:20 in dH,0 (1:TE),
and the PicoGreen reagent was diluted 1:200 in 1 x TE. 100 pL Pico-
Green working solution was mixed with 100 pL of the lysate of samples
(1:1 v/v) in 96-well plates wrapped in foil and incubated at room tem-
perature for 10 min. Excitation wavelength was 485 nm, and emission
wavelength was 528 nm during fluorescence measurements (FLX800,
BIO-TEK Instruments, Inc.). For each sample, an approximate number of
cells on day 3 and day 7 was calculated using the standard curve
generated from the relative fluorescence of PicoGreen of HaCaT cells at
10,000, 25,000, 50,000, 100,000 and 150,000 cell counts.

2.17. Immunofluorescence staining

On day 3, (PGS-co-PEG)-M and PGS-M were fixed with 3.7% form-
aldehyde (FA) for 20 min and washed gently with PBS before sub-
merging into 0.1% (v/v) Triton X 100 (in PBS) for 20 min. After three
times PBS washing, to visualise F-actin filaments in cells, phalloidin
(FITC, Sigma Aldrich) solution was added (1:500 diluted in PBS from
stock solution) to samples and incubated for 30 min in the dark. Samples
were washed three times with PBS. The nuclei of the cells were stained
with 4',6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) solution
(diluted 1:1000 in PBS) and incubated in the dark for 15 min; samples
were then washed three times with PBS and imaged with an LSM880
AiryScan Confocal Microscope (ZEISS, Germany) with equipped with
using a 10x/0.3 Plan-Neofluar objective. DAPI images were excited
using a 405 nm laser and spectrally detected in the 410-495 nm range.
The FITC (green) channel was imaged with 488 nm laser excitation and
spectral detection of 495-634 nm. Z-stack images (2580 x 2580 pixels)
were taken for each sample and projected to a single image.

2.18. Statistical analysis

The results were analysed using Origin Pro 2020 and one-way and
two-way analysis (for resazurin and PicoGreen results; mentioned
within the text) of variance (ANOVA). Tukey (one-way) and Bonferroni
(two-way) analyses were used, and results were plotted as mean +
standard deviation (SD). The p-values in the figures show the statistical
differences between the groups (*P < 0.05, **P < 0.01 and ***P <
0.001). The Materials and methods section and the figure legends both
mention the number of replicates (n).
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3. Results and discussion
3.1. Proton (*H) nuclear magnetic resonance (NMR) spectroscopy

A 'H NMR analysis demonstrated that PGS-M and (PGS-co-PEG)-M,
either (PGS-co-PEG2)-M or (PGS-co-PEG3)-M, were successfully syn-
thesised (Fig. 2A, B and 2C). Spectra of sebacic acid -COCH;CH,CH»-
were confirmed at 2.3, 1.6, and 1.3 ppm (c, d and e); and of glycerol
—CH,CH— with peaks at 5.2, 4.2, 3.7 ppm (a and b). The signals of the
methacrylate groups peaked at 6.2, 5.6 and 1.9 ppm (g). Due to the use
of DCM in the methacrylation process, residual DCM was found even
after rotary evaporation - peaks at 5.3 ppm were associated with DCM
[15]. As aresult of the inclusion of the PEG, the methylene peaks showed
up (f) in the spectra of (PGS-co-20PEG2)-M (at 3.67 ppm),
(PGS-co-40PEG2)-M (at 3.66 ppm), (PGS-co-60PEG2)-M (at 3.69 ppm),
(PGS-c0-20PEG3)-M (at 3.65 ppm), (PGS-co-40PEG3)-M (at 3.68 ppm)
and (PGS-co-60PEG3)-M (at 3.67 ppm) [22,24,34,35]. The degree of
methacrylation for (PGS-co-PEG)-M samples was calculated using Eq.
(1), and (PGS-co-PEG2)-M and (PGS-co-PEG3)-M had the DM of almost
10-43% and 70-100%, respectively (Table S1 Supporting Information).
Also, the actual percentages of PEG obtained from 'H NMR analysis
closely matched the theoretical PEG percentages, indicating a properly
controlled copolymer synthesis (Table S1 Supporting Information).

3.2. Attenuated total reflectance-fourier transform infrared (ATR-FTIR)

ATR-FTIR spectra of PGS-M and (PGS-co-PEG)-M samples before
(liquid) and after (solid) photocuring are given in Fig. 2D, E and 2F. For
PGS-M, broad peaks associated with hydroxyl groups were found around
3468 cm™!, and two strong peaks were present at 2922 cm ™! and 2854
em™! associated with methyl and alkane groups. A sharp peak at 1734
cm ! was seen related to ester bonds, and the peaks between 1292 and
1048 cm™! were associated with carboxyl stretch vibrations. Distinct
peaks related to the methacrylate groups were observed at 946 cm™!
(=C-H bending) and 1642 ecm~! (CIC stretching). These peaks were
reduced significantly or even removed after UV photopolymerisation
(Fig. 2D) [8,15,36]. For (PGS-co-PEG)-M copolymers compared with the
PGS-M, a band around 1120 cm ! (C-0-C) was observed related to
symmetric stretching vibrations [22,37]. Also, other peaks about
1150-1170 cm ™! were associated with the ether bonds in (PGS-co--
PEG)-M samples, resulting in a successful segmentation of the backbone
of the PGS-co-PEG [22]. After UV photopolymerisation, some changes
for peaks labelled by a, b, ¢, d, e and f were observed (Fig. 2D, E and 2F).
Sharp peaks attributed to hydroxyl groups (O-H stretching labelled by a)
were observed around 3600-3500 cm [38], but after photo-
crosslinking, these peaks strongly reduced in intensity. The reduction in
intensity is potentially related to the consumption of the hydroxyl
end-groups during the formation of ester crosslinking with the meth-
acrylate groups [39]. Asymmetric and symmetric stretching vibrations
of C-H bonds (peaks labelled by b) were detected at around 2980 and
2880 cm ™}, respectively, but after photocrosslinking, these peaks were
shifted to 2928 and 2861 cm ™}, respectively. The shift and reduction in
intensity of C-H vibrations after crosslinking indicates the conversion of
methacrylate alkene groups to alkane groups. Additionally, the intensity
of the peaks decreased after crosslinking. Carbon dioxide peaks were
detected around 2300-2400 cm~! (labelled by c), resulting from
measuring conditions. After photocuring, the intensity of these peaks
reduced noticeably, which could be related to CO5 permeability (gas
permeability is higher in liquids) [40]. Ester bonds (labelled by d) within
the (PGS-co-PEG)-M copolymers were demonstrated by firm peaks
roughly at 1733 ecm™! (C]O), which were intensified after photo-
crosslinking under UV light. However, the methacrylate peaks at around
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Fig. 2. H NMR spectra of (A) PGS-M polymer, (B) (PGS-co-PEG2)-M copolymers and (C) (PGS-co-PEG3)-M copolymers. The ATR-FTIR spectra of (D) PGS-M
polymers, (E) (PGS-co-PEG2)-M copolymers and (F) (PGS-co-PEG3)-M copolymers were obtained before and after the photocrosslinking process.

740-750 cm ! (labelled by f), 945 cm ! (peaks in the area of label e)
and 1644 cm~! decreased after photocuring [8]. Some of the groups
consumed after photocrosslinking, such as C]C bonds, become C-C or C]

O bonds, and their intensity changes accordingly [41].

Table 2

3.3. Characterisation of (PGS-co-PEG)-M prepolymers using gel
permeation chromatography (GPC)

GPC was conducted on (PGS-co-PEG)-M and PGS-M to determine the
effect of methacrylation on the number and weight averaged molecular

GPC results of (PGS-co-PEG2)-M and (PGS-co-PEG3)-M copolymers, including the number average (M,), weight average (M), and polydispersity index (DI) (Sup-

porting Information).

Sample M, (g/moD) M,, (g/mol) DI Sample M, (g/moD) M,, (g/mol) DI

(PGS-co-20PEG2)-M 2755 7313 2.654 (PGS-co-20PEG3)-M 3508 20398 5.815
(PGS-co-40PEG2)-M 2625 5373 2.047 (PGS-co-40PEG3)-M 3562 17504 4.914
(PGS-co-60PEG2)-M 2392 4494 1.879 (PGS-co-60PEG3)-M 3466 10234 2.953
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weights and dispersity index (M, My, and DI). The M,, of PGS-M was
determined to be 11007 g/mol, with an M, of 2547 g/mol and a DI of
4.322. As indicated in Table 2 (Supporting Information), there was an
observed increase in molecular weight (Mw) following the meth-
acrylation process, indicating that the reaction led to the incorporation
of methacrylate functional groups into the polymer chains. The extent of
the molecular weight increase varies depending on various factors, such
as the extent of conversion of methacrylate functional groups, the re-
action efficiency, and the initial molecular weight of the polymer.
Comparing the molecular weight before [22] and after methacrylation,
show that the molecular weights of (PGS-co-PEG)-M and PGS-M increase
upon methacrylation. This increase can be related to methacrylate
groups attached to the polymer chains, adding mass to the polymer
structure.

3.4. Sol-gel content

To investigate the crosslinking density, the sol-gel content assay can
be used. In theory, the crosslinked parts swell in the THF solution while
the non-crosslinked segments leach out. Hence, the sol and gel content
can be calculated based on the remaining dry weight of the crosslinked
network [42]. Here, sol content (%) was measured in both PBS and THF
for a better comparison. PBS was used to examine the sol content in a
similar condition to the biological environment. THF was utilised
because it is a common solvent to evaluate the sol-gel content since the
swelling degree of co/polymers is high, which allows the sol to diffuse
out. Previous studies indicated that the sol content increases with the
addition of PEG because of lower crosslinking density [22,37,43], and
the results given in Fig. 3A are consistent with the expected trend. In our
former study, we have shown that adding PEG reduces the percentage of
gel content, but this decrease depends on both concentration and type of
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PEG [22]. As can be seen in Fig. 3A, loading PEG indeed enhanced the
sol (%), and higher concentrations of PEG led to greater percentages of
sol; however, the amounts of sol content (%) of (PGS-co-PEG2)-M were
remarkably higher than (PGS-co-PEG3)-M (P < 0.001). Although similar
trends were seen in our previous research [22], here, the gaps in sol
values between (PGS-co-PEG2)-M and (PGS-co-PEG3)-M were more
significant. For instance, the sol content (%) of (PGS-co-60PEG2)-M and
(PGS-co-60PEG3)-M were 50.35 + 5.19% and 18.07 + 1.06%, respec-
tively in THF. Due to the structure of PEG3 (having 3-arm rather than
2-arm), after methacrylation, based on the obtained results, such as
swelling, in vitro degradation and sol-gel content, it can be concluded
that (PGS-co-PEG3)-M has higher crosslinking density than (PGS-co--
PEG2)-M. Also, by comparing the results between the present and pre-
vious study, we can conclude that the crosslinking densities of
(PGS-co-PEG3)-M are higher than non-methacrylates PGS-co-PEG3 co-
polymers that were thermally crosslinked [22]. The presence of free
hydroxyl groups (-OH groups) on the polymer backbone is related to the
formation of covalent crosslinks. A higher abundance of free —-OH groups
can be found in PGS-co-PEG3 than in PGS-co-PEG2, and due to this,
there are more methacrylic groups in (PGS-co-PEG3)-M than (PGS-co--
PEG2)-M. Therefore, the changes in sol content were much lower in
(PGS-co-PEG3)-M than in (PGS-co-PEG2)-M.

3.5. Swelling ratio (%) analysis

3.5.1. Swelling in pH = 7.4

In order to measure the bulk hydration characteristics of PGS-M
polymer and (PGS-co-PEG)-M copolymers, swelling ratios (%) at pH
= 7.4 were calculated [44] (Fig. 3E). The swelling capacity is typically
governed by hydrophilicity, interactions between polymers, and cross-
link density [45]. In all (PGS-co-PEG3)-M copolymers, water uptake and
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Fig. 3. (A) Sol content (%) of PGS-M and (PGS-co-PEG)-M samples within PBS and THF after 48 h. PGS-M was the control in this test, and its sol content was 0 & 0%
in PBS and 0.06 + 0.08% in THF after 48 h (* p-value <0.05 and ** p-value <0.01). In vitro degradation curves of (B) the (PGS-co-PEG)-M samples in (B) PBS and (C)
PBS with lipase (110 U/L) for 35 days (n = 5). pH-responsive water swelling ratios of PGS-M and (PGS-co-PEG)-M samples were measured at (D) pH 5.0, (E) pH 7.4,

and (F) pH 9.1 over 144 h (n = 5).
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equilibrium water content were achieved within 72 h, whereas the
(PGS-c0-40PEG2)-M and (PGS-co-60PEG2)-M equilibrated after 144 h,
reaching 136.15 + 1.50% and 167.49 + 0.89%, respectively, which
were the maximum percentages. As the amount of PEG2 and PEG3
increased, swelling enhanced significantly, but the swelling ratios of
(PGS-co-PEG2)-M were higher than (PGS-co-PEG3)-M. This difference
could be related to the lower crosslinking density and lower molecular
weight of (PGS-coPEG2)M specimens [22]. The water swelling ratio for
pure PGS-M was 1.01 £+ 0.33%, but adding either PEG2 or PEG3
enhanced this ratio substantially. Addition of PEG to PGS results in an
increase in hydrophilicity that is directly proportional to its concentra-
tion [22,24,36,46]. In addition, (PGS-co-PEG)-M copolymers could be
considered hydrogels due to their high swelling ratios.

3.5.2. pH-responsive behaviours (swelling in pH = 5.0 and 9.1)

A variety of pH ranges are found within the human body due to
physiological functions and medical conditions [47]. pH regulation is
fundamental for maintaining a healthy equilibrium in biological envi-
ronments. Biological systems can experience changes in pH as a result of
disturbances and dysfunctions. Hence, being able to detect pH changes
in a biological context could be of great benefit [48]. In many biomed-
ical and tissue engineering applications, hydrogels or hydrophilic
polymers with pH-responsive properties have great potential to act as
sensors of pH since these biomaterials can adapt based on environmental
pH levels [49]. In (PGS-co-PEG)-M, mostly hydroxyl groups and
carboxyl groups formed covalent crosslinks; however, some ionic func-
tional groups can be retained in copolymer hydrogels. Mainly, the
carboxyl (-COOH) can be ionised by deprotonation, becoming nega-
tively charged carboxyl (-COO™) [22]. Therefore, to explore the pH
responsiveness of (PGS-co-PEG)-M copolymers, swelling assays over
144 h at three different pH levels, 5.0, 7.4 and 9.1 were performed. At
acidic (citrate buffer, pH 5.0) and basic (NaOH-glycine buffer, pH 9.1)
pH, the PBS swelling ratio of (PGS-co-PEG)-M samples is displayed in
Fig. 3D-F. There was more swelling in alkaline than in neutral or acidic
conditions for (PGS-co-PEG2)-M and (PGS-co-PEG3)-M (Fig. 3F). How-
ever, the swelling ratio was lowest in acidic environments (Fig. 3D). The
swelling ratios (%) of (PGS-co-PEG3)-M reached their equilibrium after
72 h at pH 5.0. The swelling of (PGS-co-20PEG3)-M was 11.52 + 0.82%,
(PGS-co-40PEG3)-M was 11.70 + 0.85% and (PGS-co-60PEG3)-M was
53.31 + 3.15%, while (PGS-co-PEG2)-M remained at equilibrium after
120 h. The swelling of (PGS-co-20PEG2)-M was 16.90 + 1.23%,
(PGS-c0-40PEG2)-M was 72.45 + 4.37% and (PGS-co-60PEG2)-M was
86.67 + 2.36%. In contrast, swelling ratios increased significantly for
samples at pH 9.1, reaching equilibrium at 120 h, to 33.52 4+ 1.81% for
(PGS-c0-20PEG2)-M, 176.79 + 2.85% for (PGS-co-40PEG2)-M, 200.08
+ 3.19 for (PGS-co-60PEG2)-M, 20.82 + 1.01% for (PGS-co-20-
PEG3)-M, 20.45 + 0.65% for (PGS-co-40PEG3)-M and 95.45 + 2.40%
for (PEG-co-60PEG3)-M. The water swelling equilibria were reached for
(PGS-co-PEG3)-M at pH 5.0 and pH 7.4 after 72 h, but at pH 9.1 the
equilibrium was reached after 120 h; whereas (PGS-co-PEG2)-M reached
their equilibrium after 120 h at all three conditions. (PGS-co-40PEG2)-M
and (PGS-co-60PEG2)-M showed significantly higher swelling ratios at
pH 9.1 than the other samples (Fig. 3D-F). The ionisation of carboxyl
groups is much easier when hydrophilic segments of the amphiphilic
structure are dominant, such as in (PGS-co-PEG)-M [22,50,51]. It is also
important to have free space and more chain relaxation to ionise
carboxyl groups [22,23,50,51], which (PGS-co-PEG3)-M copolymers,
due to their higher crosslinking density, are less likely to provide. As a
result, (PGS-co-40PEG2)-M and (PGS-co-60PEG2)-M were more hydro-
philic than other samples. It is worth mentioning that generally,
PGS-based polyesters are easier to degrade in a basic (alkaline) solution
compared to an acidic solution. Yoon et al. [46] observed that similar
PGS-gelatine-based hydrogels under acidic conditions are less prone to
swell; this is also indicated by our previous study on non-methacrylated
PGS-co-PEG [22], and the swelling behaviour of the methacrylated
PGS-co-PEG formulations, (PGS-co-PEG)-M, presented in this study. This
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is likely because the protonation of free carboxylic acid groups within
the PGS-co-PEG renders the material more hydrophobic, hence less
prone to water ingress and subsequent hydrolytic degradation.

3.6. In vitro degradation test

An in vitro study of (PGS-co-PEG)-M degradation kinetics was con-
ducted over 35 days. In both PBS with and without lipase, degradation
profiles can be observed because ester bonds were hydrolysed; however,
degradation was accelerated when lipase was present [52] (Fig. 3B-C).
The degradation profiles show that in vitro degradation rates are
directly related to the amount of PEG incorporation [22]. As a result of
35 days in PBS, (PGS-co-40PEG2)-M and (PGS-co-60PEG2)-M samples
lost the greatest amounts of weight, with the remaining weights of 65.51
+ 4.15% and 38.61 + 3.83%, respectively. In the presence of lipase in
the degradation media, all the degradation rates were higher, but again
(PGS-c0-40PEG2)-M and (PGS-co-60PEG2)-M had the greatest loss, and
the remaining weights were 59.53 £+ 1.49% and 31.94 + 0.92%,
respectively. Previously, these two samples had better hydration as
measured by water swelling ratios, which could lead to greater degra-
dation. It can be concluded that higher PEG concentrations cause higher
swelling ratios, and this can result in faster degradation rates due to the
higher hydrophilicity [11]. These results are consistent with the trends
observed for PGS-co-PEG2 and PGS-co-PEG3 in the previous study [22].
It was generally found that (PGS-co-PEG2)-M had higher degradation
ratios than (PGS-co-PEG3)-M, which can be related to the lower cross-
linking density of (PGS-co-PEG2)-M.

3.7. Poly (ethylene glycol) (PEG2) and glycerol ethoxylate (PEG3)
release study

To evaluate the crosslinking density of samples a PEG release assay
was also conducted. This test is a colourimetric assay using a two-phase
system; based on the observation that whenever ferrothiocyanate-PEG
complexes are made in the chloroform phase, a visible purple-pink
colouration can be observed, which is detectable at a wavelength of
510 nm [22,25]. All the (PGS-co-PEG)-M samples had PEG releases into
media, and those specimens that contained higher percentages of PEG,
released greater amounts of PEG. However, the (PGS-co-PEG2)-M co-
polymers had remarkably higher PEG release than (PGS-co-PEG3)-M (P
< 0.001) (Fig. 4). On day 35, the PEG release (%) of (PGS-co-20PEG2)-M
was 1.33 + 0.19%, (PGS-co-40PEG2)-M was 5.73 + 0.31%,
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Fig. 4. Results of cumulative PEG release (%) of (PGS-co-20PEG2)-M, (PGS-co-
40PEG2)-M, (PGS-co-60PEG2)-M, (PGS-co-20PEG3)-M, (PGS-co-40PEG3)-M
and (PGS-co-60PEG3)-M samples and control (PGS-M) for 35 days (n = 5).
During the whole 35 days of the PEG release study, there was no release of PEG
for a control group, PGS-M.
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(PGS-co-60PEG2)-M was 14.70 + 0.36%, (PGS-co-20PEG3)-M was 0.40
+ 0.11%, (PGS-co-40PEG3)-M was 0.63 + 0.13% and (PGS-co-60-
PEG3)-M was 3.46 + 0.39%. Therefore, as we previously have shown
[22], both concentration and type of PEG affect the PEG release. Higher
percentages of PEG lead to higher amounts of released PEG, and PEG2
has significantly higher PEG release than PEG3. The highest PEG release
among (PGS-co-PEG2)-M was for (PGS-co-60PEG2)-M around ~15%,
while the maximum release of PEG in (PGS-co-PEG3)-M samples was for
(PGS-co-60PEG3)-M, reaching ~3.5% (Fig. 4). In general, (PGS-co--
PEG2)-M had greater PEG release than (PGS-co-PEG3)-M as well as
higher sol content, more swelling and faster in vitro degradation, which
could be related to the higher crosslinking density of (PGS-co-PEG3)-M.
Furthermore, the PEG release profiles of (PGS-co-PEG3)-M were
noticeably lower than PGS-co-PEG3, which can conclude that meth-
acrylated samples had higher crosslinking densities than the
non-methacrylated thermally cured specimens.

3.8. Mechanical properties

As demonstrated in our previous study, adding PEG, either PEG2 or
PEG3, to the PGS backbone considerably improved the elastomeric
properties, showing that PGS-co-PEG can withstand extreme de-
formations without fragmentation. As a result of adding PEG2 to PGS,
materials were softer, more flexible, and less strong than those made
with PEG3, which is related to crosslinking density [22]. Here, both
tensile and compression tests were conducted to evaluate the changes in
mechanical behaviour after methacrylation. Generally, after meth-
acrylation, all the samples, PGS-M, (PGS-co-PEG2)-M and (PGS-co--
PEG3)-M, had significantly higher mechanical strength than
non-methacrylated ones (P < 0.01).

3.8.1. Tensile test

Tensile Young’s moduli of (PGS-co-PEG3)-M were remarkably higher
than (PGS-co-PEG2)-M (P < 0.001), which is likely related to the higher
number of methacrylic groups in (PGS-co-PEG3)-M as initially for the
functionalisation (methacrylation) more free —~OH groups (functional
groups) were considered. In addition, according to NMR results (Fig. 2A-
C), (PGS-co-PEG3)-M had higher degrees of methacrylation than (PGS-
co-PEG2)-M. A high degree of methacrylation results in a higher cross-
linking density, which in turn results in greater mechanical strength [8,
20]. As PEG concentration increased, tensile Young’s moduli for both
(PGS-co-PEG2)-M and (PGS-co-PEG3)-M decreased (Fig. 5B). Soft chain
segments are introduced into the copolymer structure by PEG, and
higher concentrations of PEG reduce rigid chain segments in PGS.
Moreover, the presence of PEG lowers the esterification level and finally
results in prepolymers with lower molecular weights; therefore, higher
amounts of PEG lead to lower tensile Young’s modulus [22,35,37].
Although the addition of PEG decreased mechanical strength (tensile
Young’s modulus), it increased maximum elongation, which enhanced
flexibility (Fig. 5C).

3.8.2. Compression test

Obtained load-unload compressive stress-strain curves (Fig. 5D-G)
indicated that (PGS-co-PEG2)-M samples were much softer than (PGS-
co-PEG3)-M in both dry and swollen conditions. The stress-strain curves
of (PGS-co-PEG3)-M (stiff materials) exhibited an abrupt initial increase,
indicating a strong resistance to deformation, whereas (PGS-co-PEG2)-
M (soft materials) demonstrated a lower initial stiffness with a more
gradual gradient. Also, (PGS-co-PEG3)-M only showed to have elastic
behaviour, which aligns with the characteristics of stiff and tough
polymers. Stiff polymers may not have a distinct yield point and tend to
deform elastically until they reach their ultimate strength, displaying
minimal or negligible plastic deformation (Video 4 Supporting Infor-
mation). From the compressive stress-strain curves, it is evident that the
mechanical strength of the swollen samples slightly decreased compared
to the dry specimens. This decrease was highly noticeable in (PGS-co-
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60PEG2)-M, which reduced the compressive Young’s modulus from 0.33
=+ 0.15 to 0.04 &+ 0.02 MPa (p < 0.001) (Fig. 5F-H).

To show the abilities of (PGS-co-PEG)-M samples for reversible de-
formations, 30 cyclic compression tests were conducted in both dry (as-
prepared) and swollen (hydrated) conditions. All the samples had no
significant deformations after 30 cyclic compressions except (PGS-co-
60PEG2)-M, which broke after 13 cyclic compressions in dry and 10
cyclic compressions in swollen conditions (Figs. S15 and S16 Supporting
Information). Other samples, the same as (PGS-co-40PEG2)-M, as shown
in the inserted illustrations of Fig. 5D-F, displayed nearly overlapped
loading-unloading curves and no significant stress shift during the
compression period in the 30-cycle compressive test with 40% applied
strain. The scaffolds were subjected to a compression of 40% of their
original height and then returned to their initial state upon release of the
pressure (Video 3 and 4 Supporting Information). The reversibility after
one load-unload and 30 cyclic load-unload cycles for all samples was
almost 100%, except for (PGS-co-60PEG2)-M.

The obtained values of Young’s modulus of (PGS-co-PEG2)-M sam-
ples were in the range of soft tissues like skin, adipose, myocardial,
cartilage and nerve, which is advantageous for soft tissue engineering
[16,46,53-55], while (PGS-co-20PEG3)-M and (PGS-co40PEG3)-M
specimens were in the range of hard tissues [27,37,56] (Video 1 to 4
Supporting Information). As a result, (PGS-co-PEG)-M copolymers could
be used for both soft tissues and hard tissues, which expands the po-
tential biomedical applications of PGS.

3.9. Lap-shear strength

In the lap shear test, adhesion is evaluated under shear deformations
[28]. Shear stresses were measured over several ranges, with appro-
priate controllability and repeatability (Fig. 6B). Among the (PGS-co--
PEG)-M samples, (PGS-co-60PEG2)-M had the highest shear strength
(122.01 + 29.12 kPa), and the second highest shear strength was 94.80
+ 12.05 kPa for (PGS-co-60PEG3)-M. Increasing PEG concentrations led
to significant increases in shear strengths (*P < 0.05 and **P < 0.01)
(Fig. 6B), and the strengths of lap-shear for (PGS-co-PEG2)-M was
greater than that of (PGS-co-PEG3)-M. As can be seen, the lowest shear
strengths were for pure PGS-M and (PGS-co-20PEG3)-M, but compared
to our previous study on non-methacrylate PGS-co-PEG copolymers
[22], all the methacrylate copolymers showed lap-shear strengths higher
than 10 kPa; however, after methacrylation, the shear strengths were
remarkably reduced (P < 0.01). The lap-shear strengths of (PGS-co--
PEG)-M were in the range that could be considered as adhesive, and
(PGS-co-60PEG2)-M and (PGS-co-60PEG3)-M had higher values than
CoSeal (~69 kPa), a commercially available biosealants [57,58]. Ad-
hesive polymers typically contain hydrophilic groups, such as hydroxyls,
carboxyls, amides, and sulphates, which are known as adhesively active
groups. These groups enable them to attach to different surfaces via
hydrogen bonding, hydrophilic interaction, or electrostatic attraction.
PEG is FDA-approved and is already widely used in biomedicine due to
its cytocompatibility. Adhesives made from PEG have been established
and commercialised for use as tissue sealants (e.g., CoSeal™ and
DuraSeal™) [28,59-61]. Also, PEGylation is a common technique for
developing bioadhesives to conjugate PEG chains with specific mole-
cules [28,62]. These results demonstrate that adding PEG to PGS
resulted in an increase in adhesive properties and hydrophilicity, and
even after methacrylation, and (PGS-co-PEG)-M copolymers contained
these characteristics. It is worth mentioning that methacrylate samples,
(PGS-co-PEG3)-M particularly, were less adhesive and hydrophilic than
their non-methacrylated counterparts. This observed decrease may be
attributed to the presence of methacrylic groups, which substitute hy-
droxyl groups. As discussed earlier, (PGS-co-PEG3)-M had a higher de-
gree of methacrylation than (PGS-co-PEG2)-M, and (PGS-co-PEG2)-M
showed greater adhesive behaviours than others; therefore, this differ-
ence can be correlated to methacrylic group substitutions.
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Fig. 5. Mechanical properties of (PGS-co-
PEG2)-M and (PGS-co-PEG3)-M were analysed
by tensile (A, B and C) and compression test (D
to I). Tensile test: (A) A schematic of preparing
(PGS-co-PEG)-M copolymers in dog-bone shape
by injecting photocurable copolymer solution
containing PI to a dog-bone shape PDMS mould
and photocrosslinking under UV light for 10
min. (B) Tensile Young’s modulus and (C) max
elongation percentages of (PGS-co-PEG2)-M
and (PGS-co-PEG3)-M copolymers. Data are
means + SD (n = 5; **P < 0.01). Compression
test: One-cycle load-unload compressive stress-
strain curves of the dry (PGS-co-PEG2)-M (D)
and (PGS-co-PEG3)-M (E) and swollen (PGS-co-
PEG2)-M (F) and (PGS-co-PEG3)-M (G). The
inserted illustrations (top left corner of D and F)
depict the cyclic stress-strain curves of dry and
swollen (PGS-co-40PEG2)-M after undergoing
30 cyclic compressions. Compressive Young’s
modulus of (PGS-co-PEG2)-M (H) and (PGS-co-
PEG3)-M (1) in dry and swollen conditions.
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Fig. 6. (A) The modified assay for measuring lap-shear strength (ASTMF2255-05) is shown schematically and (B) the average shear strengths of (PGS-co-PEG)-M
adhesives made of two different types of PEG and three different concentrations. Dermabond™ was used as a control. Data are means + SD (n = 5; *P < 0.05 and **P
< 0.01). The adhesion properties of (PGS-co-PEG)-M copolymers have been evaluated in vitro using freshly harvested porcine skin: (C) Schematic and picture of the
modified test for wound closure test (ASTM F2458-05) and (D) results of adhesive strengths of (PGS-co-PEG)-M including different PEG types and concentrations.

Data are means + SD (n = 5; *P < 0.05).

3.10. Wound closure test

According to ASTM standard F2458-05, wound closure tests (a
technique used to reproduce pulling/stretching forces) were conducted
on (PGS-co-PEG)-M samples using freshly harvested porcine skin to
evaluate their adhesion (Fig. 6C). With increasing PEG concentration,
adhesive strength increased, and the increase was greater in (PGS-co-
PEG2)-M copolymers compared to (PGS-co-PEG3)-M copolymers. PGS-
M, (PGS-co-20PEG3)-M, and (PGS-co-40PEG3)-M had no significant
statistical differences in their adhesion properties (~3 kPa). In contrast,
the highest value of adhesion strength was 35.60 + 11.63 kPa for (PGS-
c0-60PEG2)-M among (PGS-co-PEG2)-M samples (Video 5 Supporting
Information), while among (PGS-co-PEG3)-M specimens 20.40 + 5.94
kPa was highest for (PGS-co-60PEG3)-M. Compared to the reported
adhesive strength of Progel (~10 kPa), CoSeal (~19 kPa), Evicel (~26
kPa), Quixil (24.6 kPa), Beriplast (24.2 kPa) and Kryptonite (~30 kPa),
(PGS-co-40PEG2)-M, (PGS-co-60PEG2)-M and (PGS-co-60PEG3)-M had
similar adhesion strength [57,63-65]. However, Tachosil (59.6 kPa),
Tisseel (77.5 kPa) [63] and Dermabond™ (~88.6 kPa, tested in this
study as a control) reached higher adhesive strength than (PGS-co--
PEG)-M samples. Compared to our previous study, the adhesive
strengths of (PGS-co-PEG)-M samples, methacrylate samples, were
noticeably lower (P < 0.05) than non-methacrylate PGS-co-PEG co-
polymers [22]. Adhesive properties are crucial for bioglue, wound
dressings, and implanted biomaterials because they promote
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biointegration and prevent detachment [64,66]; therefore, they may be
promising for the mentioned applications, particularly for soft tissues.

3.11. Adhesion test with different substrates and stainless steel calibration
weights

To further explore the adhesive properties seen in relation to the
addition of PEG concentration, and particularly those samples contain-
ing PEG2 more tests were performed. The most adhesive sample, (PGS-
c0-60PEG2)-M, demonstrated an adhesive behaviour on different inor-
ganic materials, including polystyrene, silicone, glass, polypropylene
polyethylene terephthalate, stainless steel, wood, polytetrafluoro-
ethylene and aluminium using those objects that are commonly used in
the laboratory (Fig. 7). The density of surface hydrogen-bonding groups
determines the properties of polymer adhesives, according to Faghih-
nejad et al. [67]. Therefore, (PGS-co-60PEG2)-M had a higher density of
surface hydrogen-bonding groups among other samples and could pro-
vide a range of adhesive properties. Also, Van der Waals forces and
dipole-dipole interactions can lead to enhanced adhesion [28]. In
addition, mechanical interlock(s) between adhesive polymer and the
surface irregularities or microstructures of the substrates is another
reason for adhesion [28]. Adhesive polymers that exhibit good flexi-
bility have the ability to conform to the irregularities or microscale
roughness found on substrate surfaces. The ability of the adhesive to
conform to the substrate surfaces results in an increased contact area and
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Adhesion test with different substrates

Adhesion test with stainless steel calibration weights

Fig. 7. Adhesive performance of (PGS-co-60PEG2)-M sample (5 mm x 10 mm) with different substrates: Pictures of adhesion to (A) petri dish (polystyrene), (B)
rubber plunger (silicone), (C) coverslips (glass), (D) Eppendorf tubes (polypropylene), (E) Bijou (polystyrene), (F) 20 ml centrifuge tube (polyethylene terephthalate),
(G) scalpel blade (hardened-tempered stainless steel), (H) spatula (stainless steel), (I) needle 18G (plastic end, polypropylene), (J) wood, (K) polytetrafluoroethylene

and (L) aluminium. Scale bar = 37 mm. Pictures of 1 g, 2 g, 5 g, 10 g and 20 g stainless steel calibration weights adhered to a 12 mm diameter of (PGS-co-60PEG2)-M.
Scale bar = 37 mm.
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enhanced interfacial adhesion, ultimately improving the bonding
strength [28,65]. (PGS-co-60PEG2)-M can manifest high cohesion and
strong interfacial adhesion, which contributes to stable adhesion to
various substrates [68]. Based on the results, it can be said that
(PGS-co-60PEG2)-M has relatively strong adhesion, and due to having
~35 kPa adhesion strength, it can adhere to most metals and coatings
(adhesion strength between 25 and 40 kPa is needed) [69].

Also, several stainless steel calibration weights were used to evaluate
how long the sample, a circular shape with a 12 mm diameter of (PGS-
c0-60PEG2)-M, could support the weights without falling off (Fig. 7).
The (PGS-co-60PEG2)-M could support 1 g, 2 g,5 g, 10 g, and 20 g of
stainless steel calibration weight for more than 1 h without falling off,
50 g and 100 g weights were held for 15-30 s (PGS-co-60PEG2)-M is
flexible and soft, and due to its transparency, lightweight, and adhesive
properties, it has potential uses as an adhesive sensor or flexible device
in medical applications [70,71].
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3.12. Cell attachment, proliferation and viability

3.12.1. Cell attachment

To evaluate the cell attachment of HaCaT cells on (PGS-co-PEG)-M
copolymers and PGS-M, the cell metabolic activity was assessed by
resazurin assay on day 1. On the first day, when cells have undergone at
most one round of cell doubling, assessing cell metabolic activity can
provide information about cell attachment. As can be seen in Fig. 8A,
higher concentrations of PEG, either PEG2 or PEG3, resulted in greater
cell metabolic activities [22,24]; however, the percentages of cell
metabolic activity were higher for (PGS-co-PEG2)-M compared to
(PGS-co-PEG3)-M samples. This result could be related to the hydro-
philicity and degree of crosslinking density in specimens since, in pre-
vious sections, it was shown that (PGS-co-PEG2)-M copolymers were
more hydrophilic and had lower degrees of crosslinking.
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Fig. 8. (A) Results of resazurin assays from seeded HaCaT cells on (PGS-co-PEG)-M and PGS-M samples on day 1, 3 and 7. The results are reported in percentage and

normalised by positive control, tissue culture plate (TCP) (n =

(PGS-co-PEG)-M surfaces on day 3 and day 7. Positive controls were HaCaT cells cultured on TCP. Also, PGS-M was a control (n = 5; *P < 0.05, °
< 0.001). The formula used for calculating the number of cells was obtained from the calibration curve using a polynomial trendline: y = 2 E-06 x

5; *P < 0.05, **P < 0.01 and ***P < 0.001). (B) PicoGreen® assay for dsDNA content of HaCaT cells on

P < O 01 and ***
2 4 0.1621x +

2320.3 with R? = 0.9957. (C) Fluorescent staining of HaCaT cells cultured on PGS-M and (PGS-co-PEG)-M samples after being cultured for 3 days (Scale bar rep-

resents 150 pm, blue: DAPI, green: Phalloidin FITC).
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3.12.2. Cell proliferation and viability

Cell metabolic activity was measured at day 3 and day 7 in order to
investigate adherent HaCaT cell proliferation and viability on (PGS-co-
PEG)-M and PGS-M (Fig. 8A). Once cells can undergo multiple cell
doublings (over an extended period like on day 3 and day 7), this assay
provides more information on the impact of the material on cell pro-
liferation. On day 3, the samples with higher concentrations of PEG had
higher cell metabolic activities [22], with (PGS-co-60PEG2)-M having
the highest percentage, reaching 28.39 + 6.40%, followed by,
(PGS-co-60PEG3)-M with 20.80 + 3.92%. From day 3 to day 7, the cell
metabolic activities of both (PGS-co-PEG2)-M and (PGS-co-PEG3)-M
increased in a significant statistically manner (a two-way analysis of
variance (ANOVA); P < 0.05), and the highest values were 45.05 +
6.00% and 39.26 + 2.10% for (PGS-co-60PEG2)-M and (PGS-co-60-
PEG3)-M, respectively (day 7). Therefore, it can be said that HaCaT cells
had higher proliferation and viability on (PGS-co-60PEG2)-M and
(PGS-co-60PEG3)-M than others on day 3 and day 7. As a result of
adding PEG, the hydrophilicity of the copolymers increases, resulting in
improved surface for cell growth [11,22,24,52]. In vivo and in vitro,
PGS has been studied for various tissue engineering applications because
of its cytocompatibility [5,72,73]; as a result of resazurin assay,
(PGS-co-PEG)-M, samples containing PEG >40% in particular, may also
be suitable candidates for use in biomedicine since they showed a good
range of cytocompatibility.

3.13. PicoGreen® assay

PicoGreen® DNA quantification assay was used to quantify the
number of HaCaT cells present on the (PGS-co-PEG)-M surfaces in the
culture at day 3 and day 7. In this assay, the amount of dsDNA present in
each sample was measured by relative fluorescence (RF). A standard
curve was then used to calculate the number of cells present [15,74].
Among (PGS-co-PEG)-M samples, those containing 40% and 60% of PEG,
either PEG2 or PEG3, had higher RFs; for instance, the RF of
(PGS-c0-60PEG2)-M > (PGS-c0-40PEG2)-M ~ (PGS-co-60PEG3)-M on
day 3 (Fig. 8B). (PGS-co-60PEG2)-M on both days showed the highest
fluorescent values among other (PGS-co-PEG)-M samples; its RF was
8979.28 + 51.53 (equals ~30,323 HaCaT cells) and was 34152.32 +
647.01 (equals ~87,503 HaCaT cells) on day 3 and day 7, respectively.
On day 3, the RF of (PGS-co-60PEG3)-M (7180.96 + 56.30; equals ~26,
239 HaCaT cells) was very similar to (PGS-co-40PEG2)-M (7273.52 +
73.35; equals ~26,449 HaCaT cells); however, on day 7, the RF of
(PGS-co-60PEG3)-M enhanced significantly (30145.4 + 405.25; equals
~78,402 HaCaT cells) (P < 0.01), remarkably higher than (PGS-co-40-
PEG2)-M (24422.52 + 475.68; equals ~65,402 HaCaT cells). Also,
PGS-M, (PGS-co-20PEG2)-M, (PGS-co-20PEG3)-M and (PGS-co-40PEG3)
had similar RF values on day 3, 4897.6 + 154.25 (equals ~21,052 HaCaT
cells), 5181.08 + 26.40 (equals ~21,696 HaCaT cells), 5086.4 + 26.19
(equals ~21,481 HaCaT cells) and 5119.52 + 56.03 (equals ~21,556
HaCaT cells), respectively. After four days, on day 7, all these four sam-
ples had a significant increase in RF amounts, which can be related to
increasing the number of HaCaT cells over time. As can be seen in Fig. 8B,
the obtained RF was increased noticeably for all samples from day 3 to
day 7 (a two-way analysis of variance (ANOVA); P < 0.01). A similar
trend was observed in resazurin results, which measures the metabolic
activity of the total cell population. Given the strong observed correlation
between PicoGreen and resazurin results, it is likely that the increase in
both assays for higher percentages of PEG in (PGS-co-PEG)-M samples
indicates an increase in cell proliferation and growth over time. Itis worth
mentioning that according to the results, all photocrosslinked specimens,
PGS-M and (PGS-co-PEG)-M, have been shown to support the growth of
HacCaT cells, although this was lower than on TCP (positive control).
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3.14. Immunofluorescence staining

HaCaT cells were observed growing on PGS-M and (PGS-co-PEG)-M
samples using an LSM880 AiryScan Confocal Microscope (ZEISS, Ger-
many), with cells stained with DAPI and FITC-Phalloidin after 3 days.
For all fluorescent images, DAPI was used to stain the nuclei, and FITC-
Phalloidin was used to stain the F-actin (Fig. 8C). On PGS-M, (PGS-co-
PEG2)-M, and (PGS-co-PEG3)-M HaCaT cells were seen to have a cubical
shape on day 3 [75]. It was easier to determine the morphology of
HaCaT cells on samples with less cells, such as PGS-M, (PGS-co-20-
PEG2)-M, and (PGS-co-20PEG3)-M (Fig. 8C). Copolymers with higher
PEG concentrations showed better cell adhesion, such as (PGS-co-40-
PEG2)-M, (PGS-co-60PEG2)-M and (PGS-co-60PEG3)-M. The enhanced
adhesion of HaCaT cells to (PGS-co-PEG)-M elastomers can be explained
by the increase in surface wettability when PEG, either PEG2 or PEG3,
was copolymerised, particularly for higher percentages of PEG (PEG
>40%). Likewise, the resazurin and PicoGreen results showed the same
trend: a higher PEG concentration led to more metabolic activity and
higher growth in HaCaT cells [22]. Consequently (PGS-co-PEG),-M co-
polymers could support cell attachment and proliferation, making them
suitable for different biomedical applications.

3.15. Applications and future plans

By making PGS-co-PEG copolymers photocurable and developing
(PGS-co-PEG)-M in this study, we are improving the processability of
these materials and so facilitating and broadening their use for bio-
fabrication [76,77]. The capability of (PGS-co-PEG)-M to crosslink
rapidly within a couple of minutes, aiding in the creation of more
complex scaffolds than can be achieved using conventional thermal
curing, brought methacrylation to the forefront. These photocurable
copolymers can be used in various biofabrication techniques, such as
emulsion-based templating (Fig. S17 Supporting Information) and ad-
ditive manufacturing (either direct or indirect) (Fig. 9). (PGS-co-PEG)-M
copolymers no longer require harsh conditions to crosslink, so they
become suitable for adding biomolecules and cells before crosslinking
that the harsh conditions would destroy. Also, because these polymers
are soluble in water to some extent [22,43], there would be a possibility
of developing bioinks based on them. Furthermore, due to different
ranges of properties, (PGS-co-PEG)-M can be used to replace and repair
various organs and tissues; also, by changing the degree of meth-
acrylation and making composites out of them, the characteristics can be
tuned based on a target application. For example, (PGS-co-60PEG2)-M is
flexible, soft, transparent, adhesive and light, making it suitable for
biomedical applications such as an adhesive sensor, flexible device or
wound dressing.

4. Conclusion

(PGS-co-PEG2)-M and (PGS-co-PEG3)-M were successfully syn-
thesised and methacrylated to develop photocurable PGS-co-PEG co-
polymers, and after methacrylation, they were evaluated physically,
chemically and biologically by conducting a comprehensive range of
assays. Chemical analysis (FTIR and NMR) confirmed the addition of
methacrylate groups by analysing the peaks associated with them. As a
result of methacrylation, mechanical properties were significantly
altered, particularly for (PGS-co-PEG3)-M; however, the lap-shear and
adhesion strengths of (PGS-co-PEG)-M noticeably decreased compared
to PGS-co-PEG. According to the results, photocrosslinking of (PGS-co-
PEG)-M copolymers induced higher crosslinking density than thermally
cured PGS-co-PEG (previously published study). Furthermore, due to the
PEG3 structure, there are more methacrylic groups in (PGS-co-PEG3)-M
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Fig. 9. SEM images of (PGS-co-60PEG3)-M with different structures using two biofabrication techniques: (A) and (B) indirect 3D printing using Form 2, FormLabs
and MicroSLA-15 and (C) emulsion polymerisation to produce non-porous microspheres (Fig. S17 Supporting Information).

than in (PGS-co-PEG2)-M; therefore, (PGS-co-PEG3)-M had higher
crosslinking density than (PGS-co-PEG2)-M. Similar to PGS-co-PEG,
after the functionalisation, the (PGS-co-PEG)-M samples showed a
good range of cytocompatibility, and there was a direct relationship
between PEG concentration and cytocompatibility; specimens including
higher percentages of PEG had higher cytocompatibility.
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