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Abstract

Purpose: The use of three-dimensional printing (3DP) in the development of pharmaceutical
dosage forms is growing rapidly. However, the research is almost exclusively focussed on
polymer-based systems with very little reported on 3D printing of lipid-based formulations.
Thus, the aim of the work was to explore the feasibility of 3DP technology to prepare solid
lipid-based formulations. Here, 3DP was applied for the preparation of solid self-
microemulsifying drug delivery systems (S-SMEDDS) with defined surface area to volume
(SA/V) ratios.

Methods: The S-SMEDDS formulations, comprised of Gelucire® 44/14, Gelucire® 48/16 and
Kolliphor® P 188 were loaded with fenofibrate or cinnarizine as model drugs. The formulations
were printed into four geometrical shapes - cylindrical, prism, cube and torus, and compared

to a control cube manually prepared from bulk formulation.

Results: The printing process was not significantly affected by the presence of the model drugs.
The as-printed S-SMEDDS formulations were characterised using differential scanning
calorimetry and wide-angle X-ray scattering. The Kinetics of dispersion depended on the SA/V
ratio values. The digestion process was affected by the initial geometry of the dosage form by
virtue of the kinetics of dispersion of the dosage forms into the digestion medium.

Conclusions: This proof of concept study has demonstrated the potential of 3DP for the
development of customised S-SMEDDS formulations without the need for an additional carrier
or additive and with optimisation could elaborate a new class of dosage forms based on 3D

printed lipids.

Keywords: 3D printing, solid self-microemulsifying drug delivery system (S-SMEDDS),

geometrical shapes, surface area to volume ratio value, kinetics of dispersion and digestion



Introduction

The co-administration of poorly water-soluble drugs with lipid-based formulations generally
enhances the oral bioavailability of these compounds through a number of mechanisms
including maintaining the drugs in the solubilised state, modifying gastric emptying and by
changing the drug distribution post absorption (1-6). The enzymatic digestion of lipids leads to
the formation of digestion products such as monoglycerides and free fatty acids. These
digestion products interact with endogenous components (i.e. bile salt, phospholipid and
cholesterol) and form a variety of colloidal structures that can act as a transport medium for the

absorption of lipophilic drugs.

In recent years, self-microemulsifying drug delivery systems (SMEDDS), comprising of oil,
surfactant, co-surfactant, drug and sometimes some quantity of co-solvent, received great
interest from industry and academia (2, 3, 7, 8). Upon dispersion, these SMEDDS formulations
form a kinetically stable oil-in-water (O/W) emulsions with small particle size under mild
agitation in the gastrointestinal (Gl) tract where the lipophilic drugs are solubilised into the
very finely dispersed lipid droplets (2, 9-12). Generally, these liquid formulations are filled
into soft or hard gelatin capsules for an ease of oral administration. Despite the benefits, a
number of drawbacks associated with the liquid state of the formulations may lead to problems
including dose uniformity, interaction of formulation components with the capsule shell (that
can potentially change the taste perception of the filling and/or can lead to the softening of the
capsule shell or leakage of the filling), portability and chemical stability of drug in the liquid
dose form. These issues have limited the translation of SMEDDS formulations (2, 4, 13, 14).
Therefore, transforming these liquid formulations into solid-based lipid formulations (S-
SMEDDS) has received an increasing amount of interest as a means of circumventing some of

those issues.

Traditionally, S-SMEDDS formulations are prepared by using several solidification techniques
such as adsorption to solid carriers (4), spray-drying (15), spray-cooling (16), melt granulation
(17), supercritical fluid-based methods (18) and melt extrusion/extrusion spheronization (19-
22). However, most of these techniques require a large amount of solid-phase carrier such as
silica, dextran, magnesium aluminometasilicate, lactose, cellulose etc., to adsorb the liquid
formulation and to generate a solid dosage form (i.e. powder sachets, tablet or pellets). These
additional carriers can lead to the issues of dose dilution, tolerability and toxicity (23, 24). The

dilution of liquid formulations into these solid-phase carriers and other additional excipients



sometimes makes it difficult to achieve the right dose for high dose drugs, and affect the
formulation compressibility (23). Additionally, the reproducibility is not always optimal and
the production times are relatively long. S-SMEDDS formulations also require a large amount
of surfactants to facilitate the high surface area be in contact with the enzymes in order to
achieve digestion and thereby solubilisation of poorly water-soluble drugs into the digestion
products. However, the higher quantity of surfactants may cause problems with tolerability of
the dosage form, increase the cost and complexity of the preparation process (25, 26). Thus, a
means of producing a high surface area S-SMEDDS formulations without the need of an
additional solid-phase carrier/co-solvent and high concentration of surfactants would be highly

desirable.

3D printing (3DP) has received great interest across numerous fields including material science
and pharmaceutical discipline (27-32). The recent approval of the first 3D printed
orodispersible tablet, Spritam® (levetiracetam), in 2015 by the FDA (Food and Drug
Administration, the United States) and the advancement of 3DP in manufacturing medicines
have already proven the feasibility of 3DP as a key technology in manufacturing
pharmaceutical solid dosage forms (33-36). In 3DP, the printer follows the computer-aided
design (CAD) instructions and produces a 3D object by depositing successive layers of
materials on the build plate. In the pharmaceutical field, 3DP offers the advantages of accurate
control of the spatial distribution of the drug particles inside the dosage form, manufacturing
of complex geometries, deposition of a very small amount of substances, reduced waste, rapid
fabrication of various compositions for convenient screening activities and the capacity to
produce a dose form with personalised dose strengths (36-42). The 3DP technique comprises
of different technologies such as stereolithography (SLA), selective laser sintering (SLS),
inkjet, fused deposition modeling (FDM), binder-jetting and semi-solid extrusion printing (43,
44). The primary difference between the technologies is specifically based on the mechanism
of the layer formation process to form a 3D object. The feasibility of 3DP technologies in the
pharmaceutical arena is well-reported in the literature and the technology has been utilised to
develop fast-disintegrating tablets (42), time-controlled release tablets (45-47), fabricated
sustained-release dosage forms (48), multi-active ingredient tablets (49), nanocapsule-loaded
tablets (50), microneedles (51) and other modes of topical drug delivery systems (52). The
technology offers an alternative route of controlling geometry and hence surface area (SA) and
volume (V) to control the dispersion of the formulation and thereby dissolution of the drug-

loaded solid matrix, and present a straightforward and cost-effective way to customise the drug



release profiles (29, 53). For example, Goyanes et al. prepared polymer-based pharmaceutical
tablets in a diverse range of geometrical shapes using FDM 3DP technology and studied the

impact of geometry on the drug release process (29).

However, in pharmaceutics, the interest in 3DP has been highly focussed on polymer-based
drug delivery systems. To date, the literature on using 3DP for the development of lipid-based
drug delivery systems is very limited and, to the best of our knowledge, there is no report of
utilising 3DP for the development of solid SMEDDS formulations.

Consequently, the current study aimed to provide proof of concept that 3DP technology can be
useful in the preparation of drug-loaded S-SMEDDS formulations without the need of a solid-
phase carrier, and 3DP can potentially provide control of geometry and thereby provide control
over dispersion and digestion. The drug-loaded S-SMEDDS formulations containing Gelucire®
44/14 (GEL 44 as a core digestible lipid), Gelucire® 48/16 (GEL 48 as a surfactant) and
Kolliphor® P 188 (P 188 as a co-surfactant), were prepared in a range of geometrical shapes.
The selected geometrical shapes were cylindrical, prism, cube and torus (as shown in Figure
1), providing altered surface area to volume (SA/V) ratios. Fenofibrate (FEN) and cinnarizine
(CINN) were selected as model drugs due to their poor water solubilities and their wide use as
lipophilic compounds in various studies with lipid-based formulations (12, 54-62). The
physicochemical properties and chemical structures of the model drugs are presented in Table
1. The formulations were characterised by differential scanning calorimetry (DSC), wide-angle
X-ray scattering (WAXS) and scanning electron microscopy (SEM), and the concentration of
the model drugs in the printed S-SMEDDS formulations was quantified using ultra high-
performance liquid chromatography (UHPLC). The impact of SA/V ratio on the kinetics of
dispersion was studied under simulated gastric and fasted intestinal conditions, and the kinetics
of digestion was assessed using a dynamic in vitro lipolysis model under fasted intestinal

condition.
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Figure 1. 3D representation of selected geometries of 3DP S-SMEDDS formulations (from
left to right - cylindrical, prism, cube and torus). The objects were drawn using AutoDesk

123D Design software (Autodesk Inc. USA) for printing as described.
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Table 1. Physicochemical properties of the model drugs.

Melting Partition

Compounds  point (°C) coefficient (logP) pKa Chemical structure References
Fenofibrate OT\X
(FEN) 81 5.24 N/A Y o (63, 64)

Cinnarizine 1.95,
(CINN) 117-120 5.80 7.51 O O\/\VQ (65, 66)

Materials and Methods

Materials and Reagents

Fenofibrate (> 99%) and cinnarizine (> 99%) were purchased from Sigma-Aldrich (Gillingham,
Kent, UK). Gelucire® 44/14 (a mixture of C8-C18 mono, di and triacylglycerols and C8-C18
mono and diesters of polyethylene glycol (PEG) and free PEG 32) and Gelucire® 48/16 (PEG
32 stearic esters - a mixture of stearic (C18) and palmitic (C16) acid mono- and diesters of PEG
32) were kindly donated by Gattefossé (Saint-Priest, Lyon, France). Kolliphor® P 188
(Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)) was
purchased from BASF (Ludwigshafen, Germany). Trizma® maleate (reagent grade) and bile
salt (sodium taurodeoxycholate (> 95%) (NaTDC)) were sourced from Sigma-Aldrich (St.
Louis, Missouri). Calcium chloride dihydrate (> 99%), sodium hydroxide (> 97%) and
ammonium dihydrogen orthophosphate (> 99%) were obtained from Ajax Finechem Pty. Ltd.
(Seven Hills, New South Wales, Australia). Sodium azide, methanol (HPLC grade) and
acetonitrile (HPLC grade) were acquired from Merck Schuchardt OHG (Darmstadt, Germany).
Phospholipid (1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)) and porcine pancreatic
extract were purchased from Cayman Chemical Supply (Sapphire Bioscience, New South
Wales, Australia) and Southern Biologicals (Nunawading, Victoria, Australia), respectively.
Sodium chloride (> 99%) was obtained from Chem-Supply (Gillman, South Australia,
Australia) and an analytical grade hydrochloric acid (36% assay) was purchased from Biolab
Pty. Ltd. (Clayton, Victoria, Australia). Water was sourced from a Millipore water purification

system using a Quantum™ EX Ultrapure Organex cartridge (Millipore, Sydney, Australia).
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Preparation of 3DP Drug-loaded S-SMEDDS Formulations in Various

Geometrical Shapes

The graphical illustration of the preparation process of 3DP drug-loaded S-SMEDDS
formulations is depicted in Figure 2. Briefly, the pre-selected ratios of model drugs, lipid and
surfactants (presented in Table 2) were mixed in a glass beaker and placed on the heating plate.
The mixtures were heated up to the melting point of the mixtures (80°C for FEN-loaded S-
SMEDDS and 120°C for CINN-loaded S-SMEDDS) under magnetic stirring conditions for 30
min to ensure complete mixing of the components and to form solutions of surfactants, lipid
and drug. Then, the liquid mixtures were transferred to a KRA-15 extruder stainless steel
syringe (Hyrel 3D, Norcross, GA) and allowed to solidify at room temperature. After 15 min,
the syringe temperature was increased to 65°C to form a dense liquid solution. The temperature
was regularly monitored to avoid the solidification or dripping from the syringe nozzle. After
10 min of thermal equilibrium, the mixtures were printed into Figure 1 illustrated geometrical
shapes using a Hyrel System 30M syringe-based extrusion 3D printer via 1.5 mm syringe
nozzle (Hyrel 3D, Norcross, GA). The ice-water (< 5°C) was circulated through a modified
build plate using a peristaltic pump to create a cold environment for rapid solidification of the

printed layers.

Table 2. Selected compositions of prepared S-SMEDDS formulations.

Substances (%) FEN:GEL CINN:GEL
FEN 7.0 -

CINN - 7.0

GEL 44 46.5 46.5

GEL 48 23.3 23.3

P 188 23.2 23.2

Total 100.0 100.0

Values are expressed in % w/w. All selected formulations contained 1:1 w/w lipid to surfactants ratio and
0.15:1.00 w/w drug to lipid ratio. The above ratios were selected to achieve 1 mg/mL of drug concentration for
100 mg of lipids in 15 mL of digestion medium during in vitro lipolysis.

The objects were designed using AutoDesk (AutoDesk Inc. USA) computer-aided design
(CAD) software. The CAD files were exported as a stereolithography (.STL) which were



further converted into Gcode file using Repetrel software (Hyrel 3D, Norcross, GA). The
printing parameters determined through prior optimization were as follows: printing nozzle
temperature set at 65°C, nozzle diameter (1.5 mm), nozzle traveling speed while printing (3
mm/s), layer height 0.4 mm, number of shells (2), nozzle traveling speed while not printing (20
mm/s), cooling fan speed (25%), feed rate (1) and material flow at piston drive speed (1100
pulses/s). The infill density was set at 35% (for the Hyrel System 30M, the recommended infill
density is 35% and the maximum percentage is around 50% or 60%) and infill pattern was
selected as concentric. The dimensions of the printed objects were scaled in order to achieve
constant weight (215 mg) of the 3DP S-SMEDDS formulations. The physical dimensions
(length, width and height) of the printed S-SMEDDS formulations were measured using a
digital caliper and the average of three measurements is presented in Table 3 along with
printing parameters (i.e. number of printed layers and printing time).

Mixture of drug, lipid ‘ Liquid mixture
T————7 and surfactants solidified in syringe Printing at
65°C
- S Liquid mixture added Syringe assembled to
— to printer syringe printer
)
Heating plate
Melting Solidification into KRA-15 Printing of S-SMEDDS in various
extruder stainless steel geometrical shapes
syringe

Figure 2. Schematic illustration of the preparation process of 3DP drug-loaded S-SMEDDS

formulations.

The control cube S-SMEDDS formulations were prepared manually from a bulk preparation
as described previously (2, 12). This briefly entailed drawing the molten solution of drug, lipids
and surfactant into a disposable syringe, solidifying at 4°C in the refrigerator for 24 h, ejecting
the solid rod formed and cutting the cube from the rod to desired dimensions using a scalpel.

The prepared S-SMEDDS formulations were stored at room temperature until further use. The



length, width and height of the prepared control cube S-SMEDDS formulations are presented
in Table 3 along with 3DP S-SMEDDS formulations.

Characterisation of the ‘As-Prepared’ 3DP Drug-loaded S-SMEDDS

Formulations

The solid bulk materials and prepared drug-loaded S-SMEDDS formulations were
characterised for thermal behavior using differential scanning calorimetry (DSC). DSC
measurements were performed with DSC 8500 (PerkinElmer, Japan) at 5°C/min heating rate.
Samples (average weight of 3-5 mg) were placed into 50 pL aluminum pans and sealed with a
crimped lid. Nitrogen gas was used as purge gas with a flow rate of approximately 20 mL/min
for all the experiments. Bulk lipid and surfactants were scanned from 0 to 70°C whereas bulk
drugs and drug-loaded S-SMEDDS formulations were scanned from 0 to 130°C. All melting

temperatures are stated as extrapolated onset values unless specified otherwise.

The solid state of the bulk drugs and drug-loaded S-SMEDDS formulations was determined
using wide-angle X-ray scattering (WAXS) at the SAXS/WAXS beamline at the Australian
Synchrotron, ANSTO (67). Similar to the previously reported method, the solid powders or
geometrical shapes, covered with Kapton tape, were placed in the X-ray beam and
diffractograms of bulk drug powders were acquired at an X-ray beam wavelength of 1.127 A
(energy 11 keV) and the sample detector distance of 574 mm (covered the g-range of 0.03 < g
<1.95 A™1). The diffractograms of drug-loaded S-SMEDDS formulations were collected at an
X-ray beam wavelength of 0.954 A (energy 13 keV) and the sample detector distance of 557
mm provided the g-range of 0.04 < g < 1.98 A™L. The three scattering profiles were acquired
for 5 s at every 20 s. The 2D scattering patterns were acquired using Pilatus 1M detector over
an active area of 169 x 179 mm?. The ScatterBrain Analysis software was used to normalise
the data in one-dimension and scattering patterns were converted to intensity and scattering
vector (q) to produce a plot of intensity versus scattering vector (q), using the equation q =
(4m/2) sin (6/2), where ‘A’ is the wavelength and ‘@’ is the scattering angle. The average of three
scattering patterns of Kapton tape was collected separately and subtracted as background from
all scattering profiles. The diffractograms of 3DP S-SMEDDS formulations were collected for
the cylindrical shapes only. For a direct comparison, the scattering profiles of the drug-free S-

SMEDDS formulations were also acquired to confirm the possible overlapping of the peaks



from the formulation components with drug peaks (data presented as Figure S1 in the

Electronic Supporting Information).

The morphology and porosity of 3DP S-SMEDDS formulations were characterised using
scanning electron microscopy (SEM). The electron microscopy images of the surface (edge of
the geometrical shapes) and cross-sections were acquired using a benchtop SEM (Phenom. FEI,
Dillenburgstraat 9T, Netherlands). Prior to SEM analysis, the samples were placed on double-
sided adhesive carbon glue and coated with gold using sputter coater (Emitech K550x, Kent,
UK).

Furthermore, the content of the model drugs in the 3DP S-SMEDDS formulations was
determined using ultra high performance liquid chromatography (UHPLC). Approximately 50
mg of the drug-loaded S-SMEDDS formulations (cylindrical shapes) was dissolved into 100
mL of respective mobile phases at 37°C with magnetic stirring to form a clear transparent
solution. The acquired solutions were further diluted with respective mobile phases until the

concentration of the model drugs fell within the range of the standard curve.

A previously reported HPLC method was followed to determine the concentration of FEN and
CINN in the 3DP S-SMEDDS formulations (12). The Nexera X2 UHPLC system comprised
of a Shimadzu DGU-20A system controller, LC-30AD solvent delivery module, SIL-30AC
autosampler and CTO-20AC column oven model at 40°C, attached to the SPD-M30A UV
detector (Shimadzu Corporation, Kyoto, Japan) and RF-20AXS fluorescence detector
(Shimadzu Corporation, Kyoto, Japan). A reverse-phase C18 Waters Symmetry® column (4.6
mm X 75 mm, 3.5 um, MA, the USA) was used.

For FEN, the mobile phase for an isocratic premix was composed of acetonitrile and Milli-Q
water (80:20) with 0.1% (v/v) formic acid. The analysis was performed at the flow rate of 1
mL/min at the injection volume of 20 pL and the drug was detected at 286 nm UV wavelength.
For CINN, the mobile phase for an isocratic premix was composed of acetonitrile and Milli-Q
water (50:50) with ammonium dihydrogen orthophosphate at 20 mM where pH was adjusted
to 4.2. The analysis was performed at the flow rate of 1 mL/min at the injection volume of 20
ML and the drug was detected using fluorescence detector at a wavelength of Excitation 249
nm and Emission 311 nm. The study was performed in triplicate using different section of 3DP

dose forms and the concentration of drugs was determined by comparison to the standard curve.
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Characterisation of Dispersion and Digestion Behaviour of Drug-loaded S-
SMEDDS Formulations

The dispersion study was performed to assess the impact of SA/V ratio on the dispersion
process of S-SMEDDS formulations. The study was performed using the paddle apparatus USP
type Il (Erweka DT6, Heusenstamm, Germany) in 400 mL of simulated gastric medium (0.1
M HCI) at 37°C and at 100 rpm paddle speed. The two solid dosage forms (single dose weight
of approximately 215 mg) were added into the dispersion medium and the time required for
the formulations to spontaneously self-emulsify and form an emulsion was visually determined.
The dispersion time was noted at the time at which the visible solid dosage forms were
completely dispersed to the eye. The study was performed in triplicate.

The fasted micellar media used for digestion experiments, reflecting the fasted state of the
human intestinal condition, was prepared according to a previously reported protocol using
digestion buffer and used as digestion medium (2, 12). The standard digestion buffer of pH
6.500 + 0.003 solutions containing 50 mM Trizma® maleate, 150 mM NaCl, 5 mM CaCl,.Hz0
and 6 mM NaNs, was prepared where pH was adjusted to 6.500 + 0.003 using HCIl and NaOH
solutions. The fasted state micellar solution was prepared by adding bile salts and
phospholipids at concentrations of 5 mM:1.25 mM, respectively, into the digestion buffer.
Briefly, the required quantity of DOPC (phospholipid) was dissolved into 1-2 mL chloroform
into a round bottom flask. A thin-film of DOPC at the bottom of the flask was achieved by
evaporating chloroform using a rotary evaporator (BUCHI, Rotavapor-RE, Switzerland) under
vacuum conditions. The required quantity of digestion buffer and NaTDC (bile salt) were
added into the round bottom flask and the mixture was sonicated in a sonicating bath at room
temperature for approximately 1 h to achieve a clear micellar solution. The prepared micellar

solution was stored at 4°C in the refrigerator and used within two weeks.

The freeze-dried pancreatic lipase was also prepared in accordance with a previously reported
protocol at a concentration of approximately 1000 TBU (tributyrin units)/mL of the digest
where lipase activity was determined by a separate tributyrin test (2). For each digestion
experiment, the freeze-dried lipase was reconstituted at approximately 286 mg/mL of digestion
buffer, such that 1.5 mL of solution added to 13.5 mL of the digest (see below) provided the

required activity.

In vitro lipolysis experiments were performed to investigate the effect of SA/V ratio values on

the Kinetics of digestion at fasted intestinal condition (2, 58, 68, 69). The model consisted of a
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pH-stat apparatus (Metrohm®, Switzerland), Titrando 802 propeller stirrer, a glass pH electrode
(iUnitrode), 800 Dosino dosing unit attached to a 5 mL autoburette (Metrohm®, Switzerland)
and a thermostatted glass vessel at 37°C with stirred conditions was operated using Tiamo 2.0
software. For each digestion experiment, 13.5 mL of the digestion medium (fasted intestinal
micelles) was added into a thermostatted glass vessel where the pH was readjusted to 6.500 +
0.003 using NaOH and HCI solutions. After 5 min of thermal equilibrium, a single drug-loaded
geometrical shape (approximately 215 mg) and 1.5 mL of reconstituted pancreatic lipase were
added to the glass vessel at the same time to investigate the impact of geometry on dispersion
and digestion kinetics. During lipolysis, the pH of the digestion medium dropped due to the
liberation of ionised-fatty acids from S-SMEDDS formulations. Therefore, 0.6 M NaOH
solution was titrated via auto-burette to maintain the pH at a pre-selected value of 6.500 + 0.003.
The duration of all lipolysis experiments was 60 min and the extent of enzymatic digestion was
reflected in the consumed volume of NaOH to neutralize the liberated fatty acids during
digestion. The percentage of ionised fatty acids was calculated using the liberated moles of
fatty acids relative to the theoretical moles of fatty acids equivalent in the formulation. In the
current study, the results are presented for ionised-fatty acids only to quantify the effect of
geometry on the digestion for initial 30 min until the solid dosage form completely dispersed

into the digestion medium and formed an emulsion.

Statistical analysis

For all performed experiments, the obtained results are expressed as mean + standard deviation
and were replicated at least three times. The results of dispersion and digestions were analysed
using the IBM SPSS Statistics 25 and a one-way variance test (ANOVA) with Tukey post hoc
analysis was performed. The p-values are expressed by (p-value < 0.05) or (p-value > 0.05) at

the point of comparison.

Results and Discussion

Physical Parameters and Printing of S-SMEDDS Formulations

Firstly, this proof of concept study proved that it was feasible to prepare drug-loaded S-
SMEDDS formulations without a solid-phase carrier using 3DP technology. As shown in

Figure 3, the printed S-SMEDDS were intact, well-defined and deemed acceptable for normal
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handling. However, the formal pharmacopeia testing would be necessary to confirm the
strength and friability of the prepared dose forms during formal product development.
Although the minor slumping was evident and the significant differences between the shapes
was apparent. This is the first time that a level of control over geometry of S-SMEDDS dosage
forms has been demonstrated. During printing, the syringe temperature (configured to 65°C)
was carefully controlled to avoid solidification of the material in the nozzle tip at a lower
temperature or dripping at a higher temperature. The circulation of ice-water (< 5°C) through
the modified build plate stimulated the solidification of printed layers and enabled the binding
of layers, offering a single solid object. The use of a Peltier cooled plate would be more
preferable in future studies with such systems, but the water cooled build plate sufficed for this

proof of concept.

The drug-loading percentage was consistent (7% w/w) for both model drugs, with the
recovered concentration of the model drugs in the 3DP S-SMEDDS formulations being within
a small percentage variation of the theoretical loading (data presented as Figure S2 in the
Electronic Supporting Information) precluding settling or segregation in the printer syringe.
The presence of the drugs did not exert any effect on the printing process. However, as
highlighted in Table 3, a slight adjustment in the objects’ dimensions were required to achieve
consistent weight of 215 mg, indicating slight differences in the density of the printed liquid.
During printing, no solid undissolved particles of the drugs were observed and the prepared
formulations were transparent straw coloured liquid of drugs dissolved in lipid and surfactant
without undissolved solid thus it was anticipated that the drug particles were still dissolved into

the molten lipid-surfactant matrix at printing temperature (65°C).

Table 3. Physical dimensions and printing parameters of 3DP FEN-loaded S-SMEDDS (FEN
S-SMEDDS), CINN-loaded S-SMEDDS (CINN S-SMEDDS) and physical dimensions of the
control cube S-SMEDDS formulations (n = 3).

Shapes Length x width x height (mm)  Printed layers  Printing time (min)
FEN S-SMEDDS

Cylindrical 11x11x3.3 9 3.2

Prism 12.3x12.3x 3.8 11 3.3

Cube 7.3x7.3x55 15 3.1

Torus 13.7x13.7x 3.4 9 3.1

Control cube 6.1x6.4x5.3 - -
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CINN S-SMEDDS

Cylindrical 9.1x9.1x25 8 2.2
Prism 12x12x 3.5 9 2.3
Cube 7X7x45 12 2.3
Torus 12.3x12.3x 3.4 9 2.4
Control cube 6.1x6.3x5.1 - -

The printed objects in four geometrical shapes (three compact geometries with different edges
and surfaces and one with a hole in the middle) with different SA/V ratios and the prepared
control cube are illustrated in Figure 3 and their physical parameters are tabulated in Table 4
and 5. All 3DP S-SMEDDS formulations were printed at a constant weight of approximately
215 mg (containing 15 mg FEN or CINN) by adjusting the tablet XYZ dimensions, aimed at

maintaining the same drug content in each dosage form.

For both drug-loaded S-SMEDDS formulations, the torus shape provided the largest SA/V
ratio values due to the hole in the middle compared to compact geometries and the differences
in the SA/V ratio values for compact geometries were relatively small (Table 4 and 5).
Although, the SA/V ratio values for FEN-loaded S-SMEDDS formulations were larger
compared to CINN-loaded S-SMEDDS formulations due to smaller XYZ dimensions and
extrusion of the apparently slightly denser solution.

The printed geometrical shapes in Figure 3 were not perfect in comparison to the intended
geometries, but very close. For instance, the cylindrical and cube shapes looked similar from
the top view for both drug-loaded S-SMEDDS formulations. This phenomenon can be
explained by the low-resolution of the nozzle diameter and the less-controlled spatial
distribution of the printed layers at the liquid state. This can be further improved by enhancing
the resolution (by using smaller nozzle diameter) and printing mixtures in a semi-solid state.
The slight distortion of the solid dosage forms made it challenging to calculate the accurate
physical dimensions of the formulations thus the physical dimension presented in Tables 4 and
5 were estimated from the mean value of the measurements of the physical dimensions of the

objects.
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Figure 3. Images of drug-loaded S-SMEDDS formulations in various geometrical shapes (from
left to right - cylindrical, prism, cube, torus and control cube) of (a) FEN-loaded (top view and
side view) and (b) CINN-loaded (top view and side view), S-SMEDDS formulations. The
cylindrical and cube shapes looked similar at least from top view, due to low-resolution of the
nozzle diameter and the less-controlled spatial distribution of the printed layers at the liquid

state.

Table 4. Physical parameters of FEN-loaded S-SMEDDS formulations (n=3, mean + SD).

Shape Surface area (mm?)  Volume (mm®) SA/V ratio (mm™)  Weight (mg)
Cylindrical 306.0 £ 3.7 317.8+5.6 0.963 + 0.006 214.0+35
Prism 290.3+1.1 285.4+2.1 1.017 £ 0.004 216.0+7.2
Cube 266.4 + 1.6 292.2+28 0.912 +0.003 218.0+1.5
Torus 327.6+4.3 197.9+5.0 1.655 + 0.020 2140+ 7.8
Control cube 210.9+18.7 208.0+27.4 1.014 + 0.044 206.3 £ 4.7

Table 5. Physical parameters of CINN-loaded S-SMEDDS formulations (n=3, mean + SD).

Shape Surface area (mm?)  Volume (mm®) SA/V ratio (mm™)  Weight (mg)
Cylindrical 2264+ 2.6 1976+19 1.146 £ 0.011 2140+£4.6
Prism 2695+4.4 252.8+6.1 1.066 £ 0.009 2150+£6.2
Cube 2225+1.6 2184+1.9 1.019 £ 0.003 213.0+9.8
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Torus 3476+£7.9 248.9+8.3 1.397 +0.032 218.0+4.0
Control cube 211.7+17.4 208.4+19.3 1.016 + 0.068 218.3+5.7

DSC and X-ray scattering at wide-angle (WAXS) were employed to investigate the physical
state of the model drugs in the prepared S-SMEDDS formulations. As shown in Figure 4, the
bulk components expressed endothermic peaks corresponding to the melting points of the
individual components. The bulk drugs also presented drug endotherms representing melting
of the crystalline raw drug materials (Figure 4a). Both of the drug-loaded formulations
exhibited only an endotherm at approximately 44-48°C that correlates to the melting of the
excipients and the drug endotherms were absent (Figure 4b). This indicates a significant
physicochemical interaction between the components in the mixture formulations and suggest
that the drugs were either in amorphous state or molecularly dispersed into the molten lipid-
surfactants matrix at an increased temperature. Additionally, it also indicates that the drugs
have dissolved into the lipid formulations at the printing temperature (65°C) consistent with

the visual observations.

a) b)
‘_/\J\ Control cube CINN S-SMEDDS
I 3DP CINN S-SMEDDS
’J Control cube FEN S-SMEDDS
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o o
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= z CINN bulk
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Temp (°C) Temp (°C)
Figure 4. DSC thermal traces of (a) bulk GEL 44, bulk GEL 48 and bulk P 188, and (b) bulk
FEN, bulk CINN, 3DP FEN-loaded S-SMEDDS, control cube FEN-loaded S-SMEDDS, 3DP
CINN-loaded S-SMEDDS, and control cube CINN-loaded S-SMEDDS formulations.

The scattering patterns of bulk model drugs and drug-loaded formulations are presented in
Figure 5. Additionally, the scattering profiles of drug-free S-SMEDDS formulations were
compared to drug-loaded S-SMEDDS formulations (data presented as Figure S1 in the
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Electronic Supporting Information) and confirmed that there were no overlapping of the peaks
between the excipients and the drug. The bulk FEN and bulk CINN displayed crystalline state
by presenting FEN major diffraction peaks at q of 0.84, 1.02, 1.12, 1.14 and 1.18 A™* (Figure
5a) and CINN diffraction peaks at g of 0.72, 1.09 and 1.32 A™(Figure 5b). Consistent with
previous observation for similar type of formulations, the drugs corresponding peaks were
evident with similar g-range (with additional peaks from other components of the formulations
(confirmed from Figure S1)) but lower intensities than the bulk form (12), indicating the drugs
partially retained its crystallinity after mixing. The results clearly suggested that the drugs were
not in the amorphous state in the final mixture formulations and indicated that the drugs were
most likely solubilised into the molten lipid-surfactants matrix at high temperature but
recrystallised upon cooling. The slight difference in the g-values of the drug diffractions peaks
for drug-loaded formulations compared to bulk samples was most possibly due to the difference
in the experimental setup and some orientation of crystalline material in the reference

diffraction patterns.

1FEN S-SMEDDS formulations

FEN peak=\

3 CINN S-SMEDDS formulations

A Control cube
S-SMEDDS CINN peaks

Control cube

3DP
S-SMEDDS

Intensity (A.U.)
Intensity (A.U.)

CINN bulk

FEN bulk

08 09 10 14 12 07 08 09 10 11 12 13 14
q(A™h q (A"
Figure 5. The wide-angle X-ray scattering (WAXS) profiles of (a) bulk FEN, 3DP and control
cube FEN-loaded S-SMEDDS and (b) bulk CINN, 3DP and control cube CINN-loaded S-
SMEDDS, formulations collected at Australian Synchrotron, ANSTO using the SAXS/WAXS
beamline. FEN bulk and CINN bulk scattering patterns were arbitrarily scaled for the graphing

purpose.
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Morphology of the 3D Printed Solid Object

SEM was employed to analyse the morphology and porosity of drug-loaded 3DP S-SMEDDS
formulations. In Figure 6, the electron microscope images indicated the presence of crystalline
FEN particles within the printed formulations with large solid particles being apparent
(highlighted with a circle). The images also clearly showed the deposition of individual layers
connected to each other (Figure 6). The layer diameter ~400-600 um was consistent with the
nozzle diameter (theoretically 0.4 mm although this was not specifically measured). Most
possibly, the extrusion of liquid solution affected the layer deposition process and led to slight
curl of the liquid materials on the build plate and/or previous printed layers, providing uneven
layer thickness. This can be further improved by enhancing the resolution (by using smaller
nozzle diameter) and printing mixture at semi-solid state or with further additives to control
rheology. However, as shown in Figure 6, the printed layers still fused together very well,
leading to the strength of the 3DP dosage forms. While the materials printed in this study
formed an essentially solid low porosity object, future studies will include using the advantage

of 3DP in building in increasingly porous structure to provide even further control over

dispersion behaviour.
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Figure 6. SEM images of 3DP dosage forms of (a) cylindrical surface edge (b) prism surface
edge (c) torus surface edge and (d) torus cross-section, of FEN-loaded S-SMEDDS
formulations. The images clearly demonstrated the individual layers, large particles and pore
space where the layers fused together and formed a solid object. The scale bar in Panels (a), (c)

and (d) is 500 um, whereas in Panel (b) it is 640 pum.

Correlation of Dispersion and Digestion Kinetics of Drug-loaded S-
SMEDDS Formulations with SA/V Ratio Values

The correlation of SA/V ratio values to the dispersion time of drug-loaded S-SMEDDS
formulations under simulated gastric condition is presented in Figure 7. The dispersion time
was noted when the solid dosage forms completely dispersed to the naked eye and are tabulated

in Table S1 in the Electronic Supporting Information.

The results clearly indicated that geometry plays a pivotal role in defining the dispersion
process. For both drug-loaded systems, the order of dispersion time was (fastest first) torus >
prism > control cube > cylindrical and cube (p < 0.05). The dispersion time generally trended
with changes in the SA/V ratio values with the shortest dispersion time for torus shapes (42
min and 58 min for FEN- and CINN-loaded S-SMEDDS, respectively) and the longest for cube
shapes (66 min and 81 min for FEN- and CINN-loaded S-SMEDDS, respectively). The
magnitude of the difference in dispersion time was higher between torus and other compact
geometries whereas the difference was minimal between compact geometries. The dependence
on SA/V ratio for the compact geometries may have been clearer under alternative dispersion

testing conditions (such as a slower paddle speed), nevertheless the higher SA/V ratio
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geometries generally provided the fastest dispersion rate. Overall, the dispersion time of CINN-
loaded S-SMEDDS formulations was longer compared to FEN-loaded S-SMEDDS
formulations likely due to smaller SA/V ratio values and the extrusion of dense layers from the
heavier liquid solution.

a) b)
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Figure 7. The correlation of dispersion time to SA/V ratio values for various geometrical shapes
of (a) FEN-loaded S-SMEDDS and (b) CINN-loaded S-SMEDDS, formulations performed at
the simulated gastric condition in USP Il apparatus and at fasted intestinal digestion condition

during digestion in in vitro lipolysis model (n=3, mean £ SD).

Furthermore, the dispersion and digestion of the 3D printed objects were then studied under
fasted intestinal lipolysis condition using the previously reported in vitro lipolysis model (70).
As seen in Figure 7, the dispersion time of geometrical shapes in the fasted intestinal digestion
medium was overall much faster (p < 0.05 for both drug-loaded S-SMEDDS formulations)
than in gastric medium. The dispersion rate followed a similar rank order for the various
geometries as that seen in gastric medium, with the shortest dispersion time for the high SA/V
ratio value torus shape for both drug-loaded S-SMEDDS formulations. It was anticipated that
wetting of the dose form and the penetration of dispersion medium through hydrophilic regions
of the printed material was promoted in the presence of endogenous amphiphilic components
such as bile salt and phospholipid present in the simulated fasted intestinal medium, which led

to faster dispersion process in comparison to simulated gastric condition (Figure 7).

During digestion, for both drug-loaded systems, the lipase had better access to the digestible
components of the torus shapes due to higher SA/V ratio in comparison to the compact
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geometries (i.e. cylindrical, prism and cube). Hence, the extent of digestion was higher for
torus shapes during the early stage of digestion (see Figure S3 in the Electronic Supporting
Information). However, as anticipated, the exposure of digestible components increased for all
geometrical shapes after dispersion and thus resulted into similar digestion kinetics and extent
of digestion for all geometrical shapes after the initial dispersion phase. This indicated that
geometry plays a role in the overall kinetics of digestion only until dispersion of the geometrical

shapes has taken place.

Conclusions

This study demonstrated the concept of using 3DP technology for the preparation of S-
SMEDDS formulations with controlled three-dimensional geometry without a solid-phase
carrier. It was straightforward to prepare and fabricate the dosage forms into various
geometrical shapes (cylindrical, prism, torus and cube). This demonstrated the versatility of
3DP as a novel manufacturing process for solid lipid-based formulations. Solid-state analysis
revealed the crystalline state of the model drugs in the final dosage forms and microscopic
images showed fusion of the printed layers forming a solid object. The dispersion of S-
SMEDDS formulations was faster in fasted intestinal condition attributed to the presence of
bile salts and phospholipids, and the dispersion kinetics of drug-loaded S-SMEDDS
formulations showed a clear dependence on the SA/V ratio values, indicating the impact of
geometrical shape on dispersion time. This proof of concept study indicates that with
optimisation, 3DP can offer an alternative technique to prepare S-SMEDDS dose forms with
geometrical flexibility and complexity suitable for the development of personalised lipid-based
dosage forms.
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