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A microstereolithography resin based on thiol-ene
chemistry: towards biocompatible 3D extracellular
constructs for tissue engineering†
Ian A. Barker,a Matthew P. Ablett,b Hamish T. J. Gilbert,b Simon J. Leigh,c
James A. Covington,c Judith A. Hoyland,*b Stephen M. Richardson*b and
Andrew P. Dove*a

A new class of degradable aliphatic poly(carbonate) resins for use
in microstereolithographic process is described. Using a biologically inert photo-inhibiting dye, exemplar 3-dimensional structures
were produced using thiol–ene chemistry via microstereolithography. Fabricated constructs demonstrated good biological
compatibility with cells and had tensile properties that render
them suitable for use as tissue engineering scaﬀolds.

The increasing prevalence of musculoskeletal disorders
(MSDs), brought about by an increase in life expectancy and
an ageing population, means they are now a leading socioeconomic and healthcare burden.1 However, MSDs aﬀecting cartilaginous tissues, such as osteoarthritis and intervertebral disc
(IVD) degeneration, the leading cause of back pain, are
diﬃcult to treat. Given the poor long-term outcome of current
clinical interventions, research has focussed on the application
of cell-based tissue engineering therapies. Autologous chondrocyte re-implantation has demonstrated clinical eﬃcacy for
both focal articular cartilage and IVD repair;2,3 however, for
cases where structural integrity of the tissue has been lost,
such as in end-stage IVD degeneration, a biomaterial is
required to restore tissue volume and mechanical function in
the short term, whilst also supporting seeded cells and
directing cell function as part of a final medical solution.
A range of natural and synthetic cell-seeded biomaterial
scaﬀolds have been proposed for tissue engineering of cartilaginous tissues, including collagen and silk based natural
materials and polymer-based synthetic materials such as PLLA
and PCL.4–7 Importantly, scaﬀold architecture, including pore
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size, porosity and interconnectivity, has been shown to influence cell seeding eﬃciency and tissue formation. However, in
many fabrication methodologies control over these features is
process driven, rather than design led. Conversely, additive
manufacturing techniques such as 3D bioprinting8 and microstereolithography9 (µSL) allow prefabrication of anatomically
relevant scaﬀolds in a layer-by-layer process, that are designed
using patient-specific dimensions obtained from MRI or CT
scans and subsequent CAD modelling (see ESI†).10 Such
approaches have been shown to support cartilage regeneration
in vivo11 and we and others have recently demonstrated the
potential of µSL for the generation of 3D cell constructs for
tissue engineering.12–16
In the current study, using IVD cells as an exemplar system,
we have demonstrated the potential of a novel aliphatic poly
(carbonate)-based resin for µSL to support cell viability and
propose this technology as a mechanism to generate patientspecific prefabricated scaﬀolds for tissue engineering applications. Most notably, this resin avoids using potentially-toxic
acrylate-based crosslinking methodologies, instead focussing
on the application of radical based ‘thiol–ene’ chemistries.
An allyl-functional poly(carbonate), 2, was synthesised by
the organocatalytic ring-opening polymerisation (ROP) of the
corresponding cyclic carbonate monomer, 5-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC, 1, Scheme 1).17,18 While typically the strict exclusion of water is desired to produce welldefined polymers by ROP, the ability of water to act as an
initiator that, following decarboxylation of the ring-opened

Scheme 1

Synthesis of poly(MAC) by ring-opening polymerisation.
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product, yields a diol that can initiate the synthesis of homotelechelic polymers (Scheme S1†) enabling the synthesis of
polymers with good control over molecular parameters. In this
manner, it is possible to produce large quantities of polymers
without the requirement to operate in rigorously dry conditions. Analysis of the resulting clear viscous polymer (2) by
gel permeation chromatography (GPC) revealed a monomodal
molar mass distribution (Mn = 5 870 g mol−1 and ÐM = 1.39;
Fig. S2†) with 1H NMR spectroscopy (Fig. S3†) revealing that
allyl side-chain functionality remained intact after polymerisation and that the average degree of polymerisation (DP), as
determined via comparison of chain-end methyl units at δ =
1.22 ppm to backbone methyl units at δ = 1.26 ppm, was 10.
The control of the quantity of water remaining in the polymerisation solution resulted in the ability to control the molecular weight of the resultant polymers (data not shown).
Utilising thiol–ene click chemistry principles,19,20 photocrosslinking of 2 was achieved by introducing the four-armed
thiol pentaerythritol tetrakis(3-mercaptopropionate) (Fig. S4,†
3) such that the thiol to alkene ratio was 1 : 1. Addition of a
titanium based photoradical generator, Irgacure 784 (Fig. S4,†
4), ensured that upon irradiation with light (λmax = 465 nm)
cross-linking of the resin occurred in the region of irradiation,
solidifying the resin into the desired shape. To apply in µSL,
control over the light penetration depth is required to prevent
resin trapped within the 3D structures deleteriously aﬀecting
previously cured layers. In turn, this can lead to a number of
problems that include increased strain in the fabricated artefact (which can cause the fabricated object to crack) or poor
feature fidelity. This problem may be especially pertinent to
cross-linked thiol–ene networks since they are known to typically demonstrate high optical clarity.19,21
In order to gain control over the cure depth, a photo-inhibitor which absorbs light in the region being employed by the
µSL instrument was added to the mixture. Kalsec Durabrite®
Oleoresin Paprika Extract NS (a common food additive), 5, was
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selected as a consequence of the high absorbance of the dye in
the region of the narrow-band light source being employed in
this study (Fig. S5†) and because of the oleophilic nature of
the extract. A series of resins were formulated to assess the
eﬀect of the paprika extract on cure depth. Polymer 2 was combined with a standard concentration of Irgacure 784 (0.5 wt%),
a viscosity modifier ( propylene carbonate, 10 wt%) and varying
concentrations of the oleoresin dye. A small amount of each
formulation was added to a glass microscope slide and subjected to irradiation for 10 s after which, excess uncured resin
was washed from the glass slide to leave behind a cured crosslinked film. The thickness of each film was determined using
a profilometer (Table S1†). While z-resolution in the 3D fabrication was intended to be carried out at 100 µm layer thicknesses, a slight overcure is required to ensure suﬃcient
bonding of layer-on-layer. As such, a paprika extract (5) concentration of 0.25 wt% was chosen and was found to provide a
good level of control over feature fidelity as indicated in the
subsequent fabrication of 3D artefacts (see below).
An assessment of the mechanical strength of ‘dogbones’
made from the cured resin was made using standard tensile
testing techniques. Typically, the material demonstrated
elastic deformation until failure (Fig. S6†) with a Young’s
modulus of 13.1 ± 0.5 MPa, ultimate tensile strength of 3.0 ±
0.1 MPa and elongation at break of 22.6 ± 1.0%, in the range
required for cartilaginous tissues.22 The materials demonstrated no plastic deformation and as such no yield point was
present during testing, which indicates that failure occurred at
microstrain points within the structure.
To assess cell viability and proliferation, suitable constructs
produced from the optimised resin were fabricated by
impression moulding. In this process, a small quantity of
resin (1 drop) was placed on a glass slide and a convex
upturned polished circular piece of stainless steel was rested
into the centre of the liquid resin. Once the resin had been displaced and with the mould still in place, the glass slide was

Fig. 1 Assessment of IVD cell proliferation, viability and morphology on poly(carbonate)-based scaﬀolds (PC scaﬀold). IVD cell proliferation was
comparable on scaﬀolds compared to polystyrene tissue culture plates (TCPS) (A; n = 3, error bars ± S.D.) and cells demonstrated high viability (B;
green represents viable cells) after 5 days in culture. Adherent IVD cells maintained typical morphology after 7 days in culture (C; red: F-actin, green:
vinculin, blue: cell nuclei). n.s. = not signiﬁcant.
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tetrakis(3-mercaptopropionate) have been shown to be applicable for 3D-printing (additive layer manufacturing) applications. Furthermore, these materials were shown to support
cell proliferation, with such behaviour being comparable on
scaﬀolds produced from these precursors to those in standard
monolayer culture with cell viability remaining high over the
duration of the study. These results provide a platform for the
development of new acrylate-free materials for 3D tissue engineering scaﬀolds. Further studies are under way to investigate
the versatility of these materials for the creation of a range of
functional 3D scaﬀolds.
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Fig. 2 3D CAD model of the modiﬁed (10,3)-a network used in this
study (A and C). Fabricated (10,3)-a structure on a 400 µm baseplate to
provide a favourable surface to build from and structural integrity (B and
D). Scale bars are 2.5 mm.

transferred to an EnvisionTEC Otoflash unit and subjected to
irradiation (1000 flashes). The metal stub could then be
removed from the cured resin to leave behind the construct.
Typically, constructs had an 11 mm internal well diameter, to
aid in cell containment and a maximum diameter of 14 mm
such that they fit in multiwell plates (Fig. S7†).
Proliferation of IVD cells seeded on constructs versus polystyrene tissue culture plates (TCPS) was assessed over 5 days
(Fig. 1A). IVD cells proliferated both on the polymer constructs
and on TCPS over the 5 days, with no significant diﬀerence in
proliferation between the two culture conditions. IVD cells
grown on crosslinked polymer constructs also demonstrated
100% cell viability after 5 days in culture (Fig. 1B) and displayed typical IVD cell morphology (Fig. 1C) after 7 days in
culture. Taken together, these data suggest that the crosslinked polymer constructs are non-cytotoxic and equivalent to
TCPS for IVD cell growth.
To demonstrate the resin as one that is capable of being used
for the fabrication of 3D constructs through µSL, the production
of a (10,3)-a mathematical network was undertaken. Comparison
of the 3D CAD structure of the (10,3)-a network with the overall
dimensions of 12.00 × 8.20 × 5.50 mm to the actual fabrication
of the structure produced by µSL resulted in an accurate model
devoid of unwanted inclusions with overall dimensions of 11.50
× 8.00 × 5.50 mm (Fig. 2). As such, the overall shrinkage in the
construct was estimated to be approximately 7%.

Conclusions
In conclusion, crosslinked polymer resins from the aliphatic
poly(carbonate), PMAC, and a multi-arm thiol pentaerythritol
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