International Journal of Pharmaceutics 626 (2022) 122135

Contents lists available at ScienceDirect

INTERNATIONAL JOURNAL OF

International Journal of Pharmaceutics

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/ijpharm

Check for

Personalised paediatric chewable Ibuprofen tablets fabricated using 3D it
micro-extrusion printing technology

Atabak Ghanizadeh Tabriz *¢, Uttom Nandi ¢, Nicolaos Scoutaris *¢, Karifa Sanfo ?,

b +b . b, * . :ad,C1,%
Bruce Alexander ?, Yuchuan Gong ", Ho-Wah Hui °, Sumit Kumar ™ , Dennis Douroumis *“
& Faculty of Engineering and Science, School of Science, University of Greenwich, Chatham Maritime, Chatham, Kent ME4 4TB, UK
b Drug Product Development, Bristol Myers Squibb (formerly Celgene Corporation), 556 Morris Avenue, Summit, NJ 07901, USA
¢ CIPER Centre for Innovation and Process Engineering Research, Kent ME4 4TB, UK

ARTICLE INFO ABSTRACT

Keywords: Three-dimensional (3D) printing is becoming an attractive technology for the design and development of

3D Prim%ﬂg personalized paediatric dosage forms with improved palatability. In this work micro-extrusion based printing

Eer?nal}zed was implemented for the fabrication of chewable paediatric ibuprofen (IBU) tablets by assessing a range of front
aediatric

runner polymers in taste masking. Due to the drug-polymer miscibility and the IBU plasticization effect, micro-
extrusion was proved to be an ideal technology for processing the drug/polymer powder blends for the printing
of paediatric dosage forms. The printed tablets presented high printing quality with reproducible layer thickness
and a smooth surface. Due to the drug-polymer interactions induced during printing processing, IBU was found to
form a glass solution confirmed by differential calorimetry (DSC) while H-bonding interactions were identified
by confocal Raman mapping. IBU was also found to be uniformly distributed within the polymer matrices at
molecular level. The tablet palatability was assessed by panellists and revealed excellent taste masking of the
IBU’s bitter taste. Overall micro-extrusion demonstrated promising processing capabilities of powder blends for
rapid printing and development of personalised dosage forms.

Micro-extrusion
Taste masking
Raman mapping

1. Introduction forms in particular for personalised medicine.

A distinctive advantage of FDM technology in comparison with other

Three-dimensional (3D) printing, as an evolving technology, has
attracted a great deal of attention in various medical fields, particularly
in drug delivery, such as fabrication of solid dosages forms (Scoutaris
et al., 2018), films (Hafezi et al., 2019), and microneedles (Pere et al.,
2018). Within the past decade, a significant number of published
research have exploited 3D additive applications for the design and
printing of novel drug delivery systems (Goyanes et al., 2015b; Scoutaris
et al., 2016; Trenfield et al., 2018; Zhu et al., 2020). These studies have
shown that the drug release can be tailored to each specific patient’s
need by adjusting the tablet design and the selection of compatible
pharma grade polymers for 3D printing.

The most widely used 3D printing technologies include fused depo-
sition modelling (FDM), selective laser sintering (SLS), stereo-
lithography, and inkjet printing. Most of the 3D printing technologies
are compatible with pharma grade polymers which makes 3D printing
an attractive and alternative approach for the fabrication of solid dosage

* Corresponding authors.

3D printing technologies is it’s compatibility of majority of pharma
grade polymers such as hydroxypropyl methylcellulose (HPMC) (Kadry
et al., 2018), hydroxypropyl methylcellulose acetate succinate (Goyanes
et al., 2017), Ethyl cellulous (Yang et al., 2018) and Hydroxypropyl
cellulose (Chai et al., 2017). FDM has been proved to be a versatile 3D
printing technology in fabricating personalised medicines. Using the
technology, tablets were printed with unique designs that resulted in
modified drug release profiles (Goyanes et al., 2015a; Jamroz et al.,
2018). Polypills (Pereira et al., 2019) and bilayer solid dosage forms
(Ghanizadeh Tabriz et al., 2020; Gioumouxouzis et al., 2018) were also
printed using FDM to improve patient’s compliance (Castellano et al.,
2014).

SLS has also seen its application in fabrication of solid dosage forms.
Fina et. al. studied the printability of several pharmaceutical grade
polymers such as Eudragit, polyethylene oxide and ethyl cellulose using
SLS technology (Fina et al., 2018, 2017). Wang et al. (2016) investigated
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Fig. 1. Schematic drawing of micro-extrusion printhead for tablet printing.

the suitability of SLS technology in fabricating PEGDA/paracetamol
tablets. Martinez et al. (2018) showed SLS may be used to fabricate drug
loaded tablets with modified release by altering the tablet geometry.

Inkjet printing has also shown its potential for the fabrication of solid
dosage forms despite there is limited choice of compatible polymers. A
study by Kyobula et al. (2017) showed inkjet printing may be used for
fabrication of tablets using an FDA approved beeswax. It was observed
that drug release can be tailored based on the design of the 3D printed
tablets.

All the above-mentioned 3D printing technologies require powders
to be pre-processed before 3D printed into tablets, which may limit the
choice of pharma grade polymers. FDM printing technology exclusively
uses hot melt extrusion as the pre-process to generate drug loaded fila-
ments. Rheological behaviour (Elbadawi et al., 2020) and mechanical
properties (Nasereddin et al., 2018; Oblom et al., 2019; Xu et al., 2020;
Zhang et al., 2017) of certain materials may limit their application in 3D
printing using FDM technology. SLA technology requires developing
drug loaded photocurable resins, which also limits of the choices of
pharma grade polymers that can be used. In addition, SLS technology
provides less control over the tablet design in comparison to FDM, which
may limit its applications in drug delivery systems. Inkjet printing re-
quires materials with low viscosity, which makes it less applicable in
fabricating solid dosage forms containing pharma grade polymers.
Nevertheless, a direct powder extrusion technology has been reported
by other researchers to overcome pitfalls of existing 3D printing tech-
nologies (Boniatti et al., 2021; Goyanes et al., 2019). In this approach,
pellets or milled extrudates can be processed with a with a direct powder
extruder nozzle for the printing of the designed dosage forms. The
technology has found applications for the development of praziquantel
paediatric dosage forms and personalised dosage forms.

3D printing technologies have been implemented for the develop-
ment of paediatric dosage forms over the past five years (Januskaite
et al., 2020). The first study was conducted by Scoutaris et al. (2018) by
fabricating “candy-like” formulations imitating Starmix confectionaries.
The extruded filaments comprised of indomethacin and hypromellose
acetate succinate effectively masked the bitter taste of the drug. Rycerz
et al. (2019) used semi-solid gelatin-based inks to print LegoTM like
chewable tablets containing paracetamol and ibuprofen. Recently Wang
etal. (2020) 3D printed donut-shaped tablets containing caffeine citrate.
By adjusting the infill density, the authors prepared paediatric imme-
diate release dosage forms with efficient taste masking. Tagami et al.
(2021) prepared 3D printed gummy drug formulation comprising of
gelatin, HPMC, syrup, water, and lamotrigine that had 85% drug release
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within 15 min.

The aim of this study was to introduce a novel micro-extrusion 3D
printing approach that does not require pre-processing steps while still
allows control of drug release by tablet design. The technology was used
to develop personalised chewable paediatric tablets with good palat-
ability. The physiochemical properties of the 3D printed tablets were
also determined to evaluate the potential application of the technology
in developing personalised paediatric medication.

2. Materials and methods
2.1. Materials

Soluplus (SOL) and PVP VA-64 (VA64) were kindly donated by BASF
(BASF-Germany). Eudragit EPO (EPO) was kindly donated by Evonik
(Evonik-Germany). Ibuprofen (IBU) was purchased from IOL Chemicals
and Pharmaceuticals Ltd (Punjab, India).

2.2. Formulation preparation

PVP-VA64, EPO or Soluplus were blended with Ibuprofen at a ratio
of 60/40 (w/w) using a turbula shaker-mixer (Glen Mills T2F Shaker/
Mixer, USA) at 100 rpm for ten minutes. Tablets were prepared with
each blend using micro-extrusion technology.

2.3. Thermal gravimetric analysis (TGA)

TGA technique (TGA Q5000 Thermal instruments, USA) was utilised
to investigate the thermal stability of bulk polymers and Ibuprofen.
2-2.5 mg of polymer and drug samples were carefully weighed and
positioned in to a standard 40 uL aluminium pan. The samples were
heated from 25 °C to 500 °C at 10 °C/min. The extracted raw data were
analysed via TA Universal Analysis software (Universal Analysis 2000,
version 4.5A, TA instruments, USA).

2.4. Differential scanning calorimetry (DSC)

Differential ~ scanning calorimeter = (Mettler-Toledo  823e,
Switzerland) was utilised to investigate the thermal behaviour of bulk
materials and 3D printed tablets as well as for investigation of physical
state of the Ibuprofen within the 3D printed tablets. bulk materials and a
small portion of the 3D printed tablets were approximately weighed
between 2 and 2.5 mg and located into a 40 y L aluminium pan and
crimped promptly. The bulk polymer and 3D printed samples were
heated from 25 °C to 160 °C at a rate of 10 °C/min. Ibuprofen was heated
from 25 °C to 120 °C at a rate of 10 °C/min. The extracted DSC ther-
mograms of bulk materials and the 3D printed tablets were analysed
through STARe Excellence Thermal Analysis Software (Mettler Toledo,
Switzerland).

2.5. Design and 3D printing of Ibuprofen tablets

Two tablet designs were constructed to investigate the micro extru-
sion (printability) of various polymer/IBU formulations. The tablets
were designed via SolidWorks software (Dassault Systems, USA) and
converted into (stereolithography) stl files. Both tablets have the same
diameter of 12 mm but different heights, (i.e., 3 mm or 2.4 mm) and
were sliced with 40% and 60 % infill density, respectively. The infill
densities were designed in a manner to have a total weight of 250 mg
comprising 100 mg of ibuprofen. A Bio-X (Celink, Sweden) bioprinter
with a pneumatic thermoplastic printhead was used to 3D print the
tablets. Approximate 3 g of each blend were placed into a heat-able
metallic reservoir and the tablets were printed using a 0.4 mm nozzle,
0.4 mm layer height and 5 mm/s print speed.

The printing temperature for IBU/VA64, IBU/EPO and IBU/Soluplus
was set to 120 °C, 90 °C and 105 °C respectively. The respective
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Fig. 2. TGA graphs of the bulk EPO, Soluplus, VA64 and Ibuprofen.

pneumatic pressure used for the formulations was set at 120 kPa, 110
kPa and 90 kPa while the build plate temperature was maintained at
15 °C. As shown in Fig. 1, the schematic drawing of micro-extrusion
process of the tablets represents that a pressurised air pushes a
metallic plunger towards the physical blend within the reservoir by
coordinating the horizontal movement of the printhead and the vertical
movement of the printhead where tablet designs with different infill
densities were successfully fabricated.

2.6. Scanning electron microscopy (SEM)

Scanning electron microscopy (Hitachi SU8030, Japan) was utilised
to investigate the quality/layer height of the printed tablets via micro-
extrusion. Tablets were kept secured on an aluminium stub with a
conductive carbon adhesive tape (Agar Scientific, Stansted, UK). The
tablets were then examined via SEM and images were captured by an
electron beam accelerating voltage of 1KV and magnification of 30x.

2.7. X-Ray powder diffraction (XRPD)

The physical state of the plain polymers, Ibuprofen and the 3D
printed tablets (VA64/IBU, EPO/BU and Soluplus/IBU were investi-
gated via XRPD. XRPD data were collected using a D8 Advance X-ray
Diffractometer (Bruker AXS, Germany) equipped with a LynxEye silicon
strip position sensitive detector and parallel beam optics. The diffrac-
tometer was operated with transmission geometry using Cu Ko radiation
at 40 kV and 40 mA. The instrument was computer controlled using XRD
commander software (Version 2.6.1, Bruker AXS, Germany) and the
data was analysed using the EVA software (version 5.2.0.3, Bruker AXS,
Germany). Samples were placed between foils of 2.5 ym thick mylar for
measurement. Data was collected between 5 and 60° 20 with a step size
of 0.04° and a counting time of 0.2 s per step.

2.8. Invitro dissolution studies

In vitro dissolution studies were carried out to investigate the API
release in acidic and neutral media for the 3D printed ibuprofen tablets.
Drug release studies were carried out using a Varian 705 DS (USA)
dissolution bath, attached with a paddle apparatus. Experiments were
done at 37 + 1 °C using 900 mL of 0.1 N HCI media at pH 1.2 or
phosphate buffer saline (PBS, pH 7.2) in each vessel and paddles rotation
were set to 50 rpm. PBS were prepared using 1.44 g disodium hydrogen
phosphate, 0.24 g potassium dihydrogen phosphate and 8 g of sodium
chloride (Barbero et al., 2016). Each time 2 mL of sample media were

collected at 15, 30, 60, 90- and 120-minutes time interval and same
amount of fresh PBS media were also added to maintain a constant
volume of dissolution media. Collected samples were filtered using a
0.45 um disk filter and poured into the High-performance liquid chro-
matography vial for ibuprofen concentration analysis. This study was
done using an Agilent 1200 series HPLC system equipped with a gradient
elution system, an autosampler, HICHROM S50DS2-4889 (5 x 150 x 4
mm) column and an UV detector set at a wavelength of 214 nm. Samples
were eluted using a mobile phase consisted of acetonitrile: water: Ortho-
phosphoric acid (49.5: 49.3: 0.2 v/v) and pumped at a flow rate of 1.5
mL/min. Such specifications showed approximately 115 bar of column
back pressure with a retention time of 3 min. Calibration curve was also
prepared using IBU in HPLC grade methanol at a concentration of 10, 20,
30, 40 and 50 pg/mL. All the experiments were studied in triplicates
using the same method mentioned above.

2.9. Taste masking

In vivo taste masking investigation was caried out on 10 healthy
human volunteers from whom informed consent was first obtained
(approved by the Ethics Committee of the University of Greenwich). The
study is also in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). The age category of the volunteers
(either sex) was selected from a 18-30. The volunteers were trained and
examined the bulk substance and the 3D printed tablets orally in the
mouth for 2 min and spat out promptly. No substance and tablet were
swallowed, and the mouth was rinsed immediately after the experiment.
The bitterness of the bulk substances and the 3D printed tablets were
recorded from an intensity scale of 1 to 5 where 1, 2, 3, 4, and 5 indicate
no, threshold, slight, moderate, and strong bitterness respectively.

2.10. Raman spectra and mapping

The IBU-based samples and its excipients were analysed using a
Horiba LabRam I microscope fitted with a frequency-doubled Nd:YAG
laser (. = 532 nm) with a 50 times long-working distance objective.
Spectra of the IBU/EPO tablet and EPO polymer were recorded with a
laser power of 25%, 8 accumulations at 1 s accumulation time; mean-
while a laser power of 25%, 4 accumulations at 2 s accumulations time
was utilised for the remaining spectra. Finally, maps were generated
over a 120 x 180 um area with spectra acquired every 20 um.

Raman mapping was performed covering an area of 160 x 120 pmz
in a recorded of 20 x 20 spectra in x and y for IBU/EPO and IBU/SOL
samples while for IBU/VA64 33 x 25. The spectra were initially baseline
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Fig. 3. Optical images of the 3D printed tablets based on 40% and 60% infill density. (a) EPO/IBU tablets, top view and (b) side view. (c) Soluplus/IBU tablets top
and (d) side view. (e) VA64/IBU tablets top and (f) side view.
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Fig. 4. SEM images of (a) EPO/IBU, (b) Soluplus/IBU and (c) VA64/IBU 3D printed tablets.
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corrected using the asysmetric least square (AsLS) method having as
parameters lambda equal to 10° and p equal to 10~ (Eilers and Boelens,
2005; R Core Team, 2019; Wehrens et al., 2015). In order to correct the
loss of focus and scattering effect due to abnormalities in tablets’ sur-
face, the spectra were normalized using the standard normal variate.
Subsequently principal component analysis used to decompose the
matrix to the most prevalent factors. The analysis was caried out using R
programming language (R 4.03) (R Core Team, 2019) and the ptw
package to apply AsLS (Wehrens et al., 2015).

3. Results and discussion
3.1. Thermal analysis of bulk materials

In order to identify the suitable micro-extrusion temperatures, TGA
analysis was carried out to evaluate the thermal stability of IBU and the
bulk polymers (Fig. 2). IBU was thermally stable when it was heated up
to 140 °C, beyond which the drug degraded with a rapid weight loss.
Soluplus (SOL) had a gradual 4% weight loss up to 90 °C due to removal
of moisture and remained stable till 260 °C beyond which the polymer
degraded. PVP-VA64 (VA64) exhibited a slightly higher initial weight
loss (5.5%) due to higher moisture content and did not have significant
degradation till 260 °C. Eudragit EPO (EPO) remained stable with no
weight loss up to 220 °C followed by a rapid loss due to the polymer
degradation.

DSC thermal analysis was also carried out to characterize the thermal
properties of IBU and the bulk polymers (Fig. 6). IBU, as a crystalline
solid, exhibited a sharp melting endotherm at 77.99 °C. The bulk
polymers, SOL, VA64, and EPO, exhibited glass transition temperature
(Tg) at 66.33 °C, 107.10 °C, and 46.99 °C, respectively. The change of
heat capacity at the glass transition temperatures confirmed the

amorphous nature of the polymers.

The operating temperature for the micro-extrusion should be main-
tained below the degradation temperature of each component. In
addition, the drug/polymer blends may be processed around the glass
transition temperatures of the polymers to facilitate the mixing of the
drug and polymers. Therefore, 3D printing of IBU/SOL, IBU/VA64, and
IBU/EPO powder was carried out at 62.0 °C, 105.0 °C, and 46 °C,
respectively.

3.2. Tablet design and 3D printing

Blends were printed into tablets with the same diameter of 10 mm
and two infill densities (40% and 60%), to evaluate the printability and
the impact of polymer type and infill density on the drug release. All
blends had an IBU/polymer ratio of 40/60 (w/w). With a total weight of
250 mg, each tablet consisted 100 mg of IBU.

Previous studies demonstrated that VA64, SOL, and EPO were not
suitable for 3D printing using FDM technology. The ductile nature of the
polymers made it challenging to form filaments with the diameter and
length desired for the following 3D printing (Alhijjaj et al., 2016;
Fuenmayor et al., 2018; Sadia et al., 2016). High levels of plasticizers (e.
g., 20-30%) had to be added to the polymers to improve their print-
ability, which limited the maximum drug load in the final tablets.

The major advantage of micro-extrusion technology is that drug/
polymer blends can be printed directly without having to fabricate fil-
aments as a pre-step. Using this method, a drug/polymer blend, at
various ratios, is molten or soften in the cartridge. The soften drug/
polymer blend is then extruded/deposited through a heated nozzle by
applying pneumatic pressure (20-700 kPa). The resulting thermoplastic
filament can be printed directly into tablet shapes. Micro-extrusion
technology, comparing to FDM and SLS, allows reduction of overall
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Fig. 7. Glass transition integrations of (a) Soluplus/IBU, (b) VA64/IBU and (c) EPO/IBU tablets.

processing time of 3D printing and waste of printed materials. The latter
is especially valuable when making personalized medicines consisting
costly API’s.

As shown in Fig. 3, tablets with both infill densities were successfully

fabricated with good reproducibility using micro-extrusion 3D printing
technique. SEM images of the printed tablets showed consistent height
of deposited layers, which demonstrated the excellent print quality of
the tablets (Fig. 4).
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The speed of 3D printing depends on the size of nozzle, printing
temperature, and pneumatic pressure applied to the blend. In this study,
pneumatic pressures were maintained at 90-120 kPa with a 0.4 mm
nozzle at the designed printing temperatures to give a print speed of
approximately 5 mm/s. The print time of all three drug/polymer tablets
was approximability 3 min. The temperature of the build plate was set at
10 °C to prevent the resulting tablets from sticking, thus allow them to
be easily removed.

3.3. Characterization of the tablets

All three polymers used in this study are miscible with IBU at the
drug level of 40% based on their solubility parameters (8) (Islam et al.,
2015; Maniruzzaman et al., 2015). X-ray powder diffractions analysis
was used to evaluate the physical state of IBU within the 3D printed
tablets. As shown in Fig. 5a, the XRPD patterns of the pure polymers
(EPO, VA64 and SOL) featured broad halos indicating that all three
polymers alone were in amorphous state. IBU solid exhibited its crys-
talline nature with its characteristic diffraction peaks at 5.8°, 12.2°,
16.1°, 17.4°, 18.5°, 20.0° and 22.2°/26. As shown in Fig. 5b the char-
acteristic XRPD patterns of IBU were also observed in the physical
mixtures (IBU/EPO, IBU/SOL, IBU/VA64), which confirmed that the
drug remained as crystalline solid prior to 3D printing.

The characteristic diffraction peaks of IBU were not observed in the
XRPD patterns of the 3D printed tablets, which suggested that IBU
turned into amorphous state following micro-extrusion (Fig. 5¢). XRPD
pattern of the 3D printed tablets was also collected a week later. It was
confirmed that IBU remained amorphous in the tablets stored at ambient
conditions (25 °C, 40% RH) (Supplementary material, Fig. 1).

Thermal analysis was also carried out to investigate the physical
state of IBU before and after 3D printing and possible drug-polymer
interactions in the printed tablets. The bulk IBU exhibited a melting
endotherm at 77.99 °C while SOL, VA 64 and EPO had glass transition
(Tg) temperatures at 63.86 °C, 107.10 °C, and 46.99 °C, respectively
(Fig. 6). The melting endotherm of IBU was not observed when the

printed tablets were heated. As shown in Fig. 7, the IBU/SOL, IBU/VA64
and IBU/EPO thermograms exhibited single glass transitions at
37.69 °C, 77.99 °C and 15.35 °C, respectively. Both observations sug-
gested that crystalline IBU was completely dissolved in the polymers at a
drug load of 40% following 3D printing. Amorphous IBU, with a glass
transition temperature of —45.15 °C(Dudognon et al., 2008), acted as a
plasticizer in the printed tablets and led to lower Tg’s [(Gryczke et al.,
2011; Islam et al., 2015; Maniruzzaman et al., 2012). Interestingly, the
measured glass transition temperatures were higher than the values
predicted based on Fox equation. Fox equation has been widely used to
estimate the glass transition temperatures of physical mixtures without
interaction between the components. This discrepancy suggested strong
intramolecular interactions between IBU and the studied polymers.

3.4. Raman spectra and mapping

The interaction between IBU and the polymers were further inves-
tigated using Raman spectroscopy. The vibrational bands in the Raman
spectra of IBU have been well documented in literature (Breitenbach
et al., 1999; Vueba et al., 2008). As shown in Fig. 8, crystalline IBU
features hydroxyl methyl and aromatic peaks and more specifically the
peak at 637 cm ™! represents the out of plane stretching of CO-H bond.
Other peaks at 746 cm’l, 850 cm’l, 1609 cm’l, and 3047 cm™!
correspond to the out-of-plane deformation of the C-H bonds, the out-of-
plane bending the C-H bonds, the stretching of the C-C bonds, and the
stretching of the C-H bonds, respectively. In addition, the peaks at 1181
em ™!, 1452 em ™!, and 2965 ecm ™! are related to the stretching of non-
aromatic C-C bond, the asymmetric deformation of CHs, and the
asymmetric stretching of CHg bonds, respectively. The same bands were
observed in the Raman spectra of the 3D printed IBU/polymer tablets,
but with broadened figures comparing to IBU alone.

As shown in Fig. 8, the peaks of C = C vibration of the aryl group in
IBU shifted from 1608 cm ™! to 1616 cm ™! after 3D printed together with
the polymers, which suggested a potential H-bond between IBU and the
polymers (Hédoux et al., 2011). In addition, the C = O stretching of IBU
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Fig. 9. (a) Explained variance of each PC for IBU-SOL (left) and IBU-VA64 sample, (b) comparison of first PC with the spectra of IBU, SOL and VA64 respectively, and

(c) concentration of chemical map for PC1 for IBU-SOL and IBU-VA64.

shifted from 1652 cm™! in the spectra of IBU alone to 1734 em ! in that
of the printed tablets, which is associated to and suggests a strong
drug-polymer interaction similar to the one observed for cyclodextrin
molecular complexes (Bras et al., 2008). It was also observed that the
CO-H out-of-plane bending of the bulk IBU at 637 cm ™" and 663 cm ™
shifted to 605 cm ™! or completely disappeared in the 3D printed tablets
(Vueba et al., 2008). This shift suggested a static disorder molecular
environment that resulted from the formation of a glass solutions.

In order to investigate the spatial resolution of IBU in the printed
tablet the Raman spectra were continuously recorded. PCA has been

applied to decompose the spectra into scores and loadings that
approximately express the initial spectra. The main advantage of PCA is
that it does not require the use of the spectra of bulk compounds which
could be undergo changes during print processing due to molecular in-
teractions. The number of principal components needed to decompose
the hyperspectral matrix is usually determined by the analysis of ei-
genvalues which expresses the total variance captured by a specified
principal component. In simple systems such as in this case where only
two compounds are present with good mixing, two - three PCs are
adequate to decompose the system. In more complicated systems the use
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of more PCs, where a compound can be identified in a very late
component, is not uncommon (Scoutaris et al., 2014). Fig. 9a illustrates
the cumulative variance that corresponds to each PC. In the IBU-SOL 3D
printed sample the PC (left) expresses 99.4% of the total variance
whereas in the of IBU-VA64, the PC (right) covers 96.7% of the total
variance. For the former sample the very high variance covered by the
PC is due to the very broad peaks of SOL spectrum which cannot be
distinguished from that of IBU.

Fig. 9b represents a summary of the PC and the spectra of the tablet’s
individual components. For the IBU-VA64 sample it is evident that the
PC contains peaks corresponding to both components namely the API
and the polymer. However, this is not the case for the IBU — SOL samples
which couldn’t be distinguished due to the presence of its broad peak. As
shown in Fig. 9c the plotting of the concentration map for the first PC of
the IBU-SOL and the IBU- VA64 demonstrates that the compounds are
homogeneously distributed within the tablet. This is a proof of strong
drug-polymer intermolecular interactions and that the IBU is molecu-
larly dispersed within the polymer matrix.

3.5. Dissolution studies

Drug release may be modified by dispersing the drug into a poly-
meric matrix at molecular level following 3D printing of a drug/polymer
blend (Douroumis et al., 2007; Islam et al., 2015; Maniruzzaman et al.,
2015). The dissolutions of IBU from the 3D printed tablets were evalu-
ated in both acidic (pH 1.2) and alkaline media (pH 7.4) and revealed
the impact of polymer type as well as the infill density (40% and 60%)
on the drug release from the tablets.

Eudragit EPO is a basic methacrylate copolymer that has been
commonly used in immediate release drug product requiring taste
masking because it is practically insoluble at pH greater than 5 (in
saliva), while highly soluble in acidic media (in stomach). As expected,
IBU/EPO tablets exhibited a slow dissolution at pH 7.4, despite IBU was
dispersed in the polymer matrix at the molecular level (Fine-Shamir and
Dahan, 2019; Gryczke et al., 2011). The tablet with 40% infill density
showed an ~15% drug release in 2 h, while the tablet with 60% infill
density presented an ~10% drug release in the same period (Fig. 10a). A
slightly higher drug release from the tablet with lower fill density was
attributed to larger surface of the tablet. The IBU/EPO tablets had a
rapid dissolution at pH 1.2 with ~89% drug released within 15 min and
generated a high degree of supersaturation. As EPO was not a good
crystallization inhibitor the concentration of IBU in the dissolution
media dropped significantly following the initial drug release due to the
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Fig. 11. Taste mask evaluation of IBU, EPO, SOL, VA64 and 3D printed VA64/1BU, SOL/IBU and EPO/IBU tablets.
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crystallization of IBU.

PVP-VA64 is a neutral vinylpyrrolidone-vinyl acetate copolymer
with good solubility in water across large pH range. IBU is an acidic
compound (pKa 4.6), which has a low solubility at low pH. The release
of IBU from the 3D printed IBU/VA64 tablets were found low at pH 1.2
with an ~13% drug release in 2 h (Fig. 10b). The slow release of IBU
from VA64 matrix with high drug load at low pH < 2 was also observed
previously (Tres et al., 2016). The authors concluded that VA64 dis-
solved preferentially from the exterior of the printed tablet (compact)
that resulted in an amorphous IBU-rich and hydrophobic shell. The
hydrophobic shell acted as in situ enteric coating and inhibits the
dissolution. At pH 7.4, the solubility of IBU was significantly higher,
which had IBU released at a similar rate as polymer. The congruency of
IBU and polymer generated a supersaturation of IBU. In addition, PVP-
VA64 inhibited the crystallization of IBU in the solution, which main-
tained the level of supersaturation throughout the dissolution test. The
IBU-VAG64 tablet with 40% fill density showed a slightly higher disso-
lution rate than the tablet with 60% fill density. This comparison again
confirmed that greater tablet surface resulted in higher drug release.

Soluplus is a well-known polymeric solubilizer that was found to
facilitate drug release in several occasions due to the enhanced drug-
polymer interactions. However, as shown in Fig. 10c, all IBU-SOL tab-
lets exhibited slow dissolution at both pH 1.2 and 7.4. Pudlas et al, had a
similar observation for IBU-SOL extrudates and investigated the root
cause using spectroscopic analysis. The slow release of IBU was attrib-
uted to the strong H-bonding between IBU and VA64 which consumed
large number of hydrophilic groups in the polymer chain thus signifi-
cantly reduced the hydrophilicity of the polymer. Further evidence was
provided by Walsh et al. (2018) who observed that SOL exhibits a lower
critical solution temperature at 40 °C and the chins lose hydration
leading to the formation of a cloudy suspension with reduced solubility
(Walsh et al., 2018) [x]. As a result, a gel formation takes place with
reduced IBU dissolution rates due to the SOL properties (Fini, 2016).
Comparatively, the drug release at pH 1.2 was slowest due to the low
solubility of IBU at acidic conditions. The impact of infill density on the
drug release was again observed, i.e., the IBU/Sol tablet with 40% fill
density gave slightly faster dissolution than that with 60% fill density.

Overall, the tablets with lower infill density gave a higher dissolution
rate due to higher surface area. The impact of polymer on the dissolution
of the IBU/polymer tablets depends on the characteristics of the com-
pound, polymers, as well as their interactions.

3.6. Taste masking evaluation

A drug product for paediatric use is governed by stricter regulations
introduced by the European Medicines Agency (EMEA, 2007). Strickley
et al. (2008) identified challenges in paediatric product development
associated to dose flexibility and taste masking.

IBU is known to have a bitter or salty taste and thus taste masking is
required in the finished product consisting IBU for paediatric use. As
shown in Fig. 11, the taste of IBU and the 3D printed IBU/polymer
tablets were assessed in healthy panellists. IBU had an average score of
4, which confirmed the bitterness taste of the drug while the bulk
polymers had acceptable taste with bitterness scores of 2 or below. All
3D printed IBU/polymer tablets had pleasant taste with bitterness score
of 1. As previously reported the effective taste masking of bitter APIs is
directly related to the H-bonding interactions between the drug and
polymer carriers (Gryczke et al., 2011, Maniruzzaman et al., 2012). The
effective taste masking of IBU in the chewable tablets demonstrated that
micro-extrusion can be successfully used for 3D printing of personalized
tablets for paediatric use.

4. Conclusions

In this study we demonstrated a simple micro-extrusion 3D printing
technique that can be used to 3D print tablets with suitable and
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reproducible printability. Such 3D printing technology can bypass the
pre- and post-processing procedures that other 3D printing technologies
require. In addition, such an approach minimises material wastes
compared to other 3D printing technologies. Similar to other 3D printing
technology, micro-extrusion 3D printing can also be used to fabricate
drug products with specific release profile tailored to individual patient
by selecting suitable polymer matrix and modifying infill density of the
tablets.
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