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This research aims to develop new 3D (three-dimensional) printable resins made from 
methacrylate salts of imidazole, 2-methyl-imidazole, and 1-methyl-imidazole, with glycerol 
trimethacrylate serving as a crosslinking agent. With their backbone structure, these resins are easy 
and rapid to prepare, offering an alternative to conventional ones. Reinforced with terpene-based 
additives such as α-pinene, (R)-limonene, trans-ethyl cinnamate, and safrole, they present a diverse 
range of fifteen resin formulations. Each resin underwent printability tests, including printing 
tests, which revealed accuracy, precision, and dimensional stability compared to a commercial 
resin and its respective digital 3D models. Mechanical tests further demonstrated that adding 
alpha-pinene and (R)-limonene enhanced hardness, while safrole had the opposite effect. Resins 
containing α-pinene and (R)-limonene as additives showcased an elasticity modulus comparable 
to the commercial resin. According to mechanical tests, a cytocompatibility assay was conducted 
for the best resin, showing that this resin holds potential for developing drug delivery systems 
and other biomedical devices.

Keywords: additive manufacturing, imidazole salts, glycerol methacrylate, terpenes, drug 
delivery systems

Introduction

Additive manufacturing (AM), ordinarily known as 3D 
(three-dimensional) printing, covers a range of processes 
enabling the (3D) fabrication of objects by adding 
material layer by layer directly from computer-generated 
model data.1,2 AM eliminates typical steps in traditional 
manufacturing methods, such as cutting, casting, forging, 
and mold-making.3 This technology opens new possibilities 
for complex geometries and mass customization of parts 
at commercially viable costs. Additionally, it allows for 
incorporating new features into medical devices,4 which 
can benefit patient care across various therapeutic areas.5

Stereolithography (SLA) enables the production of 
objects from a photosensitive resin using an LED (light 
emitting diode) source. The localized photopolymerization 
process is triggered by digitally projecting light patterns 
onto the liquid surface.6 Among the available 3D printing 
technologies, those based on liquid resins, such as 
stereolithography, offer higher resolution and precision 

than others. The selective and rapid conversion of liquid 
monomers or oligomers into solid polymers after light 
curing forms the basis of these techniques.7

The MSLA, or masked stereolithography apparatus, is 
a modified version of SLA 3D printing that operates on a 
similar principle of curing liquid resin with light. However, 
the MSLA method differs slightly in using a more prominent 
light source selectively masked with an LCD (liquid 
crystal display) screen to create the desired object. Unlike 
traditional SLA 3D printers that rely on the number of layers 
and material in each layer to be cured with a laser, MSLA 
technology depends solely on the number of printed layers. 
This gives MSLA printers an advantage in curing speed, 
particularly when printing multiple objects simultaneously. 
In SLA machines, the laser beam diameter determines the 
resolution, while MSLA resolution depends on the resolution 
of the LCD screen.8 The liquid containing the polymerizable 
material is commonly referred to as resin. An SLA resin 
must contain two essential components: monomers or 
oligomers and a photoinitiator, which can be either cationic 
or free radical. Some resins may contain additives such 
as plasticizers, dyes, flavorings, or substances to confer 
additional functionalities like drugs or natural products.9 
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Monomers and oligomers are compounds with molecules 
containing groups that polymerize upon light exposure and 
radical formation to form the desired object.10

Methacrylates are α, β-unsaturated derivatives of 
methacrylic and are widely employed in the industry. The 
unsaturation is highly polarized, and the electron density 
of the double bond is reduced by proximity to the carbonyl, 
which exerts electron withdrawing and mesomeric effects. 
This renders methacrylates susceptible to electrophilic, 
nucleophilic, and free radical attacks. Radicals formed in 
methacrylates are resonance-stabilized, making this type 
of radical-mediated reaction a preferred route for forming 
polymers of this nature.11

Acrylic resins are typically associated with toxicity or 
unpleasant odors, leading to modifications to make them less 
toxic, more environmentally friendly, and more pleasant to 
work with in enclosed spaces due to their pungent smell.12 
One of the simplest ways to modify methacrylic acids is to 
transform them into salts. These salts tend to be odorless and 
more soluble in water and other solvents while maintaining 
the usual polymerization capacity of methacrylates.13 
However, most methacrylate salts are solids at room 
temperature. This hinders the vat polymerization process, 
as the resins should be liquid, and solid salts would have to 
be dissolved in some solvent. Nevertheless, imidazole salts 
of methacrylates have been reported in recent literature14 
as the main component of resins for SLA/MSLA, with 
the advantage of being liquid salts at room temperature. 
Additionally, imidazole salts are typically non-toxic and 
associated with antimicrobial activity, potentially leading 
to self-decontaminating materials.15

Terpenes are essential compounds due to their 
diverse structural features and chemical and physical 
properties. They are of significant interest for applications 
in medicine and agriculture, as well as in biomaterials, 
resins, coatings, and biofuels.16,17 Although natural rubber 
(cis-1,4-polyisoprene) has been known for a long time, an 
area that has yet to be explored is its use as monomers to 
create polymers and copolymers.18 The extensive structural 
diversity within this family might explain why they have 
been underutilized as monomers. Nevertheless, in recent 
years, there has been a significant increase in the number of 
articles and patents related to terpene polymerization.19 Even 
though polymers derived from terpenes are predominantly 
elastomers, biological properties, and applications can be 
expanded when terpenes are used as copolymers.20

Limonene and pinene have been the most extensively 
studied among cyclic terpenes.21,22 Anionic polymerization 
is not a good alternative for these building blocks since 
there is no conjugation.23 Reactions leading to a cationic 
or radical mechanism are more appropriate, as these cyclic 

monomers possess tertiary carbon atoms capable of forming 
stable carbocations and radicals.24 The literature25,26 has 
already reported copolymerization reactions of limonene 
via free radicals with acrylate and methacrylate derivatives.

In this work, we aim to combine the benefits of terpenes 
regarding their organoleptic and biological properties by 
using them as additives in SLA/MSLA resins containing 
imidazolium-methacrylate salts as the principal polymeric 
chain (Figure 1). These new resins are easy to prepare 
and handle and have immense potential for drug delivery 
systems and biomedical devices. 

Experimental

Materials

Imidazole, 1-methyl-imidazole, 2-methylimidazole, 
methacrylic acid, methacrylic anhydride, diphenyl 
(2,4,6‑trimethyl benzoyl) phosphine oxide (TPO), α-pinene, 
trans-ethyl cinnamate, safrole, (R)-limonene, pyridine, 
4-dimethylaminopyridine (DMAP), silica gel 60 for column 
chromatography and thin layer chromatography (TLC) silica 
gel plates were obtained from Sigma-Aldrich (Darmstadt, 
Germany). Glycerol, hydrochloric acid, anhydrous sodium 
sulfate, and isopropanol were purchased from Labsynth 
(Diadema, Brazil). All these reagents were of analytical grade 
and were used without any further purification. 

Synthesis of crosslinker

Synthesis of glycerol trimethacrylate (GlycM)
The synthesis of glycerol trimethacrylate (GlycM) 

followed the methodology described by Fei et al.27 wherein 
7.3 mL of glycerol (9.2 g; 0.1 mol), 40 mL of pyridine, 
60 mL of methacrylic anhydride, and 125 mg (0.001 mol) 
of 4-dimethylaminopyridine (DMAP) were sequentially 
added to a round-bottom flask (Scheme 1). The mixture 
was stirred at room temperature for 48 h. After this period, 
the mixture was washed with distilled water and acidified 
with hydrochloric acid to neutralize the pyridine. Ethyl 
acetate (2 × 50 mL) was added for extraction. The organic 
phases were separated, washed with a saturated solution of 
sodium bicarbonate, dried over anhydrous sodium sulfate, 
and the solvent was removed using a rotary evaporator. 
The product was vacuum-dried for 2 h, yielding 24.6 g 
of glycerol trimethacrylate as a colorless oil (83% yield).

Propane-1,2,3-triyl tris(2-methylacrylate) (GlycM) 
IR (ATR) ν / cm-1 2971, 1716, 1455, 1135; 1H NMR 

(600 MHz, CDCl3) d 2.42 (s, 9H, CH3), 4.39 (dd, J 11.9, 
5.9 Hz, 2H, O-CH2), 4.49 (dd, J 11.9, 5.9 Hz, 2H, O-CH2), 
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5.50-5.53 (m, 1H, CH), 5.65-5.66 (m, 2H, CH2), 5.65‑5.66 
(m, 1H, CH2), 6.19-6.20 (m, 2H, CH2), 6.19-6.20 (m, 1H, 
CH2); 13C NMR (150 MHz, CDCl3) d 18.2, 18.2, 21.4, 
53.4, 62.5, 69.4, 125.35, 126.3, 126.4, 128.3, 135.8, 137.9, 
166.3, 166.8 figures presented in the Supplementary 
Information (SI) section. 

Resin composition and preparation

Prior to the preparation of the resins, imidazole-based 
methacrylate salts and their derivatives were synthesized. 
To achieve this, 0.015 moles (1 eq) of the imidazole 
derivative were combined with 1.25 mL of methacrylic 
acid (1.27 g; 0.015 moles, 1 eq) and allowed to react for 
10 min in a dark environment with stirring. At the end of 
this period, 1.1 g of glycerol trimethacrylate (3.75 mmol, 
0.25 eq) and 0.07 g of TPO (0.2 mmol, 1 mol%, 0.01 eq) 
were further introduced in the dark with continued 
agitation until complete solubilization. The final volume 
of resin obtained was 1.8 mL without the additives. After 
following the required procedures, three main formulations 

of imidazole-based resin were obtained. Adding 0.2 mL 
of a terpene-based additive resulted in fifteen final resin 
formulations, each containing a final volume of 2 mL. 
These formulations are shown in Table 1. 

3D printing

Models of six cylindrical samples measuring 
7.5 × 2.5 mm were created in Autodesk Meshmixer28 and 

Figure 1. Methacrylate salts, crosslinker and additives used in this work.

Scheme 1. Glycerol trimethacrylate (GlycM) synthesis.

Table 1. Composition of the methacrylate salt resins

Resin Methacrylate salt Additive / (10%, v/v)

1.1 imidazolium glycerol

1.2 imidazolium α-pinene

1.3 imidazolium (R)-limonene

1.4 imidazolium trans-ethyl cinnamate

1.5 imidazolium safrole

2.1 2-methyl-imidazolium glycerol

2.2 2-methyl-imidazolium α-pinene

2.3 2-methyl-imidazolium (R)-limonene

2.4 2-methyl-imidazolium trans-ethyl cinnamate

2.5 2-methyl-imidazolium safrole

3.1 1-methyl-imidazolium glycerol

3.2 1-methyl-imidazolium α-pinene

3.3 1-methyl-imidazolium (R)-limonene

3.4 1-methyl-imidazolium trans-ethyl cinnamate

3.5 1-methyl-imidazolium safrole
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sliced in Anycubic Photon workshop.29 These objects were 
printed to evaluate the printability of the resins. They were 
all produced in a single printing cycle. Microneedles were 
also designed using the Autodesk Meshmixer28 software 
and sliced in the Anycubic Photon workshop software29 
before printing. The printing parameters involved five 
initial base layers exposed for 60 s, succeeded by standard 
layers exposed for 10 s, with a layer height set at 0.05 mm. 
The printing process was performed using the Anycubic 
Photon Mono 4K printer30 (Anycubic, China), enhanced 
by a modified prototype vat characterized by its minimal 
resin volume requirement (2 mL minimum). We created 
the modified vat and platform models inspired by the work 
of Slowing and co-workers31 in which they developed a 
high throughput block adaptor to screen arrays of resin 
compositions, consuming lower volumes for SLA printing. 
Our files are available at Cults 3D.30 Using the adapted vat 
and platform also required adding an endstop extension to 
prevent the platform from grounding into the LCD screen 
(Figure S1, SI section).32 After printing, objects were 
cleaned in isopropanol for 1 min, followed by a 1-min post-
curing process using an Anycubic Wash’nCure apparatus 
(Anycubic, China). The AmeraLabs Town33 calibration file 
was used with identical parameters for both the needles 
and the cylinders.

Characterization

Object dimensions were measured using a digital 
pachymeter. Schore D hardness (Romacci, Brazil) was 
performed using a portable digital durometer. Mechanical 
tests were conducted with all resins using specimens for 
tension and stress (30 × 4 × 2 mm specimens, size 1BB), 
following the ISO 527-134 standards for tensile tests. This 
test is crucial for estimating Young’s modulus, which 
characterizes the mechanical strength of the material. Tests 
were also compared with a commercial resin, Anycubic 
Standard. The tests were carried out using the TRD 22 probe 
and Emic equipment. TGA (thermogravimetric analysis) 
was carried out using a TGA-50H (Shimadzu, Japan) 
under a nitrogen atmosphere at a 10 °C min-1 heating rate. 
FTIR (Fourier transform infrared spectroscopy) analysis was 
conducted in ATR (attenuated total reflectance) mode with a 
diamond crystal (Bruker Alpha-II, USA), 1H and 13C nuclear 
magnetic resonance (NMR) spectra were recorded with a 
Bruker 600 MHz spectrometer (Bruker, USA)

Resin 1.2 cytocompatibility tests

VERO epithelial cell lines were cultured in RPMI-1640 
medium (Sigma-Aldrich, USA) with 10% fetal bovine 

serum (FBS) (Gibco, Invitrogen, UK) and incubated at 
37 °C at 5% CO2. The cells were lifted with 0.25% trypsin 
(Gibco, Invitrogen, UK) for 4 min at 37 °C. 

Cell viability was determined using the in vitro 
toxicology assay kit, MTT-based (Sigma-Aldrich, USA). 
To perform the assay, 1 × 106 cells were cultivated in a 
6-well plate and incubated for 24 h to ensure cell adhesion. 
After this time, the 7.5 × 2.5 mm cylindric resin specimen 
was added to the well, the negative control contained only 
cells and culture medium. After 24 h of incubation, MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide, 100 µL from MTT solution at 3 mg mL-1 in 
phosfate buffer solution, PBS) was added to each well, and 
the plates were incubated at 37 °C in a humid atmosphere 
containing 95% air and 5% CO2 for 3 h. Finally, 1 mL 
of MTT solubilization solution was used to solubilize 
formazan crystals. Absorbance was measured using a 
Multiskan SkyHigh plate reader (Thermo Fisher Scientific, 
USA) at 570 nm. The experiments were performed in 
triplicate.

Results and Discussion

The main objective of this work is to develop new and 
easy-to-handle resins for stereolithography and use in 
biomedical 3D printing. Imidazole-derived methacrylate 
salts were chosen as the main chain, and glycerol 
trimethacrylate was selected as the crosslinker. Using a 
crosslinking agent in these cases addresses the issue that 
imidazolium salt resins are water-soluble. By using the 
crosslinker, this problem can be circumvented. 

Glycerol trimethacrylate is a crosslinking agent with 
three growth sites capable of increasing the density of the 
polymer network, aiming for more rigid materials. Due 
to its biocompatibility35 and ease of synthesis, glycerol 
trimethacrylate was the crosslinker of choice. Terpenes 
were then added to study the effects of their addition on the 
mechanical properties of these new resins. Combining these 
factors, 15 resins could be prepared and tested (Table 1). 
A schematic view of this network can be seen in Figure 2.

Figure 3 displays the Shore D hardness measurement 
values for all prepared resins. All resins demonstrated good 
printability (Figure S2, SI section) once the objects printed 
had dimensions like those of commercial resin. Regarding 
the terpene additives α-(–)-pinene, (R)‑limonene, trans‑ethyl 
cinnamate, and safrole, it was noticed that the additives 
α-pinene and (R)-limonene increased the hardness of the 
resins compared to the resin without additives, while safrole 
had the opposite effect. Almost all the mentioned resins 
exhibited a higher Shore D hardness than commercial resin, 
except for resins 1.5 and 2.5 (due to the presence of safrole as 
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an additive). Regarding the width and height measurements 
of the discs, the width for all resins showed values very close 
to the commercial resin, and they were also quite similar 
to the virtual model (Table S1, SI section). The behavior 
in terms of height was identical, except that none closely 
matched the virtual model in this measurement.

A standard specimen was employed for each resin 
to conduct the tensile stress tests. The specimens were 
3D printed along the x-axis to ensure the layers were 
perpendicular to the fracture stress, resulting in increased 
failure resistance. This approach has been previously 
outlined in published works36 and is considered a crucial 
aspect of the testing process. 

When comparing resins containing the blank 
control  (glycerol), resins 1.1, 2.1, and 3.1, the influence 
of derived imidazole salts on mechanical tests can be 

determined. The resin containing the imidazole salt (1.1) 
had a better Young’s modulus than resins 2.1 and 3.1, and 
the resin formulations containing 1-methyl-imidazolium 
had the lowest ratings overall. This may be due to the loss 
of the hydrogen bond donor group in 1-methylimidazole 
compared to unsubstituted imidazole, resulting in weaker 
intermolecular interactions.37 Additionally, steric effects 
related to the introduction of the methyl group can increase 
hydrophobic interactions, which would also result in 
weaker mechanical properties.38 

Combining methacrylate salt resins with the additives 
α-(–)-pinene and (R)-limonene also proved to be 
beneficial in increasing fracture resistance, as resins 1.2 
and 2.3 presented an elasticity modulus comparable to the 
commercial resin (Figure 4). 

The mechanical data clearly show that imidazole 
salts and 2-methylimidazole provide suitable resins. In 
contrast, 1-methylimidazole salts do not yield results as 
good as those of their sibling compounds. The reasons still 
seem obscure since 1-methylimidazole salts are also used 
to prepare ionic liquids and are slightly more basic than 
the other derivatives. These results provide an economic 
advantage for imidazole and 2-methylimidazole salts, 
as they exhibited good mechanical properties and good 
printability, and their bases cost less than half the price 
of 1-methylimidazole, leading to cheaper final products.

The infrared spectra of the printed resin and its precursors 
provide valuable information regarding the formation of 
the resin and the GlycM monomer synthesis. The synthesis 
of the GlycM monomer through glycerol methacrylation 
(purple line) is supported by a band around 1720 cm-1. 
This band is characteristic of carbonyl (C=O) stretching 
vibrations in α and β-unsaturated esters,39 confirming 

Figure 2. Simplified schematic view of our resin network.

Figure 3. Shore D hardness values of the resins containing the additives.
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the incorporation of methacrylate groups. Furthermore, 
the absence of the wide band corresponding to hydroxyl 
groups39 between 3650‑ 3000 cm-1 in the GlycM spectrum 
confirms that all hydroxyl groups have been modified and 
the functionalization was fully completed (Figure 5). 

The alkene bands found in the precursors, methacrylic 
acid (blue line) and GlycM (green line), are discussed 
below. The absence of the band around 1628 cm-1, is 
attributed to C=C stretching vibrations.39 The printed resin 
1.1 (black line) spectrum confirms that alkene double bonds 
are consumed during the photopolymerization process 
during resin printing. 

Regarding imidazole, the band related to the N–H 
vibrational stretching around 3125 cm-1 and C=C 
vibrational stretching of the imidazole ring in 1560 cm-1 is 
observed. As expected, both bands remain in the 1.1 printed 
resin spectrum.39

Three main resin compositions were synthesized by 
varying the methacrylate salt source, as shown in Table 1. 
Group 1 uses an imidazole salt, while groups 2 and 3 
use 2-methyl-imidazolium and 1-methyl-imidazolium, 
respectively. Figure 6 shows FTIR spectra for resins 1.1, 
2.1 and 3.1. In all of them, the vibrational stretching of the 
carbonyl derived from the methacrylate salt and GlycM 
is observed at 1720 cm-1, as mentioned before. The C=N 
and C=C stretching vibrations of the imidazole ring are 
also noticeable at approximately 1638 and 1560  cm-1, 
respectively. These observations and findings can be 
extrapolated to the other resin spectra, and additional data 
can be found in the SI section. 

Thermal gravimetric analysis was performed to identify 
the thermal stability of printed resins. Thermograms and 
DTG (derivative thermogravimetry) curves are presented 
in Figure 7. The thermal stability of the material is attained 
at 450 °C. Three steps of decomposition were observed 
for the printed resins. The first decomposition step was 
observed from 57 to 129 °C and may be associated with 
the loss of moisture and volatile terpenes associated with 
the resins.40 The second decomposition step occurs between 
220 and 240 °C and is associated with the degradation of 
imidazole groups.41 During the third stage, the maximum 
temperature (Tmax) ranged from 416 to 435 °C, and a mass 
loss of around 75% was attributed to the methacrylate 
groups.42

All resins exhibit similar thermogravimetric profiles, 
with the resins containing 1-methyl-imidazole salt being 
the most thermally stable. The methyl-imidazole salt resins, 
whether in position 1 or 2 of the heterocycle, conferred 
better heat resistance, as there is an increase in Tmax in 
groups 2 and 3 resins compared to group 1 resins. However, 

Figure 4. Mechanical tests for printed specimens (measurements in MPa).

Figure 5. FTIR spectra of cured resin 1.1 (black line) compared to its 
precursors: imidazole (red line), methacrylic acid (blue line), glycerol 
(purple line), and monomer GlycM (green line).

Figure 6. FTIR spectra of cured resin 1.1 (black line), 2.1 (pink line), 
and 3.1 (orange line).
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since the difference is approximately 10 to 15 degrees 
and all resins showed good resistance, losing most of the 
organic material above 400 degrees, it can be considered 
that group 1 resins, especially those containing α-pinene 
or (R)-limonene in their compositions, are superior to 
the others. These results prove that the material exhibits 
thermal stability up to 400 °C, which is advantageous 
for conventional sterilization processes requiring high 
temperatures, such as autoclaving (ca. 121 °C).

Although they did not exhibit the best performance 
in thermogravimetric characterization, the resins from 
group 1 containing limonene or α-pinene showed the best 
mechanical characteristics of a suitable resin, surpassing the 
standard commercial resin in tests. Indeed, both α-pinene 
and limonene can strengthen the resin structure by forming 
cross-links with the monomers used. Although cationic 
polymerization is the preferred mechanism for these 
alkenes, they can also form radicals and undergo radical 
polymerization43 with the monomers utilized here. This 
copolymerization proves to be beneficial for these materials. 

Our idea with this work was to develop simple, 
easy‑to‑prepare, and biocompatible resins for biomedical 
devices. To do this, we used the imidazole salt chain as 
the main chain, glycerol trimethacrylate as the crosslinker, 

and terpenes to enhance the mechanical characteristics 
of these new resins. As it became clear that materials 
reinforced with α-pinene and limonene were the best 
candidates for resins, we believe that these terpenes 
reacted with the methacrylate, being incorporated into 
the material and improving its physical characteristics. In 
fact, resins containing limonene and thiols can undergo 
thiol-ene reactions aimed at polymerization between the 
radical formed at the sulfur atom and the terminal double 
bond in limonene.44,45 On the other hand, α-pinene was 
used as a self-crosslinking agent when methacrylate was 
used, producing a fully renewable poly high internal phase 
emulsion (polyHIPE) without the need for additional 
crosslinking agents. This showcases the potential of αPMA 
as a versatile and sustainable monomer.46

Therefore, to evaluate the resolution of one of these 
resins, specifically resin 1.2, it was decided to print the 
calibration piece from AmeraLabs. The AmeraLabs33 
printing test offers valuable insights for calibrating printer 
settings and resin resolution issues. In Figure 8, the 
AmeraLabs test was conducted using the resin that yielded 
the best results in mechanical tests (1.2). The complete 
AmeraLabs Town33 object is shown in Figures 8a and 8b 
from the front and back views, respectively. Tests 

Figure 7. TG and DTG curves of printed resins for groups 1 (a), 2 (b), and 3 (c) and their respective maximum temperature (Tmax) and mass loss (Δm) (d).
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assessing excessive resin exposure during printing or resin 
resolution  (Figure  8c) indicate that resin 1.2 exhibited 
minimal resolution issues, as evidenced by gaps ranging 
from 1.0 to 0.1 mm. The cross-shaped bridges (Figure 8d) 
and pillars (Figure  8e) evaluate material hardness and 
toughness, which are crucial for 3D printing models with 
intricate details. The absence of some pillars (the last row) 
indicates that our resin formulation may not present the 
hardness and toughness needed or that there needs to be 
more resolution in both the resin and printer. As observed 
in our printed model, tests in Figures  8f and 8g verify 
whether the resin reproduces sharp edges and proper depth 
accurately. Resin viscosity is assessed by its ability to drain 
out of spaces among buildings, as seen in Figure 8h. The 
resolution of the printing system is evaluated by its ability 
to form small cylinders ranging from 0.20 to 0.05 mm. 
Still, it is challenging to observe all cylinders, even in 
commercial resin, due to the inherent resolution limitations 
of the printer (Figure 8i). The final test evaluates the slicing 
process of the 3D design; an object with uniform height 
where all ledges are visible indicates that there were no 
slicing errors, as seen in Figure 8j.

Knowing that the formulated resins, especially 
resin 1.2, with the best overall results, passed the printing 
and resolution tests as seen previously, it was decided to 
apply it in a medical device. The resin was used to produce 
star-shaped microneedles. We chose the star‑shaped 
microneedle according to a study by De Martino et al.47 
The star-shaped microneedle demonstrated better 
penetration and release capabilities than other shapes, 
such as circles, triangles, and squares.47 The star-shaped 
microneedles were designed and tested using resin 1.2, as 
shown in Figure 9. The microneedle base was 10 × 10 × 
0.5 mm and comprised 81 microneedles, each 1 mm high. 
The sample shows a translucent appearance even after the 
post-curing process, and it is possible to observe that the 
star-shaped structure was obtained after printing, and the 
tip remains sharp as in the 3D design. The microneedles 
presented an average size of 0.5 mm, shorter than the 

length of the virtual model, which was set at 1 mm. This 
happens because the light that solidifies the material scatters 
across neighboring pixels on the LCD panel. The light 
accumulates in larger areas, resulting in more light per unit 
area than in smaller areas. Solidifying objects with small 
dimensions makes it challenging because more than the 
light intensity may be needed to achieve the minimum 
dose required for polymerization.48 In fabricating printed 
microneedles intended for transdermal drug delivery, it 
is advisable to aim for needle heights falling within the 
800‑600  μm range. This target range is conducive to 
minimizing discomfort during application. It is noteworthy 
that needles surpassing the 1000 μm threshold are linked 
with heightened pain sensations. This phenomenon can 
be attributed to capillary networks situated at a depth of 
approximately 1 mm within the papillary dermal region.49 
This way, the devices developed herein show potential for 
transdermal drug delivery.

Finally, to evaluate resin 1.2 cytocompatibility, 
cylindrical objects were tested in the VERO cell line 
(ATCC  CCL-81) using the MTT method.50 The result 
is shown in Figure 10, in which the percentage of cell 
viability for VERO cells after treatment with the resin 
was 82.3% compared to the control (100% cell viability). 
This indicates that the resin exhibits good biocompatibility 
with normal cells, paving the way for developing drug-
delivery devices.

Figure 8. AmeraLabs town 3D printer resin test.

Figure 9. Star-shaped microneedle 3D model and printed version using 
resin 1.2. 
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Conclusions 

We described the development of novel 3D printable 
resins composed mainly of methacrylate salts as monomers 
and trimethacrylated glycerol (GlycM) as a crosslinking 
agent. Terpene-based additives were incorporated to 
improve resin quality. These resins are easy to prepare, 
have a low cost of production, and no solvent is used in 
their preparation. Thermal gravimetric analysis indicates 
thermal resin stability up to 450 °C. Adding terpenes 
as copolymers introduced better fracture resistance 
and enhanced organoleptic properties. The additives 
α-pinene and (R)‑limonene positively favored the resin 
formulation to have a higher modulus of elasticity than 
the commercial resin. On the other hand, adding safrole 
oppositely contributed to this effect, leading to fragile final 
products after the printing process. When comparing the 
methacrylate salts, 1-methyl imidazolium presented the 
lowest values of Young’s modulus, indicating lower fracture 
resistance than all resins from group 3. This research 
opens possibilities for developing advanced 3D printing 
materials with improved functionality, offering potential 
applications in medicine and biotechnology, such as the 
design of microneedles for drug delivery. 

Supplementary Information

Supplementary information, including IR spectra, 
mechanical test data, NMR spectra, and details on the 
mini platform and vat models, is available free of charge at  
http://jbcs.sbq.org.br as a PDF file.
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