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In this study, Cannabidiol crystals (CBD) were used as a BCS class II model drug to generate a novel therapeutic
deep eutectic solvent (THEDES) with easy preparation using caprylic acid (CA). The hydrogen bonding inter-
action was confirmed by different techniques such as FT-IR and NMR, resulting in a hydrophobic system suitable
for liquid formulations. The CBD-based THEDES, combined with a specific mixture of surfactants and co-
surfactants, successfully formed a self-emulsifying drug delivery system (SEDDS) that generated uniform nano-
sized droplets once dispersed in water. Hence, the THEDES showed compatibility with the self-emulsifying
approach, offering an alternative method to load drugs at their therapeutic dosage. Physical stability concerns
regarding the unconventional oily phase were addressed through stress tests using multiple and dynamic light
scattering, demonstrating the robustness of the system. In addition, the formulated SEDDS proved effective in
protecting CBD from the harsh acidic gastric environment for up to 2 h at pH 1.2. Furthermore, in vitro studies
have confirmed the safety of the formulation and the ability of CBD to permeate Caco-2 cells when formulated.
This investigation highlights the potential incorporation of THEDES in lipid-based formulations like SEDDS,

expanding the avenues for innovative oral drug delivery approaches.

1. Introduction

Deep eutectic solvents (DES) represent a novel approach for different
applications in many fields of chemistry, thanks to their tunable and
advantageous characteristics with liquid eutectic mixtures obtained
from the hydrogen bond interaction between 2 or more components
inducing a drastic decrease in their melting point (Zainal-Abidin et al.,
2019). In fact, they resulted in low- or nontoxicity, biodegradability,
ease of preparation, and inexpensive and readily available raw mate-
rials, often belonging to the generally recognized as safe (GRAS) list
(Emami and Shayanfar, 2020). Recently, a particular interest in their
adoption in the pharmaceutical field as green solvents with high sol-
vency capability has brought an increasing development of new DES,
whose properties are influenced by the compounds enrolled in the for-
mation of the hydrogen bond (Smith et al., 2014). Various categories of
DES can be identified, including natural DES made from natural raw
materials, hydrophobic DES characterized by water immiscibility, su-
pramolecular DES that involves molecules capable of generating su-
pramolecular interactions, and therapeutic DES (THEDES) containing
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one or more active pharmaceutical ingredients used for DES prepara-
tion. In particular, hydrophobic DES and THEDES have been used in
more complex systems, such as emulsions and creams for topical
application, improving the bioavailability of the drug thanks to the
enhanced solubility in these systems (Shah et al., 2023; Van Osch et al.,
2020; Wahlgren and Quiding, 2000). This work investigates the possi-
bility of orally delivering a THEDES through the development of a
suitable formulation. Among the available drug delivery systems (DDS),
self-emulsifying DDS (SEDDS) are an eligible option due to their simple
composition and ability to address the dissolution and bioavailability
issues of active pharmaceutical compounds that belong to Bio-
pharmaceutics Classification System Class II and IV drugs (Kohli et al.,
2010; Tran and Park, 2021). SEDDS can be defined as mixtures of oils,
surfactants and cosurfactants that upon contact with an aqueous phase
spontaneously emulsify under conditions of gentle agitation. The in situ-
generated micro or nanodroplets maintain the delivered drug solubi-
lized in the aqueous environment and enable the transport to the
absorptive intestinal epithelium (Knaub et al., 2019; Salawi, 2022). In
the last decades, SEDDS have enabled enhanced bioavailability of poorly
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water-soluble drugs, as demonstrated by marketed drugs, such as San-
dimmune®/Neoral®, which are presented as preconcentrate encapsu-
lated in soft gel capsules, similarly to many other SEDDS made of liquid
or semi-solid lipid excipient (Jannin et al., 2015; Pouton and Porter,
2008).

Herein, the possible applicability and synergy between SEDDS and
THEDES used as novel and alternative oily phase was studied. For this
purpose, solid-state CBD crystals were selected as a BCS class II model
drug for the generation and characterization of a hydrophobic THEDES
that allowed to easily reach and overcome the therapeutic dosage of
CBD-based commercially available products. The SEDDS was deeply
characterized in terms of stability to evaluate the influence of THEDES
on the emulsification process. Further, the release behavior from the
obtained SEDDS was determined through the distribution coefficient
(LogD) between the SEDDS and the release medium and the chemical
stability of the loaded CBD was assessed in the simulated GI tract fluids.
In the end, via in-vitro biological studies, it was possible to observe the
safety profile of the formulation and the ability of CBD to permeate
easily through the Caco-2 cells monolayer.

2. Materials and methods
2.1. Materials

Myristic acid > 99 %, Lauric acid > 99 %, Caprylic acid > 99 %,
Cremophor EL (PEG-35-castor oil, PEG35-CO), TPGS (D-a-Tocopherol
polyethylene glycol succinate), deuterated solvents and HPLC solvents
were purchased by Sigma Aldrich Italy (Milan, Italy). Cannabidiol
crystals 99 % were purchased by Enecta (Amsterdam, Netherlands).
Labrasol ALF (PEG-8 caprylic/capric glycerides), Gelucire 44/14
(lauroyl PEG-32 glycerides), Gelucire 48/16 (PEG-32 stearate), Gelucire
50/13 (PEG-32 hydrogenated palm glycerides) were gifted by Gattefosse
Italy (Milano, Italy), Capmul MCM was a gift by Abitec Corporation
(Columbus, USA). MilliQ water was obtained through a Milli-Q instru-
ment by Millipore Sigma (Burlington, Massachusetts, USA). For cellular
studies, Transwell® permeable supports were from Corning (Corning,
NY, USA). Dulbecco’s Modified Eagle’s medium (DMEM), Dulbecco’s
phosphate buffered saline, heat-inactivated fetal bovine serum (FBS), L-
glutamine (200 mM), penicillin (100 IU/mL), streptomycin (100 mg/
mL) and trypsin (2.5 %) were acquired from EuroClone (Italy).

2.2. THEDES formation

THEDES generation was attempted starting from CBD and using fatty
acids with increasing numbers of carbon atoms, namely Caprylic Acid
(CA), Lauric Acid (LA) and Myristic Acid (MA), following a previously
described procedure (Pereira et al., 2019). In particular, the adopted
molar ratios are enlisted in Table 1. All the mixtures were heated for 30
min at 50 °C under magnetic stirring at 300 rpm and then equilibrated at
25 °C. The samples that were able to form a clear liquid after this process

Table 1
Composition and respective molar ratios of the studied components required for
generating THEDES.

Components Molar ratio THEDES formation
MA — CBD 0.5:1 LMM
1:1 No
2:1 LMM
LA — CBD 0.5:1 LMM
1:1 No
2:1 LMM
CA — CBD 0.5:1 LMM
1:1 No
2:1 LMM
2.5:1 No
3:1 Yes
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and remained liquid, in the first instance for 24 h and then for 72 h, as a
final control, were considered eligible for further studies.

This procedure could result in the formation of a liquid THEDES
(Yes/No) (Table 1), a low melting mixture (LMM) (Table 1) or systems
with an overall melting point lower than that of the individual compo-
nents, which remain solid at room temperature, and are therefore not
considered to be DES.

The CA-CBD sample 3:1 accomplished the THEDES formation and
was selected as a specimen for the following analysis.

2.3. THEDES density

Density was assessed via gravimetric analysis at 25 °C: 100 L of the
samples were withdrawn using positive displacement pipettes
(MICROMAN® E pipette, Gilson Italia, Italy), with disposable capillary
piston tips and weighed with an AS 82/220.R2 Analytical Balance. The
test was conducted in triplicate.

2.4. Fourier transformed-infrared spectroscopy (FT-IR)

FT-IR was used as first methodology to investigate the interaction
between CBD and CA. For the analysis, KBr pellets (2 % of sample) were
analyzed by FT-IR 1600 PerkinElmer spectrophotometer. Data were
acquired between 4000 cm ™! and 400 cm™L.

2.5. Nuclear magnetic resonance (NMR)

NMR spectroscopy was used to further confirm the establishment of
hydrogen-bonding interactions between CBD and CA. Experiments were
performed on samples made of at least 50 % v/v of CA or THEDES in dg-
DMSO and alternatively 30 % w/v of CBD in dg-DMSO. The spectra were
recorded using an Agilent VNMRS 500 MHz spectrometer, and "H NMR
spectra were analyzed using the residual solvent signal of dg-DMSO at
2.50 ppm (Fulmer et al., 2010).

2.6. Thermogravimetric analysis (TGA)

TGA was performed to verify THEDES stability at increased tem-
peratures with a PerkinElmer Thermogravimetric Analyzer Pyris 1 TGA.
An open platinum pan was calibrated at the temperature of 25 °C and the
samples were placed within it. Thereafter, the prepared pan was sus-
pended in the furnace. The weight of the sample was recorded during
heating from 25 to 600 °C at a heating rate of 10 °C/min, starting from
an initial weight of the sample of 10 — 15 mg. Nitrogen flow was imposed
at 30 mL/min.

2.7. SEDDS preparation

To produce SEDDS samples, the prepared THEDES, surfactants and
co-surfactants were combined at different ratios and mixed using an
Eppendorf ThermoMixer F® (Eppendorf, Italy) until a uniform trans-
lucent phase was obtained. The composition of the 24 prepared samples
and relative data are presented in Table S1. Then, to evaluate the self-
emulsifying properties, 50 uL of the resulting SEDDS preconcentrates
were dispersed in 5 mL of distilled water at 37 °C (1 % v/v). Visual
inspection of all samples was performed to exclude macroemulsions
characterized by a non-transparent, milky appearance, before deter-
mining the average particle size and PDI using a Zetasizer Nano ZS
(Malvern Instruments Ltd., UK). Phase separation was tested for both
SEDDS preconcentrate and dispersed SEDDS via centrifugation for 30
and 10 min, respectively, at 10,000 rcf, to exclude any physical insta-
bility issue (Zupancic et al., 2017). The formulation composed by the 30
% v/v of THEDES, 40 % v/v of PEG35-CO, 20 % v/v of Labrasol ALF and
10 % v/v of ethanol was selected was selected for further studies. The
samples were measured in triplicate.
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2.8. Cloud point determination

The Cloud Point of the generated emulsion was determined as first
prerequisite of the thermal stability analysis of the generated emulsion
(Agrawal et al., 2015; Gardouh et al., 2020). The SEDDS preconcentrate
was diluted (1:100) with distilled water and gradually warmed (0.5 °C/
min). Optical phenomena, drug precipitation or phase separation were
examined by multiple light scattering (MLS) increasing the temperature
starting from 25° C. The analysis was conducted using Turbiscan LAB
instrument (Formulaction, FR) and analyzed with TurbiSoft Lab
2.3.1.125.

2.9. SEDDS stability to pH variation and dilution

The SEDDS preconcentrate was evaluated in terms of stability
against physiological pH variation in the GI tract and consequently to
dilution using a gastrointestinal simulation system (Broesder et al.,
2021; Schellekens et al., 2007). Briefly, SEDDS preconcentrate was
allowed to emulsify with an initial concentration of 2 % v/v in a simu-
lated gastric environment using HCl pH 1.2 at 37 °C. Then, following the
parameters in Table 2, the fluid was modified to check the overall sta-
bility of the emulsion in the GI tract and reach a final concentration of
SEDDS in the simulated fluid of 1 % v/v.

The sample analysis was followed by size and PDI determination
using Zetasizer Nano ZS (Malvern Instruments Ltd., UK) and investi-
gating the variation of the Turbiscan stability index (TSI) for each pH
and dilution zone. This parameter was obtained using Turbiscan LAB
instrument (Formulaction, FR) and TurbiSoft Lab 2.3.1.125 software
using Equation (1).

1 Imax  Zmax

TSI(t) = Y > |BST(t;,%) — BST(t — 1,3)| €h)

Nj
h 631 zi=zin

with: tpax the measurement point corresponding to the time t at which
the TSI is calculated, zni, and zpyax the lower and upper selected height
limits respectively, Ni = (Zmin-Zmax) /Ah the number of height positions
in the selected zone of the scan and BST the considered signal (Back
Scattering if Trasmittance < 0.2 %, Trasmittance otherwise). Conse-
quently, the sample is stable when the TSI tends toward zero and un-
stable when the TSI is very high. Note that the TSI is equal to zero for t =
0

2.10. HPLC method

To quantify CBD, a slightly modified HPLC method was adapted from
Fraguas-Sanchez et al. (2020) using Shimadzu HPLC Nexera series,
equipped with SPD-M40 photodiode array detector, SIL-40C autosam-
pler and CTO-40C column oven. As stationary phase a Zorbax Eclipse
C18 plus 150 x 45 mm pore size 5 pm with a guard column was used,
while MeOH:ACN:H50 adjusted with acetic acid at pH 4.5 (45:30:25) as
the mobile phase at 0.9 mL/min, A = 228 nm. The calibration curve was
obtained in a range of concentration between 1.90x10~2 and 1.90 mM
(R* = 0.9996).

2.11. LOgDSEDDS/release medium

LogDsEDDS, release medium Was determined to evaluate the release of
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CBD from SEDDS, according to Bernkop-Schniirch and Jalil (2018). This
parameter represents a more informative value regarding the in vivo
drug release behavior from SEDDS than in vitro drug release profiles.
LogDsEpDS/release  medium Was then calculated using Equation (2),
assessing the maximum solubility in SEDDS preconcentrate without the
ethyl alcohol, which is more likely to be released instantly from the
SEDDS once administered, and in PBS 50 mM at pH 6.8 prepared ac-
cording to Italian Official Pharmacopoeia XII edition (2008) set as
simulated release media (Bonengel et al., 2018; Jorgensen et al., 2020).

maximum solubility of CBD in SEDDS
maximum solubility of CBD in PBS pH 6.8

(2)

LOgDSEDDS/Release medium = 10g<

2.12. CBD stability in GI simulating fluid

Following the previously described protocol in section 2.9, the
chemical stability of CBD was evaluated. In particular, after the emul-
sification of SEDDS preconcentrate, withdrawals of 150 uL from the
sample were performed for each pH interval and analyzed with HPLC
after proper dilution. The data were analyzed as the remaining per-
centage of CBD in solution and calculated as described in Equation (3).

CBDsampleconcentration
InitialCBDconcentration

Y%remainingCBD = x 100 3)

2.13. Cytotoxicity assay

Potential cytotoxic effects of CBD, CBD-loaded and unloaded SEDDS
were evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay on Human colorectal carcinoma cell lines
(Caco-2) as previously described (Arduino et al., 2024; Depalo et al.,
2017). This assay is based on the measurement of mitochondria activity
of living cells to convert water-soluble MTT into water-insoluble for-
mazan crystals. Briefly, Caco-2 cells were plated into a 96 wells plate in a
concentration of 5 x 10° cells/well in 100 pL of high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10 % (v/v) fetal
bovine serum (FBS), 1 % (v/v) l-glutamine, 1 % (v/v) penicillin/strep-
tomycin. Cells were incubated for 24 h at 37 °C in a humidified atmo-
sphere and 5 % CO; environment. Afterward, the cells were treated with
100 pL of samples dissolved in DMEM for 6, 24 and 72 h. Three condi-
tions were tested at different concentrations, in particular CBD-loaded
SEDDS, prepared as described in section 2.7 (CBD-SEDDS), unloaded
SEDDS (SEDDS), and CBD dissolved in DMSO mimicking the amount of
drug in CBD-SEDDS (CBD). The tested concentration for each condition
was obtained by diluting the samples in complete cell culture media at
0.1 %, 0.05 %, 0.025 % and 0.01 % (v/v). Untreated cells were
employed as a positive control. The experiment was performed in trip-
licates. Cell viability was calculated using the following Equation (4):

AverageAbsorbanceofeachsampletriplicate
AverageAbsorbanceofpositivecontrol

%Viability = x 100 @
Results were expressed as % cell viability at each tested dose.

2.14. In vitro permeation studies

To evaluate the effectiveness of CBD-SEDDS in enhancing drug
permeation, we conducted apical to basolateral (P,pp, AP) permeability

Table 2

Parameters for the simulated GI tract fluid adopted for the stability tests.
Phase Initial pH Volume (mL) Time (h) Switch Solutions Final pH
Stomach 1.2 500 2.0
Jejunum 1.2 629 2.0 4.08 g KH,PO,4, 30 mL NaOH 2.0 M (80 g/L), demineralized water of 129 mL 6.8
Ileum (distal) 6.8 940 0.5 2.04 g KH,PO4, 12.0 mL NaOH 2.0 M (80 g/L), demineralized water of 311 mL 7.5
Colon (proximal) 7.5 1000 1.5 9 mL HCI 3.0 M, demineralized water of 60 mL 6.0
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studies on Caco-2 cells. as previously reported (Pisani et al., 2019; Roger
et al., 2017). Cells were seeded at a density of 100,000 cells/cm? on 12-
well polyester Transwell inserts (pore size 0.4 um, diameter 12 mm,
apical volume 0.5 mL, basolateral volume 1.5 mL). At first, the Caco-2
cell barrier function was verified through trans-epithelial electrical
resistance (TEER) using an EVOM apparatus and through the measure-
ment of the flux of the paracellular standard fluorescein isothiocyanate-
dextran (FD4, Sigma-Aldrich Merck Italy, Milano, Italy) (200 ug/mL)
and the transcellular standard diazepam (75 mM). Cells were equili-
brated in DPBS as transport medium. At time 0, the culture medium was
aspirated from both the apical (AP) and basolateral (BL) chambers of
each insert, and the cell monolayers were washed three times (10 min
per wash) with Dulbecco’s phosphate-buffered saline (DPBS) pH = 7.4.
Finally, a solution of compounds diluted in DPBS was added to the apical
or basolateral chamber. For AP-to-BL flux studies, the samples were
added to the apical chambers. The CBD was first dissolved in DMSO and
then diluted with the test medium, while SEDDS were dispersed in the
medium before the analysis. The tested solutions were then added to the
donor side (500 pL for the AP chamber), and a fresh assay medium was
added to the receiver compartment. The DMSO in the samples never
exceeded 1 % (v/v). Transport experiments were performed under cell
culture conditions (37 °C, 5 % COs, 95 % humidity) at a concentration of
the samples of 0.025 % v/v. After an incubation period of 120 min,
samples were taken from the apical and basolateral sides of the mono-
layer and stored until further analysis. A quantitative analysis of CBD in
the tested samples was performed using the HPLC method reported
above. Each sample was tested in triplicate, and experiments were
repeated three times. The apparent permeability, in units of cm/sec, was
calculated using the following Equation (5):

Pap = (V“/Area X time) x ([CBD}H“EP ©/ [CBD ]) ®

where “V;” is the volume in the acceptor well, “Area” is the surface area
of the membrane, “time” is the total transport time, “[CBD] qcceptor” is the
concentration of the drug measured using HPLC, and “[CBD]y” is the
initial drug concentration in the AP chamber.

2.15. Statistical analysis

Results were expressed as the mean + SD from three independent
experiments and analyzed using GraphPad Prism version 5.0 to calculate
the significance between groups using paired t-test method and two-way
analysis of variance (ANOVA) followed by the Bonferroni post hoc tests.
Data are indicated with *** p < 0.001.

3. Results and discussion
3.1. THEDES formation and characterization
The systematic approach based on evaluating CA, LA and MA as

candidate compounds suitable for hydrogen bond interaction could be
justified by the structural analogy between CBD and some terpenic

OH

/V\/\/loj\

—\ O OH

HO Caprylic Acid (0]
CBD OH
OH Lauric Acid o]
HO Myristic Acid
Menthol Limonene Thymol

Fig. 1. Chemical structure of CBD and terpenes similar to CBD moiety. On the
right, the structure of the fatty acids.
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compounds (Fig. 1). In fact, fatty acids have already been reported as
valuable components for the generation of hydrophobic DES, in partic-
ular with terpene compounds (Arcon and Franco, 2020; Barani Pour
et al., 2022; Kyriakoudi et al., 2022; Pereira et al., 2019; Tang et al.,
2018). Further, the enrolment of CBD, an active pharmaceutical ingre-
dient, in the eutectic mixture allowed to define it as a hydrophobic
THEDES. Regarding the examined molar ratios, none of the samples
with twice the moles of CBD when compared to the fatty acid (molar
ratio 0.5:1) managed to form a liquid phase, independently from the
hydrocarbon chain length. Evaluation of LA-CBD and MA-CBD samples
with 1:1 and 2:1 M ratios highlighted the formation of LMM liquid when
warmed at higher temperatures, but solidification occurred once cooled
at RT. This aspect is in contrast with DES which remain liquid at RT and
it could be possible to consider DES as LMM with an even lower melting
point. In fact, the decreased melting point is induced by hydrogen
bonding formation for both DES and LMM (de Oliveira Vigier and
Garcia-Alvarez, 2017; Rengstl et al., 2014). Hypothetically, the
demonstrated interaction obtained for these combinations of com-
pounds was not able to decrease the melting point of CBD from about
60 °C to 25 °C as well as the one of LA and MA, 44-46 °C and 54 °C
respectively. For what concerns CA-CBD, although the first two
attempted molar ratios of 1:1 and 2:1 accomplished the generation of
DES, after 24 h the appearance of the samples was evaluated and they
were excluded for not maintaining a complete liquid state. However, the
ratios of CA-CBD 2.5:1 and 3:1 exhibited a liquid state for over 24 h.
Nonetheless, conducting further stability checks at 72 h, the 2.5:1 ratio
of CA-CBD was subsequently excluded, prompting the focus to shift to
the sample with a 3:1 ratio of CA-CBD. The measured density for this
sample was 0.882 g/mL.

Hydrogen bonding and thereafter DES generation was assessed
through FT-IR and NMR as techniques already established in the liter-
ature for these pursues (Abri et al., 2019a; Juric et al., 2021).

As shown in Fig. 2, the spectra relative to CBD presented all the
characteristic peaks at 3410 and 3521 cm ™" relative to the stretching of
the O-H group, 3073 cm ™ relative to C-H of the aromatic ring as well as
the vibrational stretching at 1623 cm™}, 1582 cm ™}, 1514 cm™! and
1443 cm™! relative to the backbone of the aromatic ring. Other relevant
peaks regarded the aromatic C-O at 1214 cm™! and the bending of
methyl-group at 1375 em™* (Li et al., 2021). Spectra of CA showed as
characteristic peaks the stretching of C = O at 1712 em ™%, the vibra-
tional stretching of C — O and the bending of O — H at 1458, 1413, and
1379 cm™ L. From the analysis of THEDES, an expansion and shifting
towards longer wavelengths are observed in the signals related to the
aromatic OH groups of CBD. These signals converge into a broad peak at
3451 em ™, indicative of hydrogen bond formation, as reported in the
literature (Busato et al., 2021; Ghaedi et al., 2017; Haider et al., 2021).
Similarly, a reduction in intensity is noticeable in the signal associated
with the C = O stretching of octanoic acid at 1712 cm ™}, a functional
group that could serve as a hydrogen bond acceptor. Furthermore,
leftward shifts are evident in the peaks corresponding to the aromatic
stretching of methylene groups of CBD between 1630 and 1400 cm .
These shifts, though of lesser significance in the analysis, suggest
hydrogen bond formation, leading to a variation in electron density on
the aromatic ring. The general preservation of all the relevant peaks was
considered as first evidence of the structural preservation of the com-
pounds during the THEDES generation process.

Further confirmation regarding the establishment of hydrogen
bonding interactions was provided through the analysis of 'H NMR
spectra in Fig. 3. It was possible to identify three regions of major in-
terest based on the significant shifts in terms of ppm.

In particular, the deshielded signal in the THEDES of the proton in
alpha of the carboxylic group (proton 1) could be attributed to the
presence of interaction, as well as for the protons in the region between
4.5 and 5.6 ppm relative to the double bonds of CBD (proton 3, 4, 5). In
detail, the proton 5 upshift may be explained by hydrogen bond inter-
action, whereas hypothetically, protons 3 and 4 experienced a downshift
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Fig. 3. 'H NMR spectra for CA, CBD and THEDES with their relative zoom on the significant peaks.
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due to loss of interaction with the solvent (d-DMSO) and the loss
intramolecular ones due to the formation of THEDES and the presence of
CA among the different molecules (Charisiadis et al., 2014; Schaeffer
et al., 2021). This confirms the primary hypothesis that the structural
similarity among some CBD moieties and terpene allowed to obtain a
eutectic mixture. In the end, the carboxylic proton of CA at 11.4 ppm,
once analyzed as THEDES became a broad peak, further indication of
hydrogen bond formation (Abri et al., 2019b).

The THEDES was last analyzed through TGA, the results, shown in
Fig. 4, demonstrated the stability of the obtained eutectic system in the
range of the working temperature. Furthermore, the presence of
different Topger for THEDES is aligned with the general thermograms
already present in the literature, with the observed degradation char-
acterized by the first loss of CA and then of the CBD (Gonzalez-Rivera
et al., 2022).

3.2. SEDDS preparation

SEDDS were prepared using the generated THEDES as a novel oily
phase, capable of reaching and overcoming the drug dosage loaded in
Epidiolex®, the commercially available product with 100 mg/mL of
CBD without the use of cosolvents. The first step was a systematic
analysis of the compatibility of THEDES with surfactants known for their
self-emulsification properties, namely PEG35-CO and Gelucire 48/16.
The preliminary analysis showed Gelucire 48/16 as a possible candidate
for SEDDS formulation, but the samples present in Table S1 were
excluded for the observed PDI indicating a non-homogenous population.
Furthermore, these samples lacked long-term physical emulsion stability
with an observed phase separation of the SEDDS from the dispersing
phase, due to the formation of macro-sized visible droplets. Neverthe-
less, it is noteworthy that the influence of cosolvents, such as ethanol, in
the self-emulsification process improves the PDI parameter when
adopted thanks to their ability to further reduce the oil-water interfacial
tension (I¢ten et al., 2017; Jorgensen et al., 2020). Conversely, samples
containing PEG35-CO were unable to directly self-emulsify properly
when mixed with only THEDES, but it was selected as surfactant because
often used in SEDDS formulations and was shown previously to form
stable emulsions at a concentration of 30-40 % (Lam et al., 2021) and
for being generally considered as safe and biocompatible (Zaichik et al.,
2019). As the final excipient, Labrasol® ALF was selected for being
already documented useful co-surfactant and permeation enhancer
capable of improving intestinal absorption (Eaimtrakarn et al., 2002,
McCartney et al., 2019, Sha et al., 2005).

Among all the samples, the formulations composed of 30 % v/v of
THEDES, 40 % v/v of PEG35-CO, 20 % v/v of Labrasol ALF and 10 % v/v
of ethanol demonstrated the best emulsion characteristic when
dispersed with droplet size of 100.2 nm and the observed PDI of 0.252,
below the limit parameter of 0.3 advantageous for emulsion stability
(Cardona et al., 2019). On the other hand, the remaining samples were
excluded for their high polydispersity. The following studies were con-
ducted on this sample also for the greater amount of THEDES adopted in
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Fig. 4. Acquired thermogravimetric curves for CA, CBD and THEDES.
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it and, therefore, the larger amount of drug that could be delivered with
a reduced quantity of formulation. Stability studies of the formulation
via centrifugation were all passed without any observation of separation
phenomena.

Thanks to the use of THEDES as a novel oily phase, the therapeutic
dosage was reached by loading 100 mg of CBD in 900 pL of SEDDS and
the release behavior of the drug from SEDDS can be predicted by the
distribution coefficient, calculated from the ratio of the drug solubility
in SEDDS preconcentrate and the release medium (Bernkop-Schniirch
and Jalil, 2018). The obtained values were used to calculate a LogD-
SEDDS,release medium Of 4.92, aligned with the already high lipophilicity of
CBD (XlogP3-AA = 6.5, Computed by XLogP3 3.0 (PubChem release
2021.10.14)). Bernkop-Schniirch and Jalil (2018) suggested that drug-
loaded SEDDS systems with LogDsgpps,/release medium UP to 2 can retain
CBD in the oily phase without immediately releasing it, therefore pro-
tecting the drug from the external environment and precipitation phe-
nomena. Additionally, a LogDsgpps/release medium > 3 Significantly
improves the in vivo-in vitro correlation, which was demonstrated to be
a soft spot for SEDDS formulation (Park et al., 2020).

3.3. Cloud point

This analysis assessed the Tcjoud value, as the limit temperature
before emulsion destabilization and it was measured to evaluate the
impact of temperature on the phase behavior of optimized dispersed
SEDDS. For this reason, starting from room temperature the temperature
was increased until evidence of destabilization processes were observed
through MLS. As shown in Fig. 5, the emulsion resulted stable until the
temperature of 45° C, 40 min after the beginning of the analysis, the
increasing deviations in terms of transmittance and back-scattering
suggested the increasing turbidity of the sample. As a result, Tcioud
was above the physiological temperature and the preconcentrate was
considered eligible as DDS.

3.4. SEDDS stability in GI simulating fluid

In Table 3, the stability of the emulsion at different pH was evaluated
through the complementary analysis of two parameters regarding the
size and PDI of the droplet obtained from the SEDDS formulation and the
TSI value calculated from the TurbiscanLab (Lopedota et al., 2021). The
data on the dimension of the droplets demonstrated good stability of the
emulsion in the significant ranges of pH 1.2 and 6.8, where the SEDDS
are intended to protect CBD from the harsh stomach pH and then allow it
to reach the small intestine. This hypothesis was further confirmed by
the TSI value that is significantly below 10, which is the limit value for
emulsion systems (“Turbiscan Stability Index: The Criteria and Corre-
lation to Visual Observation,” n.d.).On the other hand, instability phe-
nomena were detectable at pH 7.4 with a PDI value of 0.39 suggesting an
increased dispersity in terms of the size of droplets’ population. The TSI
value was unable to reveal this evidence, possibly due to the little sig-
nificance during the 30 min at pH 7.4.

Similarly, the chemical stability of CBD in the SEDDS formulation
was investigated in the simulated GI tract fluid, focusing on the possi-
bility of protecting the drug from the acidic pH of the stomach. In fact,
CBD was found to be highly unstable at low pH values, with significant
drug loss that can reach 98 % due to CBD conversion in multiple prod-
ucts (Merrick et al., 2016; Watanabe et al., 2007). As shown in Table 3,
the obtained SEDDS demonstrated to guarantee the maintenance of the
drug stable passing through low pH value of 1.2 to pH 6.8. This result
was in agreement with the previously recorded LogDsgpps release medium
value, which suggested the permanence of the drug in the SEDDS
without leakage of the drug from them.

3.5. Cytotoxicity assay and in vitro permeability studies

The performed MTT assay was used to determine if the developed
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Fig. 5. Transmittance (%T) and Back scattering (% BS) variation at different time points. On the X-axis the “Height” refers to the point of the analyzed vial from the

base to the top.

Table 3
The maximum recorded TSI value for each pH interval was intended as the
stability index, as well as the dimensions and PDI of the generated emulsion.

pH value TSI value Droplet parameter % remaining CBD
Size (nm) PDI

1.2 1.03 85.1 0.28 99.2

6.8 2.99 79.8 0.27 98.7

7.4 0.18 88.6 0.39 98.5

6 5.65 71.2 0.23 98.1

formulation affected the viability of Caco-2 cells, used as model cell line
to mimic the intestinal barrier (Bu et al., 2016). The obtained data
(Fig. 6) were analyzed considering cell viability of at least 80 % as non-
toxic, within 80-40 % as weakly/moderately and below 40 % as strongly
cytotoxic (Lopez-Garcia et al., 2014). Notably, previous studies
demonstrated CBD repression of Caco-2 cell viability inducing apoptotic
cell death via CB2 receptor-mediated mechanism, while not being toxic
in normal human cells (Lee et al., 2022). In this regard, as shown in
Fig. 6, the reduced viability is manifested in a dose-dependent manner,
with the percentage of viability below 40 % at the higher concentrations
and CBD-SEDDS significantly more effective than free CBD mainly after
24-72 h of treatment at 0.025 and 0.01 % v/v. On the other hand, the
SEDDS simple mixture of the excipients did not exhibit the same
behavior with tolerable to non-toxic results starting from the 0.05 % (v/
v) concentration. As a consequence, the hypothesis that best explains the
ability of CBD-SEDDS to reduce the viability rate of Caco-2 is its per-
formance as a DDS since the potential cytotoxic effect derives from CBD
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successfully reaching the cell membrane and interacting with the CB2
receptors. Furthermore, starting from the comparison of the different
evaluated time points, the viability repression effect was influenced by
two parameters: time of exposure and CBD concentration. In fact, after 6
h, the CBD-SEDDS sample overlay the viability profile of CBD, while
viability under the 20 % was observed after 24 h even at lower con-
centrations, with an even lower percentage reached for the 72 h time
point, suggesting the accomplishment of the maximum possible effect in
the set experimental conditions. Nevertheless, as the protective mucus
layer of the intestinal epithelium is not considered in this experimental
setup, in vitro results may not correctly reflect in vivo conditions.
Additionally, it is also important to consider that due to the processes
involved in digestion and absorption, the concentration of SEDDS in
vivo could gradually decrease over time (Claus et al., 2023).
Following these results, in vitro permeation studies were performed
at 0.025 % CBD-SEDDS and CBD in DMSO concentration incubating
cells just for 2 h. The P,,,AP values in Table 4 show a 1000-fold
improvement in CBD permeability, highlighting the enhancement

Table 4
Calculated P,p,AP values for the AP-to-BL permeation of CBD
across Caco-2 monolayer.

Compounds P.ppAP (cm/sec)
CBD 9.4 x 10° + 0.5 x 107
SEEDS-CBD 6.0 x 10° + 4.8 x 107
Diazepam 7.7 x 10° + 0.2 x 10°
FD4 0.22 x 10 £ 0.03 x 10
72h
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Fig. 6. Results of MTT assay on Caco-2 cells after 6, 24 and 72 h incubation at different % v/v concentrations of CBD, CBD-loaded and unloaded SEDDS. Results are
expressed as mean + S.D. of three experiments. A difference was considered to be very significant with *** p < 0.0001.
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achieved through formulating CBD in a lipid-based SEDDS formulation
(*** p < 0.0001). Furthermore, these results seem very promising in
terms of achieving higher bioavailability of the drug after oral admin-
istration. The values obtained for the paracellular standard FD4, and the
transcellular standard diazepam, were in agreement with those previ-
ously reported in the literature (Pisani et al., 2019).

4. Conclusions

In this work, CBD was adopted as a model drug for the generation of
a novel THEDES characterized by an easy preparation using CA and the
hydrogen bond interaction was confirmed by the adoption of different
spectroscopic techniques. Hence, it was possible to generate a hydro-
phobic system useful for the liquid delivery of drugs hypothetically
ready to be included in more complex formulations. The investigated
system composed of the CBD-based THEDES and a proper mixture of
surfactants and co-surfactants successfully generated a SEDDS pre-
concentrate able to produce a monodisperse nano-sized droplet popu-
lation. The THEDES was therefore compatible with the self-emulsifying
approach and could represent an alternative approach in guaranteeing
the achievement of the therapeutic dosage. Possible stability issues of
the obtained emulsion relative to the adoption of a non-usual oily phase
were taken into account and all the stress tests were passed with the
double-checked system of multiple and dynamic light scattering.
Furthermore, the formulation resulted in a useful tool for the protection
of CBD from the harsh acidic gastric environment, protecting the drug
for 2 h at pH 1.2. Moreover, via in-vitro biological studies, it was
possible to observe the safety profile of the formulation and the ability of
CBD to permeate easily through Caco-2 cells monolayer when formu-
lated. In conclusion, this preliminary study demonstrated the feasibility
of integrating hydrophobic THEDES, into lipid-based formulations like
SEDDS, thereby broadening the horizons of drug delivery systems.
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