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In recent years, deep eutectic solvents (DESs) with their outstanding solubilization properties have emerged as
strong candidates for oral enabling formulations of poorly soluble drugs. This study explores the use of drug-
based therapeutic DESs (THEDESs) to solubilize a poorly soluble compound with the aim of providing a fixed-
dose combination of two complementary therapeutic agents. Specifically, potential anticancer effects of
ibuprofen (IBU) are harnessed in a novel type of THEDES to dissolve higher amounts of abiraterone acetate
(AbAc), an antitumor agent. Four IBU-based combinations were studied: 1:4 M ratio with octanoic acid (OctA),
1:5 with nonanoic acid (NonA), 1:3 with decanoic acid (DeA) or 1:2 with dodecanoic acid (DoA). Fatty acids of
different chain lengths were analyzed and discussed considering surface charge densities obtained via quantum
chemistry. The THEDES:s listed could apparently dissolve AbAc amounts up to 1311.0 £ 125.4 mg/g in IBU:OctA
THEDES, 1151.7 + 22.2 mg/g in IBU:NonA, 1160.4 + 33.5 mg/g in IBU:DeA, and 231.3 + 10.7 mg/g in IBU:
DoA. In vitro dissolution of the simultaneously released drugs reached 37.8 & 9.0 % to 64.2 + 1.0 % for IBU and
5.0 + 3.3 % to 19.4 & 0.1 % for AbAc. This increased to between 60.4 + 2.8 % and 79.4 + 5.0 % of released IBU,
and 23.6 &= 1.0 % to 57.3 & 5.8 % of released AbAc, with 20 % (w/w) Tween 80 added to the formulations. This
showed the significant potential of drug-containing THEDESs as solubilizing agents for poorly soluble drugs, in
the form of fixed-dose combinations of synergistic APIs.

1. Introduction used the drugs aprepitant (Palmelund, Eriksen, et al., 2021), indo-

methacin (Panbachi et al., 2023), and venetoclax (Panbachi et al.,

1.1. Deep eutectic solvents as enabling formulations

Deep eutectic solvents (DES) have gained traction in recent years as
novel enabling formulations for poorly soluble active pharmaceutical
ingredients (APIs) (Abranches & Coutinho, 2023; Palmelund, Eriksen,
etal., 2021; Panbachi et al., 2023, 2024). Such APIs often show poor oral
bioavailability and require enabling formulations to reach relevant
exposure in preclinical species or humans (Kuentz et al., 2021). DESs are
prime examples of an enabling formulation approach, as they have been
shown to dissolve extraordinary amounts of otherwise poorly soluble
compounds (Abranches & Coutinho, 2023; Fourmentin et al., 2021;
Jelinski et al., 2019; Z. Li & Lee, 2016; Morrison et al., 2009; Palmelund,
Eriksen, et al., 2021; Palmelund et al., 2019; Panbachi et al., 2023,
2024). Pivotal studies on pharmaceutical DES as enabling formulations
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2024), where in each case extraordinary solubility improvements were
observed; these were 1057-fold for aprepitant, ~159'000-fold for indo-
methacin and 118'200-fold for venetoclax, compared to their aqueous
solubility. Similar to the work of Palmelund et al. (Palmelund, Eriksen
et al., 2021), some studies have also evaluated in vivo performance of the
DESs revealing enhanced oral bioavailability of the dissolved APIs. Ex-
amples of such studies that compared DES-based formulations with
crystalline drug include the works of Borase et al. (Borase et al., 2022)
documenting a 2.13-fold improvement in the oral bioavailability of
chrysin, Gangane et al. (Gangane et al. 2024) reporting 2.91-fold
bioavailability enhancement of zileuton, and 2.9-fold advancement of
fimasartan bioavailability as reported by Dangre et al. (Dangre et al.
2024). These studies confirm that enhanced solubilization of APIs can
translate to elevated oral bioavailability of DES-based formulations.
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A further important characteristic of DESs is their oral tolerability.
Although data on oral in vivo toxicity of DESs remain rather limited, it is
evidenced that DESs are tuneable and can be orally well tolerable
(Fourmentin et al., 2021; Garcia et al., 2023; Paiva et al., 2014). The
toxicity of DESs is often highly component-dependent (Abranches &
Coutinho, 2023; Fourmentin et al., 2021; Garcia et al., 2023; Hayyan
et al., 2015; Juneidi et al., 2016) and can vary based on such a com-
ponents molar ratio (Hayyan et al., 2015). Furthermore, possible syn-
ergistic or antagonistic effects can result in different toxicity compared
to the individual parent components (Macario et al., 2018). Hence, it has
been generally reasoned that the type III DES made of organic hydrogen
bond donors and acceptors are most suitable for pharmaceutical appli-
cations due to their generally lower oral toxicity (Abdelquader et al.,
2023; Abranches & Coutinho, 2023; Fourmentin et al., 2021; Oyoun
et al., 2023; Palmelund et al., 2019).

1.2. Therapeutic DES approaches for drug delivery

Therapeutic DESs (THEDESSs) represent a subcategory of DES-based
drug delivery approaches, where the API is incorporated as a consti-
tuting component within the DES itself (Abdelquader et al., 2023;
Abranches & Coutinho, 2023). THEDESs have been studied as a viable
alternative to other bio-enabling formulations to deliver poorly water
soluble drugs as a liquid (Abdelquader et al., 2023; Abranches & Cou-
tinho, 2023; Aroso et al., 2016; Rahman et al., 2021; Wolbert et al.,
2019). Although not strictly a DES, the marketed topical product
EMLA® consisting of a eutectic mixture of lidocaine and prilocaine is
one successful example of such therapeutic eutectic formulations, which
has shown greater bioavailability in comparison to other marketed
topical products of the same APIs (Abdelquader et al., 2023). THEDESs
possess great potential as pharmaceutical drug delivery systems, also
owed to the potential synergistic effects of the constituting components
(Abranches & Coutinho, 2023; Macario et al., 2018). Nowadays THE-
DESs are often developed for topical and transdermal applications, but
few examples of these mixtures have been reported for oral delivery
(Abdelquader et al., 2023; Fourmentin et al., 2021; Javed et al., 2024).
Therefore, the oral administration route offers novel opportunities for
pharmaceutical research on THEDESs.

1.3. Ibuprofen-based THEDESs for cancer treatment

THEDESs studied in literature frequently consist of ibuprofen (IBU),
due partially to the strong hydrogen-bonding quality of the API
(Fourmentin et al., 2021; I et al., 2020; Javed et al., 2024; J. Pereira
etal., 2022; C. V. Pereira et al., 2019; Silva et al., 2020; Sun et al., 2020).
Non-steroidal anti-inflammatory drugs (NSAIDs) have demonstrated
noteworthy therapeutic anti-cancer properties via anti-metastatic and
anti-inflammatory effects on cancer cells (Zhao et al., 2017) and have
been used in various THEDESs to provide strong cancer treatment can-
didates (Javed et al., 2024; J. Pereira et al., 2022; C. V. Pereira et al.,
2019; Silva et al., 2020; Sun et al., 2020). Using in vitro and in vivo
studies, Silva et al. (Silva et al., 2020) showed that a THEDES consisting
of IBU and perillyl alcohol had notable potential as an alternative
treatment for colorectal cancer (Silva et al., 2020). Another example
reported in literature based on a system of IBU and limonene (molar
ratio 1:4) showed synergistic antiproliferative effects on HT29 cancer
cell lines, which seems highly promising for further clinical investiga-
tion (C. V. Pereira et al., 2019). Other studies demonstrated examples of
DES as the liquid basis for nanosuspensions encapsulating nano-
particulate anti-cancer drugs such as doxorubicin, paclitaxel or 7-
hydroxycoumarin (Javed et al., 2024; Sun et al., 2020). Even though
these systems do not strictly qualify as THEDESs, they were still inter-
esting as pharmaceutical formulations as they showed an enhanced
bioavailability (Javed et al., 2024; Sun et al., 2020). To the authors’
knowledge, THEDES systems have not been studied previously as solu-
bilizing vehicles for a second poorly soluble drug. This research gap
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accordingly provided the main aim for the present study to obtain a
meaningful fixed-dose combination product based on a THEDES as a
solubilizing vehicle.

1.4. Abiraterone acetate-loaded IBU-THEDESs for cancer treatment

The examples above show the benefits of applying THEDESs for
improved API bioavailability, which may be applied for different clinical
indications such as potential anticancer treatments. Combined in a
THEDES, the anticancer effects of two components could be more potent
due to potential synergy, comparable to synergisms that have been
documented in previous literature (Abranches & Coutinho, 2023;
Macario et al., 2018). Hence, this study aims at harnessing DESs’
extraordinary solubilization capabilities in a THEDES combining a
coactive API with a solubilized cancer treatment API. Specifically, four
THEDESs based on IBU and fatty acids are presented as strong solubil-
izers for a poorly soluble AP], i.e., abiraterone acetate (AbAc). The
formulations are developed to be orally administrable fixed-dose com-
bination cancer treatment products. It is expected that the antitumor
effect of the otherwise poorly soluble AbAc, combined with the anti-
metastatic and anti-inflammatory effect of the NSAID in the solubilizing
THEDES carrier, should provide augmented cancer treatment. This
concept is presented visually in Fig. 1. The given fixed dose combination
can be also seen as a model because the technical focus of the present
work was on how a meaningful fixed dose combination of poorly water-
soluble drug(s) could be achieved by means of THEDES formulation
technology.

2. Methods and materials
2.1. Materials

Abiraterone acetate (AbAc), the poorly soluble model drug in this
study, was purchased from Aurisco Pharmaceuticals Co., Ltd. (Zhejiang
province, China). The API incorporated into the THEDES solubilizer was
99 % racemic (S)-(+)-Ibuprofen (IBU) purchased from ReagentPlus®
(Sigma-Aldrich, Steinheim, Germany). The fatty acids featured in the
THEDESs were octanoic acid (OctA), nonanoic acid (NonA), decanoic
acid (DeA) and dodecanoic acid (DoA), purchased from Sigma-Aldrich
(Sigma-Aldrich, Steinheim, Germany). The chromatography buffer
components, HPLC-grade acetonitrile (>99.9 %), ammonium dihy-
drogen phosphate and phosphoric acid solution for pH adjustments,
were all purchased from Sigma-Aldrich (Sigma-Aldrich, Steinheim,
Germany). The fed state simulated intestinal fluid (FeSSIF) buffer
components, including the sodium chloride, sodium hydroxide pellets
and acetic acid were purchased from Alfa Aesar (Thermo Fisher Scien-
tific, Karlsruhe, Germany), whilst the FeSSIF-V2 powder was purchased
from Biorelevant (Biorelevant, London, UK). The desiccant phosphorous
pentoxide (99 % purity) was procured through Acros Organics (Thermo
Fisher Scientific, Karlsruhe, Germany).

2.2. Preparation of formulations (THEDESs and THEDESs with
surfactant)

The therapeutic eutectic and deep eutectic solvents consisted of IBU
with OctA at molar ratio 1:4, NonA at 1:5, DeA at 1:3 and DoA at 1:2.
The specific molar ratios were obtained based on the phase diagrams, as
described in section 2.3. The raw materials were stored in a desiccator
with phosphorous pentoxide as the desiccant (= 0 % RH) at room
temperature prior to use. The corresponding amounts of both compo-
nents (batch size 3 g) were weighed into 20 mL clear headspace vials of
22.5 x 75 mm in diameter (Supelco, Sigma-Aldrich, Steinheim, Ger-
many) with magnetic stirring bar (PTFE-coated, cylindrical with pivot
ring, L 12 mm, bar diameter 4.5 mm, BRAND®, Sigma-Aldrich, Stein-
heim, Germany). The mixtures were then purged with nitrogen before
the vials were sealed with 20 mm aluminum pressure release seals (with
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Fig. 1. Graphic representation of using the enhanced solubilization capacity of an API-based DES (THEDES) to solubilize a poorly soluble compound with synergistic
pharmacological effect as a fixed-dose combination formulation. In this study, an ibuprofen-fatty acid THEDES is developed for solubilization of the antitumor API
abiraterone acetate, for possible application as an advanced coactive anticancer treatment.

PTFE/rubber liner, Supelco, Sigma-Aldrich, Steinheim, Germany). The
seals were quality-controlled, ensuring that they could not twist. The
sealed vials were submerged in a water-filled beaker (150 mL, PYREX®,
Thermo Fisher Scientific, Karlsruhe, Germany) on a temperature-
controlled stirring-heating plate (IKA® RCT basic, Staufen, Germany).
The samples were stirred at 350 rpm at 70 °C for 2 h (Dwamena, 2019).
The water bath was used to ensure even heat distribution in the samples.
The prepared samples were stored in an oven at a constant temperature
of 37 °C. In the case of samples with surfactant (intended for better
dispersion), 20 % w/w Tween 80 was added to the THEDESs. The
density of Tween 80 was 1.08 g/mL, as reported in the product speci-
fication sheet, and the amounts were calculated accordingly.

2.3. Determination of eutectic points using phase diagrams

The eutectic points of the IBU:OctA, IBU:NonA, IBU:DeA or IBU:DoA
THEDES candidates were found using phase diagrams, plotted with
melting point analyses at different molar fractions of the two constituent
components (Umerska et al., 2020; Wolbert et al., 2019). Amounts
corresponding to 10 mg of the physical mixtures with molar fractions
0:1-1:0 were directly weighed into T,e, aluminum pans (TA in-
struments, Eschborn, Switzerland) and covered with T,e;, aluminum lids
(TA instruments, Eschborn, Switzerland). The samples were exposed to a
—10 °C to 85 °C heating ramp at 1 °C/min, with a 50 mL/min nitrogen
purge on differential scanning calorimetry (DSC) (Discovery DSC, TA
Instruments, Eschborn, Switzerland). The endothermic peaks obtained
on the thermograms represented the melting point of a component in

excess and the eutectic point of the THEDES. Hence, the melting onset
temperature was selected to construct the solid-liquid line (SL-line) of
the mixtures (Umerska et al., 2020; Wolbert et al., 2019). The auto-
matically generated thermograms were analyzed in triplicate on the
TRIOS software (version 3.1.0.3538), complementary to the Discovery
DSC (TA Instruments, Eschborn, Switzerland).

2.4. Modelled phase behavior using the Schroder van Laar (SvL) equation

The melting point of each THEDES molar ratio was calculated using
the Schroder van Laar equation (Panbachi et al., 2024; Prigogine &
Defay, 1954; Umerska et al., 2020). This equation is derived from the
Van’t Hoff equation (Deiters, 2012) by assuming an ideal thermody-
namic binary system (Deiters, 2012; Prigogine & Defay, 1954; Wolbert
et al., 2019). Thus, equation (1) describes the liquid—solid phase equi-
librium, corresponding to the Schroder van Laar equation if the activity
coefficient vy; is unity (Chakraborty et al., 2021; Prigogine & Defay,
1954; Umerska et al., 2020; Wolbert et al., 2019):

AH; (1 1
it = -5 (7 1.) M

The equation includes temperature T, melting point Tpg of a
component i based on the molar fraction (y;) and the fusion enthalpy
(AH;) of component i (Prigogine & Defay, 1954). This equation is applied
to both components in selected molar fractions from 0 to 1 in 0.005
increments, resulting in two different SL-lines (Prigogine & Defay, 1954;
Umerska et al., 2020; Wolbert et al., 2019). The trendlines of the two SL-
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lines were then combined to depict the incremental molar fraction in-
crease of one component from left to right, and the other component
from right to left, where the intersection of the two lines provides the
eutectic point on the phase diagram (Wolbert et al., 2019).

2.5. Sigma surface and sigma profiles of THEDES components

The sigma surface and the sigma profiles of the THEDES components
in this study were analyzed using the conductor-like screening model in
real solvent (COSMO-RS) (Klamt & Schiitirmann, 1993). The COSMO-RS
theory makes first use of ab initio quantum chemical calculations. Thus,
based on the chemical 1D or 2D representation of a molecule, a 3D
molecular geometry is calculated by means of Density Functional The-
ory (DFT) using a Becke-Perdew (Becke, 1988) functional and a triple-
zeta valence polarized basis set (TZVP) as level of theory (Schafer
et al., 1994). The molecule is placed in a virtual conductor in the form of
a dielectric continuum solvation model; the calculated distribution of
the screening charge densities on the molecular surface is called a sigma
profile (Klamt, 2018; Mu et al., 2007). The quantum-chemical calcula-
tions were based on Turbomole v.7.5 software (Turbomole GmbH),
linked to the COSMOtherm program (BIOVIA COSMOquick, Version
2020, Dassault systems, Vélizy-Villacoublay, France) for further calcu-
lations and display of sigma surfaces and sigma profiles of the THEDES
components investigated.

2.6. Apparent solubility of AbAc in THEDESs

An excess amount of AbAc was distributed in the THEDES liquids so
that a slight residue of particles could be seen suspended in the test
samples. The excess was added to a volume of 3 mL of THEDES in the 20
mL clear headspace vials (22.5 x 75 mm diameter, Supelco, Sigma-
Aldrich, Steinheim, Germany) with magnetic stirrers as per section
2.2. The vials were purged with nitrogen and sealed (20 mm aluminum
pressure release seals with PTFE/rubber liner, Supelco, Sigma-Aldrich,
Steinheim, Germany). After being visually assessed for adequate seal-
ing, the vials were submerged in water baths heated to 37 °C and stirred
at 350 rpm for 24 h. 2 mL of the suspensions were collected, suspended
in 2 mL safe-lock Eppendorf® tubes (Eppendorf AG, Hamburg, Ger-
many) and centrifuged at 14000 rpm and 37 °C for 30 min (MPW-65R
centrifuge, MPW Med. Instruments, Warszawa, Poland) with maximum
relative centrifugal force of 20,160 g. The resulting supernatant was
transferred to a new set of 2 mL safe-lock Eppendorf® tubes (Eppendorf
AG, Hamburg, Germany) and centrifuged again using the same settings
(14000 rpm for 30 min, relative centrifugal force of 20,160 g). After the
second centrifugation, 100 pL was drawn from the supernatants ob-
tained using a positive displacement pipette (Repetman HandyStep®,
Gilson, Villiers-Le-Bel, France) with tip (PD-Tips II, Fischer Scientific,
Wertheim, Germany) and diluted with a factor of 1:1000 (v/v) in the
mobile phase (described in section 2.8 below). All diluted samples were
stirred overnight, after which they were filtered using a 0.45 pm filter
(ProFill PA, 0.45 um, Fisher Scientific, Wertheim, Germany) mounted to
3 mL syringes (Injekt®-F Luer Solo syringe, B. Braun Medical AG, Mel-
sungen, Germany) and filled into amber crimp-top 2 mL HPLC vials
(Agilent Technologies Co. Ltd., Beijing, China), sealed with caps (silver,
PTFE/silicone septa for 2 mL vials, Agilent Technologies Co. Ltd., Bei-
jing, China) and analyzed using the high-performance liquid chroma-
tography (HPLC) method described below (section 2.8). The three
separate sample batches for each THEDES made up a triplicate analysis.
The apparent solubility of AbAc in the system was presented as the
amount of AbAc (in mg) per amount of THEDES (in g). This was to ac-
count for the significant shift in volume that occurred with the higher
amounts of AbAc apparently solubilized into the THEDES.

2.7. Density of the dispensed liquids

The densities of the THEDESs with API were determined by weighing
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three 100 uL replicates of three separate batches of supernatant (ob-
tained post-centrifugation as per section 2.6) and dividing the results by
the volume. This density measurement was also used for the pure
THEDESs, and the THEDESs loaded with 80 % of the apparent solubility
value used for dissolution testing. Positive displacement pipettes
(Repetman HandyStep®, Gilson, Villiers-Le-Bel, France) with 500 pL
pipette tips (PD-Tips II, Fischer Scientific, Wertheim, Germany) were
used after 37 °C-storage to avoid cooling of the samples centrifuged at
that temperature. The 3 x 100 pL volumes were dispensed into plastic
weighing boats (Sigma-Aldrich, Steinheim, Germany) and tared on a
scale (Balance XPR205, Mettler Toledo, Melbourne, Australia), to obtain
the densities of the formulations prepared for dissolution.

2.8. HPLC quantification of AbAc and IBU

The AbAc content in the samples was quantified using HPLC on the
Agilent 1100 Series Capillary LC System instrument (Agilent Technol-
ogies AG, Basel, Switzerland). The mobile phase consisted of a mixture
of 70:30 v/v of acetonitrile to 30 mM ammonium dihydrogen phosphate
buffer adjusted to pH 2.00 £ 0.05 using a 50 % dihydrogen phosphate
solution. A Charged Surface Hybrid (CSH) C18 stationary phase, of 2.5
pm particle size and 4.6 x 100 mm in dimension, from XSelect® CSH™
(Waters Corporation, Massachusetts, USA) was mounted as the applied
HPLC column. The method was set to sustain a temperature of 50 °C in
the column at a flowrate of 1 mL/min and an injection volume of 5 pL,
with detection at an ultraviolet (UV) wavelength of 255 nm, using
Agilent OpenLab software version 3.4 (Agilent Technologies AG, Santa
Clara, USA). The retention time obtained was 4.18 4 0.02 min with a
maximum acceptable deviation of 10 % (4 0.42 min) for the samples
studied, measured with different buffer batches. The calibration curve
was plotted using samples diluted from a stock solution of 1 mg/mL of
AbAc in the mobile phase, resulting in a 10-point equidistant concen-
tration series of 0.1-1.0 mg/mL. The lower limit of detection (LoD) on
the calibration curve was 0.03 mg/mL, while the lower limit of quan-
tification (LoQ) on the calibration curve was 0.10 mg/mL. These limits
were determined according to the ICH Q2(R1) guideline: the LoD was
calculated by dividing the standard deviation of the response (the y-
intercept) by the slope of the standard curve multiplied by 3.3 and the
LoQ was calculated by multiplying the result of the previously described
division by 10. Samples were analyzed in triplicate and all calculations
and statistical evaluations were based on Microsoft Excel data analysis
tool pack (version 2016) and GraphPad Prism software (version 10.0.2),
respectively.

For simultaneous detection of IBU and AbAc in the samples collected
from the dissolution vessels (described in section 2.10), the HPLC
quantification method was adjusted to enable detection at substantially
lower concentrations. The injection volume in this method was 30 pL
while the calibration curves for both APIs were based on triplicate
studies of 10 equidistant concentration points between 0.001 and 0.1
mg/mL. The calculated LoD and LoQ were 9.21 x 10~* mg/mL and 2.79
x 103 mg/mL for the IBU calibration curve and 8.86 x 10~* mg/mL
and 2.68 x 1072 for the AbAc. The IBU was detected at a UV-wavelength
of 225 nm with retention time of 2.01 + 0.01 min, with an acceptable
deviation range of 10 %. The resulting chromatograms showing peaks of
both APIs could then be used to determine the concentration of both
APIs simultaneously.

2.9. Droplet diameter of THEDESs in water dispersions

Droplet size on aqueous dispersion was measured by dispensing 200
uL of the AbAc-loaded THEDES samples into 20 mL of demineralized
water, resulting in a 1:100 v/v dispersion. The samples were gently
shaken manually before evaluation with polarized optical light micro-
scopy (Model DSX10-SZH, Olympus corporation, Tokyo, Japan). The
diameters of 10 of the largest visible spherical droplets were measured in
10 different optical fields and used to plot a distribution of a total of 100
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droplets per dispersed THEDES. Such selection of largest-size droplets
per field of view was meant to provide a robust and fast sampling
method for a relative comparison of droplet sizes. Magnifications
equivalent to 40 x were used to study the surfactant-free THEDESs
whilst a magnification of 100 x was needed to study the surfactant-
carrying systems.

2.10. USP II dissolution tests

The USP II dissolution test of the surfactant-free and surfactant-
containing AbAc-loaded THEDESs evaluated AbAc and IBU release.
The test was carried out using a SOTAX® AT7 Smart Semi-Automated
dissolution bath (SOTAX Pharmaceutical Testing s.r.o, Prague, Czech
Republic), connected to a CP Xtend™ piston pump (SOTAX Pharma-
ceutical Testing s.r.o, Prague, Czech Republic) and a C615 fraction
collector (SOTAX Pharmaceutical Testing s.r.o, Prague, Czech Republic)
for offline sample collection in HPLC vials. The dissolution bath was
heated to 37 °C and paddle speed set to 100 rpm. The dissolution media
in this study was FeSSIF with pH 5.0 (Marques, 2004). The buffer was
prepared in 6 L batches for six 900 mL dissolution vessels in the disso-
lution bath. For 6 L of buffer, 71.22 + 0.01 g of sodium chloride, 24.24
+ 0.02 g of sodium hydroxide pellets and 49.5 mL of acetic acid were
added to 5 L of de-ionized water. The pH was then measured using an
automated pH meter (FP20 Mettler Toledo, Melbourne, Australia), and
adjusted to 5.00 + 0.05 with a 2 M sodium hydroxide solution. The
remaining empty volume in the vessel was then filled to 6 L with de-
ionized water. Lastly, 67.2 + 0.1 g of FeSSIF-V2 powder (Biorelevant,
London, United Kingdom) was added to the buffer, after which the so-
lution was stirred at 300 rpm (=~ 1 h) and heated to 37 °C on a heating
plate (IKA® RCT basic, Staufen, Germany). 900 mL of the prepared
batch was poured into each of the six dissolution vessels. At time point 0,
1 mL of the IBU-based THEDESs loaded with 80 % of the apparent
equilibrium solubility value was dispensed into the vessels. Subse-
quently, 1.5 mL was collected at time points 2, 5, 10, 15, 20, 25, 30, 45,
60, 90, 120, 150 and 180 min and run through the connected 1.6 pm
pore-size filters (25 mm Whatman® GF/A glass microfiber filters,
Sigma-Aldrich, Steinheim, Germany), before being poured into HPLC
vials (Agilent Technologies Co. Ltd., Beijing, China). After the 3 h USP II
analysis, the HPLC vials were sealed with caps (silver, PTFE/silicone
septa for 2 mL vials, Agilent Technologies Co. Ltd., Beijing, China) and
analyzed using the HPLC method described in section 2.8. The resulting
release curves were presented as accumulated percentage of released
AbAc and IBU from the total amount of API available in the dispensed
volume of the formulation. This study was repeated three times.

2.11. X-ray powder diffraction (XRPD) evaluation of dissolution
precipitates

The precipitates of the USP II dissolution test were obtained by
vacuum filtration of the final dissolution vessel contents through a 0.45
um pore-size membrane filter (MCE, 47 mm in diameter, Ahlstrom-
Munksjo, Helsinki, Finland). They were then scraped off the membrane
and placed on XRPD sample holders (PMMA, 25 mm sample reception
diameter, Bruker AXS GmbH, Karlsruhe, Germany). The individual APIs,
IBU and AbAc, along with the pure DeA and DoA components were
analyzed to serve as reference points. The solids were identified ac-
cording to alignment of the peaks obtained with the diffractogram of the
individual components within the formulation.

The XRPD instrument D8 Advance X-Ray Diffraction (Bruker Optics
GmbH & Co. KG, Ettlingen, Germany) was used to study the precipitated
solids in the dissolution tests. Bragg-Brentano Geometry was applied
with a vertical goniometer installed at a height of 150 mm and radius of
280 mm. The Two Theta/Theta couple scans in the range of 2-40° with
step size of 0.02° and 0.6 s per step was used. A total of 2324 steps were
performed, resulting in a total time of 1502 s. Analysis conditions were
set to CuKa radiation (A = 1.542 10\) with generator settings of 40 kV/40
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mA. The primary optics settings were set to 2.5° soller slits, with a fixed
slit width of 0.6 mm. The fixed sample illumination area was 10 mm
with automatic anti-scatter slits. The sample spin was set to 15 rpm with
secondary optics settings of the same 2.5° soller slits with 1D mode
detector (LYNXEYE XE-T, Bruker Optics GmbH & Co. KG, Ettlingen,
Germany).

2.12. Statistical analysis and graphical display

Most statistical analyses in this work were performed using Graph-
Pad Prism (version 10.0.2, GraphPad software, California, USA). F-tests
and t-tests were done to statistically compare variance homogeneity and
means respectively (Harris, 2010). The initial F-test guided the selection
of t-tests with either equal or unequal variance. These tests were per-
formed to compare the calculated ideal eutectic points (SvL eutectic
points) with the experimental eutectic points to assess the significance of
the difference between the two. The tests were also employed to
compare the droplet diameter of the AbAc-loaded THEDESs with and
without 20 % w/w Tween 80 to assess the significance of the surfactant
impact in each THEDES. The total amounts of quantified API content at
the end of the dissolution tests were also compared in the formulations
with and without the surfactant. P-values below 0.05 resulted in rejec-
tion of the null-hypothesis, demonstrating a significant difference
among a group of means. One-way ANOVAs with post-hoc Tukey testing
were calculated for a multiple comparison of mean AbAc solubility
values in the THEDESs. The difference between all means to a single set
of THEDES means were performed using the Dunnett test. The ANOVA
test was also employed to find the difference amongst the droplet di-
ameters of all THEDESs with and without surfactant, to assess the extent
of variation.

Graphs and figures of all experiment results were illustrated using
the GraphPad prism program. The figure depicting the study concept
(Fig. 1) was illustrated using BioRender (Science Suite Inc., Toronto,
Canada) supplied with a license to publish under agreement number
IN270813A7. The data analysis tool package on Excel (version 2016,
Microsoft Corporation, Washington, USA) was used for linear regression
tests (LINEST test) on the calibration curves and estimation of the LoD
and LoQs as well as the linear regressions for slope analysis of the drug
dissolution experiments.

3. Results
3.1. Experimental and modeled THEDES eutectic points

The eutectic points of the THEDES samples, based on IBU with either
OctA, NonA, DeA or DoA, were found by plotting phase diagrams using
the methods described in section 2.3. The phase diagram was designed
so that the density of recorded melting points was higher around the
suspected eutectic melting point. This was done to ensure better preci-
sion of the estimated eutectic point. Fig. 2 shows the phase diagram and
SvL model (Equation (1) for comparison for each of the THEDES. Table 1
presents the experimentally obtained lowest recorded melting point as
the eutectic point (experimental T¢), and the modelled SvL eutectic point
(SVL Te). Note that in Table 1, system molar fractions are rounded to one
decimal place for simplicity. The calculated molar ratios of the fractions
are rounded to the nearest integer, which has been advocated as more
representative of the defined molar interactions between components in
a DES (Abranches & Coutinho, 2023; Fourmentin et al., 2021). Hence,
the final formulations were found to have molar ratios of 1:4 in the IBU:
OctA THEDES, 1:5 in the IBU:NonA, 1:3 in the IBU:DeA, and 1:2 in the
IBU:DoA system. Statistical comparison found that the experimental
eutectic points of the IBU:OctA and IBU:DoA differed significantly from
the SvL predicted eutectic points (p-value < 0.0001 for IBU:OctA and p-
value = 0.0005 for IBU:DoA), while the experimental and SvL eutectic
points of the IBU:NonA and IBU:DeA did not (p-value > 0.05).
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Fig. 2. Phase diagrams showing the experimental and Schroder van Laar pre-
dicted (SvL) solid-liquid line (SL-line) of the IBU:OctA, IBU:NonA, IBU:DeA,
and IBU:DoA THEDES systems (n = 3, mean + SD). All SvL predicted SL-lines
are presented as dashed lines (— — —) in the figures. The experimental SL-line of
IBU:OctA is presented in graph (a) as connected lines of round symbols (@), and
the IBU:NonA is presented in graph (b) through diamond-shaped symbols (¢),
while the IBU:DeA is presented by triangles (a) in graph (c) and IBU:DoA by
squares () in graph (d).

Table 1
Overview of the Schroder van Laar (SvL) and experimental eutectic points (Te)
obtained for each THEDES (n = 3, mean =+ SD).

THEDES IBU:OctA IBU:NonA IBU:DeA IBU:DoA

Experimental T, 3.9 + 5.0 + 23.2 + 36.3 +
0.3°C 0.1°C 0.4°C 0.3°C

Molar fractions at 0.20:0.80 0.15:0.85 0.25:0.75 0.30:0.70

experimental T,

SvL T. 9.4 + 55+ 22.8 + 323+
0.4°C 0.3°C 0.7 °C 0.6 °C

Molar fractions at SvL 0.10:0.90 0.10:0.90 0.20:0.80 0.30:0.70

Te

3.2. Sigma surfaces and profiles of THEDESs

The COSMO-RS model (section 2.5) gave sigma surfaces and sigma
profiles of the components studied (IBU, OctA, NonA, DeA, DoA and
AbAc) (Figs. 3-4). The molecular structures in Fig. 3 use the ball-and-
stick model with standard atom coloring. On the sigma surfaces
(Fig. 3, right), clouds of positive screening charge correspond to nega-
tively charged hydrogen-bond accepting regions (marked in red), while
the corresponding positively charged hydrogen-bond donating regions
are marked in blue, and the neutral regions in green.

The initial sigma surface findings show that the carbon chains of the
fatty acids (OctA, NonA, DeA and DoA) differ in length and carry neutral
charge. Furthermore, the AbAc molecule is larger, consisting of an ac-
etate prodrug (Ryan & Cheng, 2013), whereas IBU is smaller in com-
parison. While IBU contributes to the more polar charge density
primarily with a single carboxylic acid group, the AbAc molecule has a
pyridine group with an electron-rich tertiary nitrogen (Q. Wang et al.,
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Ibuprofen (IBU)

Fig. 3. Chemical structures and sigma surfaces calculated using the conductor-
like screening model for real solvents (COSMO-RS) of ibuprofen (IBU), octanoic
acid (OctA), nonanoic acid (NonA), decanoic acid (DeA), dodecanoic acid
(DoA) and abiraterone acetate (AbAc). The molecular structures are presented
on the left of the figure, whilst the sigma surfaces are on the right (further
details are given in the text).

2024) in addition to an ester group. Moreover, a carboxylic acid group
was present in IBU and the excipients, which comes with hydrogen-bond
donating and accepting tendencies. This is due to the higher positive
charge (or corresponding negative screening charge of the sigma profile)
of the hydrogen atom in the ~OH groups, and the negative charge of the
lone electron pairs on the double-bonded oxygen atom (Fourmentin
et al., 2021; McMurry, 2015).

The sigma profiles obtained from the sigma surfaces are shown in
Fig. 4. The x-axis shows the screening charge where hydrogen-bond
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Fig. 4. Sigma profiles of ibuprofen (IBU), octanoic acid (OctA), nonanoic acid (NonA), decanoic acid (DeA), dodecanoic acid (DoA) and abiraterone acetate (AbAc)
are presented in the graphs above. The x-axis represents the sigma charge density (e/A?), and the y-axis, the sigma profile (p(c)).

donating charge densities appear below the sigma-value (6) of —0.008
e/A% and the hydrogen-bond accepting regions above 0.008 e/A?
(Mullins et al., 2008; Palmelund et al., 2019). The in-between values
represent non-polar regions of the molecules (Mullins et al., 2008; Pal-
melund et al., 2019). The sigma surfaces of the fatty acids (OctA, NonA,
DeA and DoA) do not show significant differences amongst the indi-
vidual hydrogen bond donating and accepting properties. This was
attributed to the carboxylic acid group present in each of the molecules.
Nevertheless, a difference in peak height corresponding to the neutral
(non-polar) moiety of the molecules is observed. This indicates that with
increasing fatty acid carbon chain length, larger areas of the molecules
are covered in neutral surface charge.

The sigma surface of the IBU molecule (Fig. 4) also reveals that it
consists predominantly of non-polar regions, with smaller peaks linked
to the carboxylic acid functional group appearing in the negative and
positive regions of the profile. Moreover, despite the presence of an
electron-rich tertiary nitrogen in the pyridine of AbAc, the overall
hydrogen-bond donating region of the AbAc sigma profile did not seem
to differ substantially from the other components. Hence, like IBU, AbAc
also consists largely of neutral entities, with the carboxylic acid and the
pyridine showing hints of hydrogen bond donating and accepting
properties. Although a difference in the intensity of the neutral moieties
was observed between the APIs and the fatty acids, the charged regions
did not seem noticeably different from those of the fatty acids. Overall,
the sigma profiles show that all the molecules in the formulation have
carboxylic acids capable of acting as hydrogen bond donors and ac-
ceptors, and that differing densities of mainly neutral charge are
observed on the molecules.

3.3. Apparent solubility of AbAc in THEDESs

To account for the large volume change in the studied samples with
AbAc, the solubilities of AbAc were presented per weight of THEDES, by
determining the liquid densities of the THEDESs with AbAc. The

centrifuged supernatant density of IBU:OctA THEDES (at 37 °C) with
AbAc was 1.034 + 0.005 g/mL, while the supernatant densities of IBU:
NonA, IBU:DeA and IBU:DoA THEDES with AbAc were 1.034 + 0.024
mg/mL, 0.980 + 0.056 mg/mL and 0.919 + 0.023 mg/mL, respectively.
The resulting apparent solubilities of AbAc in the four THEDESs are
listed in Table 2. According to the Tukey test, the solubility of AbAc in
the IBU:DoA THEDES was significantly lower than in the other THEDES
formulations (p-value < 0.0001). Although the IBU:OctA THEDES
appeared to possess slightly higher AbAc solubility than the IBU:NonA
and IBU:DeA systems, they all had similar solubilities with non-
significant differences (p-value > 0.05). Specifically, the Dunnett test
of IBU:OctA system resulted in a p-value of 0.07 versus IBU:NonA, and
0.09 versus IBU:DeA. Additionally, the difference in means of IBU:NonA
and IBU:DeA THEDESs resulted in the p-value of 0.998.

The final formulation candidates were loaded with 80 % of the
apparent solubility values to ensure that no crystallization could occur
because of potential supersaturation during weighing. This resulted in
51.8 % drug loading in the final IBU:OctA formulation (total with API),
48.0 % in the final IBU:NonA, 48.1 % of the total IBU:DeA, and 15.6 % of
the total IBU:DoA formulation.

3.4. Dispersibility and droplet diameter of formulations in water

The dispersibility of all the prepared THEDESs, with drug-loading
corresponding to 80 % of their respective solubilities, was evaluated

Table 2
Apparent solubility of AbAc in IBU:OctA, IBU:NonA, IBU:DeA and IBU:DoA
THEDESs (n = 3, mean + SD).

THEDES, molar ratio of components Solubility 24 h, 37 °C, mgapac/8THEDES

IBU:OctA, 1:4 1311.0 + 125.4
IBU:NonA, 1:5 1151.7 + 22.2
IBU:DeA, 1:3 1160.4 + 33.5
IBU:DoA, 1:2 231.3 £10.7
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in water to make up oil (THEDES) in water dispersions. The resulting
droplet diameters, found via the method described in section 2.9, are
summarized in Table 3. To improve dispersibility, 20 % w/w of the
surfactant Tween 80 was added to the formulations. This concentration
was chosen based on a previous study, where 20 % w/w Tween 80 in a
hydrophobic DES improved dispersibility and dissolution without
significantly compromising the solubilization capacity of DES in the
final formulation (Panbachi et al., 2024). The addition of 20 % surfac-
tant reduced AbAc-loading in the formulations to 41.9 % in IBU:OctA,
38.4 % in IBU:NonA, 38.5 % in IBU:DeA and 12.5 % in IBU:DoA.
However, as seen in Table 3, the added surfactant significantly reduces
droplet diameters (p-value < 0.0001), while reducing the degree of
variability between the average droplet diameters of the different
THEDESs. Overall droplet diameter variability between the different
THEDESs was reduced to 6.62 % with 20 % w/w Tween 80, a substantial
reduction from the variability without surfactant (47.40 %).

3.5. Concurrent USP II dissolution of IBU and AbAc

3.5.1. Release of APIs from AbAc-loaded THEDES

The solubility of IBU in FeSSIF was 297.6 + 6.6 ug/mL, while the
solubility of AbAc in FeSSIF was 147.5 + 5.1 ug/mL. These values
resulted in sink conditions for IBU release and non-sink conditions for
AbAc release, from all formulations. According to Fig. 5-a and 5-b, the
release of AbAc and IBU from the AbAc-loaded IBU-based THEDES
formulations followed identical ranking orders. From highest to lowest,
released amounts of AbAc at 180 min were: IBU:NonA 19.4 + 0.1 % >
IBU:DeA 18.9 + 4.7 % > IBU:OctA 15.5 + 0.8 % > IBU:DoA 5.0 + 3.3
%. The same ranking trend follows for 180-min IBU release at 64.2 +
0.95 % for IBU:NonA, 57.9 + 6.5 % for IBU:DeA, 47.8 + 3.4 % for IBU:
OctA, and 37.8 + 9.0 % from the IBU:DoA. Overall, cumulative release
of IBU was higher than the AbAc release.

The AbAc release trends from each THEDES resulted in different
curves, as given in Fig. 5-a. The release of the IBU:NonA, IBU:DeA and
IBU:DoA systems had an S-shape release curve with inflexion point at
around 60 min for the IBU:NonA, 90 min for the IBU:DeA and 150 min
for the IBU:DoA. At these time points, the amount of AbAc released
corresponded to 11.1 £ 1.0 % from IBU:NonA, 7.8 + 1.3 % from IBU:
DeA and 3.7 + 1.6 % from the IBU:DoA. The slope of the AbAc release
curve of IBU:OctA implies a fast release of AbAc at the beginning of the
experiment and plateauing after approximately 60 min. At 60 min, 12.1
+ 0.4 % of the AbAc was released from the IBU:OctA system, not much
lower than the final release value recorded (15.5 + 0.8 % at 180 min).

In the early time-points of the experiment (0-45 min), the slope of
the IBU release from IBU:DeA THEDES revealed slower release than the
one of IBU:OctA (Fig. 5-b). Nonetheless, the ranking was reversed after
the 60 min timepoint due to a retardation of the release from the IBU:
OctA THEDES. From 0-60 min the amount of IBU released from the IBU:
OctA THEDES reached 40.4 4 2.8 %. However, between 60-180 min, a
notable slowing in release quantity was observed. The final cumulative
released amount was 47.8 + 3.4 %, not much higher than the value
recorded at 60 min. Furthermore, the overall IBU release of IBU:DeA was
slower than IBU:NonA, yet comparable release percentages were

Table 3

Overview of AbAc-loaded THEDES formulation droplet diameters (THEDES +
AbAc) in 1:100 v/v water dispersions, versus droplet diameters of AbAc-loaded
THEDES containing 20 % w/w Tween 80 (THEDES + AbAc + 20 % w/w Tween
80) in the 1:100 v/v water dispersions (n = 3, mean + SD).

THEDES, molar THEDES + AbAc THEDES -+ AbAc + 20 % w/w Tween
ratio 80
IBU:OctA, 1:4 16.95 +£8.62um  6.35 £ 0.93 pm
IBU:NonA, 1:5 17.04 £+ 7.54 pm 6.95 + 1.45 pm
IBU:DeA, 1:3 20.83 + 10.55 7.37 £ 1.75 pm
um
IBU:DoA, 1:2 40.6 +25.39 um  7.28 + 1.46 um
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observed towards the end of the experiment after 120 min. The amount
of IBU released at 120 min was 61.6 + 0.6 % from IBU:NonA and 54.1 +
6.6 % from IBU:DeA. In the early minutes of IBU dissolution from IBU:
DoA (0-5 min), a spike was observed with released amounts reaching
7.3 £+ 1.4 %. This was then followed by a slower gradual release over
time, reaching accumulated amounts of 37.8 + 9.0 %. Ultimately, IBU:
DoA showed the least API released by the end of the test run.

3.5.2. Release of APIs from surfactant-containing AbAc-loaded THEDESs

The release of the AbAc and IBU APIs increased considerably when
Tween 80 surfactant (at a concentration of 20 % w/w) was embedded in
the AbAc-loaded THEDES formulations. The enhanced API release is
presented as dissolution curves in Fig. 6-a and 6-b. Note that for
simplicity, the AbAc-loaded THEDES with 20 % w/w Tween 80 is
referred to as surfactant-containing AbAc-loaded THEDES in the text.
However, in Fig. 6-a and 6-b the surfactant and its concentration are
specified.

Fig. 6-a shows the release ranking (high to low) of AbAc from the
four surfactant-containing AbAc-loaded THEDES after 180 min: IBU:
DoA at 57.3 + 5.8 %, followed by IBU:DeA at 38.2 + 1.3 %, which was
on a par with the 37.5 + 2.0 % from IBU:NonA. These values were
significantly higher than the 23.6 + 1.0 % AbAc recorded from IBU:
OctA. The IBU release ranking (Fig. 6-b) after 180 min differed from
AbAc, in that the IBU:NonA THEDES system showed the highest release
with 79.4 + 5.0 %, followed by 73.6 + 0.8 % from the IBU:DeA
formulation, then IBU:DoA at 65.1 + 0.2 % and IBU:OctA at 60.4 + 2.8
%.

The AbAc release curve of the surfactant-containing IBU:OctA system
(Fig. 6-a) exhibited plateauing tendencies after approximately 45 min of
dissolution. During this initial period, 10.5 + 0.4 % of AbAc was
released, after which the release stagnated, only reaching 15.5 + 0.8 %
between 45-180 min. Similarly, the release of AbAc from the IBU:DoA
system with 20 % w/w Tween 80 in the first 2 min of the dissolution
reached 17.9 4+ 6.3 %, after which a slower relative release was
observed between 2-180 min, reaching 57.3 + 5.8 %. This value
exceeded the quantity of AbAc dissolved from the IBU:OctA formulation
with the surfactant.

3.5.3. Effect of surfactant on API-release

The IBU and AbAc content of the THEDES batches tested are listed in
Table 4. The cumulative API release values given in Figs. 5-6 are re-
ported as the percentage of API released from the total API content in 1
mL volume of the formulation dispensed into the dissolution vessel. The
initial findings of the dissolution tests emphasize a significant rise in the
amounts of API released in THEDES with 20 % w/w Tween 80. Fig. 7
provides an overview of the total released amount of the APIs measured
at 180 min. These values were compared in pairs to evaluate possible
significant differences between THEDESs with and without 20 % w/w
Tween in the dissolution media for different drug loads.

3.6. Analysis of dissolution test precipitates

The USP II dissolution tests left a solid residue in the form of lumps at
the bottom of the dissolution vessels after 180 min. This was seen in all
cases except the IBU:DoA formulations with and without 20 % w/w
Tween 80. These lumps exhibited a crusty exterior with semi-solid
interior. The dissolution test precipitates were extracted using the
method described in section 2.11 and the surface of the resulting pre-
cipitates was examined using the defined XRPD method. The subsequent
diffractograms are presented in Supplementary Figs. 1-4. All formula-
tions except the IBU:DoA showed traces of crystalline AbAc on the
surface of the lumps. This was found through the alignment of the X-ray
pattern of the lumps aligning with that of crystalline AbAc. In the IBU:
OctA systems (with and without 20 % w/w Tween 80), the intensity of
the signals was comparable, indicating that both formulations probably
had the same level of crystallinity. The diffractogram of the IBU:NonA
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Fig. 5. Visual representation of concurrent abiraterone acetate (AbAc) and ibuprofen (IBU) release from the prepared IBU-based THEDESs loaded with AbAc (n = 3,
mean + SD). Graph (a) represents AbAc release from the AbAc-loaded THEDESs, whilst graph (b) shows IBU release. The trend of API release from IBU:OctA is given
by connected lines of round symbols (@), IBU:NonA is presented through diamond-shaped symbols (4), IBU:DeA is presented by triangles (a) and IBU:DoA by square

shaped symbols (HD.
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Fig. 6. Visual representation of concurrent abiraterone acetate (AbAc) and ibuprofen (IBU) release from the IBU-based THEDESs loaded with AbAc as the poorly
soluble API, and 20 % w/w Tween 80 as the surfactant (n = 3, mean =+ SD). Graph (a): AbAc release from the AbAc- and Tween 80-loaded THEDESs; Graph (b): IBU
release from the formulations. API release from IBU:OctA is shown by round symbols (@), from IBU:NonA by diamond symbols (), while the IBU:DeA is presented

by triangles (a) and IBU:DoA by square symbols (.

Table 4

Ibuprofen (IBU) and abiraterone acetate (AbAc) content in 1 mL of the prepared
batches of AbAc-loaded THEDES, either with or without 20 % w/w Tween 80 (n
= 3, mean =+ SD).

API content in 1 mL dispensed formulation = IBU, mg AbAc, mg
IBU:OctA (1:4) 128.15 + 2.95 519.23 +11.95
IBU:OctA (1:4) + 20 % w/w Tween 80 106.77 + 1.56 431.73 £ 6.29
IBU:NonA (1:5) 110.11 + 2.87 490.2 + 12.76
IBU:NonA (1:5) + 20 % w/w Tween 80 87.27 +0.48 389.01 + 2.14
IBU:DeA (1:3) 150.24 + 3.53 488.82 +11.49
IBU:DeA (1:3) + 20 % w/w Tween 80 117.93 + 0.57 383.7 +1.86
IBU:DoA (1:2) 268.85 +13.51  146.4 +7.36
IBU:DoA (1:2) + 20 % w/w Tween 80 219.48 + 5.04 119.48 + 2.75

with 20 % w/w Tween 80 showed slightly stronger signals, which could
indicate levels of crystallinity a little higher than compared to the
surfactant-free counterpart. Note that Supplementary Figs. 3 and 4
(showing the IBU:DeA and IBU:DoA THEDES diffractograms) include
the diffractogram of those fatty acids in the THEDESs that were solid as
pure components at room temperature, i.e., DeA and DoA. The IBU:DeA

THEDES formulation with 20 % w/w Tween 80 resulted in smaller
lumps and sharper peaks in the diffractogram, hence more crystallinity.
The diffractograms presented in Supplementary Fig. 4 illustrate that
there was no crystalline trace of the APIs, nor of the components, in the
IBU:DoA THEDES. This agreed with the absence of solid residue at the
bottom of the vessels at the end of the 180 min dissolution test. How-
ever, in the case of the IBU:DoA THEDES with surfactant, five sharp
peaks were observed with no alignment to the compared profiles.
Therefore, the crystalline residue in this sample remained unidentified,
with further solid state analysis being outside the scope of the present
study aims.

4. Discussion
4.1. Characterization of THEDESs

The present study describes the pioneering use of THEDESs as a
solubilizing vehicle for another drug to obtain a fixed-dose combination

product. While fixed-dose combinations generally share the challenge
that the fraction of excipients is limited, the current approach harnesses
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Fig. 7. Comparison of total released ibuprofen (IBU) and abiraterone acetate
(AbAc) in percent (%) of the total IBU and AbAc in the formulation, after 180
min of dissolution from THEDES (IBU:OctA (1:4), IBU:NonA (1:5), IBU:DeA
(1:3), IBU:DoA (1:2)) and THEDESs with 20 % w/w Tween 80 (n = 3, mean =+
SD, * represents p-values < 0.05, ** p-value < 0.01, and *** p-value < 0.001 as
a level of significance). The gray bars represent the values of AbAc released, and
the black represent the values of released IBU.

the solubilizing functionality of one drug to bring the other active
compound into a non-crystalline form. Thus, the applicability of four
THEDES systems, based on IBU and fatty acids of different alkyl chain
length, were studied as enabling solubilizers of the poorly soluble AbAc.
The initial step in formulating the four THEDESs was to characterize the
thermodynamic behavior of the components. Thus, phase diagrams
(section 3.1) were constructed to compare the solid-liquid equilibria of
the THEDESs at different molar compositions, as compared to ideal
behavior (given by SvL Eq. (1). As the experimentally obtained eutectic
point of the IBU:OctA was significantly lower than the corresponding
SvL-predicted eutectic point, this THEDES indeed qualified as a DES
according to the strict definition put forward by Martins et al. (Martins
et al.,, 2019) (Table 1). In contrast to the IBU:OctA system, the experi-
mental eutectic point of the IBU:DoA system was significantly higher
than the SvL-predicted (thermodynamically ideal) eutectic point. This
positive deviation in the experimental versus ideal eutectic points of a
system appears to be a phenomenon that was observed before in eutectic
systems of fatty acids (Abranches & Coutinho, 2023; Crespo et al.,
2017). Lastly, the IBU:NonA and IBU:DeA systems could be categorized
as simple eutectic systems as no significant deviations between the
experimentally observed thermodynamic behavior and thermodynamic
ideal conditions were seen.

The aqueous solubility of AbAc was < 0.5 pg/mL according to
literature (Solymosi et al., 2018). Hence, the amount of AbAc that can
apparently be dissolved in the THEDES (Table 2) was remarkably high,
with best case magnitudes reaching more than approximately 400'000-
fold solubility increased compared to water. This was in line with the
extensive list of DES examples in the literature showing astounding
improvements in solubility compared to that in aqueous media
(Fourmentin et al., 2021; Huber et al., 2022; Z. Li & Lee, 2016; Lu et al.,
2016; Morrison et al., 2009; Palmelund, Eriksen, et al., 2021; Palmelund
et al., 2019; Panbachi et al., 2023, 2024). According to the literature,
this is due to the distinct polar interactions in a DES that can result in
very high solubilization capacities (Abdelquader et al., 2023; Abranches
et al., 2020; Palmelund, Rantanen, et al., 2021). The situation may be
different in the case of more hydrophobic DES or THEDES; the results of
this work revealed that the simple eutectic systems, namely the IBU:
NonA and IBU:DeA, only showed a slightly lower solubility compared to
that of the ‘true’ DES, i.e. the IBU:OctA system. Nevertheless, the highly
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lipophilic API, AbAc, with log P of 5.19 (Hu & Hartmann, 2014) was
otherwise expected to dissolve to a greater extent in a more lipophilic
system. Hence, if it is assumed that the apolarity of the different THE-
DESs would increase with the longer fatty acid chains, the IBU:DoA
system would outperform THEDESs of shorter alkyl chains. Therefore,
the role of the distinct interactions within a DES are emphasized as
drivers for improved solubilization of poorly soluble compounds.

4.2. Molecular interactions and impact of fatty acid alkyl chain length in
THEDESs

It is widely assumed that DESs form because of a network of transient
interchangeable hydrogen bond interactions (Abranches & Coutinho,
2023; Fourmentin et al., 2021; Martins et al., 2019). It has been spec-
ulated that DESs prevalently consist of asymmetric hydrogen bond do-
nors and lone hydrogen bond acceptors (Abranches & Coutinho, 2023).
However, it is interesting that here there is only one ‘deep’ eutectic
system in a series of four IBU:fatty acid eutectic systems, all with similar
hydrogen bond donating and accepting properties (seen on the sigma
profiles, section 3.2). Accordingly, the above mentioned speculation was
not supported by the specific systems evaluated in the current study. In
the case of the THEDESs with IBU and fatty acids of different carbon
chain lengths, sigma profiles of the components did not seem to show
marked differences in terms of asymmetry of hydrogen bond donors, nor
did they present especially strong cationic clouds in the shape of a lone
hydrogen bond acceptor (Abranches & Coutinho, 2023). Alternatively, a
shorter fatty acid carbon chain length could result in less of the neutral
component (the alkyl chain) on the interacting molecule, which may
lead to less steric hindrance of the interacting functional groups on the
DES components (Busato et al., 2022). Moreover, studies have suggested
that apolar hydrophobic interactions between the components could
play a crucial role in the formation of the DES (Busato et al., 2022). Since
higher numbers of molecules of the shorter fatty acid chains are inter-
acting with the IBU (1:4 in the IBU:OctA, 1:5 in the IBU:NonA, 1:3 in the
IBU:DeA and 1:2 in the IBU:DoA), it is plausible that the prevalence of
hydrophobic interactions could be higher, rendering the formulations
more likely to form DES. This could contribute to higher free energy of
mixing (Goldsack & Chalifoux, 1973), which in turn results in marked
eutectic behavior or even DES formation (Abdelquader et al., 2023;
Dwamena & Raynie, 2020; S. Li et al., 2024). However, studies have also
suggested that the presence of fatty acid hydrogen bond donors with
longer alkyl chains contributed to less polarity in a DES, resulting in
smaller electron transfers and probably weaker hydrogen bonding
(Barani Pour et al., 2024; Dwamena & Raynie, 2020; S. Li et al., 2024).
Thus, it appears that the fatty acid alkyl chain length plays an important
role in hydrophobic DES formulation through polarity contributions and
hydrophobic interactions. Finally, the chain length is expected to affect
molecular configurations that directly affect configurational entropy.
The latter in turn contributes to the free energy of mixing as a separate
driver of DES formation from enthalpic molecular interactions. It is
accordingly intriguing to note how comparatively simple formulations
from a compositional viewpoint can exhibit complexity on the level of
their microstructure.

4.3. Preliminary evaluation of the performance of the novel formulation

An important aspect of API dissolution from hydrophobic liquid
formulations is their ability to disperse in aqueous media (Porter et al.,
2008; Pouton, 2006). In this study, the THEDESs prepared with fatty
acids of shorter alkyl chains showed smaller droplet sizes when
dispersed in water (Table 3), which was attributed to lower lipophilicity
(Pouton & Porter, 2008; Rowe et al., 1994). Adding Tween 80 surfactant
at a concentration of 20 % w/w caused droplet diameters to shrink even
more (Table 3) by further reducing surface tension between the lipo-
philic oil and the hydrophilic dispersion medium (Porter et al., 2008).
Smaller differences were seen among the individual THEDES’ droplet
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diameters with surfactant compared to variance among surfactant-free
THEDES. However, as seen in section 3.5 (Figs. 5-6), smaller droplet
diameters did not necessarily result in better API dissolution in the
formulations. A mechanistic explanation for this phenomenon is that
release rate was affected not only by droplet size and surface area, but
also by the drugs’ partitioning behavior from hydrophobic vehicle to
aqueous bulk solution.

The two APIs showed different release rates from the individual
formulations (Figs. 5-6). This was expected due to their different drug
lipophilicity as well as different loading concentrations in the formula-
tions, as a result of different IBU:fatty acid molar ratios and different
AbAc solubilities. Thus, IBU release was faster and greater overall
compared to AbAc release in all formulations (Fig. 7). IBU sink condi-
tions resulted in high partitioning out of the droplets, leaving behind the
fatty acid either dissolved or in a separated liquid or solid state in the
dissolution medium (depending on the melting point at 37 °C). The
slower release of AbAc was the result of higher lipophilicity and
consequent non-sink conditions, so that disintegration of the solubiliz-
ing carrier (the IBU:fatty acid THEDES) would become critical for
release of a hydrophobic drug such as AbAc. In the IBU:OctA samples, a
plateauing tendency was observed upon API release. In this case, the
fatty acid was a liquid oil at 37 °C (Rowe et al., 1994) as it was the case
for the fatty acid in IBU:NonA. However, the release kinetics of the IBU:
NonA (in comparison to the IBU:OctA) did not suggest a simple
dependence on component polarity. Ultimately, it was reasoned that a
given fatty acid incorporated into the individual THEDES formulation
had a specific impact on API release behavior, partly due to the drug-
specific molar ratio in the mixtures (Koseki et al., 2016).

Nonetheless, lump-shaped precipitates had still formed by the end of
all dissolution tests except for the IBU:DoA samples. The precipitated
lumps most likely held back the contents of the formulations from
extensively partitioning into the aqueous phase. The API covering the
surface of the lumps was crystalline AbAc (Supplementary Figs. 1-4),
indicating that the kinetics and extent of crystallization was a mecha-
nism to determine drug release. The formation of the crystalline AbAc
surface could be due to nucleation and growth of crystals following
initial release with supersaturation, or a liquid-liquid phase separation
may have occurred at the surface of the droplets because of higher AbAc
drug loads (Indulkar et al., 2016). The IBU, being released first (Figs. 5-
6), would lead to a loss of solvent capacity in the remaining hydrophobic
mixture. Hence adding surfactant (Tween 80) to the THEDESs caused a
substantial change in the extent of API release from the formulations,
especially in the case of AbAc (Fig. 7). The results demonstrated a pos-
itive formulation dispersion effect but there was probably also an effect
on drug solubilization in the release medium to sustain higher dissolved
API concentrations in the dissolution media (Holm et al., 2023). The
dispersion effect was mirrored by the observation of smaller lumps in the
case of the IBU:DeA with 20 % w/w Tween 80 compared to surfactant-
free lumps. However, this in turn resulted in a higher surface area to
volume ratio, which slightly increased crystallinity in the precipitates
(Supplementary Fig. 3).

An example of an alternative pharmaceutical formulation approach
with similar morphology to the precipitated semi-solids (described
above) are so-called liquid marbles, developed as a novel delivery sys-
tem to increase oral bioavailability (Janska et al., 2019). For this, as well
as for the THEDES formulations presented here, the next step would be
to study API release and absorption in vivo. Especially for hydrophobic
liquid formulations, USP II dissolution tests often fall short of mimicking
realistic conditions in the lumen of the intestines (Brown et al., 2011).
This mainly regards dispersion dynamics in a confined space of large
surface area to volume ratio and motility, as in the gastro-intestinal (GI)
tract (Brown et al., 2011). Furthermore, it is expected that the fatty acids
are readily absorbed in the in vivo GI tract (Koseki et al., 2016; T. Y.
Wang et al., 2013), further enabling the disintegration of the droplets
and facilitating release of the APIs contained in the formulation (T. Y.
Wang et al., 2013); this could also not be mirrored in a USP II dissolution
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setup. However, it is crucial to note that the dissolved APIs reached
acceptable amounts, further enhanced by the addition of a surfactant
(20 % w/w Tween 80), implying that the dosing requirements could be
reduced (Groenland et al., 2021). Furthermore, the application of a
fatty-acid based carrier could help reduce the food-effect observed in
AbAc administration (Chien et al., 2017; O’Shea et al., 2019).

5. Conclusion

This study proposed the concept of using a THEDES as formulation
vehicle for another drug to obtain a combination drug product. Thus, a
series of four IBU-based THEDESs were developed as solubilizers for the
poorly soluble compound AbAc. Initially, phase behavior of the different
THEDESs was studied, resulting in eutectic systems of IBU:OctA at the
molar ratio of 1:4, IBU:NonA at the molar ratio of 1:5, IBU:DeA at the
molar ratio of 1:3, and IBU:DoA at 1:2. Comparison of the experimental
eutectic points with the thermodynamically ideal eutectic points (ob-
tained through the SvL model) concluded that the IBU:OctA system
reached the pre-requisite of being a ‘deep’ eutectic solvent (DES), whilst
the IBU:DoA system shows similar characteristics to typical fatty acid
based eutectic mixtures. The IBU:NonA and IBU:DeA systems were
deemed as simple eutectic solvents (Abranches & Coutinho, 2023;
Martins et al., 2019). Sigma profiles of the individual components within
the systems showed analogous hydrogen bond-donating and accepting
functional groups, which still resulted in different thermodynamic phase
behavior. Potential contributors were hydrophobic interactions and
decreasing polarities with decreasing alkyl chain length of the fatty acids
(Busato et al., 2022; Dwamena & Raynie, 2020). This resulted in
stronger interactions in the IBU:OctA THEDES system (Abdelquader
etal., 2023; Chakraborty et al., 2021; Fourmentin et al., 2021; S. Liet al.,
2024) dissolving slightly higher, yet comparable, amounts of AbAc than
the IBU:NonA and IBU:DeA (simple eutectic) systems. The AbAc solu-
bility values observed were outstandingly higher than the solubility of
AbAc in water. The subsequent simultaneous dissolution of both APIs,
the IBU and the AbAc, was characterized using USP II dissolution setups,
resulting in adequate levels of released drug, which was further signif-
icantly improved with the addition of 20 % w/w Tween 80 to the
formulation.

The main aim of the formulations was simultaneous oral delivery of
the two APIs, to bring about synergy between the anticancer properties
of the two drugs. The uniqueness of this formulation approach is that
one of the APIs, namely IBU, functions as a solubilizing excipient for the
poorly soluble model drug, AbAc. This is a novel concept that, to the
knowledge of the authors, has not yet been explored. This work is the
first example of a novel DES-based formulation that may even reduce the
pill-burden of cancer patients as one of the advantages of achieving a
higher bioavailability (Farrell et al., 2013), thanks to better solubiliza-
tion of APIs in DESs. Furthermore, it is likely that the food effect of the
AbAc may be controlled using this formulation (Chien et al., 2017;
O’Shea et al., 2019). Moreover, an improved absorption and synergistic
pharmacology with an NSAID could help reducing the currently applied
high dose regimens of AbAc (250-1000 mg/day) that are currently still
required to treat patients (Attard et al., 2016; Suzuki et al., 2017; Vallet
et al., 2020). While the present work had an in vitro focus, future work
calls on in vivo evaluation of the formulations to assess the toxicity and
potential synergistic/antagonistic effects (Macario et al., 2018). Finally,
the discovery of further THEDESs that can solubilize a poorly soluble
APT in the form of novel meaningful fixed-dose combinations seems to be
a highly attractive research avenue.
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