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Abstract
Vat photopolymerisation (VP) three-dimensional printing (3DP) has attracted great attention in many different fields, such 
as electronics, pharmaceuticals, biomedical devices and tissue engineering. Due to the low availability of biocompatible 
photocurable resins, its application in the healthcare sector is still limited. In this work, we formulate photocurable resins 
based on urethane dimethacrylate (UDMA) combined with three different difunctional methacrylic diluents named ethylene 
glycol dimethacrylate (EGDMA), di(ethylene glycol) dimethacrylate (DEGDMA) or tri(ethylene glycol) dimethacrylate 
(TEGDMA). The resins were tested for viscosity, thermal behaviour and printability. After printing, the 3D printed speci-
mens were measured with a digital calliper in order to investigate their accuracy to the digital model and tested with FT-IR, 
TGA and DSC. Their mechanical properties, contact angle, water sorption and biocompatibility were also evaluated. The 
photopolymerizable formulations investigated in this work achieved promising properties so as to be suitable for tissue 
engineering and other biomedical applications.
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Introduction

Over the last decade, three-dimensional printing (3DP) has 
experienced rapid growth and demonstrated great poten-
tial in different fields such as bioengineering, pharmaceu-
ticals, microfluidics and electronics [1]. Among the 3DP 
approaches, the ones based on photopolymerisation such as 
stereolithography (SLA) and digital light processing (DLP) 
have attracted attention due to their easiness of use and quick 
production speed [2]. SLA was the first 3DP technology to 
be developed and subsequently patented by Charles Hull 

in 1984. This approach involves layer-by-layer photopoly-
merisation by crosslinking reactions of a photopolymeriz-
able liquid through the use of a UV laser. Once a layer is 
polymerised, the building platform is lowered again into the 
photopolymerizable liquid and the cycle is repeated until 
the completion of the 3D structure [3, 4]. SLA allows the 
production of different 3D objects with a high degree of 
reproducibility offering an accurate final microstructure and 
geometry. However, it often requires a long time for post-
processing and there is a low number of materials appropri-
ate for SLA healthcare applications [3].

The starting material necessary for vat photopolymeri-
sation (VP) 3DP is a mixture of three main components; 
a monomer or oligomer, which comprises reactive groups 
essential to build the polymeric network. The most used are 
acrylate and methacrylate as they are characterised by a fast 
reactivity. The physical and mechanical properties of the 
3DP specimen will be determined by the backbone of the 
monomer. Another essential component is the photoinitiator, 
which the main function is to initiate the reaction as a con-
sequence of light absorption. Sometimes a dye or colourant 
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is also added in order to control the light penetration during 
the 3DP process and ensure high resolution [5].

Numerous photopolymerizable resins have been 
produced and many are commercially available, with the 
majority composed of multi-functional monomers based 
on methacrylate or acrylic esters [6]. The main drawback 
related to the application of photopolymerisation in the 
healthcare sector is the lack of availability of FDA-approved 
biocompatible photopolymerizable materials mainly related 
to the presence of unreacted products after the polymerisation 
(monomer, photoinitiator, and additives) [2]. Thus, there is an 
increasing demand for the development of novel photocurable 
resins that can be employed in the medical and pharmaceutical 
sectors [6]. One of the most employed biocompatible 
materials in VP 3DP is urethane dimethacrylate. Urethane 
dimethacrylate [7,9,9-trimethyl-4,13-dioxo-3,14-dioxa-
5,12-diaza-hexadecane-1,16-diylbis(2-methylacrylate)] is a 
transparent, odourless, and hydrophobic compound mostly 
used in the photopolymerisation of dental resins, biomaterials, 
self-healing materials, and luminescent polymers [7]. For 
example, in a previous study, diurethane dimethacrylate 
(UDMA) was mixed with glycerol dimethacrylate (GDMA) 
and quaternary ammonium methacrylate to obtain an 
antimicrobial resin suitable for SLA 3DP, with the potential 
to be used for dental and orthopaedic applications [8]. UDMA 
possesses a high molecular weight and high viscosity, which 
could interfere with successful printing. For this reason, 
it is preferable to combine this monomer with a diluent 
able to decrease its viscosity and make it more suitable for 
printing. One of the mostly common diluents employed in 
association with urethane dimethacrylate is triethylene glycol 
dimethacrylate (TEGDMA) [9]. The latter is a hydrophilic, 
low-viscosity, difunctional methacrylic monomer employed 
as a crosslinking agent [10].

The potential of SLA 3DP in the healthcare sector was 
investigated by many research groups. SLA 3DP was used 
to develop different oral dosage forms such as immediate-
release tablets, modified-release tablets and tablets con-
taining multiple APIs [11–13]. Moreover, different groups 
explored its potential in the manufacturing of topical drug 
delivery systems, such as microneedles and topical films 
[14–16]. Finally, bio-medical scaffolds, dental prosthetics 
and medical devices were successfully manufactured by ste-
reolithography 3DP [8, 17–19] .

Most of the previous studies employing SLA 3DP in 
the development of healthcare products use commercially 
available photocurable resins. Just few works present an 
investigation on the formulation. The most studied photo-
curable polymers in the healthcare sector have been poly 
(ethylene glycol) diacrylate (PEGDA) [11], poly (ethylene 
glycol) dimethacrylate (PEGDMA) [20] and poly (propyl-
ene fumarate)/diethyl fumarate (PPF/DEF) [21]. Preparing a 
photopolymerizable formulation by selecting the appropriate 

raw materials could be convenient leading to a reduction of 
the costs.

Starting from this background, the aim of this work is 
to investigate the suitability for SLA 3DP and biocompat-
ibility of novel photopolymerizable resins based on UDMA 
combined with three different difunctional methacrylic dilu-
ents (e.g., tri(ethylene glycol) dimethacrylate—TEGDMA, 
di(ethylene glycol) dimethacrylate—DEGDMA, and eth-
ylene glycol dimethacrylate—EGDMA). The resins were 
characterised in terms of viscosity and thermal behaviour. 
Spectroscopy was employed to evaluate the conversion of 
the methacrylate groups after printing and after curing. The 
mechanical properties, water sorption, contact angle and 
biocompatibility of the 3D-printed specimens were also 
investigated.

Materials and methods

Materials

Urethane dimethacrylate (UDMA), triethylene glycol 
dimethacrylate (TEGDMA), diethylene glycol dimeth-
acrylate (DEGDMA) and ethylene glycol dimethacrylate 
(EGDMA) were purchased from Sigma Aldrich (Gill-
ingham, UK) (Fig. 1). Diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide (TPO) was purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). Isopropyl 
alcohol (IPA) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). NIH 3T3 embryonic mouse fibroblasts 
(ATCC-CRL-1658), Dulbecco’s modified Eagle’s medium 
(DMEM) and calf bovine serum (CBS) were purchased 
from ATCC (LGC, UK).

Preparation of the resin mixtures

The resin mixtures were prepared under stirring in dark 
conditions combining UDMA and one of the co-polymers 
(EGDMA, DEGDMA, TEGDMA) in equal amounts. In all 
the mixture, 0.1% w/w of TPO was added as a photoinitiator 
into the resin mass.

Viscosity

The viscosity of the resins was assessed in a rotation shear 
ramp test by using a HAAKE™ MARS™ Rheometer 
(Thermo Scientific™, UK) with parallel plate geometry. 
The diameter of the upper and lower plates was 35 mm. The 
range of shear rate was from 0.1 to 100 s−1. The gap between 
the two geometries was set to 100 µm. The experiments were 
conducted at room temperature and performed in triplicate 
for each sample.
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SLA 3D printing

The printability of the resin mixtures was assessed by using 
the Form 2 desktop 3D printer from Formlabs (Somer-
ville, Massachusetts, USA). Cylindrical samples were pro-
duced, aiming to evaluate the accuracy of the digital model, 
mechanical properties under compression and biocompati-
bility. Cuboidal samples were printed to measure the contact 
angle between the printed surface and the wetting agent. The 
CAD sizes of the samples are reported in Fig. 2.

The designs were prepared by using the computer-aided-
design software Tinkercad®, exported in stereolithography 
(.stl) format from Tinkercad to the printer’s Preform soft-
ware 3.18 and sent to the printer for slicing. The specimens 
were printed with supports on the build platform. The effect 

of the printing angle (0°, 15°, 45°, 90°) on the final product 
was investigated. The open-mode setting was activated to 
allow disabling the automatic filling of the tank with the 
photopolymerizable resin. As a material setting, the surgical 
guide resin was selected. Printing was conducted at room 
temperature and at a layer thickness of 50 μm. Once the 
printing process was completed, all the printed prototypes 
underwent a post-printing treatment. In detail, supports were 
removed using a side cutter, then the resin in excess was 
removed by placing the 3DP cylinders into a beaker with 
2-propanol, sonicated for 5 min and finally cured under 
UV (Form Cure, Formlabs; wavelength 405 nm) at room 
temperature. The effect of different curing times (e.g., 0, 
1, 5, 10, 20, and 30 min) was investigated. The accuracies 
of the printing were evaluated by measuring the height and 

Fig. 1   Chemical structures 
of urethane dimethacrylate, 
diphenyl(2,4,6-
trimethylbenzoyl)phosphine 
oxide, ethylene glycol 
dimethacrylate, diethylene 
glycol dimethacrylate 
and triethylene glycol 
dimethacrylate

Fig. 2   Sketches and CAD sizes 
of specimens for the printability, 
biocompatibility (a), mechani-
cal properties under compres-
sion (b), and the contact angle 
measurement (c)
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diameter of the 3D-printed cylinders with a Fisherbrand™ 
Traceable™ digital calliper (Fisher Scientific, UK) and com-
paring them with the digital models. All experiments were 
carried out in triplicate and the results were averaged.

Fourier‑transform infrared spectroscopy (FTIR)

A Nicolet iS50 attenuated total reflection (ATR) FTIR from 
Thermo Fisher Scientific (Waltham, Massachusetts, USA) 
was used to investigate any interactions between polymers 
and the acrylate conversion on both liquid formulations and 
the 3D-printed parts. The spectra were recorded using ATR 
mode and collected with a resolution of 4 cm−1, averaging 
64 scans for each spectrum, in the wavenumbers range of 
400–4000 cm−1.

Thermogravimetric analysis (TGA)

The thermal stability of physical mixtures, the 3DP samples 
not cured, and after 30 min of curing were examined using 
Thermal Advantage Q50 TGA (TA Instruments, USA). 
Samples (5–10 mg) were heated in an open aluminium pan 
at a heating rate of 10 ℃/min from room temperature to 350 
℃. Nitrogen was used as a purge gas at a flow rate of 50 mL/
min for all TGA experiments. The weight remaining (%) 
was plotted as a function of temperature (°C). Based on the 
first derivative, the values of degradation onset were derived 
from the original data.

Differential scanning calorimetry (DSC)

DSC was used to investigate how the different resin 
mixtures and the 3DP specimens (not cured or cured for 
30 min) behave when subjected to thermal stress. The 
samples (5–10 mg) were weighed into the aluminium 
pans and crimped with the lid. The analysis was performed 
using a DSC 214 Polyma (Netzsch, Germany) within a 
heating range of − 30 to 300 ℃, at a heating rate of 10 ℃/
min under nitrogen purge of 40 mL/min. The data were 
collected with the Proteus thermal analysis software ver. 
8.0 (Netzsch, Germany).

Mechanical testing

Uniaxial compressive tests were performed aiming to 
evaluate the mechanical response of the 3D-printed 
specimens. UDMA:EGDMA, UDMA:DEGDMA, and 
UDMA:TEGDMA samples (d = 5 mm, h = 10 mm, n = 5) 
were tested using a universal testing machine (Instron 
5500S, Instron, UK) equipped with a 5-kN load cell. Tests 
were carried out using a crosshead speed of 0.5 mm/min 
until failure. From the raw data, the compressive modulus 
(EC) and compressive strength (CS) were evaluated, the first 

as the slope of the stress–strain curve, and the second as the 
maximum registered stress value before failure (Fig. 3).

Contact angle

A Biolin Theta Tensiometer (Manchester, UK) was used to 
determine the surface contact angle. The experiments were 
conducted at room temperature. Before each experiment, the 
horizontality of the surface was checked. Five microliters 
of deionised water was dropped on the surface of the 3DP 
specimens. The contact angle was registered for 60 s after 
the drop placement. Contact angle measurements were taken 
as the mean contact angle registered during 60 s by using the 
One-Attension software (version 1.8 Biolin Scientific). Five 
specimens of each resin mixture were tested.

Water sorption

Water sorption was measured according to ISO 4049 [22]. 
Before testing, cylindrical specimens (5 × 5 mm) were dried 
in an oven at 37 ℃ until the constant weight and measured 
with calliper to determine the initial volume (V). The ini-
tial weight (m0) was recorded with analytical balance with 
0.01 mg accuracy (Fisher Scientific, Loughborough, UK). 
The specimens were then immersed in distilled water and 
placed in an oven at 37 ℃ for 1 week. Then, the samples 
were put out, blotted dry and weighed (m1). Water sorption 
(WS) was calculated using Eq. 1.

Biocompatibility

NIH 3T3 was cultured in DMEM containing 10% v/v CBS at 
37 °C in 5% CO2-humidified air. Cells were routinely tested 
for mycoplasma and were verified to be negative using the 
MycoAlert Mycoplasma Detection Kit (Lonza, UK). The 

(1)WS(
�g

mm3
) =

m
1
− m

0

V

Fig. 3   Typical stress–strain curve in compression test. Ec and CS are 
highlighted with a circle and a cross, respectively
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cytotoxicity of the printed resin specimens was evaluated in 
accordance with the ISO 10993–5. Extracts of the printed 
cylinders (5 × 5 mm; 0.15 g ± 0.01 g) were obtained by incu-
bating in a 2-ml complete medium (DMEM + 10% CBS) at 
37 ℃ for 24 h under continuous stirring (90 rpm). Concur-
rently, NIH 3T3 cells were seeded into each well of a 96-well 
plate (10,000 cells/well) and incubated for 24 h. Follow-
ing incubation, the cell culture medium was replaced with 
200 µl of controls (complete media-only or 10% DMSO) or 
200 µl of sample extracts at 100% or 50% concentrations and 
incubated at 37 °C for 24 h. Following exposure to extracts, 
cell viability was analysed by alamarBlue in accordance 
with manufactures instructions (Thermo Scientific, UK). 
Briefly, a 10% alamarBlue solution was added to each well 
and plates incubated at 37 °C for 4 h before fluorescence was 
read (Ex. 544; Em. 590) using a FLUOstar Omega micro-
plate reader (BMG Labtech, Germany). Initially, a control 
well (no cells) containing media + alamarBlue was used to 
measure and subtract background fluorescence from experi-
mental wells (containing cells). Subsequently, results were 
normalised relative to that of the negative controls (complete 
media-only). Experiments were performed in triplicate.

Statistical analysis

Data are presented as mean ± standard deviation. Experi-
ments were conducted using a minimum of three replicates 
(n ≥ 3). The statistical analysis was performed via one-way 
analysis of variance (ANOVA), and p < 0.05 was considered 
statistically significant.

Results and discussion

One key factor for a photopolymerizable resin to be print-
able is its viscosity. It has been reported that the suitable 
viscosity values of a resin for SLA or DLP printing are up 
to 103 mPa·s [23]. Highly viscous resins could be obstacles 
to the manufacturing process of the objects during layer-
to-layer printing. Indeed, viscosity plays a role in adhesion 
to the build plate in bottom-up photo-curing 3DP systems. 
Therefore, photopolymerizable resins characterised by 
a relatively low viscosity allow the manufacturing of 3D 
objects in a fast and accurate manner [5]. In order to assess 
the suitability of the resins for SLA 3DP, a preliminary study 
investigating viscosity was performed. Figure 4 shows the 
rheological behaviour of the three photopolymerizable 
resins. It can be observed that the viscosity of the mixture 
was dependent on the EGDMA derivative used in combi-
nation with UDMA. The viscosity increased along with 
the ethylene glycol groups increase. In particular, at low 
shear rates, the viscosity quickly decreased until reaching 
a plateau at around 15 s−1 for the resin UDMA:TEGDMA 
and at around 5 s−1 for the mixtures UDMA:EGDMA and 
UDMA:DEGDMA. Overall, when UDMA was combined 
with TEGDMA, the highest viscosity was observed, whereas 
when associated with EGDMA, the lowest viscosity of the 
three tested mixtures was obtained. However, all the three 
mixtures showed suitable viscosity values for SLA printing.

Once the suitability of the resins’ viscosity for SLA 3DP 
was assessed, they were employed for the 3DP of cylindri-
cal specimens with 5-mm diameter and 5-mm height. An 
investigation on the effect of the printing angle and curing 

Fig. 4   Viscosities of formula-
tions under continuous shear 
rate sweep
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time on the accuracy of the final object to the CAD model 
was performed (Fig. 5).

For all the resin mixtures, it was observed that by increas-
ing the printing angle, a relatively higher fidelity to the digi-
tal model could be obtained. The height of the specimen 
was statistically more affected (p < 0.05) by the changing 
of the printing angle than the diameter that remained gener-
ally constant (p > 0.05). Curing time seemed to not affect 
the accuracy (p > 0.05). Among all the formulations, the 
3DP cylinders fabricated starting with the resin mixture 
composed of UDMA and EGDMA showed the highest and 
approximately the same accuracy as the initial design. While 
the lowest accuracy of TEGDMA samples can be explained 
by their relatively higher viscosity compared to the other 
resin mixtures formulated in this work.

FT-IR was used to investigate the spectra of the resin 
mixture and to observe the changes during the photopoly-
merisation process (Fig. 6).

The FTIR spectra of the resins showed a peek at 
3360 cm−1 corresponding to the NH group of urethanes. 
Between 2923 and 2959 cm−1, the peaks related to the C–H 
stretching can be observed. At 1713 cm−1 the peak of the 

C = O has been observed. Peaks at 1637 cm−1 are attributed 
to the methacrylic group [24].

To observe the changes of FTIR profiles during the pho-
topolymerisation process, the spectra obtained from each 
resin mixture at three time points were compared: before 
printing, after SLA 3DP and after the maximum curing time 
employed in this work (30 min). The extent of chemical 
cross-linking is an important parameter since it affects the 
physicochemical and mechanical properties of the system 
[25]. Moreover, it depends on the number of free monomers 
which could have an influence on the biocompatibility of 
the system; Fig. 7 shows the results of this study. For all 
three resins, after SLA 3DP, a decrease in the intensity of 
the band corresponding to the C = C scissoring at 1637 cm−1 
was observed. This is due to the fact that C = C bonds in 
methacrylate groups are involved in the photopolymerisa-
tion reaction. Moreover, a decrease of the peak at 1713 cm−1 
related to the C = O of the ester groups was also observed. 
The latter is a consequence of electronic conjugation [3].

A different number of thermal events for each physical 
mixture of liquid resins compared to the 3DP and 3DP and 
cured samples was determined by TGA (Fig. 8). Indeed, an 

Fig. 5   Effect of printing angle and curing time on height and diameter of cylindrical specimens (5 × 5 mm)
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Fig. 6   FT-IR spectra of the 
three resin mixtures before 
printing

Fig. 7   FT-IR spectra (between 1600 and 1800  cm−1) of the resins and of the 3DP specimens after printing and after 30  min of UV curing: 
UDMA: EGDMA (a), UDMA:DEGDMA (b) and UDMA:TEGDMA (c)
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evaporation event only was observed for the liquid resins, 
whereas in 3DP samples, two thermal events were observed. 
The first thermal event was attributed to the evaporation of 
volatile unpolymerized resins [26]. The physical mixtures 
of resins were fast evaporated along with the temperature 
increase. For the physical mixtures of non-crosslinked 
resins, an increase in the evaporation onset temperature 
was observed in the following order UDMA:EGDMA, 
UDMA:DEGDMA and UDMA:TEGDMA. The evaporation 
from all printed samples was a step-like event that started at 
a temperature of more than 100 ℃ and comprised not more 
than 2% of weight loss except for 4.8 ± 0.6% of weight loss 
for UDMA:DEGDMA uncured 3DP sample. Crosslinked 

resins—3DP samples as well as 3DP and cured samples 
compared to the liquid resin showed limited evaporation 
(which can be attributed to non-crosslinked fraction) fol-
lowed by degradation event. Indeed, the degradation onset 
of all 3D-printed samples was relatively the same and higher 
than 260 °C. Compared to the values obtained straight after 
printing, curing almost did not change the onset of degrada-
tion. The TGA profiles of the physical mixture of resins, 
3DP and of 3DP and cured samples were in agreement with 
the literature [26, 27].

The printing process was carried out at room temperature; 
therefore, the degradation temperature of the materials deter-
mined by TGA was not overcome.

Fig. 8   TGA of the resins and of the 3DP specimens after printing and after 30 min of UV curing: UDMA: EGDMA (a), UDMA:DEGDMA (b) 
and UDMA:TEGDMA (c)
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A further thermal investigation on the different resin mix-
tures and on the 3DP samples not cured and after 30 min of 
curing was performed by DSC. The results of the experi-
ments are reported in Fig. 8. As shown in previous studies 
on urethane dimethacrylate polymer, the DSC-observed exo-
thermic peak was attributed to a reaction of polymerisation 
[28–30]. All sets of samples demonstrated a decrease in the 
exothermic peak area from the physical mixture of resins to 
printed uncured and then to the printed and 30-min cured 
sample. We need to point out that during the SLA printing 
process, the components of the resin mixtures are involved in 
a radical photopolymerization; therefore, it is not surprising 
that after printing and after curing, the residual polymeriz-
able components are lower. A decrease in the intensity of 

DSC exothermic peaks for cured samples compared to the 
liquid resins was also observed in previous studies [31]. The 
thermal events on the DSC curves after 260 °C were related 
to the degradation process because they are situated after the 
degradation temperature onset determined with TGA (Fig. 9).

The influence of the employed materials mixtures and 
curing times on the specimens’ mechanical properties was 
investigated via uniaxial compression test.

Among the tested mixtures and for a curing time of 
0 min, UDMA:EGDMA was characterised by the highest 
EC, followed by UDMA:TEGDMA and UDMA:DEGDMA 
(p < 0.05). Although UDMA:EGDMA proved to be stiffer 
than the other material mixtures, UDMA:TEGDMA was 
characterised by the highest CS, therefore being able to 

Fig. 9   DSC of the resins and of the 3DP specimens after printing and after 30 min of UV curing: UDMA: EGDMA (a), UDMA:DEGDMA (b) 
and UDMA:TEGDMA (c)
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withstand higher compressive loads when compared to the 
other produced mixture (p < 0.005).

As reported in Fig. 10a, longer curing times caused a 
general increase of the EC values in all the samples, with the 
highest increase observed for UDMA:TEGDMA and fol-
lowed by UDMA:DEGDMA after 30 min of curing time, 
meaning that samples were stiffer after curing. This behav-
iour was generally in accordance with what has been previ-
ously reported in a work by Riccio et al., where the change in 
mechanical properties, under tensile conditions, for different 
commercial-graded resins printed via SLA was evaluated 
prior and after the curing process. Here, a general stiffening 
of the materials tested was observed as a consequence of the 
curing process [32].

Conversely, no clear trend was observed regarding CS 
(Fig. 10b), as UDMA:TEGDMA’s CS did not vary signifi-
cantly after the curing process, whereas CS values increased 
for UDMA:DEGDMA and decreased for UDMA:EGDMA 
after 30 min of curing.

Overall, it can be inferred that for the material mixtures 
tested in this research work, the curing time had a significant 
impact on the final mechanical outcome.

Figure 11 shows the contact angle measurements of 
the 3DP rectangular prisms made from the three resin 
mixtures and exposes to different curing times. Overall, 
contact angles were comprised of between 60 and 78°. 
UDMA:TEGDMA showed the lowest degree among 
the three resin mixtures, while the highest values were 
obtained for UDMA:EGDMA. An increase of the curing 
time did not determine a statistically significant variation 
of the contact angle. Indeed, a p value > 0.05 was obtained 
for all the resin mixtures. Depending on the water con-
tact angle measurements, the materials can be defined as 
hydrophilic or hydrophobic. It is well-known that when the 
contact angle is higher than 90°, the surface is recognised 
as hydrophobic, while when the contact angle is lower 
than 90°, the surface is considered as hydrophilic [33, 34]. 
Contact angle measurement provides a first determination 
on the suitability of the material for a specific biomedical 
application. In particular, it is recognised that hydrophilic 
surfaces are able to limit cell adhesion or blood platelet 
activation which should enhance biocompatibility. These 
types of surfaces are desirable for short-term implants but 
are not suitable for applications where cell adhesion is 

Fig. 10   Mechanical properties 
trend for each tested mixtures 
and before and after the curing 
process. a Compressive modu-
lus and b compressive strength 
(p < 0.5*; p < 0.05**)

Fig. 11   Contact angle of the 
3DP cubes made from the 
three different resin mixtures, 
exposed to different curing 
times
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desired [33]. A proper equilibrium between hydrophilic-
ity and hydrophobicity is required for blood-contacting 
devices and tissue-engineering substrates. Indeed, highly 
hydrophobic surfaces enhance cell adhesion and reduce 
biocompatibility, but highly hydrophilic surfaces avoid 
cell–cell interactions [35].

The ability to absorb water is an important parameter 
to consider for the system that will be in contact with the 
physiologic media [36]. Water molecules can infiltrate 
and diffuse within the polymeric macrostructure leading 

to a degradation and break of the chemical bonds which 
influence the polymer solubility. Moreover, it can make the 
material softer, reduce its strength and flexibility and cause 
deformation [37]. Therefore, it is desirable that water sorp-
tion is as low as possible.

In our work, water sorption ranged between 14 and 31 μg/
mm3 (Fig. 12). In detail, specimens 3DP from the resin 
UDMA:EGDMA showed water sorption values between 
14 and 19 μg/mm3 whereas specimens 3DP from the resin 
UDMA:DEGDMA showed values between 23 and 26 μg/

Fig. 12   Water sorption of the 
3DP specimens made from the 
three different resin mixtures, 
exposed to different curing 
times

Fig. 13   Viability of NIH 3T3 cells following treatment (24  h) with 
100% and 50% extracts from a Mix UE, b Mix UD and c Mix UT 
at 10-min and 30-min UV curing times in comparison to negative 
(media-only) and positive (10% DMSO) controls, as analysed by 

alamarBlue. Values are shown for n = 3 (Bars indicate mean with SD. 
Statistical significance determined by one-way ANOVA with Tukey’s 
multiple comparison test)
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mm3. The highest water sorption values were obtained 
with the ones produced from the resin UDMA:TEGDMA 
(between 29 and 31 μg/mm3). All the values were lower than 
those required by the ISO 4049 standard, which establishes 
that the maximum water sorption value is 40 μg/mm3. Over-
all, the type of the resin mixture had a significant influence 
on the water sorption (p < 0.05) whereas an increase of the 
curing time did not determine a statistically significant vari-
ation of the water sorption ability (p > 0.05).

The biocompatibility of resin mixtures in vitro was deter-
mined using alamarBlue (Fig. 13), given its increased sen-
sitivity in comparison to the MTT and XTT assays [38, 39]. 
Treatment with 100% extracts from resins UV cured for 
10 min had a significant impact on NIH 3T3 cell viability 
in comparison to control reducing viability to 22.2% ± 9.1% 
(Mix UE, p = 0.0139; Fig. 13a), 12.9% ± 1.3% (Mix UD, 
p < 0.0001; Fig. 13b) and 20.3% ± 6.3% (Mix UT, p < 0.0001; 
Fig. 13c). Similarly, 100% extracts from Mix UD resins cured 
for 30 min significantly reduced cell viability to 8.5% ± 9.7% 
(p < 0.0001; Fig. 13B) while 100% extracts from Mix UE 
resins reduced cell viability to 53.1% ± 52.5 (Fig. 13A). 
Interestingly, for Mix UT resins, longer UV curing times 
(30 min) significantly improved biocompatibility in vitro in 
comparison to 10-min curing (p = 0.0052), reducing viability 
to 75.9% ± 39.3% (Fig. 13c). Furthermore, treatment with the 
50% extract from Mix UT resins had no impact on NIH 3T3 
cell viability (101.5% ± 13.3%). Given that the reduction in 
viability of NIH 3T3 cells treated with the highest concen-
tration of the 30-min cured Mix UT resin extract is less than 
30%, the material can be considered as non-cytotoxic in line 
with recommendations from ISO 10993–5.

Conclusion

This study investigated the suitability of photocurable resins 
based on urethane dimethacrylate combined with three dif-
ferent difunctional methacrylic diluents named tri(ethylene 
glycol) dimethacrylate, di(ethylene glycol) dimethacrylate 
or ethylene glycol dimethacrylate for stereolithography 3DP. 
All the resins demonstrated a suitable viscosity for SLA 
printing. The effect of the printing angle on the accuracy 
of the computer-aided-design was evaluated. It was figured 
out that by increasing the printing angle, a higher fidelity to 
the digital model could be obtained. Curing time seemed to 
not affect the accuracy of the 3DP specimens to the CAD 
design. 3DP cylinders made by the resin mixture composed 
of UDMA and EGDMA showed the highest accuracy to the 
initial design. The mechanical studies demonstrated that 
3DP specimens based on the mixture UDMA:TEGDMA 
were the most resistant to compressive failure with respect 
of all the other mixtures and possessed the lowest contact 
angle and the highest water sorption.

Overall, the newly developed resins for SLA 3DP showed 
promising properties so as to be suitable for tissue engi-
neering and other biomedical application. In future works, 
it would be interesting to mix them with drugs and tests for 
various types of drug delivery systems such as tablets, cap-
sules, microneedles, drug-eluting implants, and scaffolds. 
Moreover, the study has provided a low-cost alternative to 
commercially available SLA photocurable resins used in 
previous studies of SLA 3DP in drug delivery.

Acknowledgements  N/A.

Author contributions  Data curation, formal analysis, investigation, 
software, writing—original draft, and writing—review and editing 
were performed by Giulia Pitzanti. Methodology, validation, and 
writing—review and editing were performed by Valentyn Mohylyuk. 
Data curation, formal analysis, investigation, software, validation, and 
writing—review and editing were performed by Francesca Corduas. 
Data curation, methodology, formal analysis, investigation, software, 
validation, and writing—review and editing were performed by Niall 
M. Byrne. Validation and writing—review and editing were performed 
by Jonathan A. Coulter. Conceptualization, funding acquisition, project 
administration, resources, supervision, and writing—review and edit-
ing were performed by Dimitrios A. Lamprou. The authors read and 
approved the final manuscript.

Funding  The authors would like to thank Queen’s University of Belfast 
and the Engineering and Physical Sciences Research Council (EPSRC) 
for funding this work.

Availability of data and materials  The datasets generated during and/or 
analysed during the current study are available from the corresponding 
author on reasonable request.

Declarations 

Ethics approval and consent to participate  Not applicable to these studies.

Consent for publication  N/A, there is no human participation in these 
studies.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Chiappone A, Fantino E, Roppolo I, Lorusso M, Manfredi D, 
Fino P, et  al. 3D Printed PEG-based hybrid nanocomposites 

http://creativecommons.org/licenses/by/4.0/


Drug Delivery and Translational Research	

1 3

obtained by sol-gel technique. ACS Appl Mater Interfaces. 
2016;8:5627–33.

	 2.	 Konuray O, Sola A, Bonada J, Tercjak A, Fabregat-Sanjuan A, 
Fernández-Francos X, et al. Cost-effectively 3d-printed rigid and 
versatile interpenetrating polymer networks. Materials (Basel). 
2021;14:1–18.

	 3.	 Barkane A, Platnieks O, Jurinovs M, Kasetaite S, Ostrauskaite J, 
Gaidukovs S, et al. Uv-light curing of 3d printing inks from veg-
etable oils for stereolithography. Polymers (Basel). 2021;13:1–16.

	 4.	 Pitzanti G, Mathew E, Andrews GP, Jones DS, Lamprou DA. 3D 
Printing: an appealing technology for the manufacturing of solid 
oral dosage forms. J Pharm Pharmacol. 2021;XX:1–22.

	 5.	 González G, Baruffaldi D, Martinengo C, Angelini A, Chiappone 
A, Roppolo I, et al. Materials testing for the development of bio-
compatible devices through vat-polymerization 3D printing. 
Nanomaterials. 2020;10. Available from: https://​www.​mdpi.​com/​
2079-​4991/​10/9/​1788.

	 6.	 Xu X, Awad A, Robles-Martinez P, Gaisford S, Goyanes A, Basit 
AW. Vat photopolymerization 3D printing for advanced drug 
delivery and medical device applications. J Control Release. 
2021;329:743–57. Available from: https://​www.​scien​cedir​ect.​
com/​scien​ce/​artic​le/​pii/​S0168​36592​03057​94.

	 7.	 Turra R, Caroline A, Giovanny G, Juan S, Roldao C, Geraldo A, 
et al. A deep investigation into the thermal degradation of ure-
thane dimethacrylate polymer. J Therm Anal Calorim. Springer 
International Publishing; 2021. Available from: https://​doi.​org/​10.​
1007/​s10973-​021-​10610-y.

	 8.	 Yue J, Zhao P, Gerasimov JY, Van De Lagemaat M, Grotenhuis A, 
Rustema-Abbing M, et al. 3D-Printable antimicrobial composite 
resins. Adv Funct Mater. 2015;6756–67.

	 9.	 Lin CH, Lin YM, Lai YL, Lee SY. Mechanical properties, accu-
racy, and cytotoxicity of UV-polymerized 3D printing resins com-
posed of Bis-EMA, UDMA, and TEGDMA. J Prosthet Dent. Edi-
torial Council for the J Prosthet Dent; 2020;123:349–54. Available 
from: https://​doi.​org/​10.​1016/j.​prosd​ent.​2019.​05.​002.

	10.	 Triethylene glycol dimethacrylate. [cited 2022 Jan 17]. Available 
from: https://​www.​chemi​calbo​ok.​com/​Chemi​calPr​oduct​Prope​rty_​
EN_​CB848​5829.​htm.

	11.	 Wang J, Goyanes A, Gaisford S, Basit AW. Stereolithographic (SLA) 
3D printing of oral modified-release dosage forms. Int J Pharm. 
2016;503:207–12. Available from: http://​www.​scien​cedir​ect.​com/​
scien​ce/​artic​le/​pii/​S0378​51731​63021​50.

	12.	 Robles-Martinez P, Xu X, Trenfield SJ, Awad A, Goyanes A, Telford 
R, et al. 3D Printing of a multi-layered polypill containing six drugs 
using a novel stereolithographic method. Pharmaceutics. 2019;11. 
Available from: https://​www.​mdpi.​com/​1999-​4923/​11/6/​274.

	13.	 Xu X, Robles-Martinez P, Madla CM, Joubert F, Goyanes A, Basit 
AW, et al. Stereolithography (SLA) 3D printing of an antihyperten-
sive polyprintlet: case study of an unexpected photopolymer-drug 
reaction. Addit Manuf. 2020;33:101071. Available from: http://​
www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​S2214​86041​93143​56.

	14.	 Uddin MJ, Scoutaris N, Economidou SN, Giraud C, Chowdhry 
BZ, Donnelly RF, et  al. 3D printed microneedles for anti-
cancer therapy of skin tumours. Mater Sci Eng C. Elsevier; 
2020;107:110248. Available from: https://​doi.​org/​10.​1016/j.​msec.​
2019.​110248.

	15.	 Mathew E, Pitzanti G, Gomes Dos Santos AL, Lamprou DA. 
Optimization of printing parameters for digital light process-
ing 3d printing of hollow microneedle arrays. Pharmaceutics. 
2021;13:1–14.

	16.	 Choudhury D, Sharma PK, Suryanarayana Murty U, Banerjee S. 
Stereolithography-assisted fabrication of 3D printed polymeric 
film for topical berberine delivery: in-vitro, ex-vivo and in-vivo 

investigations. J Pharm Pharmacol. 2022;74:1477–88. Available 
from: https://​doi.​org/​10.​1093/​jpp/​rgab1​58.

	17.	 Triacca A, Pitzanti G, Mathew E, Conti B, Dorati R, Lamprou 
DA. Stereolithography 3D printed implants: a preliminary inves-
tigation as potential local drug delivery systems to the ear. Int J 
Pharm. Elsevier B.V.; 2022;616:121529.

	18.	 Asikainen S, van Bochove B, Seppälä J V. Drug-releasing biopoly-
meric structures manufactured via stereolithography. Biomed Phys 
Eng Express. 2018;

	19.	 Xu X, Goyanes A, Trenfield SJ, Diaz-Gomez L, Alvarez-Lorenzo 
C, Gaisford S, et al. Stereolithography (SLA) 3D printing of a 
bladder device for intravesical drug delivery. Mater Sci Eng C. 
Elsevier B.V.; 2021;120:111773.

	20.	 Killion JA, Geever LM, Devine DM, Kennedy JE, Higginbotham 
CL. Mechanical properties and thermal behaviour of PEGDMA 
hydrogels for potential bone regeneration application. J Mech 
Behav Biomed Mater. 2011;4:1219–27. Available from: https://​
www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​S1751​61611​10007​74.

	21.	 Fisher JP, Dean D, Mikos AG. Photocrosslinking characteristics 
and mechanical properties of diethyl fumarate/poly(propylene 
fumarate) biomaterials. Biomaterials. 2002;23:4333–43. Avail-
able from: https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​
S0142​96120​20017​83.

	22.	 ISO 4049: 2000 Dentistry – polymer-based restorative materials.
	23.	 Caprioli M, Roppolo I, Chiappone A, Larush L, Fabrizio Pirri C, 

Magdassi S. 3D-printed self-healing hydrogels via Digital Light 
Processing.

	24.	 Wang F, Hu JQ, Tu WP. Study on microstructure of UV-curable 
polyurethane acrylate films. Prog Org Coatings. 2008;62:245–50.

	25.	 Barszczewska-Rybarek IM, Chrószcz MW, Chladek G. Novel 
urethane-dimethacrylate monomers and compositions for use as 
matrices in dental restorative materials. Int J Mol Sci. 2020;21:1–23.

	26.	 Zirak N, Shirinbayan M, Benfriha K, Deligant M, Tcharkhtchi 
A. Stereolithography of (meth)acrylate-based photocurable 
resin: thermal and mechanical properties. J Appl Polym Sci. 
2022;139:1–11.

	27.	 Lebedevaite M, Ostrauskaite J, Skliutas E, Malinauskas M. Pho-
toinitiator free resins composed of plant-derived monomers for the 
optical μ-3D printing of thermosets. Polymers (Basel). 2019;11.

	28.	 Alarcon RT, Gaglieri C, dos Santos GC, Roldao JC, Magdalena 
AG, da Silva-Filho LC, et al. A deep investigation into the thermal 
degradation of urethane dimethacrylate polymer. J Therm Anal 
Calorim. Springer International Publishing; 2022;147:3083–97.

	29.	 Hayakawa T, Takahashi K, Kikutake K, Yokota I, Nemoto K. 
Analysis of polymerization behavior of dental dimethacrylate 
monomers by differential scanning calorimetry. J Oral Sci. 
1999;41:9–13.

	30.	 Alarcon RT, Gaglieri C, de Oliveira AR, Bannach G. Use of DSC 
in degree of conversion of dimethacrylate polymers: easier and 
faster than MIR technique. J Therm Anal Calorim. Springer Neth-
erlands; 2018;132:1423–7.

	31.	 Ruiz CSB, Machado LDB, Vanin JA, Volponi JE. Cure degree 
estimation of photocurable coatings by DSC and differential 
photo-calorimetry. J Therm Anal Calorim. 2002;67:335–41.

	32.	 Riccio C, Civera M, Grimaldo Ruiz O, Pedullà P, Rodriguez 
Reinoso M, Tommasi G, et al. Effects of curing on photosensi-
tive resins in SLA additive manufacturing. Appl Mech MDPI 
AG. 2021;2:942–55.

	33.	 Biolin Scientific. Effect of wettability in biomedical applications.
	34.	 Sun L, Guo J, Chen H, Zhang D, Shang L, Zhang B, et al. Tailor-

ing materials with specific wettability in biomedical engineering. 
Adv Sci. 2021;8:1–34.

https://www.mdpi.com/2079-4991/10/9/1788
https://www.mdpi.com/2079-4991/10/9/1788
https://www.sciencedirect.com/science/article/pii/S0168365920305794
https://www.sciencedirect.com/science/article/pii/S0168365920305794
https://doi.org/10.1007/s10973-021-10610-y
https://doi.org/10.1007/s10973-021-10610-y
https://doi.org/10.1016/j.prosdent.2019.05.002
https://www.chemicalbook.com/ChemicalProductProperty_EN_CB8485829.htm
https://www.chemicalbook.com/ChemicalProductProperty_EN_CB8485829.htm
http://www.sciencedirect.com/science/article/pii/S0378517316302150
http://www.sciencedirect.com/science/article/pii/S0378517316302150
https://www.mdpi.com/1999-4923/11/6/274
http://www.sciencedirect.com/science/article/pii/S2214860419314356
http://www.sciencedirect.com/science/article/pii/S2214860419314356
https://doi.org/10.1016/j.msec.2019.110248
https://doi.org/10.1016/j.msec.2019.110248
https://doi.org/10.1093/jpp/rgab158
https://www.sciencedirect.com/science/article/pii/S1751616111000774
https://www.sciencedirect.com/science/article/pii/S1751616111000774
https://www.sciencedirect.com/science/article/pii/S0142961202001783
https://www.sciencedirect.com/science/article/pii/S0142961202001783


	 Drug Delivery and Translational Research

1 3

	35.	 Menzies KL, Jones L. The impact of contact angle on the biocom-
patibility of biomaterials. Optom Vis Sci. 2010;87:387–99.

	36.	 Aduba DC, Margaretta ED, Marnot AEC, Heifferon K V, Surbey 
WR, Chartrain NA, et al. Vat photopolymerization 3D printing 
of acid-cleavable PEG-methacrylate networks for biomaterial 
applications. Mater Today Commun. 2019;19:204–11. Avail-
able from: https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​
S2352​49281​83040​69.

	37.	 Lee H-E, Alauddin MS, Mohd Ghazali MI, Said Z, Mohamad Zol 
S. Effect of different vat polymerization techniques on mechanical 
and biological properties of 3D-printed denture base. Polymers 
(Basel). 2023.

	38.	 Hamid R, Rotshteyn Y, Rabadi L, Parikh R, Bullock P. Compari-
son of alamar blue and MTT assays for high through-put screen-
ing. Toxicol Vitr. 2004;18:703–10.

	39.	 Uzunoglu S, Karaca B, Atmaca H, Kisim A, Sezgin C, Karabulut 
B, et al. Comparison of XTT and Alamar blue assays in the assess-
ment of the viability of various human cancer cell lines by AT-101 
(-/- gossypol). Toxicol Mech Methods. 2010;20:482–6.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.sciencedirect.com/science/article/pii/S2352492818304069
https://www.sciencedirect.com/science/article/pii/S2352492818304069

	Urethane dimethacrylate-based photopolymerizable resins for stereolithography 3D printing: A physicochemical characterisation and biocompatibility evaluation
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of the resin mixtures
	Viscosity
	SLA 3D printing
	Fourier-transform infrared spectroscopy (FTIR)
	Thermogravimetric analysis (TGA)
	Differential scanning calorimetry (DSC)
	Mechanical testing
	Contact angle
	Water sorption
	Biocompatibility
	Statistical analysis

	Results and discussion
	Conclusion
	Acknowledgements 
	References


