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1. Introduction

Design and development of a new flowable and
photocurable lactide and caprolactone-based
polymer for bone repair and augmentationy

A. S. Hamidi,® M. A. Hadis,® R. L. Williams,” L. M. Grover {2 ° and W. M. Palin (2 *°
With a global aging population, there is a high demand for new biomaterials that provide regenerative or
fixation modalities following a bone injury. Here, the design and development of newly synthesised
poly(L-lactic acid)-dimethacrylate (PLLA-DM) and poly(caprolactone-co-fumarate)-dimethacrylate (PCF-
DM) monomer systems serves to address some of the main medical challenges and requirements of
surgeons during application and better postoperative outcomes of new bone-healing biomaterials.
Synthesis of PLLA-DM and PCF-DM via ring opening polymerisation (ROP) and polycondensation routes
led to low MW ‘flowable’ and resorbable monomers that polymerise in-situ at up to 6 mm curing depth.
Tensile testing of photocured PLLA-DM/PCF-DM formulations at strain rate 0.05 s, revealed elastic
moduli of 4.4 + 0.5 to 11.7 &+ 2.5 (SD) GPa, with ultimate tensile strength ranging between 29.7 + 4.9 to
76.1 + 135 (SD) MPa. Resazurin-based metabolic activity studies via an indirect contact method
involving Saos-2 osteoblast-like cell lines revealed enhanced cytocompatibility with metabolic activity of
treated Saos-2 cells increasing by up to 20% compared with respective untreated control groups.
Attachment of Saos-2 cells on PLLA-DM/PCF-DM specimen surfaces revealed cellular structures such as
filopodia extending beyond lamellipodia, indicative of remarkable cell adhesion and favouring
colonization. The initial development of the polymer chemistry presented here provides the potential for
the design and further development towards a new resorbable biomaterial with enhanced mechanical
properties for bone repair and augmentation involving both orthopaedic (bone cement) and restorative
dentistry applications.

PALACOS®™, Simplex P¥, Spineplex® and IlluminOss are a
collection of polymethyl-methacrylate (PMMA)-based chemi-

Bone is the second most transplanted tissue following blood
transfusion." With a growing geriatric population worldwide
and the rise of traffic and sports-related injuries, there exists
significant demand for advanced and innovative osteo-biologic
biomaterials and/or fixation modalities for bone injury. In the
USA alone, over 6 million bone fractures are reported annually,
with a further 2.2 million bone grafting surgeries for treatment of
bone-related diseases such as osteoarthritis and osteoporosis.*>
Polymers such as polyacrylic acid (PLA) and cyanoacrylates
account for the majority of resin-based bone augmentation mate-
rials currently available commercially.*> COPAL®, OSTEOPAL®,
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cally curing bone cements that are currently being marketed
for bone augmentation procedures ranging from femural neck
fracture (arthroplasty) to vertebroplasty.®** Other bone cements
include CortOss®™ and CompO6™ composites containing silica,
calcium phosphates and a mixture of dimethacrylate-based
polymer matrices.>'*"™* However, there exists several concerns
involving suitability and biological safety of these materials. This
includes poor biomechanical suitability and cytotoxicity caused
by unreacted monomers and other additives leaching out whilst
in service. In addition to potential damage to the local tissue
caused by the high thermal exposure that occur during mixing
and high polymerisation exotherms.'>**"2°

Ideally, bone augmentation biomaterials are required to aid
repair and promote bone regeneration in conjunction with
providing adequate mechanical support and stability at the
defected/damaged site, following implantation. Equally, the
implanted (fixation) device ought to degrade during the healing
process into non-cytotoxic products that can be either metabo-
lized (resorbed) or excreted directly from the body without the
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further need for surgical intervention. For clinical application,
the material should exhibit appropriate mouldability, flow
characteristics and fast setting properties to quickly conform
to the defective site to provide adequate bone-implant adhe-
sion, and avoid implant loosening or premature failure.>" Over
the last ~20 years, numerous efforts have been made to
develop photocurable systems using biocompatible synthetic
polymers for biomedical and bone tissue engineering
applications.>*** However, much of the research have been
focused on the design and prefabrication of (porous) scaffold
structures and composites using thermal or chemical poly-
merisation initiators in conjunction with crosslinking agents such
as fumarate and hydroxyethyl methacrylate (HEMA). However,
relatively slow polymerisation reactions and the presence of non-
degradable diluents have led to these materials being unsuitable
in the clinical context.>** The development of photopolymerisa-
ble systems allows single paste formulation, and spatial and
temporal control of the placement and setting reaction.

PLA is an aliphatic biocompatible and biodegradable polye-
ster with high stiffness T, of 40-70 °C**™® with an elastic
modulus and tensile strength ranging from 1.4-9.2 GPa and
27.6-82.7 MPa, respectively.>**” PLA has been extensively studied
for applications such as drug delivery and biodegradable
implants.>**#3° Ppolycaprolactone (PCL) is an aliphatic semi-
crystalline biodegradable polyester with a T, of —60 °C** and
flexible with rubber-like properties at physiological temperatures
(37 °C), thus providing high fracture toughness and elastic
modulus that is several orders of magnitude smaller when
compared with PLA.*° Depending on MW, crystallinity and net-
work structure of the starting polymer, degradation may take up
to 2-3 years in vivo due to its hydrophobicity.**> The use of PCL
in biomedical applications is increasing due to its versatility
within copolymer formulations, tuneability in terms of crystal-
linity, rates of degradation and clinical approval for human use by
regulatory authorities.>>"®

Ho & Young, developed photopolymerisable and biodegrad-
able tri-block monomers involving polypropylene glycol (PPG),
lactide and glycolide units at varying compositions with degree
of conversion (DC (%)), reportedly more than 90% depending
on the length and ratio of lactide to PPG in monomer chain.**
Subsequent studies involving various bioceramics were con-
ducted to assess cytotoxicity, degradation, in-vivo suitability,
and mechanical properties of both the polymer and derived
composites. It was concluded that the new polymer-based
material could potentially be used to provide immediate early
fixation for relatively minor low-load bearing bone fractures,
where limited flexural movement would be anticipated.**>°
However, commercial and clinical aspect of the polymer system
are yet to be elucidated.

Similarly, Jabari et al, developed caprolactone fumarate-
based polymer systems for bone and tissue engineering appli-
cations. Subsequent studies including, the modification of
monomers structures, were carried out to investigate cytotoxi-
city, degradation, polymerisation and mechanical properties.
Eventually, polymer system was put forward for nerve conduit
development, due to its high flexibility for stretching.>®”>!
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In another study, Lipik et al., developed an array of PCL-co-PLA
thermoplastic elastomers to investigate mechanical, degradation
and elastomeric characteristics. The authors concluded the bio-
degradable elastomers to be better suited for stent applications.’*
The aim of this study was to design and formulate a new block
copolymer biomaterial using PLA and PCL that would ultimately
facilitate tissue regeneration and allow natural bone development
following a traumatic injury or irreparable bone defect. In addi-
tion, the new ‘tuneable’ polymer system is proposed to act as a
standalone bone fixation device with sufficient mechanical stabi-
lity and structural integrity during the early stages of the healing
process. Furthermore, the new polymer design is aimed to rapidly
photopolymerise in situ, using conventional photochemistry and
light curing technology, to meet key material handling require-
ments such as extended working time and significantly faster
polymerisation.

2. Materials and methods

Unless specified otherwise, consumables were purchased form
Sigma Aldrich, Gillingham, UK.

2.1 Synthesis of monomers

Poly(r-lactic acid)-dimethacrylate (PLLA-DM) and poly(caprolac-
tone-co-fumarate)-dimethacrylate (PCF-DM) monomers were
provided by Specific Polymers (Montpelier, France), and used
as received.

2.1.1 Poly(r-lactic acid)-dimethacrylate (PLLA-DM) mono-
mers. The synthesis of PLLA-DM was adapted from previous
studies, involving ring opening polymerisation (ROP),**%*>°
and methacrylation.?***°® Briefly, in a round bottom flask, 1-
lactide was dissolved in dry toluene at 90 °C for 1 h under an
inert atmosphere. Separately, a solution of stannous (tin II)
octanoate (Sn(Oct),) in dry toluene was added dropwise at room
temperature to a solution of butanediol (BDO) in dry toluene.
The mixture was then added to the lactide solution and stirred
at 90 °C for 20 h. The mixture was then cooled down, before
adding methanol and stirring for 1 hour at room temperature.
A white precipitate was removed by filtration and toluene was
evaporated. The crude was dissolved in dichloromethane
(DCM) and washed with potassium carbonate (K,COj), before
removing the white gel by filtration. The organic layer was
washed several times by sodium hydrogen carbonate (NaHCO53)
until no precipitate was left, before washing with deionised
water and drying with sodium sulphate (Na,SO,). The inter-
mediate product (PLLA-OH) was obtained after evaporating
solvents under reduced pressure.

For methacrylation, PLLA-OH was evaporated twice with
tetrahydrofuran (THF) to remove all traces of water, then
dissolving triethylamine (Et;N) in dry THF. The mixture was
cooled to 0 °C, before adding distilled methacryloyl chloride
(CH3-C,HOCI) dropwise and leaving it stirring at room tem-
perature for several hours. '"H NMR was used to evaluate the
extent of functionalisation reaction. Et;N salt was removed by
filtration and THF was evaporated leaving behind the crude,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which was dissolved in DCM and washed once with HCI
solution and deionised water. The organic layer was then dried
with Na,SO, and filtered to obtain PLLA-DM as a clear
viscous gel.

2.1.2 Poly(caprolactone-co-fumarate)-dimethacrylate (PCF-
DM) Monomers. Synthesis of PCF-DM monomers was adapted
from previous studies involving polycondensation routes to
achieve intermediates,?®*' and functionalisation with metha-
crylate groups.®'**°° Briefly, in a two-neck round bottom flask,
a solution of fumaryl chloride (C;H,0,Cl,) in chloroform was
added dropwise at room temperature to a mixture of polyca-
prolactone diol (CAPA™2043, Perstorp, France) and K,CO; in
chloroform. The mixture was left stirring at room temperature
for 4 h. The extent of reaction was evaluated by "H NMR. K,CO;
was removed via filtration. The crude was washed with HCI
solution and deionised water before drying with Na,SO, and
filtering. After evaporating the solvents under reduced pressure
relative to the atmosphere, the intermediate product (PCF-OH)
was obtained as a colourless oily fluid.

Methacrylation was achieved by co-evaporating PCF-OH with
THF to remove any traces of water. PCF-OH was then dissolved
in dry DCM before adding Et;N. The mixture was cooled to 0 °C
before the dropwise addition of freshly distilled CH;-C,HOCI.
The mixture was left stirring at room temperature for 3 to
5 hours. The extent of reaction was evaluated by "H NMR. The
organic layer was washed with HCI solution and deionized
water, before drying with Na,SO,. After evaporating solvents
under reduced pressure relative to the atmosphere, PCF-DM
was obtained as a viscous oily fluid.

2.1.3 Characterisation using NMR spectroscopy. '"H NMR
spectra of synthesised monomers were obtained using Bruker
Advance 300 NMR spectrometer equipped with a QNP probe,
operating at 300 MHz. Monomer samples were dissolved in
deuterated CDCl;. Chemical shifts were referenced against
non-deuterated CHCL; residual, at 7.26 ppm. The number-
averaged molecular weights (M, xmr) of PLLA-DM and PCF-
DM from '"H NMR spectra, were calculated using end-group
analysis.”” '"H NMR spectra were analysed using MestReNova
software (Mestrelab, Version: 6.1.0).

2.1.4 Gel permeation chromatography (GPC). Relative
number-average (M,,) and weight-average (M,,) molecular weights
of both PLLA-DM and PCF-DM were determined using Varian PL-
GPC-50 size exclusion chromatographer equipped with a polypore
column and a refractive index (RI) detector. Polystyrene and THF
were used as a standard and the mobile phase, respectively.

2.2 Preparation of photocurable formulations

Monomer formulations were prepared by mixing PCF-DM into
PLLA-DM under gentle heating (55 to 60 °C) until an even blend
was achieved involving different compositions of PLLA-DM/
PCF-DM by weight (Table 1). A co-monomer mixture of
bisphenol-A-glycidyldimethacrylate (bisGMA), and triethylene
glycol dimethacrylate (TEGDMA) at 80/20 wt/wt%, was used as a
comparison example in the present study.

To allow light-induced polymerisation, monomer formula-
tions were incorporated with 0.4 wt% camphorquinone (CQ)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Polymer formulations and their respective mixture compositions
involving PLLA-DM and PCF-DM monomers in wt%. Where specified, BT2
was used for comparison purposes. Both, bisGMA and TEGDMA, are widely
used in developing formulations for orthopaedics and restorative dentistry
applications

PLLA-DM/PCF-DM bisGMA/TEDGDMA

Formulations (Wt/wt%) (Wt/wt%)

F1 50/50

F2 60/40

F3 70/30

F4 80/20

F5 90/10

BT2 80/20

Jmax: 469 nm, Molar Absorptivity: 42 £ 2 em™/(mol L)
(Fig. 1(a); ESL, T S1B), and 0.80 wt% dimethylaminoethyl metha-
crylate (DMAEMA) as the photosensitiser (PI) and co-initiator
(Co-I), respectively.

2.3 Light sources and photopolymerisation

Samples were photopolymerised using an AURA light engine®™
(Lumencor™, Beaverton, USA), equipped with a liquid light
guide (active tip diameter, 6 mm) which produced a homo-
geneous beam profile (Apnax = 469 = 2 nm (SD)). The light
engine (source) was calibrated to deliver an absolute irradiance
of 1012 + 0.20 mW cm™> from 7 mm distance. The absolute
irradiance was determined, by integrating area under the curve,
and was used throughout the study for sample preparations
and measuring real-time polymerisation. For tensile testing,
specimens were prepared using ESPE Visio Beta Vario (3M,
Bracknell, UK) light curing oven, equipped with four fluores-
cent tubes, to deliver a total absolute irradiance of 20.23 +
0.90 mW cm 2 (350 to 615 nm). Due to relatively low irradiance
of the curing oven, specimens were irradiated for an equivalent
radiant exposure used to photocure with AURA to ensure
equivalent radiant exposure delivery. Absolute spectral irra-
diances of AURA and ESPE Vario, are given in suplementary
file (Fig. 1 and ESI,} S1B).

Real-time photopolymerisation reaction of monomer formu-
lations were measured using Fourier transformed Infra-red
spectroscopy (FTIRS) (Nicolet 6700 FT-IR; Thermo Scientific,
Hemel Hampstead, UK), equipped with an attenuated total
reflectance (ATR) detector consisted of a horizontal multiple-
reflection diamond crystal and an internal built-in 45° mirror
angle. Temperature of the ATR platform was controlled and
adjusted accordingly to the required operating temperature
(25/37 + 0.5 °C), using a Peltier plate temperature regulator
(Pike Technologies, Fitchburg, USA).

Dynamic measurements of degree of conversion (DC %)
(n = 3) of monomer formulations were assessed at various
curing depths using Teflon moulds (inner diameter: 10 mm;
thickness: 0.5, 3 and 6 mm). The upper surfaces of samples
were covered with an acetate film to minimise oxygen inter-
ference on free-radicals and irradiated at 7 mm distance (AURA
light engine; 1012 £ 0.2 mW cm ™ ?).

Real-time DC (%) was calculated by monitoring the height of
the aliphatic C—C stretching vibration (1637 cm™") peak and

Mater. Adv,, 2024, 5, 3309-3322 | 3311
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Fig. 1 Characterisation of (a) PLLA-DM and, (b) PCF-DM using *H NMR (300 MHz, chloroform-d (CDCls)).

bending mode of methylene group(s) (CH,)*® (1453 cm™ '), as
the isosbestic reference for synthesised resins. For BT2, the
aromatic C=C stretching (1608 cm™ ') was used as the isosbes-
tic ref. 59 (eqn (1)).

1637 cm™! /1453 cmeyrea ™! 100
X
1637 cm~! /1453 cmypeyred ™!

1)

Converison (%) = (1 - <

2.4 Tensile testing

Tensile testing was performed using Zwick/Roell Z030 mechan-
ical tester (Hertfordshire, UK), equipped with a 50 kN load Cell.
Tests were conducted until failure using strain rate of 0.05 s~ *,
which corresponds to the maximum strain rate during sprint-
ing and/or downhill running.®® Specimens were prepared using
a split mould (ASTM (D638), Type V) with length 31.75 mm,
gauge length: 3.81 mm, width: 1.65 mm. Unpolymerised for-

mulations were pipetted into the mould and covered with an

3312 | Mater. Adv., 2024, 5, 3309-3322

acetate film during photopolymerisation. To circumvent over-
lapping caused during spot curing, specimens (n = 5) were
prepared by photocuring formulations using the ESPE Visio
Beta Vario light curing oven. Elastic moduli of photocured
specimens were determined via a line of regression between
two distinct points in the proportional elastic region. Tensile
yield strengths were measured at a tolerance point of 0.2%
strain from elastic moduli.

2.5 Cellular attachment and cytocompatibility studies

2.5.1 Preparation of uncured extracts. Extract solutions of
neat monomers and their respective unpolymerised formulations,
were prepared in Dulbecco’s modified Eagle’s medium (DMEM)
(Biosera, Heathfield, UK) supplemented with 10% foetal bovine
serum (FBS) (Biosera, Heathfield, UK), -glutamine (100 pg mL ™)
and penicillin-streptomycin (100 U mL '-100 pg mL™").
Extracts were prepared according to US Pharmacopoeia XXIII,
adapted by Zange et al,** and involved 0.1 g of unpolymerised

© 2024 The Author(s). Published by the Royal Society of Chemistry
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monomer/formulation per mL of supplemented media that were
aged in Bijou vials placed in an incubator (37 °C under 5% CO,
humidified atmosphere) to give 24 hours (24 h) and 7 days (7 d)
time point extracts, separately. As a precautionary measure, aged
media extracts were sterile filtered using a 0.2 pum membrane with
additional spotting on an agar plate (for 48 h at 37 °C in a 5% CO,
humidified atmosphere) to rule out any possible risk of infection
that may arise during cell work.

2.5.2 Preparation of cured extracts. Extract solutions of photo-
polymerised F4 formulation, were prepared by ageing corres-
ponding disc-shaped specimens (diameter: 10 mm,; thickness:
0.5 mm) (n = 3) in media. Specimens were prepared by photopoly-
merising formulations in a Teflon mould (inner diameter: 10 mm)
covered with an acetate film for 120 s using AURA. Once prepared,
specimens were cotton swabbed with 70% ethanol and immersed in
supplemented DMEM, described above. Media volumes were
adjusted to 0.1 g mL~" before incubating for 24 h and 7 d time
points separately, at 37 °C under 5% CO, humidified atmosphere.
Following the pre-defined ageing period, media extracts were sterile
filtered and spotted on an agar plate, explained above.

2.5.3 Cell work. Human osteoblast-like Saos-2 cell line was
sourced commercially (HTB-85™, ATCC, USA) and thawed using
an established protocol.®” Cells were then cultivated in a T75
(75 cm?®) flask (Thermo Fisher Scientific, Denmark) within
supplemented DMEM media and incubated under standard
conditions (37 °C with 5% CO, in a humidified atmosphere).
Media was replenished every 48 h. Upon reaching 70-80%
confluency, cells were sub-cultured using an established
protocol for passaging adherent cells, which involves the
use of trypsin-EDTA (0.25% (w/v) - 1 mM L") for cell
detachment.®*®® To avoid phenotypical and proliferation rate
changes between cells involving early and late passages,®® only
cells from passages 25-28 were used for cytocompatibility and
cell attachment studies. This includes biological replicates.

2.5.4 In vitro cytocompatibility studies - AB assay.
Cytotoxicity of newly synthesised monomers and their
corresponding formulations were determined via indirect
contact method, using AB assay (AdB Serotech, UK). Upon
reaching near-confluency in a T75 flask, Saos2-cells were
seeded in 96-flat bottom black well plates (Costar, Corning
Corporation, USA), at cell seeding density of 20000 cells per
well and incubated at 37 °C under 5% CO, humidified
atmosphere for 24 h. Subsequently, old media was aspirated
and wells were washed three times with DPBS before treating
cells with 50 L of aged (24 h/7 d) media extracts per well. An
additional 50 pL of freshly supplemented DMEM was added to
give a total volume of 100 pL (media extract to fresh DMEM
ratio = 1:1), per well. Cells were incubated for further 24 h
under standard conditions before performing the assay, which
involved removing the old media and washing the wells with
DPBS prior to supplementing with DMEM containing 10%
working solution (0.15 mg mL " in DPBS) of AB dye. Cells
were then incubated for 4 h before measuring absorbance at
570 nm (Sparks Plate Reader, Tecan Group Ltd, Switzerland).
Absorbance measurements at 600 nm were used as reference
and reductions of AB into resorufin were calculated as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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percentage differences between treated and untreated cells
(control groups).®® Cytocompatibility studies were performed in
triplicates with two biological repeats (2 different cell passages).

2.5.5 Saos-2 cells attachment - SEM imaging. SEM imaging
of Saos-2 cells attachment on photocured F4-based surfaces
were achieved by preparing the disc-shaped specimens (Section
2.5.2). Without any pre-conditioning steps, cured specimens
were disinfected with 70% ethanol and placed inside the wells
of a transparent sterile 24-well plate (Nunclon Delta, Thermo
Fisher Scientific, Denmark). Thermanox® coverslips (174950;
Thermo Scientific, Denmark) were used as positive controls.
Once in place, Saos2 cells were then sub-cultured onto
photopolymerised discs at the cell seeding density of 20,000 cells
with supplemented DMEM. Following gentle agitation on an
orbital shaker (Luckham R100/TW, England, UK) for 2 minutes,
cells were incubated for 24 h at 37 °C under a humidified
atmosphere with 5% CO,. Old media was subsequently aspirated
and wells containing specimens were gently rinsed 3 times with
DPBS to remove any excess media and/or debris. Cells were then
fixed by immersing the specimens in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.3) (Agar Scientific Ltd, UK) for
10 minutes. Specimens were then gradually dehydrated through a
graded series of ethanol solutions (20%, 30%, 50% and 70%).
To avoid cured specimens getting dissolved by the ethanol,
dehydration step at each ethanol concentration was no more
than 2 minutes. Dis specimens were then critically dried by
immersing in hexamethyldisilazane (HDMS) for 2-3 minutes
before air-drying overnight in a fume cupboard.***®

Once fixed and dried, specimens were carefully removed and
mounted on aluminium stubs covered with adhesive carbon
tabs (diameter: 12 mm) (Agar Scientific, UK) and copper taped
at one side. Specimens were sputter coated (Emitech K550X,
Quorum Technologies, UK) with two 15 nm gold layers, before
mounting them onto the EVO MA10 SEM chamber (Carl Zeiss
AG, Germany). Cell attachment images were captured using
secondary electrons with electron beam operating at 20 kv
under high vacuum.

2.5.6 Statistical analysis. Two-way ANOVA and post-hioc
Bonferroni comparison tests were utilised to establish signifi-
cance differences (at 95% confidence level) in DC after 120 s
photopolymerisation (DCj,s) as a result of change in PLLA-DM
weight fraction (%). Separate one-way ANOVA and post-hoc Bon-
ferroni tests were utilised to compare mechanical properties of
photocured formulations as a function of PLLA-DM weight frac-
tion (%) and strain rate, at 95% (P < 0.05) confidence interval.

Finally, separate one-way ANOVAs and post-hoc Bonferroni
multiple comparison tests were carried out to establish statistical
significances (P < 0.05) in AB reduction (%) by Saos-2 cells between
groups, following treatment with aged media extracts (24 h/7 d).

3. Results
3.1 Synthesis and characterisation of PLLA-DM and PCF-DM

Fig. 1(a) depicts the "H NMR spectrum, with Table 2 summar-
ising the MW of PLLA-DM and PCF-DM ascertained by NMR

Mater. Adv,, 2024, 5, 3309-3322 | 3313
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and GPC (Chromatograms are given in ESI,¥ S1B). Chemical
shifts (6) at 1.69 and 4.14 ppm correspond to the inner and
outer protons of methylene segment, 1,4-di(A-oxidaneyl)
(0-C,Hg-0), respectively.®” Equally, chemical shifts at 1.57
and 5.15 ppm correspond to the methyl and methine protons
of lactyl repeating units, respectively.>* Resonances at 5.62 and
6.18 ppm, can be assigned to alkene (C=C) protons of the two
terminus (methacrylate) groups. Finally, the chemical shift at
1.94 ppm corresponds to methyl (CH;) protons present in
methacrylate moieties.®® M, nmr corresponds to monomer
number-averaged MW determined via 'H NMR end-group
analysis method,>” and given in Table 2. Based on M, xmr,
the average ratio of lactyl with respect to BDO unit is 2n:1,
where n ranges between 4-5.

Fig. 1(b) shows the chemical structure of co-polymer PCF-
DM, characterised by "H NMR. Chemical shifts (5) at 1.38 and
1.65 (1.86-1.53) ppm correspond to the inner protons of
methylene segments of PCL and O-C4Hg-O, respectively.>®®”
Chemical shift at 1.91 ppm represents 6 protons of the two
methyl groups in methacrylate moieties. Similarly, chemical
shift at 2.29 ppm corresponds to magnetically equivalent pro-
tons adjacent to C=0 group in PCL units.*® Resonance at 4.11
(4.31-3.96) ppm can be assigned to equivalent outer protons of
0-C4Hg-0 and PCL units.>*** Equally, chemical shifts at 6.06
and 5.52 ppm correspond to the alkene protons of
methacrylate-end groups. Finally, chemical shift at 6.81 ppm
represents the two protons of carbon double bond of the
fumarate unit. The ratio of butanediol (BDO) with respect to
PCL units in a typical PCF-DM chain was 1: 2. Equally, "H NMR
revealed the presence of ~1 fumarate and 4 caprolactone units
(1:4 ratio), per monomer chain.

3.2 Photopolymerisation of formulations

Fig. 2 depicts photopolymerisation conversion profiles at 25/
37 °C and various curing depths including ‘dark’ curing, where
polymerisation continued even after light source (AURA) was
turned ‘-off-" at 120 seconds. Two-way ANOVA revealed signifi-
cant differences (P < 0.05) in DC,¢s (%) as a function of curing
depth and operating temperature. Subsequent post-hoc Bonfer-
roni comparison tests also revealed significant differences (P <
0.05) in DCj,0s values following an increase in temperature and
curing depth. For instance, DCy,¢s 0of F4 increased by 8% when
curing depth was increased from 0.5 to 3 at 25 °C. This was
further augmented by almost 10%, when the operating tem-
perature was raised to 37 °C (Fig. 2).

Generally, the extent of polymerisation conversion, during
the 120 s photocuring period (DCi,0s (%)), began to decrease
with subsequent increase in PLLA-DM weight fraction from
50% in F1 to 90% in F5. However, when compared at different
curing depths DCy,s (%) generally decreased at 0.5 mm curing
depth before increasing at 3 and 6 mm curing depths with F1
being the exception whereby, DCy,0s (%) decreased from ~90%
at 0.5 mm to 85% at 3 mm curing depth (P < 0.05), under 25 °C
operating temperature (Fig. 2). Noteworthy, increase in DCjyos
(%) at 6 mm curing depth was observed for formulations with
initial low viscosities only (F1 to F3, Fig. 4 and ESL,t S1B), as
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Table 2 Summary of MW(£ SD) and polydispersity index (PDI) (+ SD) of
monomers via NMR and GPC (ESI, S1B)

Monomer M, nmr M, M, PDI

PLLA-DM 933 £ 16.52 1099 + 75.34 1392 £ 91.94 1.3 4+ 0.04
PCF-DM 1017 + 24.43 1581 + 179.57 2646 + 492.24 1.7 £+ 0.12

shown in Fig. 2. This trend continued into the dark curing stage
(180 s post-irradiation) with a further conversion of up to 5%
observed for some formulations. BT2 exhibited similar beha-
viour except for polymerisation extent involving DC;,4s (%) and
dark curing at various curing depths where, increases were
relatively marginal when compared with PLLA-DM/PCF-DM
formulations (post-hoc Bonferroni, P < 0.05).

3.3 Tensile testing of photocured formulations

Fig. 3 depicts the three parameters for all formulations under
tensile testing. The amount of applied stress increased pro-
gressively with E-modulus increasing significantly from 4.4 +
0.5 (SD) for F1, to 11.7 £ 2.5 (SD) GPa for F4 (P < 0.05;
Fig. 3(a)). F4 and F5 formulations exhibited the highest ulti-
mate tensile strengths of 73.1 + 4.4 (SD) and 76.1 + 13.5 (SD)
MPa, both of which were significantly higher (P < 0.05), when
compared with F1 (Fig. 3(c)).

3.4 Invitro cytocompatibility of Saos-2 cells

Fig. 4 depicts reduction in AB (%) as a function of metabolic
activity of Saos-2 cells, following treatment with media extracts
of neat monomers and their corresponding formulations. One-
way ANOVA revealed statistically significant (P < 0.05) variation
in post-treatment metabolic activities of Saos2 cells. Generally,
treatment with neat PLLA-DM, PCF-DM, F4 media extracts
exhibited improved cytocompatibility with relative metabolic
activity appeared to have increased following treatment with
both media extract formats (24 h and 7 d). Exposure to 24 h
media extracts (Fig. 4(a)) at 1:1 ratio (v/v) to supplemented
DMEM, led to an increase of 8.11, 14.93 and 10.14% in
resorufin production when compared with Control group,
respectively. Equally, treatment with 7 d media extracts
(Fig. 4(b)) led to an increase of 10.86, 19.86 and 9.94% in
resorufin production, when compared with corresponding con-
trol group, respectively. Post-hoc Bonferroni multiple compar-
ison test following one-way ANOVA revealed that increase in
metabolic activity of Saos-2 cells following treatment with the
7 d PCF-DM media extract was significant (P < 0.05), when
compared with the respective control group. The highest rela-
tive reduction in metabolic activity was registered for Saos-2
cells treated with TEGDMA extracts. Treatment with 24 h and
7 d media extracts led to resorufin production reducing to 66.92
and 33.59% (P < 0.05), when compared with corresponding
control groups, respectively (Dashed lines; Fig. 4). Cytotoxic
effects of TEGDMA can be further realised on Saos-2 cells,
treated with media extracts of uncured BT2 following 7 d media
extract (P < 0.05; Fig. 4(b)). In contrast, Saos-2 cells exhibited
relatively less cytotoxicity when treated with bisGMA extracts.
Relative resorufin production reduced to 93.87 and 94.01%,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photopolymerisation of monomer formulations (F1-F5 (wt/wt%)) at different curing depths and operating (environmental) temperatures (25 and
37 °C). Blue shaded areas represent photocuring period (120 s), followed by post-irradiation period for 180 s (dark curing).

when treated with respective 24 h and 7 d old media extracts of
bisGMA. Both treatment outcomes were not statistically sig-
nificant (P > 0.05), when compared with respective control
groups (Fig. 4).

Fig. 5 depicts AB reduction of resazurin (%) as a function of
Saos-2 cells metabolic activity, following exposure to photo-
cured F4 media extracts (24 h and 7 d), under standard
incubating conditions. One-way ANOVA did not reveal statisti-
cally significant (P > 0.05) variation in post-treatment meta-
bolic activities of Saos-2 cells. Nonetheless, treatment with both
photocured F4 media extracts (24 h/7 d) appeared to have
improved cytocompatibility, due to cellular activities men-
tioned above, when compared with respective control groups.
On average, resorufin production (%) increased by 15.65% and
19.10%, following treatment with 24 h (Fig. 5(a)) and 7 d
(Fig. 5(b)) media extracts when compared with corresponding
control groups, respectively.

On the other hand, Saos-2 cells exhibited slightly lower
cytocompatibility when exposed to photocured BT2 media
extracts, with relative resorufin production of 97.26% and
93.63% following treatment with 24 h and 7 d media extracts

(Fig. 5).
3.5 Saos-2 cells attachment

Fig. 6 depicts SEM images of Saos-2 cells following 24 h
incubation on photocured disc surfaces of F4 and BT2 systems.
Thermanox® coverslips were used as positive controls. Gener-
ally, cells appear to have attached with polygonal morphology
generally associated with Saos-2 cell lines.*” On both

© 2024 The Author(s). Published by the Royal Society of Chemistry

Thermanox® (Fig. 6(a)) and BT2 surfaces (Fig. 6(b)), cell attach-
ments have taken place in small isolated clusters with most
cells appearing round, and typically associated with initial
phases of substrate adhesion.®®’® The most extensive cell
adhesion and proliferation of Saos-2 cells can be visualised
on F4 specimens (Fig. 6(c)), where under the same incubating
conditions substrate surfaces have been completely covered
with cells of pronounced surface anchorages. Significant
increases in adhesive structures such as cytoplasmic projec-
tions (filopodia) extending beyond lamellipodia can be clearly
observed.*”*°

4. Discussion

Generally, the characterisation of PLLA-DM and PCF-DM mono-
mers via '"H NMR and GPC (Fig. 2 and 3; ESL,{ S1B) revealed
reproducibility in terms of chemical structure, MW and PDI
involving different batches. On average, the methacrylate con-
tents of newly synthesised PLLA-DM and PCF-DM monomers
were 2.16 and 1.67 meq g ', respectively. The fumarate group
in PCF-DM has been shown to participate in free radical
polymerisation and facilitate crosslinking.>””>' Unlike previous
findings,?”"*>*"*> the new monomers consist of relatively small
chains with narrow PDI. As a result, final monomers were
viscous fluids at room temperature. This served to aide blend-
ing (with complete miscibility), and handling requirements
during formulation development. It is also worth noting that,
both PLLA-DM and PCF-DM monomers were not incorporated
with stabilisers such as hydroquinone (HQ), that are generally
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Fig. 3 Mechanical properties of photocured formulations (F1-F5 (wt/wt%)),
including BT2 under tensile testing (ASTM (D638) Type V) at 0.05 s~ strain
rate. UTS represents ultimate tensile strength (MPa). Columns and error bars
represent mean and standard deviation, respectively. Asterisks (*o < 0.05, **p
< 001, **p < 0.005 ****p < 0.001) indicate statistically significant
differences between groups, based on post-hoc Bonferroni multiple com-
parison tests following one-way ANOVA.

included in commercial products to preserve shelf-life and
avoid premature polymerisation.”*

The use of CQ as a photosensitiser was to avoid the safety
implications associated with UV irradiation involving type I
photosensitisers, especially when extended periods of photo-
curing are required in a clinical setup. The use of (tertiary)
amines as a co-initiator accelerated the reaction rates by utilis-
ing o-aminoalkyl radicals produced during the hydrogen
abstraction process. These radicals are highly effective and
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predominantly responsible for initiating polymerisation
reactions’>”? compared with the cetyl radical produced by CQ
alone. Previous studies have shown that aliphatic amines
namely DMAEMA have good-to-comparable polymerisation
efficiency with relatively better cytocompatibility than their
aromatic counterparts such as EDMAB.”

Relatively lower DC (%) at 6 mm curing depth involving high
initial viscosities formulations (F4 and F5, Fig. 4; ESI,¥ S1B),
might be attributed to the mobility of propagating species such
that the free radical entrapment may have reached a diffusion-
controlled reaction sooner than those with relatively lower
initial viscosities (i.e., F1 and F2, Fig. 4; ESL,¥ S1B). A rapid
increase in local viscosity of crosslinking networks may have
increased the termination rate constant to supersede propagation,
thus causing DC to plateau due to the early onset of
vitrification.”””® Both bisGMA and TEGDMA monomers used in
present study had a narrow PDI, with bisGMA containing two
aromatic rings per monomer. In contrast, both PLLA-DM and
PCF-DM are aliphatic oligomers with an array of smaller and
larger chains. Consequently, the general improvement in the
degree of conversion of PLLA-DM and PCF-DM formulations
may be attributed to the increased diffusion of smaller propagat-
ing chains through larger chains within the crosslinking network,
which effectively created new growth centres. Equally, the use of
BT2 was to serve as a suitable comparison mixture, particularly for
F4. Since the use of bisGMA and TEGDMA in orthopaedics (bone
augmentation adhesives) and restorative dentistry (resin compo-
site tooth restoratives) are widely documented.*"*””7®

The lower DCy,o (%) observed at 0.5 mm compared with
thicker samples was likely a result of different local viscosities
caused as a result of heat generated during polymerisation. A
larger surface area to volume ratio resulted in a higher rate of
heat loss during polymerisation, which had less impact on
reducing local viscosity and network formation. The effect of
temperature on reaction rates and polymerisation was less
noticeable at 6 mm thickness, where differences in the rate of
polymerisation within surface layers may have affected both
heat and mass transfer rates in deeper layers.

PLA is generally regarded as a brittle material with insuffi-
cient fracture toughness (~5% strain at breaking) for load
bearing applications.”®®® Whereas, PCL is flexible with rubber-
like properties, and a relatively higher fracture toughness with
low strength.®" The intrinsic physical nature of PLLA-DM with
higher T, and stiffness than PCF-DM, serve to explain the
relative increase in elastic modulus and overall strength char-
acteristics of formulations as the PCF content was decreased
(Fig. 3). During deformation, it is thought that stress transfer
between PLLA and PCF component within the polymer matrix,
was mediated through chemical (covalent) bonding formed
during photo-crosslinking, which may have been reinforced
by the vinyl double bond of fumarate participating in free-
radical polymerisation.””>" However, this toughening effect
induced by PCL segments may have been reduced below 20%
weight fraction, as characterised by somewhat brittle fracture
observed for F5 specimens. Chain mobility and relaxation were
likely to be more associated with higher PLLA segments which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibited less deformation per given stress unit (MPa) than
PCL, thus leading to decline in elastic modulus and tensile
strength (Fig. 3(a)). In agreement with previous studies, Zhao
et al.,** and Douglas et al.,*" reported tensile strengths of ~50
and 43 MPa for extruded solids consisting of 90/10 and
80/20 wt% PLA/PCL, respectively. Similarly, Malinowski,*>
reported respective tensile and flexural strengths of ~55 and
80 MPa, for an injection-moulded PLA/PCL (80/20 wt%) blend,
and higher flexural modulus with increasing PLA content.

An array of elastic moduli and yield strengths displayed by
F1-5 blends (4.4 &+ 0.5 to 11.7 £ 2.5 GPa) in the current study,
served to validate the tuneability criterion of the system. The
elastic modulus of human cortical bone is around 18 GPa
(compression), but varies greatly between 4 to 23 GPa due to
factors such as ageing, mineral content, porosity and anatomi-
cal location. Likewise, trabecular bone reportedly has an elastic
modulus of around 400 MPa in the longitudinal direction,
with a load bearing capacity and ultimate tensile strength of
around 50 and 8 MPa under compression and tension,
respectively.®*"®> Consequently, the tuneability and mechanical

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties of PLLA/PCF-DM blends presented herein would
help to develop polymer systems that avoid stress-shielding
effects caused due to inadequate stress transfer loading invol-
ving conventional bone repair and restoration interventions.

The current study was designed to assess cytocompatibility
of monomers and formulations, both in cured and uncured
format under a clinically relevant setting. The use of F4 as the
‘suitable blend’ for biological studies was based on several
observations. Firstly, the modulus of elasticity and UTS of F4
were comparable to that of F5 (Fig. 3), without significant effect
on polymerisation dynamics and in turn DC (%) Both of which
are largely dictated by initial viscosities and subsequent onset
of vitrification mentioned above. Secondly, F4 had a relatively
better flow behaviour than F5 (Fig. 4; ESL, 1 S1B). This served to
meet key material handling requirements and extended work-
ing time prior to setting.

The increased resorufin production by Saos-2 cells following
treatment with neat (unpolymerised) PLLA-DM, PCF-DM and
F4 might be attributed to cell growth and possibly cell prolif-
eration, discussed below. The microenvironment of normal

Mater. Adv,, 2024, 5, 3309-3322 | 3317
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Fig. 6 SEM images of Saos-2 cells attachment on (a) a Thermanox
coverslip, (b) bisGMA/TEGDMA (BT2), and (c) the PLLA/PCF-DM (F4) sur-
face, following 48 h incubation in supplemented media.

fracture healing is known to be acidic, due to elevated levels of
lactic acid. Such acidic conditions lead to increased osteoblast
activities.®® It is proposed that 1-lactic acid (lactate) may have
been converted to pyruvate by lactate dehydrogenase. Pyruvate is
subsequently converted into acetyl CoA by pyruvate dehydrogen-
ase complex, which enters the Krebs cycle.®”*® Benoit et al.,*®
tested osteoblast cells encapsulated in a PEG-lactic acid based
dimethacrylate hydrogel and reported enhanced metabolic activ-
ity, cell proliferation, ALP production and mineralisation as a
result of increased release of lactic acid during degradation.
Further, e-caprolactone segments may have been degraded by
esterases into hydroxycaproic acid, which are taken up by cells to
enter 2-f oxidation pathway to yield 3 acetyl coenzyme A (Acetyl
CoA) molecules, which enter the Krebs cycle to subsequently
generate ATP.*” Similarly, degraded fumarate (“OOC-C,CH,~
COO7) and succinate ("OOC-C,H,~COO~) segments can be
metabolised by fumarase and succinate dehydrogenase complex
to generate more ATP molecules in the cycle.
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In contrast, the cyto- and genotoxicity of Bis-GMA/TEGDMA
monomers, on a variety of cell types, have been widely
documented.'**78,91-93 Beside delaying cell cycles, these
monomers also affect cell proliferation and survival.”* Signifi-
cant reduction in metabolic activity of Saos-2 cells following
exposure to TEGDMA media extracts (Fig. 4) might be attrib-
uted to its potency towards penetrating cellular membranes
and interacting with intracellular molecules and structures.
Studies have shown that TEGDMA causes depletion in intracel-
lular glutathione (GSH) antioxidant, thus making cells vulner-
able to oxidative damage, cell cycle delays and possibly cell
death. Relatively constant metabolic activity of cells treated
with neat bisGMA extracts can be assigned to its hydrophobic
nature as opposed to TEGDMA, where oxygen atoms present in
ethylene glycol segments make TEGDMA molecules more reac-
tive. Regardless, there still remain concerns over DNA damage
and the ability of bisGMA to degrade to bisphenol A.

Since PCL and PLA are generally hydrophobic and lack
bioactivity in neat forms, it is possible that the presence of
hydrophilic segments as such as O—C,Hg—O (precursor to
succinic acid) and fumarate, may have altered surface free
energy and in turn facilitated ECM production to promote cell
attachment and spreading involving transmembrane receptor
proteins and extracellular matrix (ECM).®® Significantly higher
levels of cell attachment observed on F4 surfaces (Fig. 6(c)) might
be attributed to local acidity induced by polymer segments, since
osteoblast cells favour acidic microenvironments.** Chemical
moieties (e.g., carboxyl groups) present on copolymer surfaces
may have served as cell recognition sites to favour higher levels
of ECM production. El-Amin et al.,* reported consistently higher
levels of osteoblastic cell adhesion on poly(lactic-co-glycolic acid)
(PLGA) matrix surfaces compared with neat PLA and positive
control (polystyrene surfaces). Production of ECM components
such as collagen, fibrinogen, laminin and vitronectin were also
reportedly increased. In particular, osteonectin and osteopontin
were found both intra- and extracellularly on the PLGA polymer.
The authors further reported a more extensive actin cytoskeletal
network of osteoblasts, cultured on copolymer surfaces. Higher
osteopontin and collagen type I gene expression by osteoblasts,
are also reported by Benoit et al,* involving PEG-lactic acid
based dimethacrylate hydrogels, and Yin et al,*® involving
dopamine modified PLLA surfaces.

The work presented here has covered the design and devel-
opment of several formulations, with particular emphasis on F4
PLLA-DM/PCF-DM, (80/20 wt/wt%) composition. The research
findings have shown that it is possible to develop a photocur-
able, flowable polyester-based monomers, using conventional
ROP and polycondensation routes, with enhanced mechanical
properties and cytocompatibility suitable for bone repair and
augmentation involving load bearing applications. From prac-
tical standpoint, the new polymer system appears to offer
relatively safer alternative to PMMA (bone cement) and resin-
matrix systems used to prepare resin-based composites (RBCs)
in restorative dentistry. Nonetheless, it is proposed that further
physico-chemical and in vivo studies are still needed to truly
assess osteogenesis capacity, long-term biocompatibility,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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degradation, and post-degradation mechanical properties in a
more clinically-relevant settings.

5. Conclusion

Formulation development and subsequent characterisation
revealed that PLLA-DM/PCF-DM monomer formulations are
photocurable up to several millimetres depth using conventional
light curing technologies and photoinitiating chemistries. Polymer
mixtures can be tailored to achieve required mechanical properties
without significant compromise of other physicochemical proper-
ties such as DC (%) and unpolymerised flow behaviour. Initial
biological studies, in terms of cell attachment and cytocompat-
ibility assay revealed biological interactions with promising signs
of material-induced biological development. The present work
has provided a solid platform for future studies on these novel
monomers towards achieving a workable and potentially func-
tional design for regenerative biomaterial for a given bone
application.
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