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Highlights

e Reducing the amount of TPO as low as 0.05% w/w leads to better printability outcomes with the
further advantage of reduced costs and lower dose-related toxicity concerns.

e The inclusion of high amounts of liquid fillers in photopolymer formulations for SLA 3D printing of
medicines should take into account a likely decrease in printing quality of the final dosage form.

e Glycerol cannot be used as a liquid filler for PEGDA-based photopolymer resins for SLA 3D
printing due to its immiscibility with the photopolymer.



Abstract

Pharmaceutical three-dimensional printing (3DP) is now in its golden age. Recent years have seen a dramatic
increase in the research in 3D printed pharmaceuticals due to their potential to deliver highly personalised
medicines, thus revolutionising the way medicines are designed, manufactured, and dispensed. A particularly
attractive 3DP technology used to manufacture medicines is stereolithography (SLA), which features key
advantages in terms of printing resolution and compatibility with thermolabile drugs. Nevertheless, the
enthusiasm for pharmaceutical SLA has not been followed by the introduction of novel excipients
specifically designed for the fabrication of medicines; hence, the choice of biocompatible polymers and
photoinitiators available is limited. This work provides an insight on how to maximise the usefulness of the
limited materials available by evaluating how different formulation factors affect printability outcomes of
SLA 3D printed medicines. 156 photopolymer formulations were systematically screened to evaluate the
influence of factors including photoinitiator amount, photopolymer molecular size, and type and amount of
liquid filler on the printability outcomes. Collectively, these factors were found highly influential in
modulating the print quality of the final dosage forms. Findings provide enhanced understanding of
formulation parameters informing the future of SLA 3D printed medicines and the personalised medicines
revolution.

Key Words: 3D printing; stereolithography; solid oral dosage forms; formulation development; personalised
medicine



1. Introduction

Since the first Food and Drug Administration (FDA) approval of a 3D printed drug product in 2015, research
in the field of pharmaceutical 3D printing has grown exponentially due to the paradigm shift announced
alongside the introduction and rapid development of such technology (Curti, Kirby and Russell, 2020;
Muhindo et al., 2023)‘. 3D printers have, therefore, been proposed as flexible manufacturing platforms, Commented [CC1]: Reference implemented with up to
making it possible to produce medicines on demand, in a variety of settings including hospital pharmacies, date literature.

natural disasters, remote areas, and even in space, starting a new era in pharmaceutical compounding

(Dooms and Carvalho, 2018; Goyanes et al., 2019; Seoane-Viailo et al., 2021; Seoane-Viailo et al., 2022).

Indeed, as opposed to conventional manufacturing methods designed for mass production of solid oral

dosage forms, 3D printers have the potential for a wide number of applications, such as the fabrication of

immediate or controlled release dosage forms (Khaled et al., 2018; Pietrzak et al., 2015), osmotic or floating

tablets (Khaled et al., 2015; Li et al., 2018), and even gummies or chocolate formulations specifically

designed for paediatric use (Karavasili et al., 2020; Tagami et al., 2021). Furthermore, 3D printed solid oral

dosage forms can be easily tailored to the needs of individual patients, thus revolutionising the way

medicines are designed, manufactured, and dispensed (Konta et al., 2017).

Currently, extrusion based 3D printing technologies, such as fused deposition modelling (FDM), account for
most of the applications of 3D printing for the making of pharmaceuticals, mainly due to the key advantage
of being able to use conventional excipients approved for pharmaceutical use as feedstock material; still,
several 3DP technologies have been so far investigated for this purpose GSenano etal., 2023D. One attractive {Commented [CC2]: Self citation changed with up to date }
technique is stereolithography (SLA), a subtype of vat-photopolymerisation 3D printing, which has been reference.

investigated in several studies for its advantages over other techniques (Curti et al., 2021; Martinez et al.,
2017; Robles Martinez et al., 2019; Wang et al., 2016; Xu et al., 2021, 2020). Indeed, SLA features an
unequalled printing resolution, is compatible with thermolabile drugs, and does not use powders as feedstock
material, thus avoiding flowability issues (Xu et al., 2021). Still, the pharmaceutical application of SLA
remains limited. One major reason for this is the very limited number of biocompatible photoinitiators and
photopolymers available, with none of these listed as generally recognised as safe (GRAS) ([Pan etal., 2023\). [Commented [CC3]: Self citation changed with up to date }
Furthermore, the raw materials needed to assemble photopolymerisable resins for SLA are relatively reference.

expensive, and formulations are generally required to be produced in large bulks, discouraging extensive

formulation development work aimed to investigate the printability of novel photopolymers (Curti et al.,

2021).

While novel excipients specifically designed for SLA 3D printing of solid oral dosage forms should be
implemented (Xu et al., 2021), it is important to acquire deep knowledge of the materials currently available,
to maximise their usefulness and to avoid undesired reactions (Xu et al., 2020). Specifically, it should be
investigated how the use of specific types and amounts of the photopolymer components affect the printing
quality of the final product, with the aim to drive future formulation design work and even machine learning
tools (Elbadawi et al., 2020).

Therefore, in this work the influence of several formulation factors on the printability outcomes of 156 drug-
free photopolymer formulations was investigated. Prior to this, a preliminary screening aimed to identify the
most suitable photoinitiators for SLA 3D printing was performed. Results generated in this work can
contribute to the future implementation of SLA 3D printing in pharmaceutics, where flexible, multipurpose
and drug-loadable photopolymer resins will be needed to fabricate on demand quality pharmaceuticals.

2. Material and methods
2.1 Chemicals

Polyethylene glycol diacrylate (PEGDA) with molecular number (Mn) 250, 575, and 700, N-vinyl-
pyrrolidone (N-VP), polyethylene glycol 300 (PEG300), propylene glycol (PG), glycerol and the
photoinitiators diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO), 2-hydroxy-2-
methylpropiophenone (HMPP), 2-hydroxy-4-(2-hydroxy ethoxy)-2-methyl propiophenone (HHEMPP),



riboflavin (RF), and triethanolamine were purchased from Sigma-Aldrich, UK. Acetophenone (ACP) and
camphorquinone (CQ) were purchased from Alfa Aesar, UK.

2.2 UV-visible spectrophotometry

The wavelength of maximum absorption (A max) of each photoinitiator (PI) was determined through UV-Vis
spectrophotometry carried out on a Genesys 10S UV/Vis Spectrophotometer (Thermo Fisher Scientific,
USA). A 50% v/v water/methanol solution was used to dissolve each PI. Prior to analysis, a baseline was
acquired by running a blank sample. PI samples were scanned within a range of 190 to 500 nm with an
interval of 1 nm.

2.3 Formulation of photopolymer resins

All photopolymer resin formulations described in this paper were prepared following the same procedure
described in our previous work (Curti et al., 2021). Firstly, PEGDA was directly weighed in 30 mL glass
vials. Solid PI were weighed separately and later transferred to the photopolymer base, while liquid PI were
accurately withdrawn and directly transferred to the PEGDA vials. Then, any other liquid component was
added to the PEGDA vials, and the mixtures were stirred for 12 hours at room temperature until complete
solubilisation of the PI. All operations were carried out away from light by working in dark environment and
covering the glass vials with aluminium foil, to avoid premature photopolymerisation of the mixture. Once
ready, photopolymer formulations were transferred for 3D printing to a modified SLA apparatus, described
in our previous work (Curti et al., 2021).

2.4 Stereolithography 3D printing

PI efficacy and printability of photopolymer resin formulations were evaluated by 3DP test tablets using a
modified Form 2 SLA 3D printer (Formlabs Inc., USA). Tablet computer-aided design (CAD) models used
in this paper were based on cylindrical tablet designs (12 x 4 mm, diameter x thickness), and were 3D
printed directly on the build platform (BP), thus avoiding the use of printing supports. Formulations related
to PI efficacy screening were 3D printed setting layer thickness (printing resolution) to 100 pm, while the
subsequent printability screening of photopolymer resins was carried out setting layer thickness (printing
resolution) to 25 pm, 50 um, and 100 pm. All formulations were 3D printed in triplicates. At the completion
of the 3D printing process, tablet samples were removed from the BP and the uncured resin was removed
using filter paper.

2.5 Printability evaluation
To evaluate printability outcomes, we implemented an improved version of a points-based scale previously

developed (figure 1) (Curti et al., 2021). In short, a printability score (PS) from 1 to 6 was assigned to each
formulation based on the visual observation after a print was completed.

Observation Formulation remains Polymerised Incomplete or fallen Accurately printed

liquid Gel-like texture fragments object object Broadening Defined edges
Printability *
Score 1 2 3 4 5 6
" Insufficient " . " Successful Uncontrolled Geometrical
Comments No polymerisation erosslinking Partial crosslinking Failed Print Print pelymerisation aceuracy
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Figure 1. Points-based printability scale developed to evaluate printability outcomes of SLA 3D printed
tablets based on visual observation. For each Printability Score (PS) in the scale, comments and an
exemplary representation are reported.



Photopolymer formulations remaining entirely liquid in the resin tank after 3DP were assigned a PS =1,
indicating that no photopolymerisation occurred. Formulations changing to a soft gel-like consistency were
given a PS = 2, suggesting that photocrosslinking was too low to form solid structures, while a PS = 3 was
used to classify formulations reaching partial crosslinking, as shown by the presence of polymerised debris
in the resin tank at the end of the print run. A PS = 4 was used to identify a failed print, in form of a partially
or inaccurately 3D printed object, or resulting from the detachment from the BP. A PS = 5 was assigned to
fully printed tablets matching the 3D model designed; an extra mark, indicated as *, was assigned to printed
tablets showing defined edges indicating high geometrical accuracy of the 3D printed design. As such, a PS
= 5% was used to identify the best printability outcome. Photopolymer formulations showing uncontrolled
and extensive polymerisation during 3DP, a multiple causes phenomenon significantly compromising the
geometrical accuracy of the design, were given a PS = 6.

Ultimately, the inclusion criteria to determine which formulations to consider for the subsequent analysis of
formulation factors on printability outcomes were the following:

1) 3D printed tablets presenting a PS = 5%,

2) 3D printed tablets presenting a PS =5,

3) 3D printed tablets presenting a PS = *,

3. Results and discussion

3.1 Selection of photoinitiators for pharmaceutical SLA 3D printing

Six photoinitiator systems were shortlisted for a preliminary screening aimed to evaluate their suitability for
SLA 3D printing of medicines. PI were selected based on the respective safety profiling and previously
described use in solid oral dosage forms and/or other biocompatible applications reported in the scientific

literature (1Bertolotti et al., 1999; Fouassier et al., 2003; Williams et al., 2005; Kochhar et al., 2012; Kamoun
etal., 2016; Wang et al., 2016; Martinez et al., 2017; Robles Martinez et al., 2018; Voet et al., 2018; Pan et

al., 2019; Chiulan et al., 2021; Chen et al., 2023; Jeencham et al., 2023; Li et al., 2023; Pariskar et al., 2023D.

A spectrophotometric analysis was carried out on each PI to measure the respective A max (table 1) and to
verify if any of the selected PI absorbed light at the same wavelength of common model drugs meeting the
rationale for 3D printing such as paracetamol and theophylline (Curti et al., 2020; Trenfield et al., 2023;
Wang et al., 2016). Indeed, considering a A max of 243 nm for paracetamol (Sirajuddin et al., 2007) and 273
nm for theophylline (Patel et al., 2013), it is evident that HMPP and HHEMPP share the same A max,
respectively. Although evaluating the printability of such model compounds was beyond the scope of this
paper, it’s worth noting that 3D printing a resin formulation combining paracetamol and HMPP or
theophylline and HHEMPP, would likely have an impact on the photopolymerisation process due to the UV
absorber capacity of the mentioned drugs (Bail et al., 2016; Gong et al., 2017).

Table 1. Measured A max values of the photoinitiators selected for efficacy screening.

Photoinitiator Abbreviation used A max

Diphenyl-(2,4,6-trimethyl benzoyl)-phosphine oxide TPO 380.5 nm

2-Hydroxy-2-methyl propiophenone HMPP 243.5 nm

Commented [CC4]: Implemented with up to date
references




2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone

Acetophenone

Camphorquinone

Riboflavin

photoinitiators for pharmaceutical SLA 3D printing

HHEMPP

ACP

cQ

RF

273.5 nm

239.5 nm

468.0 nm

463.0 nm

3.2
Printability
efficacy of

PI efficacy was evaluated by preparing and 3D printing 12 photopolymer resin formulations, whose
composition is described in table 2. Following 3D printing, each PI formulation was assigned a printability
score (also reported in table 2) based on the printability scale shown in figure 1.

Table 2. % w/w composition of 12 photopolymer resin formulations designed to evaluate the efficacy of 6
photoinitiator systems . The printability score assigned to each formulation after 3D printing is also reported

in the table.

Formulation PEGDA 700

PIsF1

PIsF2

PIsF3

PIsF4

PIsFS

PIsF6

PIsF7

PIsF8

PIsF9

PIsF10

PIsF11

99.9

99.9

99.9

99.9

99.9

99.9

99.0

99.0

99.0

99.0

99.0

TPO

0.1

1.0

HMPP

1.0

HHEMPP

ACP CQ
01 -
- 0.1
1.0 -
. 1.0

RF PS

5%



PIsF12 99.0 - - - - - 1.0 3

Formulation PIsF1, containing 0.1% w/w TPO (TPO), was assigned a PS = 5* indicating its efficacy to 3D
print tablets in a well-defined shape (figure 2A). Interestingly, increasing TPO concentration to 1% w/w
(formulation PIsF7) caused a high degree of broadening (PS = 6), a phenomenon resulting in a 3D printed
tablet whose bottom side had undergone uncontrolled polymerisation (figure 2B). It is worth noting that the
use of 1% w/w TPO was already reported in the fabrication of SLA 3D printed dosage forms, with no reports
of broadening (Wang et al., 2016). Factors including high extinction coefficients at the irradiation
wavelength (resulting in n—7* excitation), high dissociation quantum yields, and excellent reactivity of the
primary radicals towards the monomer, suggest that the reactivity of TPO is particularly high (Eibel et al.,
2018), and an increase of its concentration will result in high radical generation and polymerisation rate
(Meereis et al., 2014), potentially leading to the loss of geometrical control during photopolymerisation. A
further explanation could be attributed to the scattering of the light emitted by the laser beam. In fact, when
the incident light is scattered, more radiation is delivered to the sideways directions, thus increasing the cure
width (C,,), eventually resulting in a reduced printing accuracy (Zakeri et al., 2020).

Formulations containing HMPP, HHEMPP, and ACP, in concentrations of both 0.1% and 1% w/w, were
given a PS = 1 because no changes were observed in the photopolymer resin at the end of the print,
indicating their inefficacy in initiating photopolymerisation. Based on the spectrophotometric analysis
previously carried out on the PI, the observed results were expected as their A max was found to be in a range
0f239.5 nm to 273.5 nm, while the laser in the SLA apparatus emits light radiation with a wavelength of 405
nm. However, other research has proven that these PI hold potential to be successfully used in SLA (Chen et
al., 2022; Konasch et al., 2018; Lakkala et al., 2023), and it should be even noted that more recent VAT
technologies such as dual-wavelenght digital light processing (DLP) 3D printing could broaden the selection
of effective PI (Cazin et al., 2022; Rossegger et al., 2023b, 2023a; Van Der Linden et al., 2020).

Formulations containing CQ at concentrations of 0.1% and 1% w/w were respectively assigned a PS of 3 and
4. Since a PS = 4 indicates a failed print featuring inaccurate or missing details of the 3D printed tablet
(figure 2C), CQ will not be further investigated at this stage, although it could be considered for future
studies due to its good biocompatibility (Kamoun et al., 2016; Nan et al., 2022; Zanon et al., 2021).

RF was not found to initiate polymerisation when used at 0.1% w/w (PS = 1), while its increase to 1% w/w
allowed the formation of partially crosslinked structures (PS = 3) (figure 2D). Surprisingly, these results are
in contrast with those found by Martinez (Martinez et al., 2017). However, it should be considered that in
this work RF was not solubilised in water to eventually formulate hydrogels, but rather it was mixed with
pure PEGDA 700 where it was seen to be slightly soluble.

A B
O =
C D
<
%Y




Figure 2. 3D printed tablets produced from (A) 0.1% TPO, (B) 1.0% TPO, (C) 0.1% CQ, and (D) 1.0% RF.
The arrow indicates a partially printed edge.

3.3 Formulation of photopolymer resins for SLA 3D printing

Of the six PI analysed through spectrophotometry, TPO showed maximum absorption at 380.5 nm, making it
the PI most closely matching the target wavelength of 405 nm emitted by the modified Form 2 3D printer
laser. Furthermore, in a preliminary printability screening, TPO allowed for the successful fabrication of
non-drug loaded test tablets. As such, TPO emerged as the frontrunner photoinitiator for SLA 3D printing of
PEGDA based photopolymer formulations using a 405 nm light source. The next step consisted in the
preparation of 156 TPO-based photopolymer resins formulations, according to the formulas already
described in our previous work and reported in table A.1. Printability of each formulation was evaluated
using the same printability scale described in figure 1. In short, the whole set of photopolymer formulations
screened was classified in four groups (figure 3; table A.1).

Out of the 156 formulations tested, 96 did not meet any of the three inclusion criteria described in section
2.5, indicating poor printability outcomes (figure 3, group A).

The remaining 60 formulations met at least one inclusion criterion thus making up a pool labelled as
printable formulations (PF, n = 60) (figure 3, group B). Then, formulations in group B meeting inclusion
criterion 1 (3D printed tablets presenting a PS = 5*) were subclassified into groups B1 (n = 35; formulations
reaching PS = 5* at least for one printing resolution used between 25, 50 or 100 pm) and B2 (n=5;
formulations reaching PS = 5* at each printing resolution used between 25, 50 and 100 pm). Formulations
belonging to groups B1 and B2 were jointly labelled as best formulations (BF, n = 40) because a PS = 5*
was used to identify the best printability outcome.

The remaining 20 formulations in group B were still considered for the subsequent analysis of printability

outcomes because they met inclusion criteria 2 or 3 hence being considered among the Printable
Formulations.

96

Number of formulations

60
35
. 5
B B1 B2

Classification group

Figure 3. Group classification of photopolymer formulations screened.

3.4 Influence of formulations factors on printability outcomes

3.4.1 Polyethylene glycol diacrylate



The role of PEGDA Mn on printability outcomes was investigated. The graph in figure 4 displays the
number of PF and BF containing PEGDA 250, 575, and 700, respectively.

According to the results, PEGDA 250 was the most frequently effective polymer both among PF (26) and BF
(19). PEGDA 575 was present in 24 PF and 13 BF, while PEGDA 700 in 10 PF and 8 BF. However,
PEGDA 700 showed the highest BF/PF ratio (0.80) in comparison to PEGDA 250 (0.73) and PEGDA 575
(0.54), suggesting that its use is more likely to provide 3D printed tablets in an accurate size and shape. As a
result, we indicate PEGDA 700 as the most recommended photocrosslinkable polymer to be considered for
the formulation of drug loaded photopolymer resins for SLA 3D printing of medicines with the greatest
accuracy.

26
24

E 19
o -
£
L 13
° 10
2 8
E I
p=)
]

PEGDA 250 PEGDA 575 PEGDA 700

W Printable Formulations @ Best Formulations

Figure 4. Number of formulations containing PEGDA 250, 575, and 700 classified as printable formulations
(PF) and best formulations (BF).

3.4.2 Polyethylene glycol, propylene glycol and glycerol

PEG 300, PG, and glycerol were individually used as liquid fillers combined in different concentrations with
PEGDA. Liquid fillers can act as co-solvents to enhance drug solubility in the liquid photopolymer or as
release-tuning agents, and their incorporation into SLA printable formulations represents a standard strategy
to overcome such issues (Krkobabi¢ et al., 2019; Wang et al., 2016).

The data in figures 5-6 show the number of formulations containing PEG 300 or PG in different
concentrations, that were classified as PF and BF.



Number of formulations

0 0
12.5% 25.0% 50.0%
PEG 300 loading (w/w %)
B Printable Formulations M Best Formulations

Figure 5. Number of formulations containing PEG 300 classified as printable formulations (PF) and best
formulations (BF).

When PEG 300 was used in a concentration of 12.5% w/w, a total of 6 PF and 4 BFs were obtained (figure
5). Doubling PEG 300 concentration to 25% w/w led to the classification of 3 PF and 1 BF, while a further
PEG 300 increase to 50% w/w did not allow identification of any PF and BF. Therefore, we can assume that
the inclusion of PEG 300 in a concentration of 12.5% w/w was most effective in ensuring good printability,
as also indicated by the high BE/PF ratio (0.67). However, previous research (Krkobabic et al., 2019; Wang
et al., 2016) has shown that increasing the PEG concentration in the photopolymerisable resin generally leads
to an increased drug release from 3D printed dosage forms; as such, this should be considered at the
formulation design and development stage.

Number of formulations

12.5% 25.0% 50.0%
Propylene glycol loading (w/w %)

B Printable Formulations W Best Formulations

Figure 6. Number of formulations containing propylene glycol classified as printable formulations (PF) and
best formulations (BF).



PG provided better results when loaded at higher concentrations, in comparison to PEG 300 (figure 5).
Again, it was found to be most effective when used at 12.5% w/w, resulting in 7 PF and 5 BF. An increase of
PG to 25% w/w led to the identification of 4 PF and 2 BF, while a further increase to 50% resulted in 4 PF
and 3 BEF. Interestingly, the highest BF/PF ratio (0.75) was observed when the maximum concentration of
propylene glycol was used. Based on these observations, PG can be considered as the most promising liquid
filler in photopolymer formulations for pharmaceutical SLA 3D printing. Indeed, as it can be loaded at
higher concentrations without major effects on printability, and being a smaller molecule (76.1 Da (Zar et al.,
2007)) compared to PEG 300, it holds the potential to act as an efficient drug release-enhancer in SLA 3D
printed dosage forms.

Surprisingly, glycerol was instead found to be unmixable with PEGDA of any Mn. When added to PEGDA,
glycerol caused a distinguishable phase separation of the photopolymer mixture thus resulting in poor
printability. Likely, this was caused by the higher hydrophilicity of glycerol due to the presence of 3
hydroxyl groups per molecule. For the purpose of this paper, results of glycerol based formulations are not
reported.

3.4.3 N-vinyl pyrrolidone (N-VP)

N-VP was included in our systematic screening as a reactive monomer with the view to improve geometrical
accuracy of the 3D printed tablets and to consider its future use as a potential drug release tuning agent.
Besides providing higher double bond conversion, N-VP also acts as an oxygen scavenger and is used to
improve the photopolymerisation of acrylate-based monomers or macromers (Kim et al., 2019). Here, it was
used in combination with PEGDA at a concentration of 5%, 10% and 20% w/w. The use of 5% N-VP
allowed identification of 5 PF and 4 BF, with a BF/PF ratio of 0.80 (figure 7). When N-VP concentration
was increased to 10% and 20% w/w, printability results worsened showing comparable results.

Number of formulations

12.5% 25.0% 50.0%
N-VP loading (w/w %)

M Printable Formulations W Best Formulations

Figure 7. Number of formulations containing N-VP classified as printable formulations (PF) and best
formulations (BF).

As expected, the inclusion of N-VP in the photopolymer resins led to higher double bond conversion
resulting in hardening of the 3D printed tablets, which became visibly tough and difficult to remove from the
build platform. Furthermore, even after 3DP and removal of the uncured resin, 3D printed dosage forms were
characterised by a strong N-VP odour, possibly indicating the presence of uncured residues and potentially a
toxicity concern. It should be however considered that while N-VP is highly toxic as a monomer, its
polymerised form (polyvinylpyrrolidone or PVP), is a commonly used pharmaceutical excipient known to be
safe (Ong et al., 2023). Recent research on 3D printed photopolymerised N-VP has shown no tissue damage



in in-vivo single-dose acute toxicity studies in rats but of course further investigation is required (Ong et al.,
2023).

For this reason, N-VP was not furtherly investigated. However, since it is known that N-VP copolymerises
with acrylates and becomes part of the cured matrix (Kim et al., 2019), the interest for its use to generate
crosslinked polyvinylpyrrolidone (PVP) in situ through SLA 3DP remains.

3.4.4 Photoinitiator concentration

TPO was used at concentrations of 1%, 0.5%, 0.1%, and 0.05% w/w. As it can be seen in figure 8, the
number of formulations classified as PF and BF increases with the decrease of TPO concentration. Indeed,
only 7 PF and 4 BF were related to the use of 1% TPO. On the contrary, 0.05% TPO produced 24 PF and 20
BF. This is furtherly evidenced by the high BF/PF ratio related to 0.05% w/w TPO (0.83).

Our results demonstrate that TPO is more effective at low concentrations, providing better printability
outcomes. Furthermore, using lower amounts of TPO can bring significant advantages such as reducing any
photoinitiator-related toxicity concerns, reducing costs, and potentially increasing drug loading. It is also
particularly interesting to note that we found a working TPO concentration 20 times lower than the one
generally used for SLA 3D printing of medicines (Robles Martinez et al., 2019; Wang et al., 2016).

24
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TPO concentration (w/w %)
M Printable Formulations O Best Formulations

Figure 8. Number of formulations containing TPO in different amounts and classified as printable
formulations (PF) and best formulations (BF).

This research describes for the first time the relationship between formulation factors and printability
outcomes of 156 photopolymer formulations for pharmaceutical SLA 3D printing, a technique known to be
limited in its application due to the narrow choice of available materials. As such, this work has positive
implications for the future development of pharmaceutical SLA. Furthermore, in an effort to reduce
formulation costs and potentially increase safety and biocompatibility, we found that formulations containing
as low as 0.05% w/w TPO not only were printable but also resulted in better printability compared to higher
TPO concentrations. This is a dramatic decrease from the commonly used TPO range (0.5% - 1%), allowing
for a 10-to-20-fold reduction in the concentration of such photoinitiator.



The overall aim of this work was achieved by identifying suitable PI for SLA 3D printing, followed by the
systematic printability screening of 156 photopolymer formulations and the investigation of formulation
factors on printability outcomes.

This work provides advantages to pharmaceutical scientists working on SLA 3DP since a large number of
photopolymer formulations have been tested, saving time and resources that would otherwise be invested in
printability screening. Furthermore, the methodology applied to this research to provide an insight on
formulation factors’ impact on printability can be similarly applied to other materials to expand the
knowledge of SLA biocompatible materials for pharmaceutical applications.

A drawback of this work could be that the screening conducted would necessarily be limited to the printer in
use since no standard, pharmaceutical grade SLA 3D printers are currently available. However, most of
commercially available SLA 3D printers operates with a 405 nm laser, same as the 3D printer used in this
research. It should be considered that among process factors, laser wavelength is the most critical factor for
determining the effectiveness of a given PI, based on the PI A max. Other process factors, such as laser
scanning speed or laser power, and responses such as the degree of conversion of printed dosage forms,
should be included in future screening aimed to deepen the knowledge on pharmaceutical
photopolymerizable formulations.

4. Conclusions

The primary aim of this paper was to provide an insight on the formulation factors to consider in the design
and development of photopolymer resins with suitable printability for SLA 3D printing of medicines. First,
we identified TPO as the most effective PI in initiating photopolymerisation of PEGDA based photopolymer
formulations for SLA 3DP using a 405 nm laser. Then, we have investigated for the first time the influence
of several formulation factors on the printability outcomes of 156 photopolymer formulations. Our findings
indicate that low molecular weight (Mn 250) PEGDA is an excellent photocrosslinkable polymer although
the use of a higher molecular weight (Mn 700) can be recommended due to the greater printability accuracy
observed. With regards to the use of liquid fillers as PEG300 and PG, our results suggest that they can be
used in low amounts (12.5% w/w) without affecting printability, while caution should be taken in increasing
their amount up to 50% w/w due to decrease in printing quality; furthermore, we found that glycerol cannot
be mixed in any ratio with PEGDA. Finally, we demonstrated that reducing the amount of photoinitiator
(TPO) as low as 0.05% w/w leads to the best printability outcomes as well as introducing advantages such as
reduced cost and lower dose-related toxicity concerns.
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Systematic screening of photopolymer resins for Stereolithography (SLA) 3D printing of solid oral

dosage forms: investigation of formulation factors on printability outcomes.
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. . = Glycerol is immiscible with PEGDA hence cannot be used as a liquid filler
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