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3D printable polylactone/2-hydroxylethyl acrylate
networks with adjustable post-printing mechanical
properties
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Photopolymerisation-based 3D printing of biocompatible materials enables the fabrication of highly accu-

rate, customised scaffolds; however, the resulting covalently crosslinked networks typically exhibit fixed

mechanical properties. Here, we introduce 3D-printed polyester/acrylate hydrogels with adjustable

mechanical properties enabled by chemically orthogonal controlled dual crosslinking. The resin formu-

lation consists of a tetra-cinnamic-acid-functionalised copolyester, poly(caprolactone-co-valerolactone)

(P(CL-co-VL)-CA), blended with 2-hydroxyethyl acrylate (HEA) and the radical crosslinker pentaerythritol

tetraacrylate (PETA). Owing to the significantly faster photoreactivity of the acrylate groups, printing pro-

ceeds via HEA radical polymerisation to form a soft primary network while preserving pendant cinnamic

acid functionalities. A secondary network is subsequently introduced through UV-induced [2 + 2] cyclo-

addition of the cinnamate groups during post-curing. By controlling the post-printing light exposure time,

the extent of P(CL-co-VL)-CA crosslinking, and hence the elastic modulus of the resulting double-

network scaffolds, can be tuned from 0.3 to 1.8 MPa without altering the printed dimensions. Both single-

and double-crosslinked P(CL-co-VL)-CA/HEA hydrogels supported high levels of cell proliferation. This

work demonstrates a versatile strategy for generating mechanically adaptable 3D objects from a single

resin formulation through post-printing modulation.

Introduction

Supporting the repair of native tissues using biological substi-
tutes has emerged as a promising strategy, known as tissue
engineering.1,2 A key requirement in this process is the fabrica-
tion of scaffold materials that reproduce the geometry and
mechanical properties of the targeted tissues.3 3D printing of

photocurable monomers and polymers has become an
efficient technology for producing customised tissue engineer-
ing scaffolds as it enables rapid fabrication with high spatial
accuracy.4–6 However, covalent networks derived from photo-
polymerisation typically possess fixed mechanical properties.
Systems allowing post-printing modulation of scaffold
mechanical properties, including the design of gradient pro-
perties, are highly desirable to adapt to the selected cell type
and biological environment.7,8 While several printing
approaches have been developed, materials with post-printing
tunability remain rare due to their covalent networks. Most
examples demonstrate geometric adaptability in response to
pH or thermal changes, often referred to as 4D materials.9–13

However, mechanically adaptable 3D-printed systems remain
underexplored. Most reported examples offer only binary
mechanical states. For instance, thermal esterification can
substantially increase the crosslink density of an acrylate
network, thereby enabling reprogramming of its mechanical
properties.14 A double-network approach combining stiff and
flexible polymers has also been described, in which stiff ther-
moplastics are printed via radical polymerisation of acrylates,
followed by ring-opening polymerisation of lipoic acid to intro-
duce flexibility post-printing.15 These strategies represent
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important steps toward overcoming the mechanical limitations
of current 3D-printed biomaterials. However, they typically
permit only a direct transition between soft and hard states.

Owing to their biocompatibility and biodegradability, ali-
phatic polyesters, particularly polycaprolactone (PCL), have
been widely investigated as materials for 3D printing in tissue
engineering16–19 At physiological temperature, PCL is in a crys-
talline state and therefore exhibits relatively limited elas-
ticity.20 Copolymerisation of caprolactone with other mono-
mers such as lactide and δ-valerolactone have therefore been
introduced to adjust the crystallinity, further resulting in opti-
mised mechanical properties. Hybrid networks have also
proven effective in tuning the thermomechanical properties of
polyester-based materials. For example, tough networks have
been developed by combining PCL with high glass transition
temperature (Tg) acrylate monomers, where varying the PCL-to-
acrylate ratio enables control over mechanical behaviour.21

Similarly, flexible networks with distinct stress–strain
responses can be produced by blending PCL with low-Tg
2-hydroxy acrylates.22 Nevertheless, none of these strategies
were able to provide tuneable properties post-printing due to
their covalent bonds.

In this work, we demonstrate tuneable mechanical pro-
perties in 3D-printed polyester-acrylate resins by exploiting
chemically controlled dual crosslinking. The formulation com-
prises a tetra-cinnamic acid-functionalised copolyester, poly
(caprolactone-co-valerolactone) (P(CL-co-VL)-CA), blended with
2-hydroxyethyl acrylate (HEA) and the radical crosslinker pen-
taerythritol tetraacrylate (PETA) (Fig. 1, t0). Owing to the dis-
tinctly faster photoreactivity of the acrylate moieties, the resin
can be rapidly cured via radical polymerisation of HEA, yield-

ing a soft primary network while preserving pendant cinnamic
acid moieties (Fig. 1, t1). A secondary network is subsequently
formed through UV-induced [2 + 2] cycloaddition of the cin-
namic acid groups during post-curing (Fig. 1, t2 − tn). We
hypothesised that controlling the post-printing irradiation
time governing the slower secondary crosslinking process
would enable systematic tuning of the mechanical properties
as a function of post-curing time.

Experimental section
Materials and methods

Materials. ε-Caprolactone, δ-valerolactone, and Sudan I were
purchased from Tokyo Chemical Industry. Tin(II) octoate, cin-
namic acid, pentaerythritol, 2-hydroxyethyl acrylate, pentaery-
thritol tetraacrylate (PETA), phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO), benzophenone and 2,2,6,6-tetra-
methylpiperidine 1-oxyl (TEMPO) were purchased from Sigma
Aldrich.

Synthesis of poly(valerolactone-co-caprolactone)-cinnamic
acid. Poly(valerolactone-co-caprolactone) was synthesized via
ring-opening polymerization of ε-caprolactone (17.1 g,
150 mmol, 12 eq.) and δ-valerolactone (10.0 g, 100 mmol, 8
eq.) using pentaerythritol (1.7 g, 12.5 mmol, 1 eq.) as an
initiator and tin(II) octoate (120 mg, 0.296 mmol, 0.02 eq.) as a
catalyst. The reaction mixture was stirred under a nitrogen
atmosphere at 110 °C for 16 hours. Subsequently, cinnamic
acid (7.4 g, 50 mmol, 4 eq.) was added into the reaction
mixture, followed by stirring under nitrogen at 130 °C for 5
days. The polymer was used without purification.

Fig. 1 Conceptual approach to 3D printable mechanically tuneable dual networks. Formulation: poly(valerolactone-co-caprolactone), (PCL-co-
VL)-CA, hydroxyethyl acrylate (HEA), pentaerythritol tetraacrylate (PETA), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO, not shown).
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Sample preparation for swelling and tensile test. The resins
were poured into rectangular molds (H0.8 × W10 × L20 mm)
and irradiated with UV light of 405 nm (9 mW cm−2) for 2 min at
room temperature. Afterward, the cross-linked sheets were post-
cured for the desired time under 365 nm UV light (9 mW cm−2).

Swelling test. The Gel fraction and swelling ratio were calcu-
lated on cross-linked sheets prepared as described. The cross-
linked sheets were weighed (initial dry mass Wd). Then they
were immersed in excess acetone for 48 h at room tempera-
ture, and then weighed again to obtain the swollen mass (Ws).
Next, the swollen samples were dried in a vacuum oven (40 °C)
overnight to measure the dry mass after swelling (Wa). Using
the following equations, the gel fraction and swelling ratio
were calculated. All the measurements were performed in
triplicate.

Gel fraction ð%Þ ¼ Wa

Wd
� 100

Swelling ratio ¼ Ws �Wa

Wa

Tensile test. Tensile testing was carried out using a
Testometric M100-1CT machine equipped with a 50 N cell load
(LC5). Rectangular cross-linked sheets were used to perform
the measurements, obtained according to the procedure
described above. A gauge length of 8 mm, a pretension of 0.1
N, and a test speed of 10 mm min−1 were used as parameters
for the machine. The tests were performed at room tempera-
ture. Young’s modulus, elongation at break, and the ultimate
strength were determined as averages of five independent
drawing experiments performed under the same conditions.

Compression test. Compression testing was carried out
using a Testometric M100-1CT equipped with a 50 N cell load
(LC5) and CPS150 square compression platens. Crosslinked
networks were transformed into cylinders with a diameter of
7.5 mm and a height of 3 mm. A preload force of 0.1 N was
set, and each test was carried out at a compression speed of
1 mm min−1 at room temperature. Young’s modulus, com-
pression at break, and the ultimate strength were determined
as averages of three experiments performed under the same
conditions.

3D printing. 3D printing was performed using a custom DLP
3D printer, MONO3-2K40 (Monoprinter). The projector resolu-
tion was 1902 × 1080 pixels, with an in-plane resolution of
15 μm. Each layer thickness was 50 μm, with exposure times of
20 s for the first two base layers and 10 s for all subsequent
layers. A light intensity of 22 mW cm−2 at 405 nm (measured
on the surface of the tank) was used for all the printings at
room temperature. The porous lattice cube 3D model was gen-
erated using the software MSLattice.23 The resin composition
includes 50 wt% poly(valerolactone-co-caprolactone)-CA,
49 wt% HEA, 1 wt% PETA, 1 wt% BAPO, 0.05 wt% Sudan I,
and 0.1 wt% TEMPO. After printing, the objects were washed
with acetone.

Cell seeding efficiency. DC2.4 cells, a type of dendritic cell
derived from the bone marrow of C57BL/6 mice, were seeded

at a density of 5 × 105 cells per scaffold. After seeding, 1 mL of
growth medium was added to each well, and the cells were
pre-cultured for 24 hours. Following this incubation, the cell-
seeded scaffolds were transferred to a new 24-well plate. Any
remaining unattached cells at the bottom of the wells were
detached, counted using a hemocytometer, and recorded.

Cellular metabolic activity assay. To determine the cell meta-
bolic activity and viability on the scaffolds, an Alamar Blue
assay was performed on the scaffolds. The metabolic activity of
the DC2.4 cells in the scaffolds was assessed on days 1, 3 and
7, using an Alamar Blue assay (Biosciences) according to the
manufacturer’s instructions. Growth media (which consisted
of high-glucose Dulbecco’s modified Eagle medium (DMEM)
(Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine
serum (FBS) (ThermoFisher Scientific), 0.002% (v/v) primocin
(ThermoFisher Scientific), 1% (v/v) GlutaMAX (ThermoFisher
Scientific), and 1% (v/v) non-essential amino acids
(ThermoFisher Scientific)) containing 10% Alamar Blue was
added at 37 °C for 2 hours. A spectrophotometer (Wallac 1420
Victor2 D) with an excitation wavelength of 550 nm and an
emission wavelength of 590 nm was used to measure the
resulting fluorescence levels. Chondrogenic media containing
10% Alamar Blue was used as a blank sample, and its fluo-
rescence reading was subtracted from the experimental read-
ings to eliminate background fluorescence.

DNA survey of cell activities. For DNA content analysis
within the scaffolds, InvitrogenTM Quant-iTTM PicoGreenTM

assays (Fisher Scientific) were used as per the manufacturer’s
instructions. Scaffolds were removed from the media and
washed in PBS. The scaffolds were then submerged in 500 µL
of lysis buffer (0.2 M carbonate and 1% Triton X100) in an
Eppendorf tube. Samples were subjected to three freeze–thaw
cycles to achieve complete cell lysis before analysis. 100 µL of
each sample was then transferred to a black 96-well plate
along with 100 µL of PicoGreenTM reagent. The fluorescence
was recorded at 538 nm, and the final DNA concentration was
calculated from a standard curve generated using standards
formulated according to the manufacturer’s instructions.

Results and discussion
Synthesis of poly(caprolactone -co-valerolactone)-cinnamic
acid

A four-arm poly(valerolactone-co-caprolactone) end-functiona-
lised with cinnamic acid (P(CL-co-VL)-CA) was first syn-
thesised. A 3 : 2 molar copolymer composition (CL : VL) was
selected for its amorphous, viscous liquid nature at room
temperature, eliminating the need for solvents during 3D
printing. To align with increasing sustainability demands in
polymer synthesis, the preparation of P(CL-co-VL)-CA was opti-
mised into a one-pot, solvent-free, and work-up-free process
(Fig. 2). In the first step, CL and VL were copolymerised in
bulk via tin(II) octoate-catalysed ring-opening polymerisation
in the presence of pentaerythritol. A monomer to initiator
ratio (CL + VL to OH groups) of 5 was applied for a theoretical
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Mn of 555 per arm or 2240 g mol−1 for the four arm copoly-
ester. Once the copolymerisation reached >96% monomer con-
version, determined by the near-complete disappearance of
the monomer 1H NMR signals corresponding to ε-caprolactone
and δ-valerolactone (4.20–4.35 ppm; Fig. S1), CA was added
directly to the reaction, facilitating esterification with the term-
inal hydroxyl groups of P(CL-co-VL). The final copolymer was
recovered as a viscous yellowish liquid without workup
(Fig. S5). This approach eliminates the need for the typically
used cinnamoyl chloride as an end-capping reagent,24 as well
as the use of solvents. End-capping was confirmed by the
appearance of the doublet at 7.67 ppm, corresponding to the
protons of the CA (Fig. 3), clearly distinguishable from the
same protons of the free CA at 7.76 ppm in the 1H NMR
(Fig. S2). The DOSY NMR of the final P(CL-co-VL)-CA displays
only one species with no detectable free CA (Fig. S3). Finally,
size exclusion chromatography (SEC) traces of P(CL-co-VL) and
P(CL-co-VL)-CA showed a small increase in the molecular
weight after CA addition, in line with expectations for end-
capping (Fig. S4). The resulting P(CL-co-VL)-CA was used
directly in subsequent studies without purification.

Preparation of single and double crosslinked networks

To design a network with time-dependent crosslinking, it is
essential to understand the photoreactivity of both acrylate and
cinnamic acid. Three resin formulations were therefore prepared
containing P(CL-co-VL)-CA or HEA, and a formulation contain-
ing a 1 : 1 (wt/wt) mixture of P(CL-co-VL)-CA and HEA (Table S1).
For the HEA-containing formulations, 1 wt% pentaerythritol tet-
raacrylate (PETA) was added as a crosslinker. All formulations
contained 1 wt% BAPO photoinitiator to ensure comparison.

Photorheology was first performed under 405 nm
irradiation at 9 mW cm−2. As shown in Fig. 4A, both HEA and
the P(CL-co-VL)-CA/HEA blends exhibited rapid polymeris-
ation, with a distinct gel point at 5 s. In contrast, P(CL-co-VL)-
CA alone showed no measurable polymerisation after 5 min of
exposure at 405 nm. While the blend displayed similar gelation
kinetics to pure HEA, its lower plateau modulus reflects the
reduced crosslink density arising from the non-crosslinking
copolyester component. The absence of cinnamate photodi-
merisation at 405 nm suggests that the two crosslinking pro-
cesses, HEA radical polymerisation and CA dimerization, can
be temporally separated. This is in agreement with a CA/acry-
late hydrogel system we previously reported.25 To further verify
this behaviour, the photokinetics of CA in the P(CL-co-VL)-CA/
HEA resin were monitored by FTIR. The films were first irra-
diated at 405 nm for 2 min to allow the formation of the HEA
network. The HEA CvC band at 1619 cm−1 disappeared com-

Fig. 2 Solvent-free synthesis of photo-curable P(CL-co-VL)-CA.

Fig. 3 1H NMR spectrum of P(CL-co-VL)-CA (CDCl3).

Fig. 4 (A) Photo rheology study of P(CL-co-VL)-CA, HEA and P(CL-co-
VL)-CA/HEA resins, with irradiation started at 60 s (405 nm, 9 mW
cm−2); (B) plots of CA conversion from P(CL-co-VL)-CA/HEA resin after
exposure to 365 nm UV light determined by FTIR through deconvolution
of the CvC related peaks.
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pletely within this time, confirming efficient acrylate poly-
merisation. A small degree of cinnamic acid double-bond con-
version was also observed by FTIR during this exposure at
405 nm. This expected reactivity is explained by the addition
of propagating poly(HEA) radicals to the cinnamate system,
resulting in copolymerization/grafting rather than the for-
mation of a distinct cinnamate-crosslinked network.
Cinnamate conversion, leading to a cinnamate network, pro-
ceeded only under prolonged 365 nm exposure (9 mW cm−2),
reaching ∼67% after 24 h, which is in agreement with systems
reported in the literature (Fig. 4B).26,27 Together, these results
demonstrate that P(CL-co-VL)-CA/HEA resins can be cross-
linked via rapid acrylate polymerisation while preserving most
cinnamate functionality for controlled, delayed formation of a
second network during post-printing UV treatment.

Gel and mechanical properties of single and double
crosslinked networks

Based on the distinct photoreactivities of P(CL-co-VL)-CA and
HEA, we investigated whether the mechanical properties of the
P(CL-co-VL)-CA/HEA networks could be altered by controlling
the irradiation time. Tensile testing was therefore performed on
all networks to assess differences in modulus and stress–strain
behaviour. As a reference, the P(CL-co-VL)-CA network was first
characterised after 24 h of UV irradiation at 365 nm, yielding an
elastic modulus of 1.5 ± 0.8 MPa and a strain of 15.6 ± 3.7% – a
quite brittle material that is difficult to handle. For the P(CL-co-
VL)-CA/HEA blend irradiated for only 2 min at 405 nm, a mark-
edly lower modulus (0.29 MPa) and a higher strain (∼45%) were
observed, consistent with the presence of non-crosslinked poly-
ester chains. To map the evolution of mechanical performance,
additional samples were irradiated for 0.5, 1, 3, 8, 16, and 24 h
at 365 nm (Fig. 5A). The elastic modulus increased steadily from
0.29 to 1.80 MPa over this period (Fig. 5B), reflecting the pro-
gressive photodimerisation of cinnamate groups. The elonga-
tion at break also increased alongside the ultimate strength
(Fig. 5A and Fig. S7), indicating that the two networks, acrylate
and polyester, remain mostly independent rather than forming
a single, densely crosslinked structure.

The compressive behaviour of the crosslinked networks was
evaluated through uniaxial compression testing. Due to minor
surface imperfections or slight misalignment at the initial
contact, the compressive modulus was determined from the
linear region between 20% and 30% strain, rather than the
initial portion of the stress–strain curve. The compressive
modulus increased progressively with longer light exposure
times (Fig. 5C), in agreement with the trend observed for the
tensile modulus, ranging from 375 kPa to 1445 kPa for the
sample with the longest light exposure (Table S4). Notably,
none of the samples exhibited a breaking point even at high
compressive strains. However, the maximum strain achievable
before reaching the instrument’s load limit decreased with
increasing light exposure time. This indicates that while the
gels maintain structural integrity and display highly ductile
behaviour under compression, the second crosslinking
reduces overall compressibility without leading to failure.

Stress relaxation tests were performed to evaluate the visco-
elastic response of the networks under constant strain
(Fig. S8). All samples exhibited an initial rapid decay in relax-
ation modulus followed by a slower levelling towards a plateau
after 10 seconds, characteristic of viscoelastic networks.
However, a strong dependence on the irradiation time was

Fig. 5 (A) Tensile test of P(CL-co-VL)-CA/HEA networks at different
irradiation times obtained from cast films. (B) Plots of Young’s modulus
of P(CL-co-VL)-CA/HEA as a function of irradiation time. 405 nm was
used for the samples at 2 min; all successive samples were irradiated at
365 nm. (C) Compression test of P(CL-co-VL)-CA/HEA networks at
different irradiation times obtained from cylindrical-shaped samples.
Representative curves for each time point shown. No breaking point was
detected for any of the samples.

RSC Applied Polymers Paper

© 2026 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 4
:4

4:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00051g


observed. The gel crosslinked for 2 min (corresponding to the
formation of the first polyHEA network) showed a low initial
modulus and relaxed almost completely to near-zero values
within seconds to minutes. As crosslinking time increased to
1 h and 8 h, the initial relaxation modulus increased, with a
slightly slower decay. The most pronounced effect appeared in
the 24 h crosslinked sample, which exhibited a significantly
higher initial relaxation modulus and a much slower relaxation
profile, retaining a clear non-zero equilibrium modulus
plateau (∼200 Pa) even after 1000 s. This trend indicates that
increasing crosslinking density due to the second network
enhances the elastic character of the gel network.

To corroborate that the mechanical changes arise from the
gradual conversion of P(CL-co-VL)-CA, gel fraction measure-
ments were performed on samples irradiated for 2 min and
24 h. The 2 min network exhibited a gel fraction of around
51%, consistent with primary polymerisation of the acrylate
component, with minor incorporation of cinnamic acid along
polyHEA chains as discussed above. After 24 h of irradiation,
the gel fraction increased to around 80%, corresponding to
approximately 60% cinnamate conversion (Table S3). At the
same time, the swelling ratio of the networks halved from
2 min to 24 h curing time (136 vs. 69%). These data confirm
the hypothesis that the modulus of the polymer networks can
be tuned by varying the UV exposure time during photo-
polymerization. Furthermore, they demonstrate that the two
constituent networks form mostly independently, with cross-
linking occurring at distinct temporal stages under controlled
irradiation conditions.

Degradation tests were conducted in a 0.2 M NaOH
aqueous solution at 37 °C using samples irradiated at 365 nm
for 24 h. The gel fraction decreased progressively from ∼98%
to ∼55% within 120 h and remained approximately constant
up to 168 h (Fig. S9). This trend indicates that degradation pre-
dominantly affects the polyester component of the network,
while the polyHEA fraction remains largely unaffected under
these conditions. This is consistent with the susceptibility of
polyesters to hydrolytic cleavage in aqueous environments, in
contrast to the relative stability of polyacrylates. At the same
time, the swelling ratio increased substantially, increasing
from ∼500–600% at early time points to ∼6500–7000%, reflect-
ing enhanced water uptake as the crosslink density decreases
during selective polyester degradation.

3D printing of CA/HEA networks

The printability of the P(CL-co-VL)-CA/HEA resin using a
digital light processing (DLP) printer was investigated. The
resin formulation (HEA : P(CL-co-VL)-CA : PETA : BAPO =
49 : 49 : 1 : 1 by weight %) was printed layer-by-layer (50 μm per
layer) under 405 nm irradiation for 10 s at 22 mW cm−2, with
the addition of Sudan I as a photo-absorber (0.05 wt%) and
TEMPO (0.1 wt%) as a radical scavenger. To assess printing
accuracy, a “HEISE GROUP” 2.5D test object (10 mm × 10 mm ×
1.5 mm) was first fabricated (Fig. 6A). Dimensional deviations of
<2% were observed in both the X and Y directions compared to
the CAD model, demonstrating excellent resolution. To further

validate suitability for more advanced 3D scaffold a more
complex design (10 mm × 10 mm × 10.2 mm) was printed at a
speed of 2.5 mm h−1 (Fig. 6B–D). The scaffold exhibited well-
defined pores (2.2 mm), and the overall dimensional deviation
across the X, Y, and Z axes was only 0.5%, confirming high fide-
lity and structural reproducibility. The formulation exhibited
good print resolution, attributed to the selective photopolymeri-
sation and crosslinking of HEA, which is well established to
have superior printability.28,29 Consequently, the presence of
HEA enabled effective printing of the entire resin mixture,
despite the slower nature of P(CL-co-VL)-CA.

Given the resin’s time-dependent crosslinking behaviour, it
was then examined whether printed structures retained the
tuneable mechanical properties demonstrated in cast films.
Rectangular specimens (L20 mm × W10 mm × H0.5 mm) were
printed under the same exposure conditions as the 3D
scaffold. Immediately after printing, the samples exhibited a
modulus of 0.34 ± 0.04 MPa and an elongation at break of 30.7
± 5.9% (Fig. 7), values comparable to the ones obtained from
the 2 min irradiated cast samples. A second batch of printed
specimens was then post-irradiated for 24 h at 365 nm (9 mW
cm−2). These samples attained values of 0.8 MPa for Young’s
modulus and 37% for elongation at break. The observed differ-
ences in mechanical properties (e.g., halved elastic modulus in
DLP-printed samples compared to cast films) could hypotheti-
cally derive from limited diffusion of the cinnamate-functiona-
lized polymer, particularly at the formation of interfaces
during layer-by-layer 3D printing.30 To overcome this, 1 wt%
benzophenone was added to the resin formulation as a photo-
sensitizer able to transfer energy to the cinnamate groups, pro-
moting the 2 + 2 photodimerization.31 These printed films,

Fig. 6 (A) Photograph of the 2.5 D printed P(CL-co-VL)-CA/HEA resin
(scale bar 1.5 mm). (B) Photograph of the 3D-printed object from the
P(CL-co-VL)-CA/HEA resin (scale bar 1.5 mm). (C and D) SEM images of
the object displayed in B. For CAD 3D models see Fig. S10.
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after 24 h at 365 nm, reached a Young’s modulus of 1.79 ±
0.05 MPa, an elongation at break of 164.5 ± 18.9 and a stress at
break of 2.1 ± 0.6 MPa. These values are comparable to the
ones obtained via film casting, showing that the time-depen-
dent properties can be reproduced via 3D DLP printing.

Cell adhesive and activity study of CA/HEA networks

The initial cell seeding efficiency on day 1 (Fig. 8) reflects the
proportion of cells that successfully adhered and remained on
each scaffold after the seeding process. All three samples
exhibited similar behaviour (around 80%) with values compar-
able within experimental error. After 7 days of culture, a
different trend was observed in the DNA content, with a sig-
nificantly higher value detected on the dual-cured network
scaffold compared to the single-cured one. Meanwhile the

network made only from P(CL-co-VL)-CA exhibited a very low
level of cell proliferation, as expected due to the poor wettabil-
ity and lack of bioactive functional groups of the polyester.32,33

The higher DNA content observed in the P(CL-co-VL)-CA/HEA
scaffold likely results from a synergistic balance between
hydrophilicity and mechanical stability, which enhances cell
adhesion and proliferation.31 In contrast, the pure poly(HEA)
scaffold may be too hydrophilic or too soft, limiting stable cell
attachment and growth, although other factors such as the
mesh size might also play a role.34–37

Conclusions

In this work, we reported a DLP-printable hydrogel scaffold
with post-printing tuneable mechanical properties. This
concept exploits two orthogonal photochemical reactions:
rapid free-radical acrylate polymerisation and slower cinna-
mate photodimerisation. The primary network is formed
during printing through the free-radical polymerisation of
HEA, while the secondary network is subsequently crosslinked
via controlled photodimerisation of degradable cinnamic-acid-
functionalised P(CL-co-VL)-CA. By varying the extent of P(CL-
co-VL)-CA crosslinking over time, the mechanical properties
such as the elastic modulus, compression strength and stress
relaxation of the double-network scaffolds could be tuned.
Overall, this strategy provides a versatile route to DLP-printed
hydrogel scaffolds, combining fast DLP 3D printing with a
slower post-printing treatment to allow mechanical properties
to be dialled in. This can be achieved from a single resin for-
mulation. While both single- and double-crosslinked P(CL-co-
VL)-CA/HEA networks supported high levels of cell prolifer-
ation, more advanced cell studies with relevant cell lines need
to be investigated to elucidate the potential of these materials
for tissue engineering applications.
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Fig. 7 Tensile test of P(CL-co-VL)-CA/HEA 3D printed networks directly
after printing and after 24 h of post-curing. DLP 3D printing conditions:
405 nm, 22 mW cm−2, for 10 seconds per layer. Post-curing conditions:
365 nm, 9 mW cm−2, for 24 hours.

Fig. 8 Cell seeding efficiency (%) on day 1 (scatter black plot) and the
corresponding DNA content (ng/scaffold) on day 7 (blue bars) for three
different polymer crosslinked networks after seeding with DC2.4 cells, a
type of dendritic cell derived from the bone marrow of C57BL/6 mice.
P(CL-co-VL)-CA is the network made from P(CL-co-VL)-CA only.
Single- and double-cured network derived from the P(CL-co-VL)-CA/
HEA resin irradiated for 2 min at 405 nm (single-cured) and 24 h at
365 nm (double-cured).
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mation (SI): methods of polymer characterisation (NMR, FTIR,
GPC, DSC, and rheology), additional resin analysis (FTIR,
mechanical properties, and swelling), and additional 3D print-
ing data (CAD models and viscosity). See DOI: https://doi.org/
10.1039/d6lp00051g.
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