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emulsion gel. The developed emulsion gel allows for a non-emulsifying LBF to be transformed into solid dosage
forms for rapid lipid digestion and drug release of a poorly water-soluble drug in the small intestine.

1. Introduction

Poor water-solubility of new drug candidates is challenging for
pharmaceutical formulation and design of suitable oral drug products.
Co-administration of lipids enhance the oral bioavailability of poorly
water-soluble drugs. Lipid-based formulations (LBFs) are therefore a
well-established formulation strategy for tackling low solubility [1-4].
These formulations are typically administered as liquid-filled gelatin
capsules, where the simplest LBF, classified as LBF type I, consists of a
single lipid component in which the drug is pre-dissolved. However,
LBFs usually contain a mixture of oils, surfactants, and co-solvents, LBF
types II-IV. Such LBFs self-emulsify upon dispersion in gastrointestinal
fluids, generating a high surface area of oil droplets, which is advanta-
geous for a rapid and uniform absorption [5-8]. Despite the ability of
these formulations to enhance drug absorption of lipophilic drugs their
conversion into commercial drug products is limited by several factors
including high manufacturing cost and poor physicochemical stability of
liquid formulations, where many drugs are prone to chemical degrada-
tion through hydrolysis in the presence of water. Solidification of lipid
liquid formulations are therefore highly desirable [9]. Furthermore, the
drug loading capacity of LBFs is generally low, up to around 15% w/w
[10]. For low potency drugs, i.e., drugs needed to be administered at a
high dose, large amounts of excipients such as surfactants are required,
which can be problematic from a safety perspective, especially in spe-
cific groups like pediatric patients [11].

As an alternative to self-emulsifying LBFs containing surfactants,
stabilization of oil droplets can be achieved with solid particles, called
Pickering emulsions [12-14]. Pickering emulsions are highly interesting
for pharmaceutical applications, as it is possible to tailor Pickering
emulsion towards its application by control and modification of particle
properties. In addition, Pickering emulsions exhibit good physical sta-
bility due to high resistance towards coalescence and Ostwald ripening.
Pickering emulsions can be stabilized with inorganic particles. Silica
(Si03) nanoparticles, commonly used additives in food and pharma-
ceuticals, have been widely studied due to their biocompatibility and
ease of modification to render them partially hydrophobic [12,15].
Furthermore, SiO; particles enables formulation of Pickering emulsions
with submicron droplets size and can be produced in large scale.
Recently, the stabilization of Pickering emulsions using organic particles
derived from natural sources, e.g., cellulose and starch has gained
increased interest because of their well-known biodegradability and
biocompatibility properties [16]. The variety of particles that can be
used, as well as the possibility of particle functionalization allow for
tailoring the solid particle layer at the oil-water interface for controlled
lipid digestion and hence, controlled drug release [17].

Although Pickering emulsions could be used as oral dosage forms,
the manufacturing of liquid-filled capsules is generally less cost-effective
compared with traditional tablet production due to their bulky handling,
requiring large spaces for production and transportation. However,
conventional manufacturing of solid oral dosage forms also has limita-
tions, in particular the assumption of one size and dose fits all. In light of
this, additive manufacturing, colloquially referred to as 3D printing, has
rapidly emerged as a flexible manufacturing technology for production
of personalized dosage forms [18]. This technology allows for the pro-
duction of solid dosage forms of complex geometries, with tailored drug
release according to needs, and where multiple drugs may be combined
in a single tablet [19]. In semi-solid extrusion (SSE), a gel-like formu-
lation is extruded through a nozzle in a layer-by-layer fashion under
pressure, driven by a mechanical piston or pressurized air. The formu-
lation must possess adequate rheological properties, including shear-
thinning behavior to allow for smooth extrusion of the material
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through a narrow nozzle without occlusion. Moreover, viscoelastic
properties are essential to maintain the 3D-printed structure after
deposition [20,21]. Advantages with SSE include low temperature
operation, a wide choice of excipients, and the possibility of a high drug
load in the produced dosage form [22]. SSE has shown promising fea-
tures for pharmaceutical applications and production of personalized
dosage forms with precise dosing in a clinical setting, which also fulfill
pharmaceutical standards [23-25].

Despite the great interest and possibilities offered by 3D printing for
pharmaceutical applications, the selection of formulations is limited and
mainly focused on water-soluble drugs [26]. Recent 3D-printing ap-
proaches for tackling low-solubility drugs include amorphization using
hot-melt extrusion, coupled with fused deposition modeling [27,28].
Furthermore, nanotechnology-based formulation strategies have been
combined with 3D printing, making use of e.g., mesoporous carrier
systems [29], nanospheres [30], and nanocrystals [31] to improve drug
solubility. Self-emulsifying lipid formulations have also been used in 3D
printing of solid lipid tablets incorporating poorly water-soluble drugs
[32-34]. These recent approaches highlight the need to further explore
more advanced formulations, needed for poorly water-soluble drugs,
and their potential in 3D printing of solid oral dosage forms. This study
aimed to further broaden the use of lipids in 3D printing of solid dosage
forms, by developing an emulsion gel stabilized with solid particles and
a surfactant for delivery of the poorly water-soluble drug fenofibrate.
Here, we formulated a LBF comprised of 100% lipids into an oil-in-water
(O/W) Pickering emulsion synergistically stabilized with stearic acid
and SiO2 nanoparticles. The lipid digestion behavior of the developed
emulsion and the corresponding plain LBF was studied in vitro. The drug-
loaded emulsion was formulated into an emulsion gel for SSE 3D
printing into solid tablets and the rheological behavior of the emulsion
gel was studied. This study thus reports a novel application of drug-
loaded O/W emulsions for 3D printing of solid oral dosage forms.

2. Materials and methods
2.1. Materials

Maisine CC (mixed long-chain glycerides) was kindly provided by
Azelis (Herlev, Denmark). Methocel A4M (methylcellulose), Methocel
E4M (hydroxypropyl methylcellulose), and Ac-Di-Sol SD-711 (cro-
scarmellose sodium) were donated by IFF Nutrition & Bioscience. Fasted
state simulated intestinal fluid (FaSSIF) powder was purchased from
biorelevant.com (Croydon, UK). Analytical solvents were purchased
from VWR International (Spanga, Sweden). Soybean oil (long-chain
triglycerides), Tween 85, fenofibrate (>99%), Ludox TM-50 colloidal
SiOz (22 nm primary particle size specified by manufacturer, 50% w/w
suspension in water, negatively charged particles stabilized with sodium
counter ions), Nile red, stearic acid (95%), and porcine pancreatin
extract (8 x USP specifications activity) were obtained from Merck
(Darmstadt, Germany).

2.2. Preparation of formulation

2.2.1. Lipid-based formulation and drug loading

A LBF type I, represented in the lipid formulation classification sys-
tem, comprising of Maisine CC and soybean oil was prepared as
described previously [10,35,36]. The composition is shown in Table 1.
Briefly, the components were preheated at 37 °C for soybean oil and at
70 °C for Maisine CC for ~ 30 min until homogenous mixtures were
obtained and subsequently weighed into a glass vial in predefined
fractions. The vial was vortexed thoroughly and placed on a shaker at
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37 °C overnight. A drug loading of 42.2 mg/g (equal to 80% of fenofi-
brate equilibrium solubility at 25 °C) was prepared by adding the
required amount of fenofibrate into a glass vial followed by LBF. The vial
was vortexed and placed on a shaker at 37 °C until a clear oil phase was
obtained and all drug was dissolved.

2.2.2. Emulsion

An O/W emulsion was prepared using drug loaded LBF as oil phase
(Fig. la-b, Table 1). Stearic acid (2% w/w) was added as a co-emulsifier
to the oil phase by weighing stearic acid directly into a glass vial fol-
lowed by addition of drug loaded LBF. The vial was vortexed and placed
on a shaker at 37 °C overnight. Before use, the oil phase was placed at
70 °C for 15 min to ensure complete dissolution of stearic acid. The
aqueous continuous phase, comprising a SiO, suspension (15% w/w) in
water, was prepared by dilution of Ludox TM-50 colloidal SiO, with
Milli-Q water, followed by pH adjustment to 7.0 using 0.1 M HCL. The
SiO4 suspension was stored at 4 °C prior to use. The oil and water phases
were weighed into a falcon tube in a 3:7 ratio and emulsified using a
two-step process to achieve submicron droplet sizes. First, the O/W
mixture was ultrasonicated using a Vibra-Cell sonicator equipped with a
13 mm probe tip (Sonics, Newton, CT, USA). An amplitude of 20%, pulse
of 30 s on and 1 s off was applied for 5 min. In the second step, the pre-
emulsion was processed in a microfluidizer (LM20, Microfluidics,
Westwood, MA, USA) with a diamond interaction chamber assembly
(H10Z, 100 pm). The pre-emulsion was processed 10 times at 2000 bar.
The produced emulsion was stored at room temperature before use.

2.2.3. Emulsion gel

An emulsion gel was prepared from the emulsion (Fig. 1¢) by adding
viscosity enhancers, Methocel A4M and E4M, and disintegrant, Ac-Di-
Sol SD-711. The final composition of the gel is shown in Table 1. The
required amount of emulsion was weighed into a glass vial and pre-
heated to 70 °C, followed by gradual addition of polymer between cy-
cles of vortexing and re-heating the emulsion. Methocel A4M was added
first, followed by Methocel E4M, and lastly, Ac-Di-Sol SD-711. The final
gel was stored at room temperature until 3D printing. A previously
described emulsion gel using an emulsified LBF type II stabilized with a
non-ionic surfactant was used in this study for comparison of textural
properties and rheological characteristics important for 3D printing
[34]. The composition is shown in Table 1. The LBF type II emulsion gel
was prepared according to a previously described method [34].

2.3. Emulsion stability and droplet size measurement

Kinetic stability of the emulsion was assessed over four weeks of
storage at room temperature. The emulsion was visually evaluated for
potential phase separation by staining the oil phase with Nile red. The
volume size distribution and hydrodynamic diameter of the emulsion
was measured using dynamic light scattering (DLS; Litesizer 500, Anton
Paar GmbH, Graz, Austria). Emulsion samples were diluted 100-fold in
Milli-Q water prior to measurement. Droplet size was determined at
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25 °C, using a refractive index of 1.5 and absorbance coefficient of
0.005. Droplet size was measured directly after preparation and after
four weeks of storage at room temperature. The same parameters
(temperature refractive index, and absorbance coefficient) used for DLS
measurements of the emulsion was used to measure the particle size of
the SiO; suspension (15% w/w). Additionally, the zeta potential of the
aqueous phase (15% w/w SiO; suspension in water) was measured at
25 °C and pH 7.0 (Litesizer 500, Anton Paar GmbH, Graz, Austria).

2.4. Cryo-scanning electron microscopy (cryo-SEM)

Cryo-scanning electron microscopy (cryo-SEM) was used to study the
adsorption of SiO, nanoparticles at the oil/water interface. Imaging was
performed on a low-voltage field-emission cryo-SEM (Carl Zeiss Merlin,
Oberkochen, Germany) with a Quorum Technologies PP3000T cryo-
preparation system. Emulsion samples were vortexed and frozen in the
100 um side of a type A 6 mm carrier using a Leica HPM100 high
pressure freezing system (Leica microsystems, Wetzlar, Germany). Prior
to imaging, samples were stored in liquid nitrogen. Imaging was carried
out at —140 °C using a secondary electron detector (ETD) at an accel-
erating voltage of 1 kV and probe current of 50 pA.

2.5. In vitro lipolysis and drug distribution

In vitro lipolysis of the emulsion and the corresponding LBF type I
(50% w/w soybean oil and 50% w/w Maisine CC) was performed ac-
cording to a previously described protocol [36]. The set-up used con-
sisted of a temperature-controlled glass vessel (37 °C) and a pH-stat
(iUnitrode) connected to a dosing unit (Metrohm 907 Titrando,
Switzerland). The medium consisted of lipolysis buffer (pH 6.5, con-
taining 2 mM Tris-maleate, 1.4 mM CaCly-2H0, and 150 mM NaCl)
supplemented with FaSSIF powder (3.0 mM sodium taurocholate and
0.75 mM lecithin). The lipolysis medium was preheated to 37 °C prior to
experiments. A pancreatic enzyme extract was prepared by mixing 1.2 g
porcine pancreatin, 6 mL lipolysis buffer, and 20 yL. 5 M NaOH. The
mixture was vortexed and then centrifuged at 5 °C, 2442 g for 15 min.
The enzyme extract was prepared 1-2 h before use and kept cold until
use. The enzyme activity was determined to 36.8 TBU/mg, equal to
7360 TBU/mL extract. At the start of the experiment, a dispersion phase
was carried out, where the formulation and lipolysis medium were
mixed for 10 min at 450 rpm. The amount of oil and initial volume were
the same for experiments carried out with LBF type I and emulsion. For
LBF type I, 1.18 g was dispersed in 42.5 mL lipolysis medium and for
emulsion, 4.0 g was dispersed in 39.7 mL medium. During the dispersion
phase, the pH was manually adjusted to 6.5 £+ 0.05. At the end of the
dispersion phase, 10 uL was withdrawn to determine the droplet size
prior to digestion using DLS. Prior to measurement, the sample was
diluted 100-fold in Milli-Q water and measured at 25 °C. The result was
analyzed based on the intensity distribution.

To start the digestion phase, 4.5 mL pancreatic enzyme extract was
added. The digestion was carried out for 60 min and the pH was

Formulation composition of lipid-based formulations (LBFs) type I and II used as oil phase, oil-in-water (O/W) emulsions with particle or surfactant stabilization, and

emulsion gels.

LBF 0O/W emulsion Emulsion gel

Type Composition Drug loading® Type of stabilization O/W ratio Stearic acid Silica suspension Excipient
(% w/w) (mg/g) (% w/w) (% w/w) (% w/w)

1 Soybean oil 50 42.2 Solid particles and surfactant 3:7 2 15 Methocel A4M 6
Maisine CC 50 Methocel E4M 2

Ac-Di-Sol SD-711 5

i Soybean oil 32.5 45.0 Surfactant 3.7 n/a n/a Methocel A4M 12
Maisine CC 32,5 Ac-Di-Sol SD-711 5
Tween 85 35.0

“Drug load corresponds to 80% of the equilibrium solubility of fenofibrate at room temperature.
YA previously described LBF type II emulsion gel was used as a reference gel in this study [34].
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Fig. 1. Experimental schematic of the preparation procedure of emulsion gel stabilized by solid particles and surfactant followed by semi-solid extrusion (SSE) 3D
printing into tablets. (a) Drug-loaded lipid-based formulation (LBF) type I (oil dispersed phase) supplemented with stearic acid was added to a silica water suspension
(aqueous continuous phase). (b) An oil-in-water (O/W) emulsion was prepared using a two-step procedure. (c) Polymers, two functioning as viscosity enhancers and
one as disintegrant were added to transform the emulsion into a printable gel. (d) The emulsion gel was stored at room temperature prior to SSE 3D printing

into tablets.

maintained at 6.5 by automatic titration of 0.2 M NaOH from the dosing
unit. During the lipolysis experiment, samples of 1 mL were withdrawn
after 5 and 10 min of dispersion and 5, 10, 30, and 60 min of digestion.
Withdrawn samples were transferred to Eppendorf tubes with 5 pL of
lipase inhibitor (0.5 M 4-bromophenyl boronic acid in methanol), vor-
texed, and centrifuged at 37 °C, 21 000 g for 15 min to separate the three
resulting phases; oil, aqueous, and pellet phase. The oil droplets (top
layer) were withdrawn with a syringe, transferred to a 5 mL volumetric
flask, and dissolved in 2-propanol. The aqueous phase was transferred to
a new Eppendorf tube, leaving the pellet in the original tube. The pellet
was dissolved in 1 mL of acetonitrile, vortexed, and centrifuged at 22 °C,
21 000 g for 15 min before the supernatant was further diluted. All three
phases were diluted 5-20 fold in acetonitrile before drug quantification
using HPLC-UV (section 2.10.). After lipolysis, the extent of lipid hy-
drolysis was estimated by simplifying a previously described equation
by Williams and colleagues [36]:

_ Tonized FAs

= 1
Theoretical FAs in formulation x 100

@

Extent digestion (%)

where the quantity of ionized fatty acids (FAs; pH 6.5) determined

from the titrated amount of NaOH during in vitro lipolysis is related to
the theoretical maximum quantity of FAs that can be released from the
formulation during digestion. The estimation assumed that one triglyc-
eride molecule releases two FAs, while diglycerides and monoglycerides
release one FA each. According to the certificate of analysis for Maisine
CC, the glyceride content was 33% monoglycerides, 50.5% diglycerides,
and 15.8% triglycerides. For soybean oil the estimation was based on
100% triglyceride content.

2.6. Rheological characterization

Rheological properties of the emulsion gel were characterized at
20 °C using a Discovery HR-3 rheometer (TA Instruments, New Castle,
DE, USA) equipped with a 20 mm stainless steel parallel plate geometry.
A solvent trap was used to limit evaporation during experiments. Vis-
cosity was measured under continuous flow, ramping the shear rate
from 0.1 to 200 s~* over 10 min after an initial 60 s conditioning time at
20 °C. Flow sweep data for the LBF type I emulsion gel was recorded at a
gap of 500 pm while the LBF type II emulsion gel was measured at 250
pm. Amplitude and frequency sweeps were performed at a gap of 500
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pm. Amplitude sweeps were performed at 1 Hz by increasing the oscil-
lation strain from 0.01 to 100% strain to determine the linear visco-
elastic region. The apparent yield stress was calculated by plotting the
storage modulus versus shear stress curves from the amplitude sweeps as
described by De Graef and colleagues [37]. Frequency sweeps were
performed from 0.01 to 63 Hz at 0.1% strain (within the linear visco-
elastic region). The frequency dependence of the gels was evaluated by
fitting the data to a power law model:

log(G) = K + z*log(w) 2)

where G is the storage modulus, @ the angular frequency and the
values of z and K reflect the frequency dependence and structural
strength of the sample [38,39].

2.7. Semi-solid extrusion 3D printing

SSE 3D printing was carried out using a BIO X 3D printer (CELLINK,
Gothenburg, Sweden) equipped with a pneumatic printhead (Fig. 1d).
The emulsion gel was filled into a 3 mL cartridge mounted with a nozzle
tip (@ 0.41 mm). The 3D design used for printing was a cylindrical model
with a diameter of 10 mm, height of 3 mm, 8 layers, and 100% infill
density. SSE was performed at room temperature and the tablets were
printed directly on a glass petri dish using a printing pressure of
110-120 kPa and a printing speed of 2 mm/sec. After SSE 3D printing,
the tablets were dried in a vacuum oven at 22 °C, 400 mbar overnight
(Vacutherm, Thermo Fisher Scientific, Massachusetts, USA). Following
vacuum drying, the tablets were air dried for another 24 h. The mass of
each tablet was recorded after drying. The diameter and thickness of
dried tablets were measured using a digital micrometer (QuantuMike
IP65, Mitutoyo, Japan).

2.8. Texture profile analysis

Texture profile analysis of 3D-printed tablets was carried out using a
TA.XT plusC texture analyzer (Stable Micro Systems Ltd, Godalming,
United Kingdom). The analysis was conducted in a double compression
test mode at room temperature. A compression plate, 35 mm in diameter
was used to compress the soft dosage forms to 30% strain deformation.
The pre-test and post-test speeds were set to 1.5 mm/sec, while the
compression rate was 1.0 mm/sec. The delay time between the first and
second compression cycle was 5 s with a 5 g trigger force. Force versus
time plots were generated and textural parameters (hardness, adhe-
siveness, cohesiveness, springiness, and gumminess) were determined
using Exponent Connect software (version 8.0.7.0, Stable Micro Systems
Ltd, Godalming, United Kingdom).

2.9. Tablet disintegration time

The disintegration time of 3D-printed tablets was assessed using a
disintegration instrument (PTZ AUTO 1EZ, Pharma Test, Hainburg,
Germany) equipped with a PT-MKT electronic disintegration basket and
temperature sensor. In total, six tablets were placed, one in each of the
glass cylinders, followed by adding a disk on top of the tablet. The basket
assembly was then immersed in a beaker filled with ~ 800 mL of water.
The disintegration test was performed at 37.0 & 0.5 °C, 30 cycles/min,
for 15 min or until all tablets had disintegrated. The disintegration time
of each individual tablet was automatically recorded.

2.10. Drug content analysis

The drug recovery in the emulsion was analyzed for potential drug
loss during the formulation process. In short, ~ 100 mg of emulsion was
weighed into 5 mL volumetric flasks and diluted with 2-propanol. The
samples were further diluted 10-fold in acetonitrile, followed by 5-fold
dilution in mobile phase prior to drug quantification. Drug content in
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3D-printed tablets were analyzed by dispersing the tablets in 40-50 mL
of Milli-Q water under stirring for 45 min. Samples of 1 mL were
withdrawn, transferred to 5 mL volumetric flasks and subsequently
diluted in 2-propanol. The samples were diluted 2-fold in mobile phase.

Prior to drug quantification, samples containing emulsion were
filtered using 0.02 um syringe filters to remove potential SiO5 particles.
All samples were centrifuged, 22 °C, 21 000 g for 15 min, and ~ 500 pL
of the supernatant was transferred to HPLC vials. Analysis was carried
out using an HPLC (1290 Infinity, Agilent Technologies, Santa Clara, CA,
USA) with a Zorbax Eclipse XDB-C18 column (4.6 x 100 mm). The
analytical conditions used was an isocratic flow rate of 1 mL/min, in-
jection volume of 20 pL, and the column temperature was set to 40 °C.
The mobile phase consisted of acetonitrile:sodium acetate buffer (25
mM, pH 5.0) at the ratio 80:20 (v/v). UV absorbance for fenofibrate was
measured at a wavelength of 287 nm and the retention time was 3.12
min. Calibration curve and quality control samples (used to assure ac-
curacy of analysis) were used in a range between 0.78 and 100 ug/mL.

3. Results and discussion
3.1. Emulsion

3.1.1. Emulsion stability and morphology

The properties of the solid particle stabilizer, including wettability,
size, shape, and concentration are crucial to the stability of Pickering
emulsions [13,40-42]. In our study, an emulsion synergistically stabi-
lized with stearic acid and SiO nanoparticles was formulated (Table 1).
The hydrodynamic diameter of the SiO2 nanoparticles was measured to
29.4 + 1.7 nm (Fig. S1), which is slightly larger than the 22 nm specified
by the manufacturer. The zeta-potential of the particles at pH 7.0 was
measured to — 31.6 + 3.2 mV. The physical stability of the emulsion was
assessed by measuring the volume size distribution over four weeks of
storage (Fig. 2a). The hydrodynamic diameter of freshly prepared
emulsion and after storage was 341 nm and 361 nm, respectively, and
the polydispersity index (PDI) was < 0.2 for both time points (Table S1),
demonstrating emulsion stability for at least one month at room tem-
perature. In addition, no phase separation was observed visually for the
emulsion with stained oil phase (Fig. S2).

The size of the stabilizing particle influences the emulsion droplet
size, where a smaller size favors the formation of smaller emulsion
droplets [40]. In addition to particle size, the particle charge, concen-
tration, and emulsification process affect the final droplet size [15,43].
The SiO, particles and steric acid were negatively charged at pH 7.0,
used in the aqueous phase. Negatively charged SiO; nanoparticles and
surfactants have previously been used to stabilize water-in-oil emulsions
[44]. Furthermore, both ultrasonication and microfluidization that were
used during emulsification are energy intensive processes contributing
to the small droplet size obtained. A small droplet size is desirable due to
its strong correlation with high stability. Surfactant-stabilized emulsions
typically exhibit smaller droplet sizes. For example, in a previous study,
a lipid mixture of soybean oil and Maisine CC (LBF type II) had a hy-
drodynamic diameter of 103 nm after emulsification with the nonionic
surfactant tween 85 [34]. However, due to the high energy required to
remove particles from the oil-water interface, Pickering emulsions with
significantly larger droplet sizes than reported here have shown long-
term stability against droplet coalescence [15]. The hydrophilic
colloidal nanoparticles used here were not modified further. Modifica-
tion of colloidal particles using e.g., chitosan or charged low-molecular
weight amphiphilic molecules have previously been applied to adjust
the hydrophobicity and thereby tune particle wetting behavior for
optimal interfacial adsorption [15,45]. In addition to particle stabili-
zation, the emulsion developed here was co-stabilized by stearic acid. A
synergistic stabilization of emulsions using a combination of nano-
particles and surfactants has previously been demonstrated [44,46]. It
should be noted that control emulsions prepared with only SiO, nano-
particles or stearic acid were not stable and phase separation was
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Fig. 2. Characterization of oil-in-water emulsion. (a) Droplet size distribution of emulsion after preparation (solid line) and after 28 days of storage at room
temperature (dashed line). Values are expressed as mean (n = 3). (b—c) Cryo-SEM images of emulsion showing silica nanoparticles adsorbed to the oil-water interface

and particle network between oil droplets.

observed within 24 h. This emphasizes the synergistic stabilization of
nanoparticles and the surfactant in the developed emulsion here
(Fig. 2a).

The emulsion morphology was visualized by cryo-SEM (Fig. 2b—c). A
partial coverage of the oil droplet surface with SiO, nanoparticles was
observed. The theoretical surface coverage of SiOy based on hexagonal
close packing of hard circles was estimated to 47.2% [47] (section 3,
supplementary material), which confirms a partial surface coverage of
the particles. Experimentally determined surface coverage is typically
lower than this theoretical value. Residual silica in the aqueous phase of
the emulsion is often obtained [47], as qualitatively observed here also
in SEM (Fig. 2c¢). Furthermore, electrostatic repulsions between adsor-
bed particles at the interface prevent their close packing, especially at
pH 7 used here for emulsification. Finally, particles often adsorb in
clusters or aggregates rather than primary particles to the interface.
These factors contribute to a lower surface coverage than the maximum
predicted by theory. Adsorbed particles function as a steric barrier
against droplet coalescence. A low surface coverage can favor bridging
or networking of droplets by simultaneous adsorption of one particle to
two emulsion droplets [15,48]. The emulsion is stabilized by both par-
ticle and network mechanisms and thus contributes to the stability
observed [15]. The coverage at the oil-water interface is influenced by
the particle concentration. Previous studies have reported a reduction in
size of the emulsion droplets with increased concentration of particles,
resulting in improved stability [49,50]. The concentration of SiO3, 15%
(w/w) in the aqueous phase in our study was optimized from lower
levels (7% w/w; droplet size of 521 nm) to reduce droplet size and
improve stability. A partial coverage at the oil-water interface was
desirable to facilitate the interfacial process of lipid digestion (section
3.1.2.). In summary, an emulsion stable for at least one month was
produced with SiOy particles adsorbed at the oil-water interface to
stabilize the emulsion. Furthermore, the developed formulation allows
for an LBF type I to be transformed into an emulsion with submicron
droplets, incorporating a poorly water-soluble drug, to enable rapid
digestion and drug release.
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3.1.2. In vitro lipolysis

A standard pH-stat lipolysis model was used to evaluate the diges-
tion, central for in vivo performance of lipid-based drug delivery systems.
Fig. 3a shows the extent of lipid digestion during 60 min of lipolysis of
the emulsion and the corresponding LBF type I without emulsion sta-
bilization dispersed as it is in the lipolysis medium. The initial rate of
digestion for emulsion was rapid, showing a steep increase during the
first 10 min of digestion. A plateau in extent of digestion of 15% was
reached after ~ 15 min. The corresponding LBF type I showed a slower
digestion rate compared to the emulsion, reaching a total extent of
digestion of 13% after 60 min of digestion. The extent of digestion for
the LBF type I included here was lower than previously reported, where
an extent of 25% was demonstrated following 30 min digestion of an LBF
type I comprising long-chain lipids [36]. The lower extent shown in our
study is most likely due to the incomplete ionization of FAs at pH 6.5.
For long-chain LBFs, the majority of liberated FAs during digestion have
been shown to be unionized at pH 6.5 by adding a back-titration step,
increasing the pH to 9.0 at the end of the experiment. For a long-chain
LBF type I, a unionized-ionized FA ratio of 5.0 was reported [36]. Tak-
ing the unionized FAs into account, the extent of digestion for both
emulsion and LBF can be assumed to be higher than reported here.

A central aspect influencing the lipid digestion kinetics is the droplet
size [51,52]. Following dispersion, the LBF type I formed a coarse
emulsion with a droplet size of several micrometers (PDI of 0.4). For
comparison, the emulsion had a droplet size of < 500 nm (PDI of 0.2)
prior to the digestion phase (Fig. S3a-b, Table S2). The smaller droplet
size of the emulsion resulting in a larger surface area for binding of
lipase to the oil-water interface can explain the more rapid lipid
digestion observed for this formulation (Fig. 3a) [53]. The presence of
interfacial colloidal particles in the emulsion is another important aspect
to consider when comparing the digestion profiles. Lipolysis is an
interfacial process governed by the competitive binding of lipase/col-
ipase and bile salts at the oil-water interface. In the case of Pickering
emulsions, the particles form an energy barrier, which hinder lipase
binding and activity. In a previous study, it was reported that SiO,
particles reduced the overall extent of digestion, but did not affect the
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Fig. 3. Digestion profiles and drug distribution during in vitro lipolysis of emulsion and corresponding lipid-based formulation (LBF) type I. (a) The extent of
digestion during 60 min of in vitro lipolysis of LBF type I emulsion (stabilized with SiO, nanoparticles and stearic acid) and pure lipid-phase LBF type I without
emulsion stabilization. (b) Schematic of an Eppendorf tube after centrifugation illustrating the three separated phases; oil phase (OP), aqueous phase (AP), and pellet
phase (PP) analyzed for drug concentration during in vitro lipolysis. The drug can be present as solubilized in either the OP or AP, or as precipitated drug in the PP.
(c—d) Distribution of drug during dispersion phase (grey shaded area) and digestion phase (white area) of (c) emulsion and (d) LBF type I. No pellet phase was present
during dispersion phase of the LBF type I. Values are presented as mean + SD, n = 3.

initial rate of digestion compared to an emulsion stabilized with
pB-lactoglobulin [54]. Furthermore, altering the concentration of SiOo,
1-5% (w/w) did not influence the rate or extent of digestion in that
study. Similarly, curcumin was retained in SiO,-stabilized Pickering
emulsions during simulated gastric digestion and were instead released
during intestinal digestion [55]. The digestion of particle-stabilized
emulsions has also been compared to that of surfactant-stabilized
emulsions. In a previous study, emulsions of medium-chain tri-
glycerides and long-chain triglycerides (soy bean and canola oil) Pick-
ering emulsions stabilized by milled cellulose or surfactant-stabilized
(conventional emulsions) were evaluated [56]. The result showed a
faster initial digestion rate for conventional emulsions compared to
Pickering emulsions. However, the total extent of digestion for Pickering
emulsions was higher compared to conventional emulsions. The findings
suggested that the larger surface area of conventional emulsion pro-
motes rapid initial digestion, but the total extent of digestion might be
reduced due to the inhibiting effect of non-ionic surfactants. The
inhibitory effect of non-ionic surfactants on the digestion at the lipid
interface has also previously been demonstrated [53]. We speculate that
the small droplet size and the partial surface coverage of SiO; particles at
the interface of the emulsion here (Fig. 2b, section 3.1.1.) allowed for
sufficient access for lipase and bile salts to the interface for a rapid initial
lipolysis as observed. A more rapid digestion compared to the corre-
sponding LBF without any emulsification stabilizer is desirable for a
faster drug release.

Bioaccessibility from in vitro lipolysis can be assessed by removing
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samples during the experiment and analyzing the drug distribution in
different phases. Following centrifugation, three phases can be
observed; a poorly dispersed oil phase, a colloidal aqueous phase, and a
precipitated pellet phase (Fig. 3b). The distribution of the drug in these
phases during the dispersion and digestion stages of lipolysis for the
emulsion and LBF type I is shown in Fig. 3c-d, respectively. For both
formulations, the majority of the drug resided in the poorly dispersed oil
phase throughout the lipolysis experiment. The concentration of drug in
the oil phase was lower for the emulsion compared to the LBF type I,
most likely due to the lower total mass balance across the three phases
(Fig. S4a-b). For the LBF type I, the drug concentration in the aqueous
phase and the amount of precipitated drug were low (Fig. 3d). This is
consistent with previous studies [36,57,58] and reflects the incomplete
digestion and poor emulsification efficiency of this highly lipophilic LBF,
where the high affinity of fenofibrate to the lipid components limits drug
transfer to the aqueous phase. This further demonstrates the ability of
lipid-rich LBFs to keep the drug solubilized during digestion with low
risk of drug precipitation. This is due to a low supersaturation level in
the aqueous phase compared to the more hydrophilic LBFs (type II-IV),
which are more rapidly digested [36,57].

The concentration of drug in the aqueous phase for Pickering
emulsion was slightly higher than that of the LBF and increased during
lipolysis. This might be due to the more rapid and higher extent of
digestion leading to a higher amount of drug being released and solu-
bilized in the aqueous phase. However, a higher amount of drug was also
observed to have precipitated in the pellet phase for the emulsion, where
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a pellet phase was observed both during dispersion and digestion
(Fig. 3c, S5a-b). In contrast, no pellet phase was observed during
dispersion of the LBF type I (Fig. 3d, S4b). Precipitation of drug during
dispersion of the emulsion was unexpected due to the solubilization
capability of this type of LBF and the relatively modest drug loading
used (80% of the equilibrium solubility). No precipitation of drug after
emulsification was observed and the drug recovery of prepared the
emulsion was < 5% deviation from the theoretical concentration
(Fig. S6), indicating that no drug precipitate was present after emulsi-
fication. The amount of precipitated drug during lipolysis of the emul-
sion decreased during lipolysis (Fig. 3c, S4a), indicating that the
precipitated drug dissolved during lipolysis and was not further trig-
gered by digestion. The in vivo relevance of drug precipitation in vitro can
be discussed, where previous studies have demonstrated an over-
estimation of drug precipitation from in vitro lipolysis studies [59-61],
reflecting the absence of an absorptive compartment in this standard set-
up. In summary, the emulsion was more rapidly digested compared to
the corresponding LBF type I, with most of the drug recovered solubi-
lized in the oil phase during digestion.

3.2. Emulsion gel

3.2.1. Printable formulation

The emulsion was transformed into an emulsion gel by addition of
cellulose biopolymers. A combination of 6% (w/w) Methocel A4M
(methylcellulose) and 2% (w/w) Methocel E4M (hydroxypropyl meth-
ylcellulose) (Table 1), was used to produce a formulation with suitable
rheological attributes for SSE 3D printing into tablets. Individual use of
these cellulose polymers has previously been studied for production of
tablets using SSE [21,34,62]. A combination of methylcellulose and
hydroxypropyl methylcellulose was selected based on a pre-screening of
different cellulose polymers and combinations of these (Table S3).
Several polymer compositions were printable, however often oil leakage
from the tablets after printing was observed. The composition used for
further study was selected based on printability and the absence of oil
leakage after printing. Ac-Di-Sol SD-711 (croscarmellose sodium) was
added as a disintegrant at 5% (w/w), to achieve rapid tablet

a)
10000 100000
0"’0‘[
[~8—0—o0—0—0-o6-0-0-0-00" 10000 _
— 1000 i @
« o
I 8
o @
“ . L1000 2
o =
= ) )
& 100 . o
_ F100 ~—
*—en
10 . . 10
0.1 1 10 100
Shear rate (s)
c)
0.30
0.254
<
= 020
2
0.154
0 10 T T T T
0.01 0.1 1 10 100 1000

Angular frequency (rad ")

Journal of Colloid And Interface Science 650 (2023) 1253-1264

disintegration as previously demonstrated for 3D-printed tablets from
emulsion gels [34].

3.2.2. Rheological properties

The extrudability and printability performance of a semi-solid ma-
terial by SSE 3D printing is governed by its rheological properties, such
as viscosity, shear-thinning response, elastic properties, and yield stress
[20]. The flow behavior and apparent viscosity of the emulsion gel is
shown in Fig. 4a. For comparison, an LBF type Il emulsion gel (stabilized
only by surfactants) from a previous study [34] was included and the
corresponding result is shown in Figure S7a. Shear rates above 63 s~
were excluded due to problems with sample flowing out of the geometry
at higher shear rates. A lower gap was used for the LBF type II emulsion
gel due to the increased range of shear rates that could be measured
without sample escaping the geometry. Both the LBF type I and the LBF
type II emulsion gels showed a shear-thinning behavior with decreasing
viscosity as the shear rate was increased. The shear-thinning behavior
can be explained by the reorganization of the macromolecular polymer
network reducing the viscosity during shearing. This is favorable in
extrusion-based 3D printing, as it allows for flow of the material through
a small nozzle upon application of an external force [21,63]. In addition
to shear-thinning behavior, the viscosity of an ideal soft material should
be rapidly recovered after removing the stress or shear rate to ensure
high shape fidelity and to avoid deformation of the structure after
deposition [64]. The LBF type I emulsion gel showed a higher viscosity
throughout the range of shear rates measured, compared to the LBF type
II emulsion gel. A higher apparent viscosity with increasing concentra-
tion of cellulose biopolymers has previously been demonstrated
[21,62,63]. The emulsion gels included here contained in total 8% (w/
w) and 12% (w/w) cellulose for LBF type I and type II emulsion gels,
respectively (Table 1). The lower total amount of polymer for the LBF
type I emulsion indicates that the higher viscosity observed for this
emulsion gel is related to other compositional differences, e.g. the
presence of nanoparticles in the formulation. An increasing content of
SiOs particles in emulsions has previously been correlated to increased
viscosity [65].

Different fluid models (Herschel-Bulkley fluid, Newtonian, Bingham,
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Fig. 4. Rheological properties of LBF type I emulsion gel. (a) Shear stress (t, open symbols) and apparent viscosity (1, closed symbols) as a function of shear rate. (b)
Storage modulus (G, closed symbols) and loss modulus (G”, open symbols) versus angular frequency profiles. (c) tan § (G"/G) as a function of the angular frequency.

Values are presented as mean of two measurements.
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Casson, and Power law) were fitted to the flow sweep data of the LBF
type I emulsion gel. However, none of the investigated models were able
to accurately capture the behavior of this gel, hence giving a poor fit to
the models (R2 < 0.94). This was mainly due to the small peak in shear
stress at a shear rate around one that was observed for this gel (Fig. 4a).
For the LBF type II emulsion gel the data fit the Herschel-Bulkley fluid
model well (R? > 0.99) with a flow behavior index (n) <1, indicating
that the material was shear-thinning (Table S4). Differences observed
for the LBF type I emulsion gel could potentially be the result of diffi-
culties with measuring high viscosity samples using rotational rheology
due to artefacts caused by e.g., shear fracturing and wall slip [64].
Amplitude sweeps were performed to determine the linear visco-
elastic region and yield stress of investigated gels (Table 2). The yield
stress can be defined as the threshold stress above which the material
starts to break down and flow is induced, and hence can be used as an
indication of the minimum pressure needed for extrusion. A higher
apparent yield stress was recorded for the LBF type I emulsion gel
compared to the LBF type II emulsion gel, which further correlates with
a higher printing pressure needed for extrusion; 110-120 kPa compared
to 55 kPa (Table 2). For the purpose of 3D printing, a high yield stress
can lead to problems due to the need of high printing pressures. On the
other hand, a high yield stress has been linked to a better shape retention
after printing [62,64]. Yield stress has previously been shown to in-
crease with increasing cellulose polymer concentration [21,62]. The
higher yield stress observed for the LBF type I emulsion gel containing a
lower polymer concentration further suggest the influence of other
components in the composition on its rheological properties. Previously,
SiOy particles have been shown to influence the yield stress of an
emulsion, where increased amount resulted in higher yield stress [65].
Furthermore, the rheological properties of the gels were character-
ized by a frequency sweep (Fig. 4b—c, S7b—c). The storage modulus (G')
can be described as representing the elastic behavior of a formulation,
and the loss modulus (G") represents the viscous behavior. Both emul-
sion gels showed a G’ higher than G’ over the full frequency range
measured indicating that the gels had an elasticity dominated gel-like
structure [21,64]. The LBF type I emulsion gel showed a higher G,
indicating a stronger mechanical strength than the surfactant-stabilized
LBF type II emulsion [62]. The parameter tan § is the ratio between G
and G/, i.e., the ratio of the viscous and elastic portion of the viscoelastic
deformation behavior. As seen from Fig. 4c and S7c, a lower tan § was
recorded towards higher angular frequencies for both emulsion gels,
indicating a more solid-like behavior [21]. Frequency data was fitted to
the power law equation to characterize the frequency dependence of the
gels, with K- and z-values reported in Table 2. As expected, K-values
follow the same trend as the logarithm of G'. Both emulsion gels, LBF
type I and II, showed a similar dependence on frequency, as indicated by
the small differences in z-values. Overall, a trend of higher viscosity,
yield stress, and G’ was observed for the LBF type I emulsion gel syn-
ergistically stabilized by nanoparticles and stearic acid, compared to the
surfactant-stabilized LBF type II emulsion gel. These observations might
be explained by a strong bridging particle network between droplets
formed at higher SiO; concentration [15]. Such particle networks have
previously been shown to increase the viscosity and yield stress of the
material [65]. The formation of an agglomerated network was further
shown to be critical to forming an ideal emulsion for 3D printing,

Table 2
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displaying high yield stress, storage modulus, and elastic recovery.

3.3. 3D-printed tablets

3.3.1. 3D printing and physical parameters

The LBF type I emulsion gel was 3D printed into cylindrical tablets
using SSE (Fig. 5a). As shown in the photograph, the 3D-printed tablet
retained a good shape after layer-by-layer deposition of the formulation.
The good visual appearance of the tablets after printing indicate that the
high yield stress (1682 Pa) measured for this formulation resulted in an
adequate shape retention ability [62,64]. In addition, despite the rela-
tively high apparent yield stress, the formulation showed acceptable
extrudability using a pressure of 110-120 kPa. This is consistent with a
previous 3D printing study using hydroxypropyl methylcellulose
hydrogels, where they demonstrated that a yield stress < 4000 Pa leads
to good extrudability [21]. A post-processing step is often necessary in
SSE 3D printing for solidification of the printed tablets. Here, were dried
the tablets in a vacuum oven followed by drying at room temperature
(Fig. 5b). After drying, the tablets showed a rougher surface texture,
most likely caused by water evaporation and tablet shrinkage. The
average weight of dried tablets was 142.7 + 6.0 mg (n = 3). The dry
tablets had a diameter of 9.0 + 0.1 mm and a thickness of 2.8 + 0.0 mm
(n = 3), corresponding to < 10% deviation from the original 3D model
used (10 mm diameter x 3 mm height).

3.3.2. Mechanical properties

Texture profile analysis is commonly applied in food sciences to
investigate textural properties of food. This technique has also been
shown to be suitable for analyzing mechanical properties of soft 3D-
printed dosage forms not applicable for standardized pharmaceutical
hardness test developed for conventional compressed tablets
[21,25,66]. The texture profile analysis parameters (hardness, adhe-
siveness, cohesiveness, springiness, and gumminess) of 3D-printed tab-
lets from LBF type [ emulsion gel and LBF type II emulsion gel are shown
in Table 3. For comparison, analysis was also carried out on soft candy
gummy bears and chewable pastilles (Table S5). Hardness can be
described as the force required for a material to deform under

b)

Fig. 5. Images of 3D-printed tablets consisting of LBF type I emulsion gel. (a)
Image of semi-solid extrusion 3D printing of emulsion gel into tablets. (b) Image
of 3D-printed tablets after drying with scale bar in the bottom.

Rheological characteristics and printing parameters for lipid-based formulation (LBF) type I emulsion gel and LBF type II surfactant-stabilized emulsion gel. The
rheological properties presented are apparent yield stress, K- and z-values were obtained by fitting the frequency sweep data to a power law model. Values are
presented as mean of two measurements. Printing parameters presented are the printing pressure and speed used for semi-solid extrusion (SSE) 3D printing.

Formulation

Rheological characteristics

Printing parameters

Type of emulsion gel Type of stabilization Apparent yield stress (Pa) K’-value z-value Pressure (kPa) Speed (mm/sec)
LBF type I emulsion gel Solid particles and surfactant 1681.6 4.9 0.1 110-120 2
LBF type II emulsion gel® Surfactant 188.0 4.5 0.1 55 2

@ A previously described LBF type II emulsion gel was used as a reference gel in this study [34].
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Table 3

Journal of Colloid And Interface Science 650 (2023) 1253-1264

Mechanical properties from texture profile analysis of 3D-printed tablets consisting of lipid-based formulation (LBF) type I emulsion gel and LBF type II emulsion gel.

Values are presented as mean + SD (n = 3).

Formulation Mechanical properties

Type of emulsion gel Type of stabilization Hardness Adhesiveness (g.sec) Cohesiveness Springiness (%) Gumminess
(€3] (%)

LBF type I emulsion gel Solid particles and surfactant 2788.1 £+ 379.1 —0.1 £0.0 3.7+0.4 2.5+ 0.4 104.8 + 26.6

LBF type II emulsion gel® Surfactant 1998.7 + 156.5 —0.1 £ 0.0 21+0.1 2.0+0.1 41.6 + 6.0

@ A previously described LBF type II emulsion gel was used as a reference gel in this study [34].

compression. The 3D-printed tablets from LBF type I emulsion gel were
harder (2788.1 g) compared to those from LBF type II emulsion gel
(1998.7 g). This finding is in line with the rheological properties
observed for these emulsion gels. A higher yield stress and G, as
observed here for the LBF type I emulsion gel, have been correlated to
increased hardness [21]. The hardness of SSE 3D-printed tablets can be
controlled by the concentration of binder or polymer in the formulation
[62,67]. The higher hardness of LBF type I emulsion tablets compared to
LBF type II emulsion can be attributed to the presence of the SiO2
nanoparticles in the former. The hardness of LBF type I emulsion 3D-
printed tablets was shown to be in between softer candy gummy bears
and harder chewable pastilles (Table 3, S5). LBF type I emulsion tablets
showed a low adhesiveness, ranging from —0.5 to O g.sec. This indicate
low stickiness of the material during compression, as it describes the
energy required to overcome the attractive forces between the two
surfaces. The cohesiveness and springiness, relating to the ability of the
material to withstand deformation under mechanical action and elas-
ticity, respectively, was similar for LBF type I and type II emulsion gel.
The last parameter investigated was gumminess, which is only appli-
cable for semi-solid materials. The gumminess of LBF type I emulsion
tablet was lower than that of LBF type II 3D-printed tablets; 104.8 and
41.6, respectively (Table 3). Similar to the hardness parameter, the
gumminess of LBF type I emulsion gel tablets was in between soft candy
gummy bears and chewable pastilles. Overall, the LBF type I emulsion
3D-printed tablets showed good mechanical strength and textural
properties that could be related to the rheological properties of the
formulation.

3.3.3. Disintegration and drug content

Disintegration of a solid dosage form is the first step in the process of
dissolution. The disintegration time of LBF type I emulsion 3D-printed
tablets with 100% infill density was measured to 7.62 + 1.01 min (n
= 6). A quick disintegration, within 15 min for 3D-printed tablets from
emulsion consisting of 5% (w/w) Ac-Di-Sol SD-711 in the wet formu-
lation, has previously been demonstrated [34]. The drug content in the
final dry 3D-printed tablet from LBF type I emulsion gel was 3.36 + 0.13
mg (n = 3,), corresponding to 2.36% (w/w) and < 3% deviation from
the theoretical drug content (Fig. S6), indicating a good drug recovery in
the produced 3D-printed tablets. The dosage in the printed form is
directly related to the drug loading capacity of the LBF [36]. The
developed formulation is aimed towards oral delivery of highly potent,
poorly-water soluble drugs. The choice of fenofibrate as a model com-
pound was based on its physicochemical properties with a logP > 5 and
poor solubility in aqueous media, which makes it a well-studied model
compound in the formulation of lipid-based drug delivery systems. Thus,
the developed method is expected to be translational to other more
clinically relevant compounds for therapeutic use.

4. Conclusions

An emulsion with fenofibrate-loaded oil droplets synergistically
stabilized by SiO2 nanoparticles and stearic acid was developed from an
LBF type I. The emulsion oil droplets were submicron sized, partially
covered with SiOy nanoparticles at the oil/water interface, and stable at
room temperature for at least one month. The small droplet size and
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partial surface coverage of solid particles at the interface allowed for a
more rapid digestion of the emulsion compared to the corresponding
plain LBF type I. The emulsion was successfully formulated into a 3D-
printable gel by addition of cellulose biopolymers. The rheological
behavior of the LBF type I emulsion gel was compared to a purely
surfactant-stabilized LBF type II emulsion gel showing a trend of higher
viscosity, yield stress, and G’ for the LBF type I emulsion gel. The altered
rheological behavior of the LBF type I emulsion gel can be attributed to
the bridging of SiO2 particle network between oil droplets. The LBF type
I emulsion gel showed rheological properties suitable for 3D printing
into tablets with good appearance, mechanical strength, and rapid
disintegration. In summary, this study expands the use of lipid-based
drug delivery systems for SSE 3D printing of solid oral dosage forms.
The Pickering emulsion approach allows for incorporation of a non-
emulsifying LBF type I into solid lipid tablets. Such tablets can be used
as an alternative to liquid filled capsules to enable rapid oral delivery of
lipophilic, poorly water-soluble drugs. Moreover, by 3D printing the
tablets can be further tailored based on specific patient needs.
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