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Abstract

Objectives The development of age-appropriate dosage forms is essential for effective pharmaco-
therapy, especially when long-term drug treatment is required, as in the case of latent tuberculosis
infection treatment with up to 9 months of daily isoniazid (ISO). Herein, we describe the fabrication
of starch-based soft dosage forms of ISO using semi-solid extrusion (SSE) 3D printing.

Methods Corn starch was used for ink preparation using ISO as model drug.The inks were charac-
terized physicochemically and their viscoelastic properties were assessed with rheological analysis.
The morphology of the printed dosage forms was visualized with scanning electron microscopy
and their textural properties were evaluated using texture analysis. Dose accuracy was verified be-
fore in-vitro swelling and dissolution studies in simulated gastric fluid (SGF).

Key findings Starch inks were printed with good resolution and high drug dose accuracy. The
printed dosage forms had a soft texture to ease administration in paediatric patients and a highly
porous microstructure facilitating water penetration and ISO diffusion in SGF, resulting in almost
total drug release within 45 min.

Conclusions The ease of preparation and fabrication combined with the cost-effectiveness of the
starting materials constitutes SSE 3D printing of starch-based soft dosage forms a viable approach
for paediatric-friendly formulations in low-resource settings.
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Introduction

Additive manufacturing technologies (AMT) have opened up new
avenues in shaping the way health care could be delivered. The intro-
duction of innovative practices to address challenges commonly en-
countered in healthcare provision offers the potential to improve the
coverage, quality, accessibility and affordability of the medical serv-
ices provided especially in at-risk patient populations, such as the
paediatric and geriatric, and low-resource settings. Personalization
of drug treatment in terms of dosage strength, dimensions, organo-
leptic properties and ease of administration has to be the major asset
that AMT contribute to healthcare improvement, compared with
the stringent procedures followed in conventional pharmaceutical
manufacturing.!!! At the same time, problems related to distance and
access may be resolved by providing the opportunity for decentral-
ized drug manufacturing in point-of-care settings, such as a hospital
pharmacy. Equally important to overcoming geographical barriers
in healthcare access is to assure the financial accessibility of the drug
products and services to those in need of them, without any com-
promise in their quality.

Semi-solid extrusion (SSE) 3D printing conglomerates all the
aforementioned assets in a single technique. The semi-solid nature of
the feedstock material enables printing at low temperatures within
a few minutes without compromising printing accuracy.>* SSE 3D
printing has been employed for the fabrication of polypills with de-
fined drug release™ ¢ and tablets with immediate drug release pro-
files,” ®! enabling layer-wise dose adjustments with high precision."!
Even though still in its infancy in the pharmaceutical field, it was
recently that the first clinical study using SSE 3D printing was con-
ducted in children with a rare metabolic disease within a hospital
setting. Children were administered with the 3D printed chewable
dosage forms, showing specific preferences over certain colour and
flavour profiles, while the therapeutic efficacy of the printlets was
similar to conventional capsules prepared by manual compounding,
yet showing less variability.!'”! Ease of administration is a critical
factor affecting patient compliance and therefore clinical efficacy, es-
pecially among paediatric patients.!'!! This was clearly exemplified
in a visual preferences study of 3D printed tablets prepared using
digital light processing (DLP), selective laser sintering, SSE and fused
deposition modelling (FDM) that was conducted among 368 chil-
dren aged 4 to 11 years old. DLP printlets got the highest preference
(61.7%) among children, whereas FDM printlets the lowest (5.4%).
However, most of the participants changed their selection over SSE
printlets once they were informed that the latter were chewable and
therefore easier to ingest, further confirming children’s inclination
towards chewable dosage forms.!"?! Within this context, an SSE 3D
printed chewable drug delivery platform was fabricated based on
chocolate, aiming to provide a paediatric-friendly oral dosage form
that would appeal to children’s preferences in terms of appearance
and taste.!"3]

An ideal paediatric formulation should consist of non-toxic
excipients, enable ease of administration and flexible and ac-
curate dose titration over a wide age and weight range, while at
the same time its production should be easy, cost-effective and
commercially viable.['*! This study aims to address these require-
ments from both a material and manufacturing method perspec-
tive, describing the fabrication of starch-based soft dosage forms
for paediatric tuberculosis treatment with isoniazid (ISO) using
SSE 3D printing. 3D printed dosage forms for the administration
of ISO"! or the co-administration of ISO and rifampicin!*®'” have
been previously fabricated with hot melt extrusion coupled with

FDM 3D printing. However, in all cases, the 3D printed dosage
forms would have to be swallowed intact, which is one of the
primary reasons for medicine rejection among paediatric patients
commonly encountering swallowing difficulties for solid dosage
forms.!"" In this study, corn starch was used as a low-cost pharma-
ceutical excipient, commonly employed as binder and disintegrant
and generally recognized as safe ingredient."$! Its ability to form
extrudable hydrogels upon heating was exploited for the fabrica-
tion of 3D printed soft dosage forms that would be easy to ad-
minister in paediatric patients with high dose accuracy. This is of
high importance especially among children with latent tubercu-
losis infection undergoing long-term therapy of up to 9 months
of daily ISO for whom compliance to the therapeutic scheme is
intertwined with a successful therapeutic outcome."! The ease of
preparation and fabrication combined with the cost-effectiveness
of the starting materials proposed in this study constitutes SSE
3D printing of personalized dosage forms a viable alternative to
manual compounding in hospital settings and an applicable solu-
tion in low-resource settings.

Materials and Methods

Materials

ISO was obtained from Fagron HELLAS (Athens, Greece). Corn
starch was kindly gifted by Rontis Hellas SA (Larisa, Greece). All
other reagents were of analytical grade and distilled water was used
in all studies.

Characterization of starch

Particle size distribution

Starch (20 g) was placed on the uppermost sieve of a sieve stack with
decreasing apertures (0.212-0.025 mm) and shaken for 1 min in
a sieve shaker (FRITSCH GmbH, Germany). Sample mass retained
on each sieve was quantified and the particle size distribution was
calculated.

Preparation of the blank and ISO starch inks

Starch was mixed with distilled water (1:4 w/w)?" and the dis-
persions were then kept under magnetic stirring in a water bath
at 86 = 1°C for 20 min to ensure complete gelatinization.*!! The
obtained ink was cooled down at RT before cartridge filling. The
ISO starch ink was prepared following the exact same procedure by
first dissolving ISO (100 mg/mL) in water. The amount of water loss
during ink preparation was calculated gravimetrically at the end of
the preparation process.

Pressure-assisted microsyringe 3D printing

Starch tablets were fabricated using the CELLINK INKREDIBLE
printer (Gothenburg, Sweden). Stereolithography templates were
obtained from an open-source database (https://www.thingiverse.
com/) and imported into Cellink HeartWare software for slicing.
Starch inks were extruded from 3 mL cartridges through a 25G
nozzle at a pressure of 102 kPa. The layer height was set at 0.4 mm,
and the infill pattern and content were adjusted to concentric and
100%, respectively. The printing speed was set at 6 mm/s, and the
printing rate was calculated to be 0.066 = 0.004 gr/min from the
ratio of the printed mass to the printing time (7 = 4). Tablet dimen-
sions were determined by measuring three individual tablets with a
digital micrometer.
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Scanning electron microscopy

The printed tablets were freeze-dried and visualized by means of
scanning electron microscope (SEM; field emission SEM, LEO
1530VP). The accelerating voltage was set at 15 kV. Samples were
mounted on metallic sample stands using carbon conductive tabs
(PELCO Image Tabs) and gold sputtered under high vacuum (~5-10-
2 mbar) using a BAL-TECSCD-004 sputtering unit.

Physicochemical characterizations

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectroscopy was
performed using a Shimadzu IR-Prestige-21 FTIR spectrometer
(Shimadzu Europa GmbH, Duisburg, Germany) with a horizontal
Golden-Gate MKII single reflection ATR system (Specac, Kent, UK)
equipped with ZnSe lenses. The spectra were recorded in the range
between 800 and 4000 cm™ with a resolution of 4 cm™ after 64
scans.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) analysis was performed on
a DSC 204 F1 Phoenix apparatus (NETZSCH, Germany). Samples
were loaded on aluminium pans with perforated lids and were
heated from 40°C to 200°C at a heating rate of 10°C/min under a
nitrogen flow of 70 mL/min using an empty pan as a reference.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted on a TGA Q500
(TA Instruments Ltd.) apparatus in the temperature range between
15°C and 800°C and at a heating rate of 10°C/min in air atmosphere.

X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed on the freeze-dried
starch ink and dispersion samples using a D8-Advance instrument
(Bruker, Germany) with Ni-filtered CuKa, radiation, operating at
40 kV and 40 mA. The diffraction spectra were recorded from 5°
to 60°, at a step size of 0.02° and at a scanning speed of 0.35 s/step.

Texture profile analysis

Texture profile analysis (TPA) of the blank and ISO printed tab-
lets (height: 6.4 mm and diameter: 11 mm) was performed using a
TA . Xtplus Texture Analyzer (Stable Micro Systems, Godalming, UK)
with a cylindrical probe (50 mm). Samples were compressed twice at
a speed of 1 mm/s and deformation level was set at 40% of the ini-
tial tablet height. The TPA parameters (hardness: the first force peak
height, cohesiveness: the ratio of the area of the first peak over the
area of the second peak, springiness: the time value of the detected
height during the second compression to the respective value during
the first compression, gumminess: hardness x cohesiveness and ad-
hesiveness: the negative area between two compressions) were calcu-
lated from the respective TPA curves.

Oscillation rheology

Small oscillatory viscoelastic flow was measured using a Bohlin
CVOR 150 controlled strain rheometer (Malvern Ltd, Worcestershire,
UK) equipped with a 4-cm diameter steel cone-and-plate geometry
(4°), thermostated at 25°C. An initial strain amplitude sweep was
performed to determine the linear viscoelastic region. Frequency
sweeps were then carried out at strain value of 0.1% in the shear-
independent plateau at a frequency range of 1 to 150 Hz.

Determination of drug content and dose accuracy
Precisely weighted amounts of the ISO printed tablets were mixed
with 50 mL distilled water, vortexed till completely dispersed and
centrifuged at 2000 g for 15 min. ISO content was quantified in
the supernatants with UV spectrophotometry at 262 nm. ISO cali-
bration curve in water was linear (R> = 0.9998) in the concentra-
tion range of 1-25 pg/mL. The same procedure was followed for the
blank printed tablets to assure that there was no interference from
the excipient. Drug content was further confirmed with TGA by
measuring the difference in mass loss between the starch ink and ISO
starch ink in the temperature range of 150-300°C, corresponding to
the onset of ISO mass loss at 150°C, which reached a constant value
after 300°C. Dose accuracy in the printed dosage forms was assessed
according to a previously reported method.”! Tablets were printed
having the same diameter (11 mm) and increasing number of layers
ranging from 1 to 16. ISO content (mg) was quantified following the
same process as described above and results were plotted against the
number of layers. Linear regression was used to predict the relation-
ship between the two variables.

Water absorption capacity

The water absorption behaviour of the blank printed tablets was
evaluated in simulated gastric fluid (SGF) pH 1.2 [2 g/L NaCl and
2.917 g/L HCI (37% w/w)] at 37°C. At pre-determined time inter-
vals, tablets were collected and weighed after carefully blotting them
dry to remove excess medium. Water absorption (%) was calculated
by the percentage equivalent of the ratio of water weight gain to the
initial weight of the tablet.

In-vitro dissolution studies

Dissolution studies were performed in SGF pH 1.2 (200 mL) at
37 + 0.2°C using the USP II dissolution apparatus at a paddle rota-
tional speed of 50 rpm. To simulate the mastication process, the ISO
printed tablets were minced before the addition of the dissolution
medium. Samples (2 mL) were withdrawn and replaced with equal
volume of medium and then centrifuged at 2000 g for 15 min. ISO
quantification in the supernatants was performed using UV spec-
trophotometry at 262 nm. ISO calibration curve in SGF was linear
(R*=0.9999) at the concentration range 5-25 pg/mL.

Statistical analysis

The data are presented as mean values = S.D of at least three in-
dependent measurements. One-way ANOVA was performed to
evaluate statistical significance at P < 0.05.

Results

Ink preparation and 3D printing process

The mean particle size of corn starch used for the preparation of
the ink was calculated to be 75 pm. The starch ink was prepared at
a 1:4 corn starch to water weight ratio under hydrothermal treat-
ment. The starch inks showed good extrudability supporting the 3D
printing of multi-layered self-standing constructs in the form of tab-
lets (Figure 1C) or in more child-friendly designs (Figure 1B). The
starch tablets used in all following studies were designed in a cylin-
drical shape with 16 layers (11 mm diameter x 6.4 mm height) and
0.72 + 0.07 g weight, and the dimensions of the 3D printed objects
were determined to be 11.3 mm = 0.6 mm x 6.5 mm = 0.2 mm using
a digital calibre, corresponding to less than 5% deviation from the
preset values.
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Figure 1 (A) Scanning electron microscopy images of the (a, b) external and (c, d) internal morphology of the 3D printed starch tablets, showing the distinctive
deposition of the individual layers on the top of one another and their highly microporous internal structure. The dotted rectangles correspond to the higher
magnification images on the right. (B) Schematic representation of (a, c, e and g) the .stl files and (b, d, f and h) the respective 3D printed dosage forms in the
shape of (a, b) cube, (c, d) heart, (e, f) moon and (g, h) dog. A blue food colouring was used for contrast reasons. (C) The starch-based tablets printed in different

sizes.
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Figure 2 (A)TPA of the blank and ISO 3D printed starch tablets (n = 3 £ S.D.). The inset shows (a) the handling of the 3D printed starch tablets even (b) after the
application of slight pressure. (B) Oscillation frequency sweep tests of the blank and ISO starch inks at a strain value of 0.1% and at the frequency range of 1 to

150 Hz (25°C).

SEM visualization

The 3D printed tablets were freeze-dried before SEM visualiza-
tion of their surface [Figure 1A(a and b)] and internal morphology
[Figure 1A(c and d)]. The tablets retained their structural integrity
post-printing, as evident from the individual ink layers distinctively
deposited on top of one another. Cross-section of the tablets revealed
a highly porous internal microstructure with interconnected pores
with diameters less than 45 pm.

Texture profile analysis

TPA was performed on the blank and ISO printed tablets (Figure 2A)
to simulate the mastication process, and the textural parameters
(hardness, cohesiveness, springiness, gumminess and adhesiveness)

were calculated and presented in Table 1. As is evident from the
values of the TPA parameters, ISO had no effect on the textural
properties of the starch printed tablets. On the one hand, hardness
is indicative of the maximum force that occurs during the first bite
and specifically for starch gels is attributed to the swelling capacity
of the starch granules,??! whereas cohesiveness, on the other hand,
relates to the gel’s ability to withstand deformation during mastica-
tion. Both parameters were found to be significantly lower compared
with the respective values of semi-solid foods well accepted by chil-
dren, such as peanut butter (hardness: 3.46 = 0.32 N, cohesiveness:
0.89 = 0.04) and boiled mashed potato (hardness: 2.83 = 0.09 N,
cohesiveness: 0.76 = 0.03).1% Springiness relates to the elasticity of
semi-solids, whereas gumminess and adhesiveness are representative
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of the energy required for their disintegration and to break their at-
traction with the structures in the mouth (palate, tongue and teeth),
respectively.?’! The adhesiveness of the printed tablets was found to
be relatively lower to that of mango pudding (0.10 = 0.10 m]),!*!
whereas their springiness and gumminess values were found to be

similar and significantly lower, respectively, to those of a banana.’**

Rheological analysis
The viscoelastic properties of the starch inks in the absence and
presence of ISO were evaluated with oscillation amplitude frequency

Table 1 TPA parameters of the blank and ISO 3D printed tablets

TPA parameters Formulation

Blank 3D printed tablets  ISO 3D printed tablets

Hardness (N) 0.94 = 0.00 0.87 +0.11
Cohesiveness (-) 0.53 +0.05 0.57 = 0.00
Springiness (s) 0.63 = 0.02 0.70 £ 0.12
Gumminess (N) 0.50 = 0.05 0.50 = 0.06
Adhesiveness (N's)  0.03 = 0.03 0.04 = 0.01

n=3=S8.D.
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sweep testing (Figure 2B). Both samples exhibited similar rheological
behaviour. All moduli increased with frequency, which is well ex-
pected of shear-thickening materials such as starch pastes.’*:2°! The
starch ink showed slightly higher moduli up to 80 Hz, compared
with ISO starch ink, but it should be noted that this difference was
close to the margin of the device’s accuracy. The samples were pre-
dominantly solid throughout the tested frequency range, as all elastic
(G’) and viscous (G”) moduli are separated by at least one order
of magnitude, up to about 100 Hz. From that frequency upwards,
they match in order of size, forming a true gel (G" ~ G”) at 150 Hz.
This suggests that the relaxation times of the starch polymers in the
matrix are close to 1/150 s ~ 7 ms in both cases, so any faster de-
formations will not be followed by a corresponding rearrangement
of the macromolecules in their network, resulting in polymer flow.

Physicochemical characterization studies

The raw materials, the blank and ISO starch dispersions and inks
were characterized by means of DSC, XRD, FTIR and TGA ana-
lyses (Figure 3). The DSC thermograms of all samples are shown
in Figure 3A. Dehydration of both starch dispersions and inks
occurred in the temperature range between 60 and 120°C as evi-
denced by the presence of a broad endothermic peak.?”" ISO exhib-
ited a sharp melting peak at 174°C, the absence of which from the
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thermograms of the ISO starch inks indicates drug amorphization
within the hydrogel matrices. The X-ray diffractograms of all sam-
ples are illustrated in Figure 3B. Corn starch exhibited a broad
amorphous halo at the 20 range of 10-25°, attributed to its
semi-crystalline nature. Starch is a semi-crystalline material con-
sisting of the linear amylose, which contributes to starch’s crystal-
linity and the branched amylopectin, which is responsible for its
amorphous phase.”?®! Starch amorphization occurred upon disper-
sion in the water and post gelatinization, owing to the degradation
of its ordered phase and the extension of its amorphous phase./?”!
None of the diffraction peaks corresponding to crystalline ISO (20:
12.1°,14.3°,15.6°,16.8°,19.7°, 25.5° and 38.7°) were detected in
the diffractograms of the ISO starch dispersion and ink, possibly
indicating drug amorphization.

FTIR has been used as a tool to investigate starch structure, as
well as short-range interactions within its structure.®® The FTIR
spectra of all samples are presented in Figure 3C. Starch spectrum
showed peaks at 2930, 1150 and 1000 cm™ attributed to C-H vi-
bration, C-O-H bending and C-O, C-C, C-O-H stretching, respect-
ively.3% The hydroxyl group present in starch structure is responsible
for interaction with water and hydrogel formation. This is why the
broad peak observed at 3700-3000 cm™!, which corresponds to the
adsorption by excess water, was more pronounced in the starch
inks,*"l whereas the presence of an additional peak at 1640 cm™
might originate from the COO- stretching vibration in the carbo-
hydrate group.?! Increase in the peak intensity at ca. 1020 cm™
has been associated with more amorphous samples.’!! Starch gel-
atinization occurs above its glass transition temperature and results
in the formation of amorphous starch with molecular disorder,*?
therefore justifying the difference in peak intensity observed between
starch inks before and post gelatinization. No characteristic peaks of
ISO (C=O stretching: 1664 cm™!, pyridine ring C=N asymmetrical
stretching: 1631 cm™" and pyridine ring C=C symmetrical stretching:
1411 cm™!) were detected in the spectra of the ISO starch inks. The
TGA curves of all samples are shown in Figure 3D. The thermal
decomposition of ISO occurred in two stages between 150-250°C
and 250-300°C. Corn starch showed three distinct mass loss stages.
The first stage is associated with sample dehydration (25-120°C),
followed by a major starch degradation stage (260-350°C) and a
third stage, where combustion of residual matter and inorganic com-
ponents occurs.**l A similar mass loss pattern was also observed for
all starch dispersion and ink samples.

Determination of drug content and dose accuracy

The drug content of the ISO printed tablets was calculated to be
7.95% =+ 0.38%, which is in close agreement with the respective
value calculated from TGA (8.36%) and corresponds to 97.05% =
4.68% of the theoretical drug content. Dose accuracy was assessed
based on linear regression analysis performed between ISO content
in increasing numbers of printed layers. Results indicated a linear
correlation (R? = 0.9992) between these two variables, suggesting
that the intended ISO dose can be precisely adjusted by changing the
number of printed layers (Figure 4A).

Water absorption capacity

The water absorption capacity of the blank printed tablets was
studied in SGF pH 1.2, and the results are illustrated in Figure 4B.
The printed tablets showed a fast water absorption ability within
the first 15 min (11.65% = 2.20%), followed by a more gradual in-
crease up to 75 min, after which equilibrium was attained (17.68%

+ 2.24%). The printed tablets retained their structural integrity
throughout the study, showing no visible surface degradation.

In-vitro drug release studies

The in-vitro release profile of ISO from the 3D printed soft tablets
that had been previously minced to simulate the mastication process
was recorded in SGF pH 1.2 at 37°C (Figure 4C). Drug diffusion
from the hydrophilic starch-based matrix of the 3D printed soft tab-
lets was rapid with ca. 70% of ISO being released within the first
5 min and almost total drug release achieved within 45 min.

Discussion

This study aims to address the need for paediatric-friendly dosage
forms that are developed using safe and cost-effective excipients and
enable both ease of administration and dose adjustment based on
individual patient needs. To achieve that, we exploited the ability
of corn starch, which is a safe and inexpensive excipient, to form
extrudable hydrogels upon heat treatment. ISO was used as a model
compound owing to the fact that it is recommended in a long-term
(of up to 9 months) daily monotherapy course for the treatment
of latent tuberculosis infection in children, the efficacy of which is
compromised by poor adherence to the current treatment regimen
(tablets, syrup and intramuscular injection).** SSE 3D printing of
starch-based soft dosage forms could, therefore, provide a competi-
tive personalized paediatric-friendly treatment approach for point-
of-care and low-resource settings.

The particle size distribution of powder materials used in SSE
3D printing affects their pasting properties, influencing both the pre-
cision and resolution of the 3D printed constructs.*’! It is a deter-
minant factor of proper ink printability and may be associated with
nozzle-clogging.’®! The use of corn starch with mean particle size of
75 um indicates the fineness of starch granules used for ink prep-
aration. Thermal treatment induced starch gelatinization, therefore
increasing the viscosity of the starch aqueous dispersions,?*” that
were then able to be 3D printed in soft dosage forms of varying sizes
and child-friendly designs with good printing resolution (Figure 1B
and C). This was clearly exemplified after SEM visualization of the
freeze-dried 3D printed starch tablets, where a clear distinction of
the individual layers deposited one on top of one another was evi-
dent. At the same time, a highly porous internal microstructure was
observed.

Patient acceptability of a drug dosage form is highly dependent
on ease of administration, therefore affecting both treatment ad-
herence and therapeutic outcomes. This is particularly relevant
for paediatric patients who may not be able or even be resistant
to swallowing solid dosage forms but would be more compliant
to an easier to ingest dosage form.!"¥ This was clearly exemplified
in a visual preferences survey of 3D printed tablets conducted in
children aged 4-11 years, during which SSE chewable printlets
were ranked first on the preference order for the majority of par-
ticipants."””! Underpinned by these observations, we aimed at de-
veloping a semi-solid dosage form. The starch-based tablets had
a soft texture, as identified by the ‘two bite test’. All TPA param-
eters were retained at a minimum, compared with food textures
well accepted by children (e.g. fruit or potato puree), which is ne-
cessary to facilitate mastication, ease the swallowing process and
therefore improve drug intake. At the same time, ease of handling
is equally important to ease of swallowing. The starch tablet was
easily manipulated after printing, as seen in the inset of Figure 2A

120z Jequisldag g0 uo isenb Aq 86609¢9/1z L qebl/ddl/e60 L 01 /10p/8l0me-80uBAPE/ddl/W00 dno-ojwepeoe//:sdly Woly pepeojumod



Journal of Pharmacy and Pharmacology, 2021, Vol. XX, No. XX

70

{ R*=0.9992 A
60 - 7

50 |

mg)

40- $

w
(=]
i

-

ISO content (
S

10

0 T T T 1 U T T U
0 2 4 6 8 10 12 14 16 18
Number of printed layers

8

N
wn
i

3

Water uptake (%)
5 &

W
——

0 20 40 60 80 100 120

Time (min)

100 -

©
e
™

GOJ

£
(=3
1

Cumulative ISO release (%)
%]
[=]

o

o 9—+——C

20 40

60 80 100 120

Time (min)

Figure 4 (A) Assessment of dose accuracy with linear regression analysis in the ISO 3D printed starch tablets with increasing number of printed layers (n=4 +
S.D.). (B) Water uptake (%) of the 3D printed starch tablets after immersion in SGF for 2 h (n=4 + S.D.). (C) Cumulative ISO release (%) from the 3D printed starch
tablets that had been previously minced to simulate the mastication process in SGF at 37°C (n=3 + S.D.).

and further confirmed with rheological studies, which showed the
dominancy of the solid-like character of the starch inks (Figure 2B).
Physicochemical characterization of the starch inks with DSC and
XRD analyses confirmed the presence of ISO in an amorphous state
(Figure 3A and B), whereas evidence of starch hydrogelation was
provided by FTIR analysis.

Dose accuracy is one of the main requirements for effective and
safe pharmacotherapy, especially for paediatric patients for which
there is limited availability in a wide spectrum of dosage strengths.
Personalization of drug treatment is one of the major assets of 3D
printing technologies, enabling precise dose adjustment for each in-
dividual patient through changes in the dimensional aspects of a
digital design. Within this context, we validated through linear re-
gression analysis that SSE 3D printing of the ISO starch inks enabled
dose accuracy in the printed tablets, so that dose could be precisely
adjusted to the desired strength by simply changing the number of
printed layers.

Starch hydrogels have the ability to absorb water and retain it,
resulting in the swelling of their polymer network. Water diffusion
occurs into the spaces formed between macromolecule chains and
continues until equilibrium state is achieved.*®! Their swelling cap-
acity is attributed to their highly microporous structure that facili-
tates water penetration within the hydrogel network.*”’ Owing to
their highly porous microstructure resembling that of a sponge, as
already observed with SEM analysis, and high-water absorption and

swelling capacity, the starch printed tablets facilitated water pene-
tration within their internal structure, resulting in a ca.17% increase
of their initial weight at 2 h after immersion in SGFE. This combined
with the hydrophilic nature of ISO justifies the fast diffusion of ISO
to the release medium, with almost total ISO release attained within
4$ min.

Conclusions

The current availability of medicinal products labelled exclusively
for use in paediatric patients is limited. The development of age-
appropriate dosage forms, using safe and cost-effective excipients,
that are both easy to administer and dose titrate is, therefore, es-
sential for effective pharmacotherapy in children. In this study,
we aimed to address these requirements from both a material
and a manufacturing perspective. We used starch as a safe and
cost-effective excipient that could be SSE 3D printed in soft dosage
forms, enabling dose titration and accuracy. At the same time, we
opted for a material that could be printed in a semi-solid state to
overcome the swallowing difficulties commonly encountered with
solid dosage forms but could additionally accommodate the use of
sweeteners or flavours to potentially enhance palatability. SSE 3D
printing of starch-based soft dosage forms could essentially provide
a viable paediatric-friendly alternative to manual compounding in
hospital settings and an applicable solution in low-resource settings.
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