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Abstract: The aim of the study was to investigate the effect of ethanol on the properties of acrylic-
urethane resin products obtained by vat photopolymerization using the masked stereolithography
method. The effect of alcohol at concentrations of 15, 25, and 35% in the resin on the chemical
structure, weight, thickness of the samples, and mechanical properties in static tabltensile tests
performed immediately after printing and one month later were studied. The results obtained were
evaluated in terms of the use of ethanol as a cosolvent to help load the resin with agomelatine for the
potential of obtaining microneedle transdermal systems. It was shown that in terms of stability of
properties, the most favorable system was resin with the addition of alcohol at a concentration of 15%.
The greatest changes induced by the presence of the solvent in the resin were observed in the case of
tensile properties, where the alcohol caused a decrease in the plasticity of the material, reducing the
relative elongation at break from 14% for the pure resin to 4% when the alcohol concentration was 35%.
Young’s modulus and tensile strength also decreased with the addition of alcohol by 18% and 31%,
respectively, for testable samples with the maximum amount of alcohol in the resin. The deterioration
in properties is most likely related to the effect of the solvent on the radical polymerization process of
the resin, particularly the phenomenon of chain transfer to the solvent, which is important in view of
the intended application of the developed material.

Keywords: masked stereolithography; vat photopolymerization; acrylic-urethane resin; radical
polymerization; solvent

1. Introduction

The ability to customize products for a given application, especially the personalization
of medical and pharmaceutical devices such as drugs, prostheses, tools, and implants, and
the possibility of prototyping and the speed of obtaining components, as well as the
very low level of waste produced during the process are among the many advantages
of the additive manufacturing methods currently being developed [1]. In this group of
methods, components are built up layer by layer, using different techniques to solidify
the material. Various materials can be used for this purpose, but of particular note are
polymeric materials, which are widely used in many industries due to their properties.
The additive manufacturing methods that use plastics as the source material are material
extrusion, vat photopolymerization, sheet lamination, and material jetting [1-3]. The resin
techniques included in vat photopolymerization, such as stereolithography (SLA), digital
light processing (DLP), or multiJet printing (MJP), are based on the use of photocurable
resins [4]. Using the aforementioned techniques, it is possible to obtain products with
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complex geometries and very high dimensional accuracy, especially when compared to
the capabilities of the most popular polymer processing additive manufacturing method—
fused filament fabrication [5].

One technique that stands out from the aforementioned vat photopolymerization
is DLP, which, thanks to the use of a digital mirror device (DMD), allows exposure and
simultaneous curing of the entire layer of the printed part, making the process faster but
still very accurate. Masked stereolithography (MSLA) is another method that also allows
full-layer exposure, but is easier to implement and, therefore, more accessible to a wider
user base. To obtain parts by MSLA or DLP, photocurable resins are used, most often
characterized by UV-activated radical polymerization [6]. The components of the resin
are mainly acrylic oligomers and mers, a photoinitiator and additives in the form of a
co-initiator, inert dyes, and photosensitizers [7]. During exposure to radiation, free radicals
are formed from the photoinitiator, which, thanks to the functional groups present in
the mers and oligomers, lead to cross-linking of the polymer structure. The design of a
suitable package of images given to the DMD, corresponding to individual layers of the
manufactured samples, makes it possible to obtain samples with dimensions on the order
of micrometers [8].

A promising application of the MSLA technique is the manufacture of microneedle
transdermal systems (MTSs). These are devices designed to create microchannels in the
human skin that allow drug delivery and increase bioavailability. There are five main types
of microneedles: solid, hollow, dissolving, coated, and hydrogel [9,10]. An essential aspect
of each type of microneedle is its geometry and dimensional accuracy, which must be
maintained over time. Conventional injections can cause pain, but MTSs, with lengths that
penetrate the stratum corneum without irritating nociceptors, offer a less painful alternative
while maintaining mechanical strength. MSLA and DLP can produce various microneedles,
particularly hydrogel drug-loaded systems that swell in the presence of a medium like
water from human skin, allowing drug diffusion [11].

To manufacture such systems, the active ingredient must be mixed into the matrix
material before the MTS fabrication or attached to the microneedles [11]. The potential
of MSLA and DLP is enhanced by the ability to mix additives into photocurable resins
that behave like hydrogels [12]. Previous research has explored various composites with
a photocurable resin matrix, including acrylates with hollow glass microspheres [13] or
a matrix of acrylated epoxidized soybean oil and carbon nanotubes [14]. Resin-based
composites are also used in the production of ceramic or metallic sinters by a UV-exposing
resin mixed with inorganic particles [15,16]. In the pharmaceutical field, resins loaded with
drugs such as 5-fluorouracil [17] or biocompatible resins with acetyl-hexapeptide-3 [18]
have been developed for biomedical applications, including transdermal systems.

For certain substances and fillers, additional agents are required to disperse or dissolve
the filler, especially when the particles aggregate easily or differ in physicochemical proper-
ties from the matrix material. Acetone or ethanol can be used for this purpose [14,15,19].
However, solvents, cosolvents, and dispersion aids significantly impact the properties
of the final products by affecting the resin polymerization process, particularly radical
polymerization [20]. Evaporating the solvent can reduce its impact but introduces addi-
tional procedures that increase energy consumption and costs. Moreover, distillation may
evaporate other resin components with similar vapor pressures, which is undesirable.

Agomelatine, an antidepressant drug, requires a cosolvent for mixing into acrylic resin.
Although it is lipophilic, it is difficult to dissolve directly in a resin without a cosolvent.
The oral administration of agomelatine affects the gastrointestinal tract, including the
liver, and is limited by the first-pass effect, reducing its bioavailability, which transdermal
administration can bypass [21]. Therefore, this study investigates how ethanol, a cosolvent
for dissolving agomelatine and other lipophilic substances in a resin, affects the properties
of the products, including mechanical strength, dimensional stability, and mass stability.
The research aims to determine the maximum alcohol content that maintains the desired
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properties of the final products, thus establishing the maximum amount of agomelatine for
potential microneedle transdermal systems.

2. Materials and Methods
2.1. Materials

As part of the conducted research, a biocompatible resin based on low molecular
weight urethane acrylate polymer with the trade name Raydent SG (Esdent, Wroclaw,
Poland) was used to obtain samples. Resin biocompatibility is Class I by Rule 5 of Annex
IX, MDD 93/42/EEC as amended by Directive 2007 /47 /EC of the European Parliament.
In addition to acrylic-urethane polymers, the resin contains other organic substances,
including the photoinitiator 2,4,6-trimethylbenzoyl-diphenyl phosphine oxide (DPPO) and
4-methoxyphenol [22]. Additionally, 96% ethanol (Avantor Performance Materials, Gliwice,
Poland) was used as the solvent.

2.2. Sample Preparation

In the production of experimental samples, the Phrozen Sonic Mini 8K (Phrozen Tech,
Hsinchu city, Taiwan) device was used. This device operates according to the MSLA
method. Samples were obtained from pure resin and from resin to which alcohol was
added so that the concentrations were 15, 25, and 35% w/w. The process of obtaining
samples with a given alcohol concentration was as follows: A solution of 20 g of resin and
the appropriate amount of alcohol was prepared, the ready solution was poured into a
vat, then 5 rectangular samples of 80 x 10 x 2 mm were printed simultaneously, arranged
with the largest surface adjacent to the table at a distance of 2.5 mm from each other. The
samples were exposed for 10 seconds for the first eight bottom layers and 3 seconds for
the other layers. The layer thickness was 0.05 mm and the transition layer count was 0.
The retract distance and speed were 5 mm and 10 mm/s, respectively. The rest time after
retraction was 5 s. After printing, the samples were pulled off the table and washed in
isopropyl alcohol for 2 min and then cured for 10 min in a UV Curing Chamber machine
(XYZPrinting, New Taipei, Taiwan). The remaining resin in the vat was poured, and the vat
was cleaned. The whole described operation was performed 4 times for each concentration
of alcohol and pure resin, obtaining 4 series in each process.

2.3. Tensile Testing

Static tensile tests were conducted at a rate of 1 mm/min to obtain characteristic
parameters such as modulus of elasticity, tensile strength, and relative strain. All measure-
ments were performed at room temperature using a Zwick/Roell Z020 testing machine
(Zwick Roell, Ulm, Germany) in accordance with ISO 527 standards.

2.4. Geometry and Mass Measurements

To verify the change in the geometry of the products, the thickness of the samples
(nominal 2 mm) was measured immediately after manufacture and one month later. The
measurements were carried out using a Baker thickness gauge type ] 130/7 (Baker, Pune,
India). Similarly, the weight of the samples was measured using a Radwag AS 220.X2
laboratory balance (Radwag, Radom, Poland).

2.5. Raman Spectroscopy Measurements

The nonpolarized Raman spectra were recorded in the backscattering geometry using
a Renishaw inVia micro-Raman system (Wotton-under-Edge, Gloucestershire, UK). An
infrared solid-state laser operating at A = 785 nm was used as the source of excitation
light, with a power of less than 20 mW. The incident laser beam was tightly focused on the
sample surface through a Leica 50 x LWD (long working distance) microscope objective.
Five spectra were collected for each sample in the range of 200 to 3200 cm !, with a spectral
resolution of 2 cm~!. Then, the average spectrum was calculated based on these five origin
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spectra, followed by additional calculations. All measurements were performed in air at
room temperature two months after curing.

3. Results and Discussion
3.1. Obtained Samples

The samples were obtained according to the process described in the methodology.
The reason for each replacement of the resin solution with alcohol with a fresh one and
keeping the processing parameters constant was to ensure the stability of the manufacturing
conditions so that the effect of changing only one factor, the alcohol concentration, could
be effectively evaluated. Samples made from pure resin were transparent, while white
discoloration appeared on samples with alcohol added at a concentration of 15%. There
was more and more discoloration with increasing alcohol content, until for an alcohol con-
centration of 35%, the samples obtained were entirely white. The described phenomenon is
shown in Figure 1. Attempts to add 45% alcohol failed due to insufficient adhesion of the
cured bottom layers to the table, causing sample detachment during printing.

Figure 1. Photo of representative samples made from (from the left): resin, and resin with an alcohol
content of 15%, 25%, and 35%.

3.2. Mass and Geometry Analysis

The average thickness and weight values given with the standard deviation and
spread of the data measured immediately after printing (denoted as 0 mth) and one month
after printing (denoted as 1 mth) for samples made of pure resin (denoted as resin) and
with 15, 25, and 35% alcohol (denoted by the corresponding ethanol percentage) are given
in Tables 1 and 2, respectively. The samples were kept at room temperature, with an
average air humidity of approximately 40%, and without exposure to excessive sunlight.
The average thickness for the samples made with resin was 2.09 mm, deviating from
the nominal dimension by 0.09 mm. In [23], a similar phenomenon of deviation of the
dimensions of the samples from the nominal dimension by a value of about 0.1 mm was
observed using the same printer and the same type of calibration. Therefore, it can be
concluded that this phenomenon depends not on the resin used but on the device used
and its preparation, including the established parameters and calibration. As the alcohol
concentration in the resin increased, the average sample thickness increased from an initial
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value of 2.09 to 2.13 mm, but with a decreasing standard deviation value from 0.03 for pure
resin samples to 0.01 mm for samples with 35% alcohol content. It can be said that the
thickness values for all samples were comparable but the pure resin samples had the least
dimensional stability. Confirmation is also provided by the data range, which for samples
made of pure resin, was 0.12 mm, and for samples with 35% alcohol content, was less than
half this. After one month, the average thickness of the sample made of pure resin decreased
by 0.02 mm; similarly, the range decreased from 0.12 to 0.05 mm. For samples with alcohol
added, the average thickness after one month was also smaller. The more alcohol added,
the greater the difference in average thickness of the samples measured immediately after
manufacture and one month later, being as much as 0.14 mm for a concentration of 25%
with a data range of 0.11 mm. For samples with a concentration of 35%, the thickness
results after one month are not given due to the significant deformation (bending along the
largest overall dimension) of the samples over time, making it impossible to measure the
thickness with the chosen technique.

Table 1. Average thickness of samples and values range measured right after manufacturing (0 mth)
and 1 month later (1 mth).

Resin 15% 25% 35%
average thickness & standard -, o | (03 5704002 2134001 213+ 001
0 mth deviation (mm)
range (mm) 0.12 0.09 0.06 0.05
average thickness & standard 7 0 5054 001 1.99 + 0.02 -
1 mth deviation (mm)
range (mm) 0.05 0.06 0.11 -

Table 2. Average mass of samples and values range measured right after manufacturing (0 mth) and
1 month later (1 mth).

Resin 15% 25% 35%
average mass  standard ) 4 503 197 1002 1854002 150+ 0.03
0 mth deviation (g)
range (g) 0.11 0.08 0.08 0.09
averagemass £ standard o0 004 1894001 1634001 1.34+ 001
1 mth deviation (g)
range (g) 0.11 0.05 0.03 0.02

The average resin sample mass was 2.04 g and decreased with the addition of alcohol.
Initially, at an alcohol concentration of 15%, it decreased by 0.07 g, then, when increasing
the alcohol concentration to 25%, the weight decreased by 0.12, and for a concentration of
35%, the weight decreased by 0.35 g, finally reaching 1.50 g. After one month, the weight of
the samples decreased by an average of 0.18 g. For the pure resin samples, the data range
remained constant after a month, while for the samples with alcohol, the range decreased
and was smallest for the samples with maximum alcohol content, being equal to 0.2 g.

The change in dimensions of the samples over time is most likely related to polymer-
ization and the decrease in intermolecular spaces due to the formation of bonds within
and between polymer chains (cross-links) [24]. Moreover, the addition of solvent reduces
the viscosity of the solution, facilitating the migration of particles and their reaction at the
initial stage of polymerization, thus increasing the effect of polymerization shrinkage due
to the reduced molecular weight of polymer chains [25].

The decrease in weight of the samples with the addition of alcohol was related to
the density of the ethanol, which at 0.789 g/mlL, is less than that of the resin, which is
about 1.1 g/mL for acrylic-urethane resins. Conversely, the change in mass over time was
probably determined by the absorption of the isopropyl alcohol used to wash the samples
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and its subsequent evaporation. The phenomena described may also have affected the
reduction in the dimensions of the samples after one month.

3.3. Analysis of Mechanical Properties

The mechanical properties of the samples, specifically, Young’s modulus, tensile
strength, and elongation at break, are shown in Figure 2.
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Figure 2. Mechanical properties of samples related to solvent amount and time of measurement.

The average value of Young’s modulus for the resin samples immediately after print-
ing is 365 MPa and almost doubles to a value of 701 MPa after one month. The addition of
solvent causes a decrease in the modulus, which reaches a minimum value of 135 MPa for
samples made from a resin-35% alcohol solution measured immediately after manufactur-
ing the samples. After one month, the samples showed a significant increase in modulus
compared to the values obtained for the samples immediately after printing, but with a
trend of decreasing values with increasing alcohol concentration. No results were given for
specimens with an alcohol concentration of 35% after one month due to their too-extensive
deformation preventing the specimens from being placed without destruction in the jaws
of the testing machine. Almost the same characteristics of changes in values can be seen for
tensile strength, where the maximum strength value of 18 MPa was obtained with pure
resin samples after one month and the minimum strength value of 3 MPa was characterized
by samples with the highest alcohol concentration of 35% tested immediately after receipt.
In the case of relative elongation at break, it can be observed that the elongation for the
pure resin samples was almost unchanged over time at about 13%, while the addition of
alcohol at a concentration of 15% reduced the elongation to 5%, which increased to about
13% after one month. For the samples with 25 and 35% alcohol, the elongation was 4-5%
and did not increase after one month to a value comparable to the elongation of the pure
resin samples, in contrast to the samples with 15% alcohol.

Figure 3 shows the course of the representative curves obtained during the static
tensile testing of the samples. It can be seen that the resin and resin-15% alcohol samples
show plastic flow after one month without a clear yield point. The other samples show
mainly elastic properties before tensile rupture of the material.

The reasons for the described changes in the strength parameters of the samples can
be found in the effect of the solvent on the radical polymerization process of the resin. The
phenomenon is known; transferring a polymer chain to a solvent, including alcohol solvent,
by abstracting the solvent atom and deactivation of the active center of the macroradical,
forms a polymer chain of lower molecular weight than in the case of polymerization without
solvent [26]. In the case of ethanol used as a solvent, the radicals were most likely formed
by detaching a hydrogen atom from the secondary carbon atom carrying the hydroxyl
group [27] due to the higher O-H bond energy of the hydroxyl group (BDE of approximately
437. 6 k] /mol~!) and C-H in the methyl group (BDE approximately 410.0 k] /mol~!) than
the C-H bond energy for the carbon carrying the hydroxyl group (BDE approximately
396.6 kJ /mol 1) [28-30]. The obtained radicals, due to the lack of steric hindrances, are
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more unstable and reactive than radicals formed from resin components, which are particles
that are more extended and have functional groups or branching. The introduction of
particles that form highly reactive radicals into the radical polymerization process can
result in an acceleration of the kinetics of the process while leading to the formation of
lower molecular weight network fragments. Lower molecular weight, meanwhile, affects
mechanical properties by decreasing Young’s modulus and mechanical strength, which
is the case with the alcohol-resin samples. Furthermore, solvent addition can reduce the
formation of cross-links by attaching alcohol molecules to the cross-linker, also deteriorating
the strength properties [31].

T resin 15% T 25% = 35%

350

300

250

—— 0 mth

200 T — 1 mth

Force (N)

150

100

50

Elongation(mm})

Figure 3. The course of representative curves formed in the stretching test of samples.

Fragments of polymer chains in a network with a high molecular weight and an
appropriate degree of cross-linking can respond to the external force during deformation
by displacement of the chains, which over time is limited by the cross-links. Only when the
maximum strain is reached, does the polymer break in tension. Hence, the apparent plastic
nature of the polymer deformation for samples without and with 15% alcohol addition.
For samples with higher alcohol content, the deformation is elastic in nature and breaking
occurs in a brittle manner, which is most likely caused by the low molecular weight and
limited degree of cross-linking.

In the final stage of the termination process, the polymer chains diffuse, being close
to the active centers of other macroradicals, and terminate the growth of the chains [20],
which can be hindered in the presence of excess solvent, so that the formed chains terminate
with the radicals derived from the solvent and not with the other macroradicals, limiting
the increase in molecular weight and degree of cross-linking. This theory is reflected in
the values of relative strain, where for samples with lower alcohol content, an increase in
elongation is seen after one month, when the termination took place mainly between the
chains of the formed polymer; while for samples with higher solvent content, it is seen that
the strain is maintained at the same low level of about 4% even after termination.

Termination by chain transfer does not reduce the number of radicals in the system,
causing little or no change in the reaction rate, and thus reducing the final polymerization
time compared to solvent-free polymerization, in which the reaction rate decreases due to
disproportionation and/or combination [32]. Keeping the sample fabrication parameters
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constant, including the exposure time of the layers to UV radiation, may have resulted in
negative radiation effects on the structure and properties of the samples with alcohol, for
which the polymerization time was most likely shortened. The exact chemical structures
of the resin monomers are not known, but their general name is low molecular weight
urethane acrylate polymer [22]. In this type of resin without the addition of a suitable
photostabilizer, UV exposure has been shown to cause scission of the urethane bond and
photodegradation [33], which would ultimately reduce the molecular weight, complement-
ing speculation about the negative effect of the reduced polymer molecular weight on
the mechanical parameters. Excessive exposure time may also cause additional reactions
related to the presence of radicals in the structure after polymerization, leading to degrada-
tion and formation of new resin components, which may have caused the discoloration of
the samples seen in Figure 1.

3.4. Raman Spectroscopy Characterization

The average Raman spectra of cured pure resin and resin with 15%, 25%, and 35%
alcohol content are shown in Figure 4. No additional bands were observed due to the
addition of ethanol. The addition of alcohol causes the disappearance of the band located
at 1409 cm ! attributed to C=CHj scissoring deformation vibrations in acrylate resin [34].
This is probably due to the easier diffusion of solvent molecules during the polymerization
process than of macroradicals and the effective quenching of active centers by ethanol,
which increases the conversion rate by making it more difficult to combine macroradicals
into long chains, which correlates with previous considerations. A change in the integral
intensity ratio of the bands 1609/1634 cm™~!, associated with the C=C phenyl vibrations
and C=C meth-acrylate stretching vibrations [35] due to the use of ethanol, can be observed.
This also confirms the reduction in the proportion of double bonds present in the structure
of the resin after curing, which is caused by the cross-linking process.

! | ! I ! | ! 1 ' | ! 1
—35%
—25%
—15%
——resin

Intensity

T T T T T T T T
500 1000 1500 2000 2500 3000

Raman Shift /em”

Figure 4. The averaged Raman spectra of resin (black), and resin with an alcohol content of 15% (red),
25% (blue), and 35% (green).
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4. Conclusions

The results demonstrate the significant effect of ethanol on the properties of acrylic-
urethane resin. The study justifies the planned use of ethanol as a cosolvent to dissolve
agomelatine in resin for transdermal applications, identifying 15% ethanol as the optimal
concentration. Higher concentrations of alcohol degrade the material properties, limiting
its potential for microneedle transdermal systems. Further research should focus on the
photopolymerization process, including the effect of ethanol on radical polymerization
rates, molecular weight, and cross-linking. To obtain a resin-15% ethanol solution, 3.5 g of
ethanol is required per 20 g of resin, allowing the dissolution of 215.6 mg of agomelatine.
This concentration allows for the production of samples containing up to 21.56 mg of
agomelatine, which is close to the standard daily dose [36]. Improvements in radical
polymerization processes, alternative solvents, or increased sample weights are needed
to increase the agomelatine content. Future studies should also optimize drug release
efficiency, taking into account the medium, time, and diffusion capabilities influenced by
intermolecular interactions between resin and drug.
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