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The use of 3D printing in pharmaceutics has grown over the last years, along with the number of studies on the
impact of the composition of these formulations on their pharmaceutical and biopharmaceutical properties.
Recently, we reported the combined effect of the infill percentage and the presence of a pore former on the drug
release behaviour of 3D printed matrix solid forms prepared by fused deposition modelling. However, there are
some open questions about the effect of the drug solubility and the size of these dosage forms on their controlled
release properties. Therefore, we produced poly(E-caprolactone) filaments containing different soluble forms of
dexamethasone (free acid, DEX; acetate ester, DEX-A; and phosphate salt, DEX-P), which showed suitable me-
chanical properties and printability. 3D printed solid forms were produced in two different sizes. The formu-
lations composed of DEX-P released about 50% of drug after 10 h, while those containing DEX or DEX-A released
about 9%. The drug release profiles from the 3D printed forms containing the same drug form but with different
sizes were almost completely overlapped. Therefore, these 3D printed matrix solid forms can have their drug

content customised by adjusting their size, without changing their controlled release behaviour.

1. Introduction

Since 3D printing emerged in the pharmaceutical field, mainly after
2015 when Spritam® came to the market, countless researchers have
focused their efforts on discovering the effects of different formulations,
excipients and drugs to successfully obtain customised 3D printed
dosage forms (Auriemma et al., 2022; Wang et al., 2022). Among the
available 3D printing techniques, fused deposition modelling (FDM) is
one of the most used in the pharmaceutical area. In this technique, a
polymeric filament is extruded at a temperature that will melt it, and it is
then deposited layer by layer to form the digitally designed object. FDM
has been associated with hot-melt extrusion (HME) for the production of

the filaments (Bandari et al., 2021; dos Santos et al., 2021a) and enables
the production of pharmaceutical forms with different sizes, geometries
and porosities (Goyanes et al., 2015; Sadia et al., 2018).

These formulation modifications are responsible for one of the most
important advantages related to 3D printing: the customisation of
therapies (Mohammed et al., 2020). The possibility of obtaining drug
delivery systems with different sizes and infills impacts their drug con-
tent, surface area, surface area/volume ratio and drug release.
Depending on this profile, there are different factors that can influence
the drug release rate: the properties of the polymer or the blend of
polymers, the surface area and surface area/volume ratio of the dosage
form (Goyanes et al., 2015), the presence of disintegrants (Funk et al.,
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2022) or pore formers (dos Santos et al., 2021b), the infill rate (Fanous
et al., 2021) and the drug properties (Sadia et al., 2016), among others.

Therefore, the design and development of 3D printed dosage forms
with a customised release profile requires a rational rating of the
physicochemical characteristics of the drug, including its solubility
behaviour, as well as the properties of the polymers, which are key
factors in achieving the desired release pattern. The thermal stability of
the drug during both hot-melt extrusion and the printing process is also
an important parameter to take into account when developing 3D
printed forms by a FDM process, as the drug can degrade above a
particular temperature, losing its effects or even producing toxic
degradation products (Kollamaram et al., 2018).

Dexamethasone (DEX) (Fig. 1A) is a glucocorticoid of synthetic
origin derived from cortisol, well-known as a potent anti-inflammatory
(Soumya and Joe, 2021) and practically insoluble in water (1 mg mL™ D
(Drugbank, 2022). It is clinically used as an anti-inflammatory and
immunosuppressive agent in the treatment of different chronic diseases,
including rheumatoid arthritis, asthma, inflammatory bowel disease
(Giron et al., 2019; Mei et al., 2019) and cancer (Pundole and Suarez-
Almazor, 2020). It has also been used to prevent some adverse effects
in the treatments of cancer (Bashir and Acosta, 2020). More recently, its
use in reducing symptoms related to COVID-19 has also been explored
(Horby et al., 2020). DEX can be found in the market in the form of a
tablet, cream, elixir, injectable solution and ophthalmic suspension, in
its free acid (DEX), acetate ester (DEX-A) (Fig. 1B) or sodium phosphate
salt (DEX-P) (Fig. 1C). DEX-A is the highest hydrophobic DEX form
(water solubility: 0.1 mg mL 1), while DEX-P is the highest hydrophilic
DEX form (water solubility: 500 mg mL’l) (Einmabhl et al., 1999). All
these DEX forms (DEX, DEX-A and DEX-P) have high melting points and
are stable at high temperatures, which make them eligible drugs for the
development of 3D printed dosage forms by FDM.

In a previous study, we reported the development of controlled
release FDM 3D printed solid forms containing DEX, which was sug-
gested as a suitable platform to design intratumoural implants (dos
Santos et al., 2021b). Poly-€ -caprolactone (PCL) was explored as the
main polymer due to its non-swellable characteristics and recognised
biocompatibility (Ataie et al., 2022; Dominguez-Robles et al., 2021). In
that study, we showed that the use of mannitol in the formulation of the
solid forms, as a pore former, and changing their infill rate was a
promising tool to tailor the drug release rate from the 3D printed forms.
However, some questions remain open: how could the solubility of the
drug influence the release rate from these 3D printed forms? Would it be
possible to customise the drug dose, adjusting their size, without
changing the drug release profile?

Therefore, the objective of this study was to evaluate the influence of
the drug solubility and the size of the dosage form on the drug release
profiles of FDM 3D printed solid forms composed of a biocompatible
hydrophobic matrix (PCL). DEX was the drug rationally chosen to
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answer our questions, since it is available in three different forms (as the
free acid form, acetate ester and sodium salt) that have different solu-
bilities (DEX-A < DEX < DEX-P), which helps in understanding the in-
fluence of the drug solubility on the release pattern without changing
the main skeleton of its chemical structure.

2. Material and methods
2.1. Material

Dexamethasone, dexamethasone phosphate, mannitol and micro-
crystalline cellulose (Avicel pH 301) were acquired from Valdequimica
(Sao Paulo, Brazil). Dexamethasone acetate was purchased from Fagron
(Sao Paulo, Brazil). Powder PCL, MW 50,000 Da (Capa™ 6506), was
donated by Perstorp (Cheshire, UK). Triethyl citrate (TEC), PEG 6000
and HPLC-grade acetonitrile were purchased from Merck (Darmstadt,
Germany). All other chemicals and solvents were of analytical grade and
were used as received.

2.2. Preparation of drug-loaded filaments

Drug-loaded filaments containing DEX, DEX-A and DEX-P were
prepared independently by HME, with the help of a Filmaq 3D extruder
(Curitiba, Brazil). The composition of filaments was based on our pre-
vious study (dos Santos et al., 2021b), using 5% (w/w) DEX, 64% PCL,
10% mannitol, 5% microcrystalline cellulose, 6% TEC and 10% PEG
6000. All components were first mixed with the help of a mortar and
pestle for 5 min and were then transferred to the extruder. Filaments
containing the different DEX forms were extruded at the same temper-
ature (90 °C) and were prepared with a diameter of 1.75 mm + 0.05
mm, which was measured, in process, using a digital calliper (Digimess,
Sao Paulo, Brazil).

2.3. Mechanical properties of filaments

The tensile strength of the extruded filaments (n = 6) was measured
using a TA.XT plus Texture Analyser (Stable Micro Systems, Godalming,
UK) equipped with a 50 kg load cell and tensile grips (A\TG). Filaments
were cut into 50 mm segments and placed vertically in the screw, with a
gauge length of 30 mm. Afterwards, each filament was stretched at an
elongation speed of 0.8 mm/s until it was broken. Exponent software
(Stable Micro Systems, Godalming, UK) was used to record the stress and
strain values and to calculate the following parameters: tensile strength,
Young’s Modulus and elongation at break.

2.4. Water contact angle analysis

An optical contact angle (OCA 15LJ, Dataphysics, Filderstadt,
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Fig. 1. Chemical structure of different dexamethasone forms: (A) dexamethasone free acid (DEX); (B) dexamethasone acetate (DEX-A); and (C) dexamethasone

phosphate (DEX-P).
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Germany) was used to investigate the surface wettability of the extruded
filaments. Filaments were melted at approximately 80 °C and pressed to
obtain a thin film. The films obtained from the extruded filaments, films
prepared from PCL raw material, and films prepared from a blend of PCL
and mannitol were tested (n = 3) by applying a 5 pL droplet of deionised
water onto their surface. The images of the contact of the drop with the
films were recorded and analysed using SCA20 software (V. 5.0.37 build
5037, Dataphysics, Filderstadt, Germany).

2.5. Preparation of 3D printed formulations

Solid dosage forms were 3D printed by FDM using the previously
extruded filaments (MakerBot Replicator 2x FDM 3D printer, MakerBot
Inc., USA) and the following parameters: speed while extruding (90
mm/s), speed while travelling (150 mm/s), number of shells (2), layer
thickness (0.20 mm) and an infill rate of 50%. MakerBot Desktop soft-
ware was used to design the shape of the formulations. They were
printed in a cylindrical shape, in two different sizes: (1) 10 mm diameter
and 3.6 mm height — named printlets (PRT); and (2) 5 mm diameter and
1.8 mm height — named mini-printlets (MPRT). Therefore, six (6)
different formulations were prepared. Table 1 shows the details of the
different formulations, as well as their printing temperatures.

2.6. Drug content and drug loading

The drug content and drug loading of the filaments, PRT and MPRT
were assayed by liquid chromatography (Shimadzu System, Japan) ac-
cording to a method previously reported (Beber et al., 2016). The assay
of the different DEX forms (DEX, DEX-A and DEX-P) was performed
using a RP-C18-column (250 x 4.6 mm; 5 pm; Phenomenex Gemini,
Torrance, CA, USA). The mobile phase to assay DEX and DEX-A was
composed of a mixture of acetonitrile and water (50:50 v/v), and the
mobile phase to assay DEX-P was composed of a mixture of acetonitrile
and phosphate buffer pH 3 (35:65 v/v). Regardless of the DEX form, a
flow rate of 1 mL min~! and detection at 240 nm were used. The
methods were precise, accurate, and linear in the range of 2.5-50 pg
mL~. The drug content was calculated as the amount of drug per tablet
(mg/unit), and the drug loading was calculated as the ratio between the
amount of drug and the weight of the final solid form (%).

2.7. Mean weight, diameter and height

The weight of the solid forms (n = 10) was measured with an
analytical balance (Shimadzu, Japan) and their mean weight calculated.
Their diameter and height (n = 10) were also measured with a digital
calliper (Digimess Sao Paulo, Brazil).

2.8. Thermal analysis

All 3D printed solid forms and the PCL, DEX, DEX-A and DEX-P raw
materials had their thermal behaviour measured by differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA). DSC
analyses were performed using a Shimadzu DSC-60 (Kyoto, Japan). A 5
mg sample was weighed in an aluminium pan. A heating rate of 10 °C

Table 1

Printlets (PRT) and mini-printlets (MPRT) prepared with 5% of different dexa-
methasone forms: dexamethasone free acid (DEX), dexamethasone acetate
(DEX-A) and dexamethasone sodium phosphate (DEX-P).

Formulation DEX form Size (d x h, mm) Printing temperature (°C)
PRT-DEX DEX 10 x 3.6 105

MPRT-DEX DEX 5x1.8 105

PRT-DEX-A DEX-A 10 x 3.6 85

MPRT-DEX-A DEX-A 5x1.8 85

PRT-DEX-P DEX-P 10 x 3.6 110

MPRT-DEX-P DEX-P 5x1.8 110
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min~! was set for the DSC analysis, using nitrogen as the purge gas (50
mL min~1). The data were analysed by the Lab Solution TA 60 software
(Shimadzu, Kyoto, Japan).

TGA analyses were performed using a thermoanalyser (Shimadzu,
TGA-50, Kyoto, Japan), placing the sample in a platinum pan and
heating it to 900 °C at a rate of 20 °C min ™}, with a nitrogen flow of 50

mL min~ L.

2.9. X-ray powder diffraction (XRPD)

All printed solid forms and the PCL, DEX, DEX-A and DEX-P raw
materials had their X-ray powder diffraction (XRPD) behaviour analysed
by a Rigaku diffractometer (Tokyo Japan), using Cu Ka (A = 0.154056
nm) as the radiation source, 40 kV voltage, 17 mA current, and a step of
0.05 in the range of 3-60 (20).

2.10. Raman spectroscopy

Raman measurements of the 3D printed formulations were per-
formed with a 785 nm laser in a Senterra micro-Raman spectrometer
(Bruker, Ettlingen, Germany). The whole top surface of each PRT
formulation was analysed using a scan area of 25 x 25 measuring points,
totalling 625 analysed points. The laser was operated at 100 mW with 5
coadditions per 5 s, with 3-5 cm ™! resolution. A Raman spectrum was
recorded at each measurement point, and the peak height was used to
integrate the results according to the chemical composition of the 3D
printed formulation. The DEX (1640 c¢m 1) and mannitol (876 cm™ 1)
peaks were quantified (OPUS Spectroscopy Software; Billerica, USA)
and used in heat colour mapping, where the high-intensity compounds
are shown in orange/red, while low-intensity regions are observed in
purple/blue. The reference Raman spectrum of the pure crystalline
components was also determined.

2.11. In vitro drug release studies

The drug release profiles of the 3D printed solid forms (PRT and
MPRT) were evaluated using a USP-I apparatus (model 299 dissolutor,
Nova Etica, Sdo Paulo, Brazil). In order to maintain sink conditions and
the same proportion of drug/release medium in the release studies, 580
mL or 100 mL of release medium were used for PRT and MPRT,
respectively. The study was carried out for 10 h (n = 3) and comprised
two stages: the dosage forms remained in hydrochloric acid 0.1 mol L™
for 2 h, followed by 8 h in phosphate buffer pH 6.8. At predetermined
times, a 5 mL aliquot was collected and replaced with fresh media. The
withdrawn samples were filtered and analysed by liquid chromatog-
raphy, according to the method described in Section 2.6. To calculate the
mass loss during the experiment (erosion index), the PRT and MPRT
were weighed before and after the release study. After removing them
from the release basket, the solid forms were carefully dried with tissue
paper and maintained in a desiccator until constant weight.

2.12. X-ray micro computed tomography

The porosity of the 3D printed dosage forms was assessed by X-ray
microtomography (XpCT) (SMX-90 CT; Shimadzu Corp., Kyoto, Japan).
Images were taken using 40 kV and 60 mA, with 360° rotation and 1024
x 1024 resolution. Images were reconstructed using the InspeXio SMX-
90CT software program (Shimadzu Corp., Kyoto, Japan) and the
porosity measurements were carried out with the VGSTUDIOMAX 3.5
software (Volume Graphics GmbH, Heidelberg, Germany) after applying
a Gaussian filter and surface determination using a standardised
threshold. After segmentation, the percentage of volume occupied by
the 3D printed structure and the total volume, including the empty
spaces, was calculated. The porosity (%) was calculated based on the
percentage of empty volume in the 3D printed formulation.
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2.13. Statistical analysis

Statistical analysis was carried using Student’s t-test or one-way
ANOVA followed by post hoc Tukey’s test at a significance level of 5%
(GraphPad Prism software, version 5.00.288, GraphPad Software, Inc.,
USA).

3. Results and discussion
3.1. Hot-melt extruded filaments

Three different filaments containing different DEX forms were suc-
cessfully extruded at the same temperature (90 °C), independent of the
solubility of the drug form (DEX, DEX-A or DEX-P). They were white and
malleable, with a diameter of 1.75 mm + 0.05 mm. Their drug loadings
were close to the designed values: 5.39% + 0.04% (DEX), 4.92% =+
0.04% (DEX-A) and 5.23% + 0.10% (DEX-P), showing that there was a
good mixture of the components, before and during the extrusion pro-
cess, as well as demonstrating that no degradation of DEX occurred
during the thermal process. This behaviour is in agreement with our
previous study reporting the preparation of PCL filaments containing
DEX at different drug loading percentages, with or without mannitol
(dos Santos et al., 2021b).

However, besides these physicochemical properties, the mechanical
properties of the filaments are also decisive in determining whether they
are printable or not (Deon et al., 2022). In this sense, we evaluated the
mechanical properties of the three different extruded filaments to
evaluate whether the DEX form had any impact on them. These data are
shown in Table 2. Tensile strength represents the maximum stress that
the material supports before breaking and is an important measurement
to predict whether the filament could deform or break during handling
(Feuerbach et al., 2019). The stiffness of the filament was represented by
the Young’s Modulus, whereas the elongation at break can give a notion
of the flexibility of the material (Prasad et al., 2019). Filaments that are
too brittle can break during the feeding process and are considered, in
most cases, to be unfeedable or unprintable. Regardless of the parameter
evaluated, the solubility of the dexamethasone (DEX form) did not show
any effect on the mechanical behaviour of the filaments, which cor-
roborates with the experimental observation, where all filaments had a
similar behaviour during the printing process. In addition, these range of
values are in agreement with those data reported for filaments composed
of ethyl cellulose and different release modifiers, like poly(vinyl
alcohol), Soluplus®, PEG 6000, Eudragit® RL PO/RS PO, hydroxypropyl
methylcellulose and Kollidon® vinyl acetate 64 (Shi et al., 2021).

3.2. 3D printed solid forms

After characterisation of the filaments, the 3D printing of the pro-
posed formulations was performed. Both designed sizes (PRT or MPRT)
were successfully printed, regardless of the drug composition (Fig. 2).
The solubility of the drug (DEX, DEX-A, DEX-P) did not affect the
printability of the filaments, corroborating the data about the mechan-
ical properties of the filaments, as previously discussed. Solid forms

Table 2

Mechanical properties (n = 6) of extruded filaments containing different DEX
forms: dexamethasone free acid (DEX), dexamethasone acetate (DEX-A) and
dexamethasone sodium phosphate (DEX-P). Results are expressed as mean + SD.

Tensile strength Young’s Modulus Elongation at break

(MPa) (MPa) (%)
DEX 9.10 + 0.53* 1.19 + 0.07° 7.35 + 2.60%
DEX- 10.16 + 1.09% 1.01 + 0.12° 9.43 + 3.04"
A
DEX-P  9.88 + 1.06° 1.09 + 0.12*° 8.75 + 2.06"

Means followed by the same letter, in the same column, are not statistically
different (ANOVA, Tukey’s test, p < 0.05).
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Fig. 2. 3D printed solid forms in two sizes: 10 x 3.6 mm — printlet (PRT); and 5
mm X 1.8 mm - mini-printlet (MPRT).

containing DEX, DEX-A and DEX-P were printed at a temperature of
105 °C, 85 °C and 110 °C, respectively. A hypothesis for the small dif-
ferences between the 3D printing temperatures, especially for filaments
containing DEX-A, could be the favourable hydrophobic-hydrophobic
interactions between the drug and the PCL matrix, affording a better
dispersion of the drug in the polymeric matrix.

The physicochemical characteristics of the 3D printed forms are
summarised in Table 3. The mean weight was about 0.2 g and 0.03 g for
PRT and MPRT, respectively, with low intra-batch variation (USP 41,
2018). The diameter and height values of the MPRT were half of those
found for the PRT, which agrees with that previously set by the software.
In addition, this result reinforces one of the main features attributed to
3D printing: precision in customisation. Again, the solubility of the
different DEX forms had no influence on the physical characteristics of
the 3D printed formulations.

However, the solid forms printed with different sizes (PRT and
MPRT) made it possible to adjust the drug content per unit, corrobo-
rating the feasibility of customising the drug content of pharmaceuticals.
The dose customisation of pharmaceutical dosage forms remains one of
the main advantages of the 3D printing process. In this sense, PRT were
obtained with a drug content of 10 mg/unit, whereas MPRT had a drug

Table 3

Physicochemical characteristics of the printlets (PRT) and mini-printlets (MPRT)
prepared with different DEX forms: dexamethasone free acid (DEX), dexa-
methasone acetate (DEX-A) and dexamethasone sodium phosphate (DEX-P).
Results are expressed as mean + SD.

Formulation ~ Mean Diameter Height Drug Drug
weight (mm) (mm) content loading
@ (mg/unit) (%)
PRT-DEX 0.218 + 8.96 + 4.07 + 10.87 = 5.40 =
0.014 0.20 0.04 0.26 0.21
MPRT-DEX 0.035 + 4.40 + 235+ 1.90 + 0.09 5.22 +
0.002 0.23 0.04 0.06
PRT-DEX-A 0.207 + 8.60 &+ 4.20 = 9.71 +£0.35 4.87 +
0.011 0.22 0.05 0.03
MPRT-DEX- 0.034 + 4.28 + 241 + 1.66 +£0.14 4.96 +
A 0.002 0.12 0.02 0.26
PRT-DEX-P 0.206 + 8.66 + 3.99 + 10.83 + 511 +
0.015 0.21 0.05 0.15 0.26
MPRT-DEX- 0.032 £ 4.28 + 2.29 + 1.83 £0.17 5.34 +
P 0.003 0.13 0.05 0.10
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content of about 1.9 mg/unit, regardless of the DEX form. On the other
hand, all formulations had similar drug loading (about 5%), indepen-
dent of the size of the dosage form. These results were in agreement with
those previously discussed for the filaments, showing that no degrada-
tion occurs during the printing process, which was further investigated
by thermal analysis.

Thermal analyses were carried out to evaluate the thermal stability,
melting behaviour and crystallinity of DEX in its different forms. The
data are shown in Fig. 3. All DEX forms showed thermal stability at the
temperature used for the hot-melt extrusion and 3D printing, as shown
by the TGA analysis (Fig. 3A, D and G). Around the temperature used in
the hot-melt extrusion and 3D printing processes, DEX and DEX-A
showed no decrease in the mass, while a slight decrease in the mass in
the thermogram of DEX-P was evidenced (Fig. 3G), at around 50 °C,
which can be attributed to the loss of water from the sample. The same
behaviour was described by Pérez-Gonzalez et al. (2021) for DEX-P,
where a mucoadhesive system were produced with DEX-P and poly-
vinylpyrrolidone. Furthermore, DSC analysis confirmed the melting
point of the three DEX forms, as reported in the literature (DEX: 260 °C;
DEX-A: 215 °C; and DEX-P: 220 °C), as well as the melting point of PCL
and mannitol (60 °C and 165 °C, respectively) (Fig. 3B, E and H). The
exothermic event observed in the melting point range of DEX-P might be
related to a possible recrystallization of the drug during the heating
process considering that TGA analysis (Fig. 3G) did not show any drug
degradation at this temperature. This hypothesis should be further
investigated in future studies. Moreover, the DSC thermogram of DEX-P
showed an endothermic event below 100 °C indicating a loss of water,
corroborating the TGA data. In addition, the TGA and DSC analyses
confirmed the thermal stability of all DEX forms at the temperature used
in both manufacturing processes (HME and 3D printing), as previously
suggested by the data from the drug content assay by HPLC. In addition,
the DSC thermograms of the 3D printed forms showed a small
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endothermic peak for DEX and no endothermic peak in the melting point
range of DEX-A and DEX-P, suggesting an amorphisation of the drugs
during the printing process.

To confirm the results obtained by DSC, the crystalline pattern of the
drugs was further evaluated after the printing process by XRPD analysis.
Fig. 3C, F and I show the main peaks attributed to the PCL, DEX, DEX-A
and DEX-P (Ajaz et al., 2022; Oshiro et al., 2021), showing that the
crystalline pattern of the three DEX forms and PCL remain present, even
after thermal processing by hot-melting or 3D printing. In some cases,
the heating of the FDM 3D printing process is able to amorphise the drug
by its total or partial solubilisation in the polymeric matrix. This event
happened when griseofulvin (melting point 220 °C) was used to produce
tablets by FDM using hydroxypropyl cellulose as the main polymer at
temperatures ranging between 210 °C and 240 °C (Buyukgoz et al.,
2021). However, in our study, the printing temperature was set below
the melting point of all DEX forms, which could explain why the drug
was still present in crystalline form in the printed dosage forms. In
addition, the drug solubilisation in the polymeric matrix during the
heating process in the DSC analyses can explain the difference between
the results found by DSC and XRPD analyses (Dedroog et al., 2020).

In order to evaluate the surface distribution of the raw materials and
the drug in the 3D printed dosage forms, Raman microscopy analysis
were carried out. As the composition of the filaments and the printing
parameters were the same, only the PRT were submitted for this eval-
uation. Most of the peaks detectable in the Raman spectra of the 3D
printed forms were related to PCL, explained by its highest percentage
(64%) in their composition. A strong carbonyl stretching mode at
around 1721 cm ! was observed for all formulations, denoting the PCL
crystalline fraction (Fig. S1). However, the spectra mapping of the DEX
forms (DEX, DEX-A, and DEX-P) and mannitol could also be identified
on the surface of all PRT formulations (Fig. 4). Raman spectra mappings
were constructed based on the peaks related to the chemical spectra of
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each component (Fig. $1). DEX has peaks at 1660 cm ™! and 1772 cm™!
(C=O0 stretch) (Gupta et al., 2021), which are shared by the three DEX
forms. Mannitol was identified by an absorption band at 876 cm™!
(Preskar et al., 2021). The shape of this band is sometimes used by some
researchers to differentiate between the three polymorphic forms: alpha
(o), beta (B) and delta (3), which can be single, split or slightly shifted,
respectively (Burger et al., 2000). Unfortunately, due to the low content
of mannitol in the formulations (10%), it was not possible to make this
differentiation. However, the conversion of mannitol in polymorphic
forms due to the heating process was previously described during the 3D
printing of solid forms produced with Eudragit RL (Beck et al., 2017).
Regardless of this limitation in discriminating the polymorphic forms of
the mannitol, the spectra of the surface of the 3D printed solid forms
confirmed the homogeneous incorporation of the drugs in the
formulations.

Until now, there has not been any evidence of any significant influ-
ence of the solubility of the drug (DEX, DEX-A or DEX-P) on the physi-
cochemical properties of the 3D printed dosage forms, whereas reducing
their size enabled the drug content per unit to be decrease. Therefore,
the data discussed so far suggest that it is technically possible to adjust
the size of the dosage forms to reach a specific drug content. However,
considering the development of a controlled release system, adjusting
the size of the pharmaceutical form to customise the dose would only be
possible if it was not accompanied by a significant change in the drug
release profile. Thus, in vitro drug release studies were carried out to
evaluate the ability of our formulation to keep the same drug release
profiles when adjusting the size of the printlets. In addition, the influ-
ence of the drug solubility (DEX, DEX-A and DEX-P) on these matrix
printlets release profiles was also evaluated. Fig. 5 shows the release
profiles of each DEX form from both dosage form sizes (PRT and MPRT).
Solid forms containing DEX-P, the most water-soluble DEX form, showed
the highest drug release after 10 h (~50%) from both dosage sizes,
whereas the forms containing DEX and DEX-A released about 9% of drug
from PRT and MPRT during the same period.

Fig. 5 shows almost perfect overlapping of the release profiles from
PRT and MPRT, regardless of the DEX form, which is highly important in
the context of our study. However, a slightly difference in drug release
after 10 h was observed between PRT-DEX and MPRT-DEX. These data
mean that the size (and consequently the surface area/volume ratio,
whose calculated values were 0.96 mm ™! and 1.91 mm ™ for PRT and
MPRT, respectively) of the solid form did not influence their controlled
drug release profiles, regardless of the DEX form. These data are
particularly interesting as previous studies have related the influence of
the surface area/volume ratio on the drug release from 3D solid forms
printed with different sizes and geometries (Goyanes et al., 2015;

60+
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Fig. 5. In vitro drug release profiles from formulations prepared with different
sizes (printlets — PRT and mini-printlets — MPRT) and DEX form (dexametha-
sone free acid — DEX; dexamethasone acetate — DEX-A; and dexamethasone
sodium phosphate — DEX-P). Data are expressed as the mean + standard de-
viation and were analysed by two-way ANOVA followed by post hoc Bonferroni
test. ** significant at p < 0.01 for the same DEX form and time.
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Windolf et al., 2021), which may affect dose customisation based on
tailoring the size of the dosage form. This difference in outcome from
our proposed formulation can be explained by the use of an inert
polymer as the main printlet matrix. In addition, at the end of our release
study experiments, the solid dosage forms remained intact, which allows
us to suggest that the main process governing the drug release from
these 3D printed forms is drug diffusion, where the medium is able to
access the inner structure of the dosage form and drug diffusion occurs
via channels (Funk et al., 2022). In matrix tablets, it is quite impossible
(and challenging) to obtain the same release behaviour for tablets with
different sizes, once dissolution starts in these systems without tablet
disintegration, and the surface area/volume ratio is a key-factor gov-
erning the process (Berardi et al., 2021). However, we were able to
produce formulations with different drug doses here, printing them with
different sizes, without changing their release rate pattern, thus over-
coming an important challenge in the development of matrix tablets.
This feature could be attained by preparing PRT and MPRT composed of
an inert and biodegradable matrix, using drugs with different solubilities
and an infill rate of 50%, which allowed the release medium to access
the inner structure of the PRT and MPRT, probably overcoming the ef-
fect of the surface area/volume ratio.

To evaluate the effect of the erosion processes on the drug release,
the erosion index of the formulations was calculated by weighing the
solid forms before and after the drug release study. The PRT showed
similar erosion indexes: 13.9 + 1.3%, 12.8 4+ 1.6% and 10.3 4 0.2% for
the formulations PRT-DEX-P, PRT-DEX and PRT-DEX-A, respectively (p
> 0.05). The MPRT also showed similar erosion indexes: 14.1 &+ 3.2%,
10.8 + 1.0% and 11.5 + 1.0% for MPRT-DEX-P, MPRT-DEX and DEX-A,
respectively (p > 0.05). A tendency to reach a higher erosion index was
observed for the solid forms containing the most water-soluble DEX form
(DEX-P), regardless of the dosage size (PRT or MPRT). However, it was
not possible to prove a significant mass loss dependent on the DEX form,
probably because mannitol, the hydrophilic component present at a
higher percentage in these formulations (10% w/w), is mainly respon-
sible for the mass loss.

Nevertheless, to further understand the behaviour of the matrix
structure of the printlets, their inner structure and their porosity before
and after the drug release studies were evaluated by XpCT analysis
(Fig. 6). The acquired images of the PRT before the release studies show
the layer-by-layer deposition of the material to form the final solid form,
and their inner spaces correspond to a 50% infill. These images confirm
the accuracy of the printing process, which means that the 3D printed
forms match the form designed by the software. On the other hand, the
acquired images of the PRT after the release studies do not show evident
traces of erosion or increased porosity, as the main structure remained
intact, as observed experimentally during the release studies and
corroborating the calculated erosion index, as discussed above.

However, Table 4 shows the porosity data calculated from the XpCT
images of the PRT before and after the release studies, where the same
differences can be observed. Printlets containing DEX-P showed a clear
increase in their porosity (~ 18%), whereas those prepared with the
other DEX forms only showed a slight tendency to increase. This result
agrees with the drug release data, which showed a higher drug release
from the 3D printed solid forms containing DEX-P (the most hydrophilic
DEX form used in this study). This finding reinforces our hypothesis
about the entrance of the release medium into the inner structure of the
50% filled dosage forms, followed by drug diffusion as the main pro-
cesses governing the release from the PRT and MPRT composed of PCL.

In our previous study, we explained the main effect of mannitol on
the drug release rate from PCL 3D printed solid forms as a pore former
(dos Santos et al., 2021b). However, the porosity data obtained in this
present study do not support this previous hypothesis, probably because
of the high hydrophobic property of the main polymeric material (PCL)
and the low percentage of mannitol in the formulation (10% w/w).
Therefore, we raise here the hypothesis that mannitol could also be
acting by changing the hydrophobic properties of the printlet matrix.
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Before

Fig. 6. Visualisation of X-ray micro computed tomography (XpCT) data for the
top view of PRT before and after the dissolution studies.

Table 4
Porosity of the printlets (PRT) prepared with different DEX forms. Porosity was
calculated from the XuCT images before and after the drug release studies.

Porosity (%)

Before After
PRT-DEX 57.63 58.53
PRT-DEX-A 59.62 62.02
PRT-DEX-P 41.26 59.73

This hypothesis was tested by evaluating the wettability of the 3D
printed formulations. The wettability of a formulation is closely related
to its hydrophobicity (Fan et al., 2021) and can impact the drug release.
As a general rule, systems can be classified as hydrophilic when the
measured contact angle is <90°, or hydrophobic when the contact angle
is >90° (Simpson et al., 2015). Our formulations had contact angles
between 50° and 90°, with slight variations depending on the solubility
of the DEX form (DEX formulation: 69.6°; DEX-A formulation: 58.7°; and
DEX-P formulation: 69.2°) (Fig. S2). From these data, they can be
considered partially wettable, and the DEX solubility had no influence
on their wettability, probably because the amount of drug (5% w/w)
was not able to affect the water surface contact. However, the wetta-
bility analysis of films prepared with PCL only or with a blend or PCL
and mannitol (1:10 w/w) afforded a surface contact angle of 92.2° (not
wettable) and 72.4° (partially wettable), respectively. These data reflect
a significant influence of mannitol on the wettability of the PCL matrix,
and therefore confirm its ability to improve the PCL wettability, as
hypothesised above. The correlation between the addition of a compo-
nent that has affinity with water and the improvement of wettability was
previously described when increased amounts of polyethylene glycol (4,
6 and 8% w/w) were added to DEX-polylactic acid scaffolds (Li et al.,
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2018).

In summary, our data showed that the presence of mannitol can
improve the release rate of 3D printed solid forms, as a wetting agent
along with its action as a pore former. In this sense, we are designing
future studies to evaluate the use of a polymeric blend of PCL and a less
hydrophobic polymer as an approach to increase the in vitro drug release
rate in the first 10 h, which would fit better to the optimal release
pattern from an oral dosage form.

4. Conclusion

In this study, we have shown the ability to customise the drug dose
by FDM 3D printing using a hydrophobic matrix composed of PCL, as the
biocompatible polymer. The versatility of the proposed formulation was
supported by using active pharmaceutical ingredients with different
aqueous solubilities (DEX-P > DEX > DEX-A). The solubility of the
dexamethasone form had an important effect on the drug release rate,
where the dosage forms produced with the phosphate sodium salt,
which is the most hydrophilic form, afforded a faster release than those
containing its free acid or acetate ester form. Moreover, beyond
providing dose customisation, adjusting the size of the printed solid
form (and consequently the surface area/volume ratio) did not change
the controlled drug release pattern, indicating an interesting horizon for
the production of 3D printed matrix solid forms with customisable drug
content, which cannot generally be achieved by traditional methods of
tablets production. Expanding the range of this proof-of-concept study,
the approach proposed here can be applied in the development of solid
dosage forms such as oral printlets and implants.
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