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Abstract: This work investigated the influence of liquid vehicles on the release, mucosal permeation
and deposition of cannabidiol (CBD) from liquisolid systems. Various vehicles, including EtOH,
nonvolatile low- and semi-polar solvents, and liquid surfactants, were investigated. The CBD
solution was converted into free-flowing powder using carrier (microcrystalline cellulose) and coating
materials (colloidal silica). A physical mixture of the CBD and carrier—coating materials was prepared
as a control. The non-crystalline state of CBD in the liquisolid systems was confirmed using XRD,
FTIR and SEM studies. The CBD liquisolid powder prepared with volatile and nonvolatile solvents
had a better CBD release performance than the CBD formed as the surfactant-based and control
powders. The liquisolid systems provided the CBD permeation flux through porcine esophageal
mucosa ranging from 0.68 + 0.11 to 13.68 £ 0.74 ug-cm~2-h~!, with the CBD deposition levels of
0.74 = 0.04 to 2.62 + 0.30 pg/mg for the dry mucosa. Diethylene glycol monoethyl ether showed
significant CBD permeation enhancement (2.1 folds) without an increase in mucosal deposition, while
the surfactants retarded the permeation (6.7-9.0 folds) and deposition (1.5-3.2 folds) significantly.
In conclusion, besides the drug release, liquid vehicles significantly influence mucosal permeation
and deposition, either enhanced or suppressed, in liquisolid systems. Special attention must be
paid to the selection and screening of suitable liquid vehicles for liquisolid systems designed for
transmucosal applications.

Keywords: cannabinoids; nonvolatile solvent; volatile solvent; surfactants; permeation enhancement;

permeation retardation

1. Introduction

Orotransmucosal drug delivery is an alternative non-invasive administration route
that avoids gastrointestinal decomposition and hepatic first-pass metabolism when achiev-
ing systemic drug circulation. The high permeability and vascularization of oral mucosa,
especially sublingual mucosa, can offer a rapid onset of the therapeutic action. Drug
administration through the oral cavity is fairly simple and convenient, and it allows for
self-administration [1]. Unfortunately, only a limited range of compounds with high
lipophilicity and water solubility can successfully be delivered transmucosally due to the
barrier properties of mucosa tissue. For lipophilic drugs, their permeation through the mu-
cosa may be limited by their poor aqueous solubility and poor dissolution in the oral cavity
fluids, as only dissolved or molecularly dispersed compounds are capable permeation [1,2].
Hence, pharmaceutical approaches to overcoming these solubility limitations should be
adequately applied.
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Cannabidiol (CBD) is one of the lipophilic model compounds (calculated log n-octanol—-
water partition coefficient (Kow) = 8) with limited water solubility (5 ppm) [3,4]. CBD is a
non-psychotropic phytocannabinoid originating from the Cannabis species. Its utilization
has received considerable attention over the last two decades due to its wide range of
pharmacological activities, which include antiepileptic, anticonvulsant, antianxiety, an-
tipsychotic, sedative, antiemetic, analgesic, and anti-inflammatory functions, as well as
antioxidant and neuroprotective effects. The oral bioavailability of CBD, as with other
phytocannabinoids, is generally low and inconsistent, owing to their limited water solubil-
ity and considerable first-pass metabolism [4-6]. Transmucosal delivery of CBD through
the oral mucosa is considered a suitable alternative to systemic oral delivery in order to
avoid the gastrointestinal tract and hepatic metabolism. A recent study revealed that CBD
in a readily dissolved form with ethanol-propylene glycol (1:1) was able to slowly per-
meate through the oral mucosa, whereas its deposition in the mucosal membrane further
acted as a CBD reservoir after the CBD delivery device removal [7]. Nonetheless, the
long-term use of products with a high content of low-polarity solvents, such as ethanol
and propylene glycol, has been associated with mucosa irritation and bad taste, which
influence patient compliance and treatment adherence. As in the case of the commercially
available oromucosal spray (Sativex®), which contains CBD (25 mg/mL) in combination
with delta-9-tetrahydrocannabinol (27 mg/mL) dissolved in peppermint oil-propylene
glycol-ethanol (~50% v /v ethanol), up to 25% of patients experienced mouth ulcerations,
lesions, pain and soreness at the application site and oral cavity after continuous use [8,9]. A
small number of CBD transmucosal formulations, either alone or in combination with other
cannabinoids with or without dissolution enhancement strategies, have been documented
in the literature and patents [6,10,11].

It is known that pharmaceutical formulations play substantial roles in the improvement
of solubility and stability, along with the uniform delivery of active ingredients. Among
the recent pharmaceutical approaches toward enhancing the solubility and dissolution of
CBD and other cannabinoids [3,4,10,12,13], the liquisolid technique is considered to be a
promising and relatively simple strategy that could successfully enhance the dissolution
while preserving the stability of cannabinoids [3]. The liquisolid technique refers to a
dissolution enhancement system involving the use of liquid vehicles to dissolve or disperse
the poor water-soluble hydrophobic active ingredient before converting it into a visibly dry
and flowable powder. The resulting liquisolid powder can be further manufactured into
several solid dosage forms [14,15].

One of the critical parameters required for the liquisolid technique to be an effective
dissolution enhancement system is the liquid vehicles. Nonvolatile liquid vehicles, in-
cluding propylene glycol (PG), polyethylene glycol 400 (PEG), polyoxyethylene sorbitan
monolaurate (P20), etc., are widely and conventionally used in liquisolid systems. However,
the use of volatile vehicles, namely, ethyl alcohol (EtOH) and acetone, alone or in conjunc-
tion with nonvolatile liquids, have gained increasing interest. The comparable efficacy of
EtOH to nonvolatile vehicles in regard to the dissolution enhancement of hydrophobic
compounds such as cannabinoids has been recently reported [3]. These liquid vehicles
play important roles that involve the dissolution improvement via probable mechanisms,
including an enhanced available surface area, enhanced wettability, and/or enhanced
water solubility of the hydrophobic compounds [14]. Additionally, the significant intestinal
permeation enhancement by liquisolid systems is also associated with the actions of liquid
vehicles, either indirectly through the dissolution enhancement and/or directly through the
permeation enhancement capacity of the vehicles. Different liquid vehicles yield different
enhancement ratios in terms of both dissolution and intestinal permeation [16-18].

To our knowledge, no study has yet examined the mucosal permeation and deposition
of lipophilic compounds in liquisolid systems. Therefore, in this investigation, the effects of
liquid vehicles on the in vitro release, as well as ex vivo mucosal permeation and deposition,
of CBD in CBD liquisolid systems were assessed. Different liquid vehicles, namely EtOH,
the volatile vehicle, and several nonvolatile vehicles (diethylene glycol monoethyl ether
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(DEGEE), PG, oleoyl macrogolglycerides (OM) and caprylocaproyl macrogolglycerides
(CM)) were investigated. A control CBD powder based on the physical mixture (PM) of
CBD isolate with the carrier and coating materials was also prepared. Microcrystalline
cellulose (MCC) and colloidal silicon dioxide (CSD) at an excipient ratio (R ratio) of 10:1
were used as a carrier—coating system. MCC and CSD are some of the most frequently
employed carriers and coating materials in liquisolid systems. Their properties and validity
in liquisolid systems have been widely publicized [3,14-16,19].

2. Materials and Methods
2.1. Materials

Cannabidiol (CBD, CBD isolate, 99%) was kindly provided by the Medicinal Cannabis
Research Institute, College of Pharmacy, Rangsit University (Pathumthani, Thailand). Mi-
crocrystalline cellulose (MCC; Avicel® PH102) and colloidal silicon dioxide (CSD, Aerosil®
200) were obtained from Onimax Co., Ltd. (Bangkok, Thailand) and Maxway Co., Ltd.
(Bangkok, Thailand), respectively. Absolute ethyl alcohol (EtOH) was purchased from
QRéC (Auckland, New Zealand). Caprylocaproyl macrogolglycerides (CM, Labrasol®, Gat-
tefossé SAS (Saint-Priest, French)), diethylene glycol monoethyl ether (DEGEE, Transcutol®
P, Gattefossé SAS (Saint-Priest, French)) and oleoyl macrogolglycerides (OM, Labrafil® M
1944 CS, Gattefossé SAS (Saint-Priest, French)) were provided by Rama Production, Co., Ltd.
(Bangkok, Thailand). Glycerin and propylene glycol (PG) were sourced from RCI Labscan
Ltd. (Bangkok, Thailand). Polyethylene glycol 400 (PEG) and polyoxyethylene sorbitan
monolaurate (Polysorbate 20, P20) were provided by Sigma-Aldrich (Missouri, MO, USA)
and AppliChem GmbH (Darmstadt, Germany), respectively. Formic acid was supplied by
KemAus (Cherrybrook, Australia). HPLC grade methanol and acetonitrile were supplied
by Fisher® Scientific (Loungborough, UK). All chemicals were used as received.

2.2. CBD Solubility

The solubility of CBD in the investigated liquids was examined by adding the excess
mass of CBD into 1 g of each test liquid in a test tube. The mixture was sonicated (1 h)
using an ultrasonicator (Model LUC-405, Daihan Labtech Co., Ltd., Namyangju-si, Korea)
and agitated constantly (37 &+ 0.5 °C, 24 h) using a shaking water bath (Model LSB-030S,
Daihan Labtech Co., Ltd., Namyangju-si, Korea), and the supernatant was filtered through
a 0.45 pm syringe filter. The obtained filtrate was weighed, diluted and quantified by HPLC
assay. The CBD solubility in the terms of the mg of CBD per g of liquid was calculated.

2.3. Liquid Load Factor (L) of the CBD Solutions

The amount of MCC-CSD required to convert the solution of CBD, 20% w/w, into
a flowable powder was examined using the method previously reported [3,19,20]. In
brief, one gram of CBD solution was blended with one gram of MCC-CSD mixture in a
glass mortar for 10 min. The resulting CBD admixture was further added and thoroughly
blended with MCC-CSD powder in increments of 0.1 g. The addition of, and blending
with, the MCC-CSD powder were continued until the CBD powder admixture appeared as
a lump-free powder, having the angle of slide of <33° and flow rates of >6 cm?/s. The
liquid load factor (L¢) of the CBD solution, represented as the weight ratio of CBD solution
and the amount of MCC in the MCC-CSD powder needed to bring about an acceptable
free-flowing CBD liquisolid powder, was computed.

2.4. Preparation of the CBD Liquisolid Powder

Five formulations of the CBD liquisolid powder based on five different liquids, namely
CBD-EtOH, CBD-DEGEE, CBD-OM, CBD-PG, and CBD-CM, were fabricated by dis-
solving 1 g of CBD isolate powder with 4 g of liquid vehicle. The CBD solution was then
thoroughly blended with 34.55 g of MCC in a mortar for 5-10 min. Afterward, 3.46 g
CSD was added and lightly triturated with the CBD-vehicle-MCC admixture. For the
CBD-EtOH formulation, EtOH was evaporated, and the CBD-EtOH liquisolid powder
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was dried out using the hot air oven (45 °C, 30 min) (drying oven SLW 115 STD, POL-
EKO-APARATURA spj., Wodzislaw Slaski, Poland). The obtained CBD liquisolid powder
was packed in an anti-static plastic-coated aluminum foil bag and kept in a desiccator for
further evaluation. A physical mixture (PM) powder of the CBD with MCC and CSD at an
equivalent quantity to the CBD liquisolid powder was also prepared as the control powder.

2.5. Evaluation of the CBD Liquisolid Powder
2.5.1. Flowability

The flowability of the CBD liquisolid systems was investigated via three variables,
namely, the flow rate, angle of repose and angle of slide, using the methods described
elsewhere [3,21]. The flowability tester BEP2 (Copley Scientific Limited, Nottingham, UK)
was used to determine the flow rate and angle of repose. The angle of slide refers to the
angle formed between the horizontal plane and the polished metal plate that is observed in
the CBD liquisolid powder when it is about to slide. The investigated powder (4 g) was
put onto the liftable side of a metal plate, and this side was slowly lifted until the powder
began to slide. The angle formed by the plate with a horizontal surface was determined
and noted as the angle of slide.

2.5.2. Compatibility, X-ray Diffraction (XRD) and Morphological Investigations

The compatibility of the CBD with the liquid vehicles as well as the MCC-CSD
was investigated by means of the attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectra. The ATR-FTIR analysis over a frequency range of 4000-600 cm !
was recorded on the ATR module of a BRUKER TENSOR 27 Fourier-transform infrared
spectrometer (Bruker Corporation, Billerica, MA, USA).

The physical state of the CBD in the CBD liquisolid formulations was investigated
using the D8 ADVANCE diffractometer (Bruker BioSpin, Billerica, MA, USA). The XRD
patterns of the CBD liquisolid powders, as well as CBD isolate, MCC, CSD and PM powder,
were recorded over a 20 range of 5-40°.

The morphological characteristics of the CBD liquisolid systems, as well as those of
CBD isolate and PM powder, were assessed using a Helios NanoLab G3 CX focused ion
beam field-emission scanning electron microscopy (FIB/FESEM) (Thermo Fisher Scientific,
Waltham, MA USA). The investigated powder was firstly mounted onto a metallic stub
with conductive adhesive tape and then gold sputter-coated to a thickness of approximately
30-50 nm under vacuum conditions. The micrograph was captured under a secondary
electron imaging mode at a 10 kV accelerated voltage.

2.5.3. In Vitro Release

The in vitro release under sink conditions was assessed using the method of Aodah
et al. [22] with modifications. A modified Franz diffusion cell with a diffusion area of
2.01 cm? and receptor volume of 14.0 + 0.2 mL was used. Porous synthetic membranes, the
Whatman® Nuclepore™ polycarbonate hydrophilic membrane (0.2 tm pore size, @ 25 mm
(Whatman, Piscataway, NJ, USA)), were utilized as the diffusional membranes. The hy-
drated membrane was mounted between the donor and receiver compartments with a
clamp. A receiver chamber with a magnetic stirrer was filled with 50% v/v ethanol, a
receiver medium, and the hydrodynamics were maintained by stirring with a stirrer at
80 rpm (digital magnetic stirrer, VELP SCIENTIFICA., Italy). The temperature was set
at 37 + 0.5 °C. Then, 10 mg of CBD in the form of the CBD liquisolid systems or the PM
powder system was placed in the donor compartment chamber with 1.5 mL of simulated
saliva fluid (SSF) with a pH of 6.8 [23]. The donor compartment was tightly covered with
paraffin film. At predetermined times (0, 0.5, 1, 2, 3, 4, 5 and 6 h), a 0.8 mL aliquot was
collected through a sampling port from the receiver compartment, and an equal volume
of pre-warmed fresh medium was quickly replenished. The amount of diffused CBD was
quantified by HPLC assay.
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Diffusion data analysis: The cumulative amount of diffused CBD per area was calcu-
lated and plotted against the time. Diffusion data obtained were fitted with zero-order
(Equation (1)) and Higuchi (Equation (2)) equations. The diffusion efficiency, expressed as
the rectangle area percentage determined from the area under the diffusion curve up to 6 h,
were calculated (Equation (3)):

M; = My + Kot 1)
My = My + KH-tl/z )
fgy x dt

®)

Diffusion efficiency =
Y100 X t

where M; is the amount of CBD released at time t and M, is the initial amount of the CBD
in the receiver medium, which was often zero. Ky and Ky are the zero-order and Higuchi
rate constants, respectively [24].

2.5.4. Ex Vivo Permeation and Deposition

The porcine esophagi from recently slaughtered adult pigs were received as waste
products from a local slaughterhouse (Khon Kean, Thailand). The mucosal epithelium was
gently detached from the connective tissue layer, opened longitudinally, and rinsed with pH
7.4 phosphate buffer saline [25,26]. The esophageal mucosa with a thickness of 650 £ 30 pm
was visually inspected for integrity and used as a surrogate for the permeation study.

The ex vivo permeation was measured using a modified Franz diffusion cell with a
2.01 cm? diffusion area and 14.0 4 0.2 mL receptor volume. The porcine mucosa used as a
permeation membrane was securely clamped between the donor and receiver chambers,
with the mucosa side facing the donor compartment. Then, 50% v/v ethanol was used as a
receiver medium. The receiver compartment was set to 37 &+ 0.5 °C and the hydrodynamics
were maintained by stirring at 80 rpm with a digital magnetic stirrer (VELP SCIENTIFICA,
Usmate Velate, Italy). The mounted mucosa was equilibrated with 1.5 mL of pH 6.8 SSF
on the donor side for 15 min prior to initiating the experiment. Then, 10 mg of CBD
in the form of the CBD liquisolid systems or the PM powder system was placed on the
mucosal membrane at the donor chamber together with 1.5 mL of pH 6.8 SSF [23]. The
donor compartment was tightly covered with paraffin film. At predetermined times
0,1,2,3,4,5and 6 h), a 0.8 mL receiver medium was withdrawn and an equal volume of
pre-warmed fresh medium was restored. The obtained samples were dried at 45 °C using a
vacuum concentrator (SpeedVac SPD300DDA, Thermo Scientific, Waltham, MA, USA) and
the residue was redissolved with 0.2 mL methanol. The amount of permeated CBD was
quantified by HPLC assay.

Permeation data analysis: The cumulative mass of the permeated CBD was calculated
and plotted against the time. The steady-state region of the permeation curve was used
to compute the steady-state flux (Jss). The cumulative CBD permeated at 6 h (Qg;,) was
determined and used to calculate the permeation enhancement ratio (ER) as follows:

_ AQy
Je = 3ra 4)
Qi = GV + (Z{: Ci1) Vi )
Qe of liquisolid system
ER = 6
Qen of PM (6)

where Q; is the cumulative permeated amount of CBD and C; is the CBD concentration
at the time point f. C;_; is the CBD concentration at the previous time point. V refers to
the total volume of the receiver medium, while V, is the withdrawn volume of receiver
medium at each time point. A refers to the permeation surface area. AQ; is the difference
in Q; between time points, and At is the time difference [27].
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For the deposition study, after 6 h of the permeation investigation, the mucosal
membrane was separated and the remaining CBD powder was wiped out. The mucosa
surface was washed with methanol (1 mL) and then deionized water (1 mL, 4 times). The
mucosa area that was directly in contact with the CBD powder during permeation was
separated, cut into small pieces using scissors and extracted thrice with methanol (2 mL).
The methanolic extracts were collected, combined and dried under a vacuum at 45 °C using
a vacuum concentrator (SpeedVac® SPD300DDA, Thermo Scientific, Waltham, MA, USA).
The dried residue was redissolved with 2.0 mL methanol and quantified by HPLC assay.
The residual mucosa tissue was dried at 50 °C for 24 h and then weighed. The deposition
amount of CBD per mucosa dry mass (pg/mg) was calculated.

2.6. HPLC Assay

The amount of CBD was assessed using a modified HPLC method [28]. An Agilent
series 1260 combined with an Agilent ZORBAX Eclipse Plus column (C18, 100 x 4.6 mm,
3.5 um) (Agilent Technologies, Inc., Santa Clara, CA, USA.) was used. The chromato-
graphic separation was attained in 10 min using an isocratic protocol with a mixture of
water:acetonitrile (30:70 v/v) comprising 0.1% formic acid set at a 1.5 mL/min flow rate.
The injection volume was 20 uL. The column temperature was set at 45 °C, while the UV
detector was set to 220 nm. The chromatographic condition demonstrated good linearity
(R? > 0.999) throughout the investigated concentration range (2-80 nug/mL).

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA) with Tukey’s post hoc test operated via the
SPSS program for Windows software (Version 17.0, Released 2008, Chicago, IL, USA: SPSS Inc.),
was utilized to statistically analyze the data. The statistical significance was set as p < 0.05.

3. Results and Discussion
3.1. CBD Solubility in the Liquid Vehicles

Table 1 presents the solubility of the CBD in various liquid vehicles together with the
liquid properties collected from the literature [29-33]. CBD is a hydrophobic compound;
its solubility in water was found to be less than 0.005 mg/g (<0.005 mg/mL, considering
the specific gravity value of water). The CBD was practically insoluble in glycerin, freely
soluble in DEGEE, OM, PG, CM, PEG and P20, and very soluble in EtOH. According to
the “like dissolves like” principle, the solubility of any solid compound in a liquid solvent
varies and is influenced by the liquid properties, including the molecular structure and size,
polarity, hydrophobicity /hydrophilicity and liquid viscosity [34,35]. For surfactant-type
liquids (OM, CM and P20), the solubility of CBD decreased with the liquid hydrophilicity,
as indicated by the hydrophilic-lipophilic balance (HLB) values, and with the viscosity. In
the case of low-polarity solvent-type liquid vehicles (EtOH, DEGEE, PEG and glycerin), the
CBD solubility was also correlated with the solvent hydrophobicity and solvent viscosity.
The highest solubility of CBD in EtOH and DEGEE may be attributable to the low polarity,
as indicated by the dielectric constant values, with the lowest viscosity as compared to PG,
PEG and glycerin, respectively.
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Table 1. Solubility of the CBD in liquid vehicles at 37 &+ 0.5 °C.

Liquid Vehicles .
Types Dielectric Constants * HLB ** Viscosity (mPa-s) *** Specific Gravity **** CBD Solubility (mgfg)
EtOH 243 N/A 1.2 0.814 + 0.002 >1000

DEGEE 14.1 N/A 4.8 0.969 + 0.002 579.46 £11.79°
oM N/A 9.0 75-95 0.924 + 0.001 540.31 £4.59 2
PG 32 N/A 58 1.027 £+ 0.002 521.04 £55.42°
M N/A 12.0 80-110 1.041 4 0.002 386.77 4 48.85 P
PEG 125 N/A 105-130 1.120 4 0.003 342.18 +49.90 b
P20 N/A 16.7 400 1.084 £ 0.002 261.73 £ 39.33 ¢
Glycerin 40.1 N/A 1490 1.264 4 0.003 0.09 +0.03 4
Deionized water 78.5 N/A 1 0.998 £ 0.002 <0.005

Mean + SD, 1 = 3; 9 means in the same column sharing a common superscript letter are not different (p > 0.05),
as analyzed by one-way ANOVA and Tukey’s post-hoc test. N/A = not applicable. * Dielectric constant values
at 25 °C, adapted from [30,31]. ** HLB, hydrophilic-lipophilic balance values, adapted from [32]. *** Dynamic
viscosity values at 20 °C, adapted from [29,31-33]. **** Specific gravity at 25 °C determined by pycnometer [36].

Concerning the solubility of CBD in the liquid vehicles, five vehicles, namely, EtOH,
DEGEE, OM, PG and CM, were selected for further CBD liquisolid system investigations.
These liquid vehicles are the common liquids used in oral, parenteral, topical, transdermal
and mucosal preparations. Additionally, their solubilization, as well as their permeation
enhancing capabilities for a number of active ingredients, have been reported [31,32,37-39].

3.2. Ly of the CBD Solutions

The L; values of each CBD solution were investigated directly by determining the
amount of MCC in the MCC—CSD required to convert the CBD solution into free-flowing
powder. As shown in Table 2, the L¢ of the investigated vehicles ranged from 0.181 + 0.024
to 0.145 £ 0.016, with DEGEE yielding the lowest value. Consequently, the amount
of MCC-CSD needed was highest for the DEGEE-based liquisolid formulation when
compared to the others. It has been reported that the liquid viscosity influences its capacity
to be absorbed/adsorbed onto the carrier-coating material. The lower-viscosity liquid
exhibits a higher quantity of liquid diffusion throughout the MCC-CSD powder due to
the faster rate of penetration onto and into the surface and capillary pores, with a lower
possibility of pore-clogging [3,40]. The lower L¢ value of the lower-viscosity liquid vehicles
on the MCC-CSD powder is in line with results presented in other reports [3,18,34].

Table 2. Liquid load factor and flowability of the CBD liquisolid powder formulations.

. " Flow Rate Angle of Angle of Tere
Formulations L (cm’/s) Sli §e ©) Re f‘);ose ©) Flowability
CBD-EtOH N/A 6.86 = 0.37 29.00 £+ 0.82 31.01 £ 0.65 Good
CBD-DEGEE 0.145 + 0.016 6.31 +0.26 32.00 + 0.82 33.02 £ 0.63 Good
CBD-OM 0.153 £0.027 7.04 +0.03 30.00 + 0.01 31.80 +1.34 Good
CBD-PG 0.181 +0.024  8.99 + 0.45 29.33 +0.47 33.53 +0.81 Good
CBD-CM 0.178 £0.017 8.54 +0.63 29.67 £+ 0.47 33.10 £ 0.61 Good

Mean £ SD, n = 3. N/A = not applicable. * L¢ or liquid load factor denotes the quantity ratio of CBD solution
(20% w/w) in a nonvolatile vehicle to the MCC required to transform that CBD solution into the free-flowing CBD
liquisolid powder having a >6 cm3/s flow rate. ** Flowability determined from the angle of repose value as per
the United States Pharmacopeia criteria [36].

3.3. CBD Liquisolid System Characteristics

Five formulations of CBD liquisolid powders were prepared based on different liquid
vehicles. To exclude the effect of the L¢ value on the required amount of MCC-CSD, an
L¢ value equal to 0.145 and a CBD concentration in liquid vehicles of 20% w/w were used.
All of the resulting CBD liquisolid powders were white, dry-looking and non-adherent.
Their good and acceptable flowability was confirmed by the flowability tests, specifically
by the flow rate, angle of slide and angle of repose, respectively. As depicted in Table 2,
the flow rate through an orifice was above 6 cm?/s with angle of repose values of less
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than 35°, which were classified as good flow properties [36]. The angle of slide was under
the acceptable value (<33°). The angle of slide is considered an efficient flowability test
method and is widely used to assess the flowability of liquisolid powder [21,41].

3.3.1. Intermolecular Interaction by FTIR

ATR-FTIR was used to assess the interaction between the CBD and excipients in the
liquisolid powder. The spectrum of CBD exhibits characteristic bands with the maximum
at 3517 and 3406 (O-H stretching), bands in the range of 3100-2800 (asymmetric and
symmetric C—H stretching), two bands at 1623 and 1581 (C=C stretching), and bands at
1373 (C-H bending) and 1214 cm ™1 (C-O stretching), respectively [12,42].

The FTIR spectra of the CBD-liquid vehicle solutions are shown in Figure 1a. The
O-H stretching band of EtOH, OM and CM underwent a redshift, with an increased
intensity when solubilized by CBD. For the CBD-DEGEE solution, a shift in the O-H
stretching band from 3426 to 3404 cm 1 with comparable intensity was observed, whereas
in the case of the CBD-PG solution, a decrease in the O-H stretching band intensity was
observed. Additionally, shifts in the characteristic CBD bands at 1581 and towards the
higher wavenumbers at 1589, 1590, 1585, 1588 and 1588 cm ! were observed for the CBD-
EtOH, CBD-DEGEE, CBD-OM, CBD-PG and CBD-CM solutions, respectively. These
phenomena suggest that a solute-solvent interaction occurred between the CBD and liquid
vehicles. The solvation between the solute and solvent neutral molecules is generally
associated with the weak attractions, known as Van der Waals forces (Keesom, Debye
and London forces, as well as hydrogen bonds) [43]. The modification of the CBD C=C
stretching band at 1581 cm ™! caused by the association of this moiety with another molecule
has previously been reported [12].
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Figure 1. ATR-FTIR of (a) the CBD isolate, CBD-liquid vehicle solutions (20% w/w) and pure liquid
vehicles; (b) the CBD liquisolid powder and MCC, CSD and PM powders.

Figure 1b presents the FTIR spectra of the CBD liquisolid powder in comparison with
those of the PM, MCC and CSD. For the PM powder, the superposition of the FTIR spectra
of CBD, MCC and CSD characteristic bands indicates the absence of the intermolecular
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interaction between these compounds when they were physically mixed. For the CBD
liquisolid powder, only those prepared with nonvolatile vehicles exhibited shifts in the
CBD C=C stretching band. This band was repositioned to 1586, 1586, 1585 and 1589 cm !
for CBD-DEGEE, CBD-OM, CBD-PG and CBD-CM, respectively. This suggests that the
CBD might still have been in the solubilized form, with a liquid vehicle, when deposited
onto the MCC-CSD surface.

3.3.2. Solid State and Morphological Characteristics

The solid state of the CBD in the CBD liquisolid systems was investigated using an
XRD study. As presented in Figure 2, the CBD isolate possesses a crystalline structure,
as demonstrated by a sequence of sharp diffraction peaks between 5 to 40° [12,42]. The
PM powder showed the specific patterns of the CBD (diffraction peaks at 9.8° and 17.5°),
MCC (strong sharp peak at 22.6°) and CSD (halo pattern). For the CBD liquisolid powder,
irrespective of the liquid vehicles, the characteristic peaks of the CBD disappeared. This
indicates that the CBD was presented in the non-crystalline state. The amorphization and
absence of crystallinity of the active ingredients caused by the liquisolid technique are in
line with the results presented in other reports [18,41].

—CBD isolate
—MCC-CSD mixture

—DPM powder
..M...._..._—CBD-BOH
W\.____,._._—CBD-DEGEE
WﬁCBD-OM
M—.W_—CBD—PG
m-mza:n—cwm
5 10 15 20 25 30 35 40

26 (%)

———Intensity —

Figure 2. XRD diffractograms of the CBD isolate, MCC—CSD mixture, PM powder and CBD
liquisolid powder.

The surface morphology of the CBD liquisolid powder was characterized via FIB-
FESEM, as shown in Figure 3. The CBD isolate presented as irregular-shaped crystalline
particles of various sizes with well-defined edges, with a superposition of the small crystals
onto the larger ones. In the PM powder, the presence of the CBD isolate, together with
the micron-sized cellulosic fibril MCC particles surface-coated with CSD particles, was
observed. For the CBD liquisolid powder, the disappearance of the CBD isolate was
observed. This result is in line with the XRD information, indicating the absence of CBD
crystallinity. It should be emphasized that no visible difference could be seen between
the CBD liquisolid powders prepared using different liquid vehicles (Figure 3c,d and
Supplementary Materials, Figure S1).
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Figure 3. FESEM images of the CBD isolate (a), PM powder (b) and CBD liquisolid powder (c,d).

3.3.3. In Vitro Release

The CBD release was investigated in terms of in vitro diffusion, using the vertical diffu-
sion cells with 50% EtOH as a receiver medium. The solubility of the CBD in 50% EtOH was
found to be sufficient for obtaining the sink condition throughout the experiment [44]. The
porous synthetic membrane was used to support and separate the CBD liquisolid systems
or PM from the receptor fluid due to its minimal diffusion resistance, as a rate-limiting
diffusion barrier [45]. The cumulative amounts of CBD diffused as per the surface area
versus the time plots are presented in Figure 4, and their diffusion parameters are pre-
sented in Table 3. Statistically significant differences were found between these parameters
(p < 0.05). To determine the kinetics of the CBD transport from the liquisolid systems, the
diffusion profiles were analyzed with zero-order and Higuchi models. The zero-order
model characterizes a constant rate of CBD release from the systems, regardless of the CBD
concentration, while the Higuchi denotes the release process based on Fickian diffusion. As
presented in Table 3, it can be seen that the Higuchi model yielded the regression coefficient,
R?, close to 1. The higher linearity of the Higuchi model with greater R? values than
that of the zero-order model indicated that the CBD diffusion kinetics followed a Fickian
diffusion process. According to Fick’s law, the rate of diffusion of CBD over a specific
surface area is in proportion to the concentration gradient. The rate of release decreases
with the decrease in the concentration gradient, caused by the increased diffusion path [24].
The rate of CBD diffusion from the CBD-PG liquisolid system was the fastest, and it was
2.4 times faster than that of the PM system, while the CBD-OM yielded the slowest CBD
diffusion rate (p < 0.05).
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Figure 4. In vitro release performance, in terms of diffusion, of the CBD liquisolid systems and PM
under sink conditions at 37 + 0.5 °C (mean £ SD, n = 3).

Table 3. In vitro release parameters, in terms of diffusion, of the CBD liquisolid systems and PM.

Zero Order Higuchi N

Formulations K K Qe (ug) iffusion
2 0 2 H Effi %

R (ug-cm~2min-1) R (1g-cm2-min-12) ciency (%)
PM system 0.974 £ 0.012 713 £72 0.996 + 0.003 214.6 £224°% 930.5+527* 56310742
Liquisolid systems
CBD-EtOH 0.951 + 0.008 133.3 £ 14.5 0.994 + 0.003 405.4 4+ 43.0"P 1696.7 +£193.0° 10.51 4+ 0.92°
CBD-DEGEE 0.951 £ 0.012 93.8+74 0.993 4 0.003 2853 £21.8°¢ 12413 £763°¢ 756 £0.39 €
CBD-OM 0.975 + 0.015 55.6 £2.0 0.995 + 0.002 1670+ 6.9% 669.0 1759 40540324
CBD-PG 0.968 +0.013 169.6 + 6.1 0.993 + 0.004 511.3 £ 2024 2102.7 = 68.8¢ 1245+ 042°¢
CBD-CM 0.972 £ 0.004 954 +£3.1 0.994 + 0.002 2873 +£92°¢ 1138.4 £49.6¢ 6.86 £0.27 ¢

Mean =+ SD, n = 3; *° means in the same column without a common superscript letter are different (p < 0.05), as
analyzed by one-way ANOVA and Tukey’s post hoc test. Ky and K refer to the zero-order and Higuchi diffusion
rates (0.25-6 h), respectively. R? is the coefficient of determination calculated from a set of diffusion values over
0.25-6 h. Qg, (1g) is the cumulative CBD diffused at 6 h. Diffusion efficiency (%) is the percentage of the rectangle
area under the diffusion curve up to 6 h.

The better in vitro release performance of the CBD liquisolid formulations, namely
CBD-PG, CBD-EtOH, CBD-DEGEE and CBD-CM, than that of PM was associated with
the enlargement of the CBD surface area. This resulted from the adsorption/absorption of
the CBD onto the MCC—CSD surface in a non-crystalline state, as confirmed by the XRD
study. Additionally, in nonvolatile liquid-based liquisolid systems, the wettability and
saturated solubility of CBD in the microenvironment might also be modulated [14,18,46,47].

The process of the CBD release involves the penetration of the MCC-CSD pores by
the release medium, the dissolution of CBD by the medium and the diffusion/transfer of
the dissolved CBD [18]. To study the release through the diffusion cells, a small volume
of SSF was added to the donor compartment. Under this condition, nonvolatile vehicles
that adsorbed/absorbed onto the MCC—CSD the together with CBD appear to play a
remarkable role. It could be speculated that a nonvolatile vehicle acts as a cosolvent and
modulates the solubility of CBD in the microenvironment of the diffusion layer between the
liquisolid particle/release medium interfaces [14,47]. In essence, the vehicles that exhibit
a high solvency capacity for CBD should provide a high CBD release. Nevertheless, the
viscosity, hydrophilicity (dielectric constant, HLB) and micellization capacities of vehicles
appear to play significant roles in the drug release [14,41,46]. As presented in the solubility
study, DEGEE, OM and PG had comparable solvency capacities to CBD, while the lower
diffusion efficiency of CBD-OM compared to those of the CBD-DEGEE and CBD-PG
liquisolid systems, by a 2.6-3.1-fold difference, is related to the amphiphilic structure
and highly viscous nature of OM. A recent investigation revealed that the hydration of
viscous excipients, such as amphiphile liquids, in the presence of a small aqueous medium
volume results in the viscosity increment. Such a rheological change upon hydration
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could give rise to the pore-clogging and locking of the CBD-liquid vehicle inside the
carrier—coating pores, eventually limiting the CBD release [41]. The entrapment of the drug
inside the aggregates of the surfactant molecules, known as micelles, might also be related
to the release retardation [46]. Additionally, the low HLB value, which indicates the less
hydrophilic nature of the OM molecule (Table 1), may also limit the extent of desorption of
the liquid medicament on the MCC—CSD surface. According to Van Speybroeck et al. [48]
and Williams et al. [49], the incomplete desorption of lipid-based formulations may be
associated with the lipophilicity and viscosity of nonvolatile liquids. The drug release
retardation from the surfactant-based liquisolid system, as compared to the low-polarity
solvents, is in line with the results presented in a previous reports [46].

The highest diffusion rate and efficiency of the CBD-PG liquisolid system, among all
the systems examined, is attributable to the CBD solubilizing capacity and suitable viscosity
of PG. It might be postulated that PG could efficiently promote CBD solubilization at the
microenvironment level. Because of the more viscous nature of PG compared to that of
DEGEE, it is quite possible that PG could diffuse out of the MCC-CSD particle at a slower
rate, and thus a relatively minute quantity of PG remains, acting sufficiently as a cosolvent
at the stagnant diffusion layer.

In the case of the CBD-EtOH liquisolid system, EtOH was used to dissolve and
promote the CBD loading. As a volatile liquid, it was removed during the manufacturing
process completely, leaving the non-crystalline CBD deposited onto the MCC—-CSD surface.
The release enhancement of the CBD by the CBD-EtOH liquisolid system is solely caused
by the increase in the available surface area of the CBD. The better diffusion performance
of CBD-EtOH compared to that of nonvolatile liquid-based liquisolid systems is probably
attributable to the larger CBD surface area. Because of the low viscosity and surface tension
of EtOH [32], the greater and even distribution of the CBD-EtOH solution throughout the
MCC-CSD surface and pores could be achieved efficiently.

3.3.4. Ex Vivo Permeation and Deposition

The permeation and deposition of the CBD liquisolid systems and PM were compara-
tively assessed using vertical diffusion cells in occlusive conditions. Mucosa obtained from
porcine esophagus was used as a substitute for oral tissue, owing to the comparability in the
structure, lipid composition, and permeability characteristics between porcine esophageal
and buccal mucosae [45,46]. It has been reported that the histological and constitutional
characteristics of porcine esophageal and buccal mucosa are comparable with the analo-
gous human mucosa [50,51]. Buccal and esophagus mucosa are covered by a stratified
squamous and non-keratinized epithelium with a lipid composition. The permeability
barrier in these tissues is formed of groups of lipid lamellae positioned in the intercellular
spaces of the superficial epithelial layer [50-54]. Additionally, porcine esophageal mucosa
provides experimental benefits, including an even membrane thickness, a high yield of
usable mucosa, and simplicity of preparation [27,55]. The utilization of porcine esophageal
mucosa as a surrogate for a nonkeratinized mucosal membrane for the purpose of ex vivo
permeation studies has been widely reported [25-27,49,55-57]. A 50% EtOH solution was
used as a receiver medium to maintain the sink conditions. According to Casirahi et al. [44],
the solubility of CBD in 50% EtOH was found to be 2.2 £ 0.1 mg/mL. This solubility
value was 733-fold greater than that in pH 6.8 SSF (<0.005 mg/mL). The CBD solubility
in 50% EtOH was considered to be sufficient for 10 mg of CBD, in the form of the CBD
liquisolid systems or the PM powder system, to maintain the sink conditions throughout
the experiment. Moreover, 50% EtOH has been used as a receiver fluid in permeation
investigations of very hydrophobic drugs, including cannabinoids [44,58,59].

The cumulative amounts of CBD permeated across the mucosa vs. time and the perme-
ation parameters are illustrated in Figure 5a and Table 4, respectively. Surprisingly, the CBD
liquisolid systems resulted in either permeation enhancement or retardation, depending
on the type of liquid vehicle. The permeation profiles of CBD were sigmoidal in nature,
composed of an initial slow-permeation phase followed by a linear faster-permeation phase.
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model, with a high coefficient of determination (0.992 % 0.008 to 0.999 + 0.002). This indi-
cated that the rate-limiting process of permeation by the CBD liquisolid systems was the
permeation through mucosal membrane instead of the CBD diffusion from the liquisolid
system. There were significant differences in the permeation flux and Qg}, between the
CBD liquisolid formulations. CBD-DEGEE resulted in the highest flux and Qg values com-
pared with the others (p < 0.05). When compared to the control PM system, CBD-DEGEE
provided an enhancement ratio of 2.1 folds, while the surfactant-based liquisolid systems
retarded the CBD permeation by approximately 2.5 folds.

-0-CBD-DEGEE CBD-DEGEE

-e—CBD-EtOH CBD-EtOH

-==PM PM L

-8-CBD-PG cep-rG

~o-CBD-OM wpemMm1

—-CBD-CM CBD-OM _' . . )

1 2 3

Time (h) CBD deposited in mucosa (ng/mg)

[a] [b]

Figure 5. Ex vivo mucosal permeation (a) and deposition (b) of the CBD liquisolid systems and PM
at37 £ 0.5 °C (mean + SD, n = 4).

Table 4. Ex vivo permeation parameters of the CBD liquisolid systems and PM system.

Formulations Jss (ug-em—2-h~1) Qqr (1g) ER
PM system 8.09 +0.672 55.83 + 6.46 2 N/A
Liquisolid systems

CBD-EtOH 810+ 0.592 58.54 4+ 7.772 1.05
CBD-DEGEE 13.68 +0.74b 118.38 £ 5.79 P 2.12
CBD-OM 0.89 +£0.11°¢ 827 +0.83¢ 0.15
CBD-PG 3.65+ 0514 2266 +3.234 0.41
CBD-CM 0.68 +£0.11°¢ 6.18 £1.42°¢ 0.11

Mean = SD, 1 = 4. 9 means in the same column without a common superscript letter are different (p < 0.05), as
analyzed by one-way ANOVA and Tukey’s post hoc test. ] is the steady-state permeation flux (ng-cm=2-h~1)
calculated over 3-6 h. Qg, is the cumulative CBD permeated at 6 h (u1g). ER refers to the enhancement ratio of the
cumulative CBD permeated at 6 h, calculated based on the PM formulation. N/A = not applicable.

The mucosal deposition results of the CBD liquisolid systems are presented in Figure 5b.
It was found that the CBD-EtOH, CBD-PG and CBD-DEGEE liquisolid systems and the
PM yielded comparable amounts of CBD deposited in the permeation mucosa, ranging
from 2.3 £ 0.2 t0 2.6 £ 0.3 ug per 1 mg of dry mucosa. On the other hand, CBD-CM and
CBD-OM exhibited significantly lower CBD depositions, by 1.5 and 3.2 folds, respectively,
compared to that of the PM.

CBD is a highly lipophilic molecule, with a calculated log Koy of ~8, and its permeation
was assumed to be a passive diffusion through a transcellular pathway. Recent investiga-
tions revealed that a small amount of CBD was able to permeate through mucosa or skin,
while a finite amount was deposited inside the permeated membrane [7,44,60]. Similar
to transdermal delivery, transmucosal delivery is a complex event involving drug release
from the system, the drug’s partition into and diffusion across mucosa, and the permeation
enhancement of the delivery system. The best CBD permeation performance, exhibited
by CBD-DEGEE, was associated with the permeation-enhancing property of DEGEE. A
proposed mechanism of DEGEE in promoting the drug permeation throughout the biologi-
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cal membrane may relate to its ability to pass into and be deposited in it, modifying the
drug solubility in the membrane and improving the drug’s partition into it. Moreover, it
has been pointed out that DEGEE might incorporate itself into the lipid bilayers, resulting
in intercellular lipid fluidization [31,61]. DEGEE is a powerful permeation enhancer with
an excellent solubility enhancement ability. Its permeation enhancement capacity when
applied to several lipophilic drugs, including CBD, has been demonstrated [31,62,63].

The CBD-EtOH liquisolid system and PM had comparable CBD permeation and
deposition performances, despite the fact that they showed significant differences in the
CBD diffusion rate. These results confirm that the permeation of CBD through the mucosa
was the rate-controlling process. Increasing the CBD release rate and amount via an
increased surface area did not affect the CBD permeation performance. An interesting
result was also found for the CBD-PG liquisolid system. Even though CBD-PG presented
with the fastest CBD diffusion, its permeation flux and Qg}, values were much lower than
those of the control. The high solubility of CBD in PG indicates the high affinity of CBD
to this vehicle, which might lead to a decrease in the thermodynamic activity, and thus
CBD permeation. Thermodynamic activity is considered to be a driving force of the drug
partitioning process into the biological membrane. The drug partition coefficient between
the vehicle and biological membrane typically decreases with the drug solubility in the
vehicle [64].

The retardation effects on the CBD permeation and deposition by the CBD-CM and
CBD-OM liquisolid systems are attributable to the formation of micelles, entrapping the
CBD molecule inside. It is generally considered that surfactant molecules aggregate spon-
taneously when their concentration in an aqueous medium is above the critical micelle
concentration. The resulting self-assembly particles, so-called micelles, are in the colloidal
size range, which may have a lower partition into the mucosal membrane. Additionally,
the use of surfactants in mucosal intercellular lipid extraction has been reported [38,64,65].
This might entail a negative effect on the permeation of lipophilic drugs, such as CBD. It
was found that surfactants, at low concentrations, could only promote the permeability of
hydrophilic compounds that pass through the biological membrane by the paracellular
route. Several investigations suggested that the permeation-enhancing capacity of surfac-
tants through epithelial membranes, including the mucosa, relies upon the physicochemical
properties of the permeating drugs, especially the lipophilicity and the permeation pathway
of that compound [38,65].

4. Conclusions

This investigation presented the mucosal permeation and deposition capacities of the
CBD by liquisolid systems for the first time. Different liquid vehicles exhibited distinct
influences on the ex vivo mucosal permeation and deposition, as well as the in vitro release
of CBD by the liquisolid systems. Interestingly, the enhancement of the CBD release
appears to have no beneficial effect on the CBD permeation and deposition performance.
As in the case of CBD-EtOH liquisolid systems and the control PM, their comparable
CBD permeation and deposition was evident, although CBD-EtOH exhibited a 1.9-fold
increment in the CBD diffusion rate and efficiency. This is probably related to the fact
that the permeation of CBD through the mucosal membrane is the rate-limiting process.
The CBD-PG liquisolid system yielded the best CBD release behavior, yet it retarded the
CBD permeation. Additionally, surfactant-based liquisolid systems greatly retarded the
CBD permeation and deposition. On the other hand, the CBD-DEGEE liquisolid system
significantly promoted the permeation of CBD across the mucosa. These findings strongly
support the notion that the liquid vehicles used in liquisolid systems can promote or
suppress mucosal permeation and deposition. This study discloses that, by using suitable
liquid vehicles with a permeation-enhancing capacity, the application of liquisolid systems
to transmucosal delivery is feasible. The combination of liquisolid powders with suitable
components, e.g., mucoadhesive polymers, can offer a promising alternative transmucosal
delivery system. The ability of the CBD-DEGEE liquisolid system to deliver CBD across
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the mucosa underlines the potential of this system for transmucosal delivery applications.
Further investigations concerning the development of liquisolid-based mucoadhesive
delivery systems, e.g., mucoadhesive tablets, for CBD should be performed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics14091787/s1, Figure S1: FESEM images of CBD
liquisolid powder prepared with nonvolatile vehicles (PG, OM and CM).

Author Contributions: Conceptualization, N.J.; methodology, P.T., E.L. and N.J.; software, E.L.; vali-
dation, PT. and N.J.; formal analysis, E.L. and N J.; investigation, P.T. and N.J.; resources, P.T. and E.L.;
data curation, P.T., E.L. and N.J.; writing—original draft preparation, P.T. and E.L.; writing—review
and editing, N.J. and E.L.; visualization, E.L. and N.J.; supervision, E.L. and T.P; project adminis-
tration, N.J.; funding acquisition, N.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was financially supported by the Research and Graduate Studies of Khon
Kean University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lam, J KW, Xu, Y.; Worsley, A.; Wong, I.C.K. Oral Transmucosal Drug Delivery for Pediatric Use. Adv. Drug Deliv. Rev. 2014, 73,
50-62. [CrossRef] [PubMed]

2. Leal, ].; Smyth, H.D.C.; Ghosh, D. Physicochemical Properties of Mucus and Their Impact on Transmucosal Drug Delivery. Int. |.
Pharm. 2017, 532, 555-572. [CrossRef] [PubMed]

3.  Jaipakdee, N.; Tabboon, P.; Limpongsa, E. Application of a Liquisolid Technique to Cannabis Sativa Extract Compacts: Effect
of Liquid Vehicles on the Dissolution Enhancement and Stability of Cannabinoids. Int. J. Pharm. 2022, 612, 121277. [CrossRef]
[PubMed]

4. Koch, N,; Jennotte, O.; Gasparrini, Y.; Vandenbroucke, F.; Lechanteur, A ; Evrard, B. Cannabidiol Aqueous Solubility Enhancement:
Comparison of Three Amorphous Formulations Strategies Using Different Type of Polymers. Int. ]. Pharm. 2020, 589, 119812.
[CrossRef]

5. Millar, S.A.; Maguire, R.F; Yates, A.S.; O’Sullivan, S.E. Towards Better Delivery of Cannabidiol (CBD). Pharmaceuticals 2020,
13, 219. [CrossRef]

6. Vlad, R.-A.; Antonoaea, P.; Todoran, N.; Muntean, D.-L.; Rédai, E.M.; Silasi, O.A.; Tataru, A.; Birsan, M.; Imre, S.; Ciurba, A.
Pharmacotechnical and Analytical Preformulation Studies for Cannabidiol Orodispersible Tablets. Saudi Pharm. J. SP] Off. Publ.
Saudi Pharm. Soc. 2021, 29, 1029-1042. [CrossRef]

7. Ttin, C.; Barasch, D.; Domb, A.J.; Hoffman, A. Prolonged Oral Transmucosal Delivery of Highly Lipophilic Drug Cannabidiol. Int.
J. Pharm. 2020, 581, 119276. [CrossRef]

8.  GW Pharmaceuticals. SATIVEX® Product Monograph Including Patient Medication Information. Available online: https:
/ /www.gwpharm.com/healthcare-professionals/sativex. (accessed on 2 February 2022).

9. Damme, PA.V,; Anastassov, G.E. Chewing Gum Compositions Comprising Cannabinoids. WO2009120080A1, 1 October 2009.

10. Sopper, U.; Hoffmann, A.; Daniels, R. Mucoadhesion and Mucopenetration of Cannabidiol (CBD)-Loaded Mesoporous Carrier
Systems for Buccal Drug Delivery. Sci. Pharm. 2021, 89, 35. [CrossRef]

11. Temtsin-Krayz, G.; Glozman, S.; Kazhdan, P. Pharmaceutical Compositions for Transmucosal Delivery. WO2017072774A1,
4 May 2017.

12.  Andriotis, E.G.; Monou, P-K.; Louka, A.; Papaefstathiou, E.; Eleftheriadis, G.K.; Fatouros, D.G. Development of Food Grade
3D Printable Ink Based on Pectin Containing Cannabidiol /Cyclodextrin Inclusion Complexes. Drug Dev. Ind. Pharm. 2020, 46,
1569-1577. [CrossRef]

13. Kok, L.Y;; Bannigan, P.; Sanaee, E; Evans, ].C.; Dunne, M.; Regenold, M.; Ahmed, L.; Dubins, D.; Allen, C. Development and
Pharmacokinetic Evaluation of a Self-Nanoemulsifying Drug Delivery System for the Oral Delivery of Cannabidiol. Eur. J. Pharm.
Sci. 2022, 168, 106058. [CrossRef]

14. Lu, M,; Xing, H,; Jiang, J.; Chen, X.; Yang, T.; Wang, D.; Ding, P. Liquisolid Technique and Its Applications in Pharmaceutics.
Asian J. Pharm. Sci. 2017, 12, 115-123. [CrossRef]

15.  Vranikova, B.; Gajdziok, J. Liquisolid Systems and Aspects Influencing Their Research and Development. Acta Pharm. Zagreb

Croat. 2013, 63, 447-465. [CrossRef]


https://www.mdpi.com/article/10.3390/pharmaceutics14091787/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14091787/s1
http://doi.org/10.1016/j.addr.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/23999459
http://doi.org/10.1016/j.ijpharm.2017.09.018
http://www.ncbi.nlm.nih.gov/pubmed/28917986
http://doi.org/10.1016/j.ijpharm.2021.121277
http://www.ncbi.nlm.nih.gov/pubmed/34774694
http://doi.org/10.1016/j.ijpharm.2020.119812
http://doi.org/10.3390/ph13090219
http://doi.org/10.1016/j.jsps.2021.07.012
http://doi.org/10.1016/j.ijpharm.2020.119276
https://www.gwpharm.com/healthcare-professionals/sativex.
https://www.gwpharm.com/healthcare-professionals/sativex.
http://doi.org/10.3390/scipharm89030035
http://doi.org/10.1080/03639045.2020.1791168
http://doi.org/10.1016/j.ejps.2021.106058
http://doi.org/10.1016/j.ajps.2016.09.007
http://doi.org/10.2478/acph-2013-0034

Pharmaceutics 2022, 14, 1787 16 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

Komala, D.R;; Janga, K.Y.; Jukanti, R.; Bandari, S.; Vijayagopal, M. Competence of Raloxifene Hydrochloride Loaded Liquisolid
Compacts for Improved Dissolution and Intestinal Permeation. J. Drug Deliv. Sci. Technol. 2015, 30, 232-241. [CrossRef]

Sanka, K.; Poienti, S.; Mohd, A.B.; Diwan, P.V. Improved Oral Delivery of Clonazepam through Liquisolid Powder Compact
Formulations: In-Vitro and Ex-Vivo Characterization. Powder Technol. 2014, 256, 336-344. [CrossRef]

Sharma, V.; Pathak, K. Effect of Hydrogen Bond Formation/Replacement on Solubility Characteristics, Gastric Permeation and
Pharmacokinetics of Curcumin by Application of Powder Solution Technology. Acta Pharm. Sin. B 2016, 6, 600-613. [CrossRef]
Jaipakdee, N.; Limpongsa, E.; Sripanidkulchai, B.; Piyachaturawat, P. Preparation of Curcuma Comosa Tablets Using Liquisolid
Techniques: In Vitro and in Vivo Evaluation. Int. |. Pharm. 2018, 553, 157-168. [CrossRef] [PubMed]

El-Hammadi, M.; Awad, N. Investigating the Use of Liquisolid Compacts Technique to Minimize the Influence of PH Variations
on Loratadine Release. AAPS PharmSciTech 2012, 13, 53-58. [CrossRef]

Vranikova, B.; Gajdziok, J.; Vetchy, D. Determination of Flowable Liquid Retention Potential of Aluminometasilicate Carrier for
Liquisolid Systems Preparation. Pharm. Dev. Technol. 2015, 20, 839-844. [CrossRef]

Aodah, A.; Rawas-Qalaji, M.; Bafail, R.; Rawas-Qalaji, M. Effect of Fast-Disintegrating Tablets” Characteristics on the Sublingual
Permeability of Atropine Sulfate for the Potential Treatment of Organophosphates Toxicity. AAPS PharmSciTech 2019, 20, 229.
[CrossRef]

Sheu, M.-T.; Hsieh, C.-M.; Chen, R.-N.; Chou, P--Y.; Ho, H.-O. Rapid-Onset Sildenafil Sublingual Drug Delivery Systems: In Vitro
Evaluation and In Vivo Pharmacokinetic Studies in Rabbits. J. Pharm. Sci. 2016, 105, 2774-2781. [CrossRef]

Costa, P,; Sousa Lobo, ].M. Modeling and Comparison of Dissolution Profiles. Eur. J. Pharm. Sci. Off. ]. Eur. Fed. Pharm. Sci. 2001,
13,123-133. [CrossRef]

Soe, M.T.; Pongjanyakul, T.; Limpongsa, E.; Jaipakdee, N. Modified Glutinous Rice Starch-Chitosan Composite Films for Buccal
Delivery of Hydrophilic Drug. Carbohydr. Polym. 2020, 245, 116556. [CrossRef]

Jaipakdee, N.; Pongjanyakul, T.; Limpongsa, E. Preparation and characterization of poly (vinyl alcohol)-poly (vinyl pyrrolidone)
mucoadhesive buccal patches for delivery of lidocaine HCL. Int. J. Appl. Pharm. 2018, 10, 115-123. [CrossRef]

Majid, H.; Puzik, A.; Maier, T.; Merk, R.; Bartel, A.; Mueller, H.-C.; Burckhardt, B.B. Formulation Development of Sublingual
Cyclobenzaprine Tablets Empowered by Standardized and Physiologically Relevant Ex Vivo Permeation Studies. Pharmaceutics
2021, 13, 1409. [CrossRef]

Zgair, A.; Wong, ].C.M.; Sabri, A.; Fischer, PM.; Barrett, D.A.; Constantinescu, C.S.; Gershkovich, P. Development of a Simple and
Sensitive HPLC-UV Method for the Simultaneous Determination of Cannabidiol and A9-Tetrahydrocannabinol in Rat Plasma.
J. Pharm. Biomed. Anal. 2015, 114, 145-151. [CrossRef]

Florence, A.T.; Attwood, D. Physicochemical Principles of Pharmacy: In Manufacture, Formulation and Clinical Use, 6th ed.; Pharma-
ceutical press: London, UK, 2016; ISBN 978-0-85711-174-6.

Kim, C. Advanced Pharmaceutics: Physiochemical Principles; CRC Press: Boca Raton, FL, USA, 2004; ISBN 978-0-8493-1729-3.
Osborne, D.W.; Musakhanian, J. Skin Penetration and Permeation Properties of Transcutol®—Neat or Diluted Mixtures. AAPS
PharmSciTech 2018, 19, 3512-3533. [CrossRef]

Handbook of Pharmaceutical Excipients: Edited by Raymond C. Rowe, Paul J. Sheskey, Marian E. Quinn, Rowe, R.C.; Sheskey, PJ.; Owen,
S.C.; American Pharmacists Association (Eds.) , 6th ed.; APhA /Pharmaceutical Press: London, UK; Chicago, IL, USA, 2009; ISBN
978-1-58212-135-2.

Suzuki, T.; Ebert, R.-U.; Schiitirmann, G. Development of Both Linear and Nonlinear Methods To Predict the Liquid Viscosity at
20 °C of Organic Compounds. J. Chem. Inf. Comput. Sci. 1997, 37, 1122-1128. [CrossRef]

Elkordy, A.A.; Essa, E.A.; Dhuppad, S.; Jammigumpula, P. Liquisolid Technique to Enhance and to Sustain Griseofulvin
Dissolution: Effect of Choice of Non-Volatile Liquid Vehicles. Int. |. Pharm. 2012, 434, 122-132. [CrossRef]

Tiong, N.; Elkordy, A.A. Effects of Liquisolid Formulations on Dissolution of Naproxen. Eur. ]. Pharm. Biopharm. 2009, 73, 373-384.
[CrossRef]

United States Pharmacopeial Convention. The United States Pharmacopeia: The National Formulary; United States Pharmacopeial:
Rockville, MD, USA, 2016; ISBN 978-1-936424-60-3.

Lane, M.E. Skin Penetration Enhancers. Int. J. Pharm. 2013, 447, 12-21. [CrossRef]

Sohi, H.; Ahuja, A.; Ahmad, FJ.; Khar, R K. Critical Evaluation of Permeation Enhancers for Oral Mucosal Drug Delivery. Drug
Dev. Ind. Pharm. 2010, 36, 254-282. [CrossRef]

Strickley, R.G. Solubilizing Excipients in Oral and Injectable Formulations. Pharm. Res. 2004, 21, 201-230. [CrossRef]

Khanfar, M.; Sheikh Salem, M.; Hawari, R. Formulation Factors Affecting the Release of Ezetimibe from Different Liquisolid
Compacts. Pharm. Dev. Technol. 2013, 18, 417—427. [CrossRef]

Vranikova, B.; Niederquell, A.; Ditzinger, F.; Sklubalové, Z.; Kuentz, M. Mechanistic Aspects of Drug Loading in Liquisolid
Systems with Hydrophilic Lipid-Based Mixtures. Int. J. Pharm. 2020, 578, 119099. [CrossRef]

Wang, C.; Wang, J.; Sun, Y.; Freeman, K.; Mchenry, M.A.; Wang, C.; Guo, M. Enhanced Stability and Oral Bioavailability of
Cannabidiol in Zein and Whey Protein Composite Nanoparticles by a Modified Anti-Solvent Approach. Foods 2022, 11, 376.
[CrossRef]

Martin’s Physical Pharmacy and Pharmaceutical Sciences: Physical Chemical and Biopharmaceutical Principles in the Pharmaceutical
Sciences, 6th ed.; Martin, M.N.; Sinko, PJ.; Singh, Y. (Eds.) 50th anniversary ed.; Lippincott Williams & Wilkins: Baltimore, MD,
USA, 2011; ISBN 978-0-7817-9766-5.


http://doi.org/10.1016/j.jddst.2015.10.020
http://doi.org/10.1016/j.powtec.2014.02.026
http://doi.org/10.1016/j.apsb.2016.05.015
http://doi.org/10.1016/j.ijpharm.2018.10.031
http://www.ncbi.nlm.nih.gov/pubmed/30316793
http://doi.org/10.1208/s12249-011-9719-6
http://doi.org/10.3109/10837450.2014.926921
http://doi.org/10.1208/s12249-019-1420-1
http://doi.org/10.1016/j.xphs.2016.01.015
http://doi.org/10.1016/S0928-0987(01)00095-1
http://doi.org/10.1016/j.carbpol.2020.116556
http://doi.org/10.22159/ijap.2018v10i1.23208
http://doi.org/10.3390/pharmaceutics13091409
http://doi.org/10.1016/j.jpba.2015.05.019
http://doi.org/10.1208/s12249-018-1196-8
http://doi.org/10.1021/ci9704468
http://doi.org/10.1016/j.ijpharm.2012.05.072
http://doi.org/10.1016/j.ejpb.2009.08.002
http://doi.org/10.1016/j.ijpharm.2013.02.040
http://doi.org/10.3109/03639040903117348
http://doi.org/10.1023/B:PHAM.0000016235.32639.23
http://doi.org/10.3109/10837450.2012.680594
http://doi.org/10.1016/j.ijpharm.2020.119099
http://doi.org/10.3390/foods11030376

Pharmaceutics 2022, 14, 1787 17 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Casiraghi, A.; Musazzi, U.M.; Centin, G.; Franze, S.; Minghetti, P. Topical Administration of Cannabidiol: Influence of Vehicle-
Related Aspects on Skin Permeation Process. Pharmaceuticals 2020, 13, 337. [CrossRef]

Ng, S.-F; Rouse, ].J.; Sanderson, ED.; Meidan, V.; Eccleston, G.M. Validation of a Static Franz Diffusion Cell System for In Vitro
Permeation Studies. AAPS PharmSciTech 2010, 11, 1432-1441. [CrossRef]

Adibkia, K.; Shokri, J.; Barzegar-Jalali, M.; Solduzian, M.; Javadzadeh, Y. Effect of Solvent Type on Retardation Properties of
Diltiazem HCI1 Form Liquisolid Tablets. Colloids Surf. B Biointerfaces 2014, 113, 10-14. [CrossRef]

Fahmy, R.; Kassem, M. Enhancement of Famotidine Dissolution Rate through Liquisolid Tablets Formulation: In Vitro and in
Vivo Evaluation. Eur. |. Pharm. Biopharm. 2008, 69, 993-1003. [CrossRef]

Van Speybroeck, M.; Williams, H.D.; Nguyen, T.-H.; Anby, M.U.; Porter, C.J.H.; Augustijns, P. Incomplete Desorption of Liquid
Excipients Reduces the In Vitro and In Vivo Performance of Self-Emulsifying Drug Delivery Systems Solidified by Adsorption
onto an Inorganic Mesoporous Carrier. Mol. Pharm. 2012, 9, 2750-2760. [CrossRef]

Williams, H.D.; Speybroeck, M.V.; Augustijns, P.; Porter, C.J.H. Lipid-Based Formulations Solidified Via Adsorption onto the
Mesoporous Carrier Neusilin® US2: Effect of Drug Type and Formulation Composition on In Vitro Pharmaceutical Performance.
J. Pharm. Sci. 2014, 103, 1734-1746. [CrossRef] [PubMed]

Diaz-Del Consuelo, I.; Jacques, Y.; Pizzolato, G.-P.; Guy, R.H.; Falson, F. Comparison of the Lipid Composition of Porcine Buccal
and Esophageal Permeability Barriers. Arch. Oral Biol. 2005, 50, 981-987. [CrossRef] [PubMed]

Diaz del Consuelo, I.; Pizzolato, G.-P; Falson, E; Guy, R.H.; Jacques, Y. Evaluation of Pig Esophageal Mucosa as a Permeability
Barrier Model for Buccal Tissue. |. Pharm. Sci. 2005, 94, 2777-2788. [CrossRef] [PubMed]

Caon, T.; Sim&es, C.M.O. Effect of Freezing and Type of Mucosa on Ex Vivo Drug Permeability Parameters. AAPS PharmSciTech
2011, 12, 587-592. [CrossRef]

de Aradjo, ].5.M.; Volpato, M.C.; Muniz, B.V.; Xavier, G.G.A.; Martinelli, C.C.M.; Lopez, R.EV.; Groppo, F.C.; Franz-Montan, M.
Resistivity Technique for the Evaluation of the Integrity of Buccal and Esophageal Epithelium Mucosa for In Vitro Permeation
Studies: Swine Buccal and Esophageal Mucosa Barrier Models. Pharmaceutics 2021, 13, 643. [CrossRef]

Squier, C.A.; Kremer, M.]. Biology of Oral Mucosa and Esophagus. . Natl. Cancer Inst. Monogr. 2001, 2001, 7-15. [CrossRef]
Majid, H.; Bartel, A.; Burckhardt, B.B. Predictivity of Standardized and Controlled Permeation Studies: Ex Vivo—In Vitro—In
Vivo Correlation for Sublingual Absorption of Propranolol. Eur. J. Pharm. Biopharm. 2021, 169, 12-19. [CrossRef]

Padula, C.; Pescina, S.; Nicoli, S.; Santi, P. New Insights on the Mechanism of Fatty Acids as Buccal Permeation Enhancers.
Pharmaceutics 2018, 10, 201. [CrossRef]

Limpongsa, E.; Soe, M.T.; Jaipakdee, N. Modification of Release and Penetration Behavior of Water-Soluble Active Ingredient
from Ball-Milled Glutinous Starch Matrix via Carboxymethylcellulose Blending. Int. ]. Biol. Macromol. 2021, 193, 2271-2280.
[CrossRef]

Sharkawy, A.; Silva, A.M.; Rodrigues, F.; Barreiro, F.; Rodrigues, A. Pickering Emulsions Stabilized with Chitosan/Collagen
Peptides Nanoparticles as Green Topical Delivery Vehicles for Cannabidiol (CBD). Colloids Surf. Physicochem. Eng. Asp. 2021, 631,
127677. [CrossRef]

Touitou, E.; Fabin, B. Altered Skin Permeation of a Highly Lipophilic Molecule: Tetrahydrocannabinol. Int. ]. Pharm. 1988, 43,
17-22. [CrossRef]

Vanti, G.; Grifoni, L.; Bergonzi, M.C.; Antiga, E.; Montefusco, F.; Caproni, M.; Bilia, A.R. Development and Optimisation of
Biopharmaceutical Properties of a New Microemulgel of Cannabidiol for Locally-Acting Dermatological Delivery. Int. |. Pharm.
2021, 607, 121036. [CrossRef]

Sattar, M.; Lane, M.E. Oral Transmucosal Delivery of Naratriptan. Int. J. Pharm. 2016, 514, 263-269. [CrossRef]

Junaid, M.S.A; Tijani, A.O.; Puri, A.; Banga, A K. In Vitro Percutaneous Absorption Studies of Cannabidiol Using Human Skin:
Exploring the Effect of Drug Concentration, Chemical Enhancers, and Essential Oils. Int. ]. Pharm. 2022, 616, 121540. [CrossRef]
Paudel, K.S.; Hammell, D.C.; Agu, R.U.; Valiveti, S.; Stinchcomb, A L. Cannabidiol Bioavailability after Nasal and Transdermal
Application: Effect of Permeation Enhancers. Drug Dev. Ind. Pharm. 2010, 36, 1088-1097. [CrossRef]

Ghafourian, T.; Nokhodchi, A.; Kaialy, W. Surfactants as Penetration Enhancers for Dermal and Transdermal Drug Delivery. In
Percutaneous Penetration Enhancers Chemical Methods in Penetration Enhancement; Dragicevic, N., Maibach, H.I., Eds.; Springer:
Berlin/Heidelberg, Germany, 2015; pp. 207-230. ISBN 978-3-662-47038-1.

Nicolazzo, ].A.; Reed, B.L.; Finnin, B.C. Buccal Penetration Enhancers—How Do They Really Work? . Control. Release 2005, 105,
1-15. [CrossRef]


http://doi.org/10.3390/ph13110337
http://doi.org/10.1208/s12249-010-9522-9
http://doi.org/10.1016/j.colsurfb.2013.08.017
http://doi.org/10.1016/j.ejpb.2008.02.017
http://doi.org/10.1021/mp300298z
http://doi.org/10.1002/jps.23970
http://www.ncbi.nlm.nih.gov/pubmed/24740767
http://doi.org/10.1016/j.archoralbio.2005.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15955526
http://doi.org/10.1002/jps.20409
http://www.ncbi.nlm.nih.gov/pubmed/16258996
http://doi.org/10.1208/s12249-011-9621-2
http://doi.org/10.3390/pharmaceutics13050643
http://doi.org/10.1093/oxfordjournals.jncimonographs.a003443
http://doi.org/10.1016/j.ejpb.2021.09.002
http://doi.org/10.3390/pharmaceutics10040201
http://doi.org/10.1016/j.ijbiomac.2021.11.059
http://doi.org/10.1016/j.colsurfa.2021.127677
http://doi.org/10.1016/0378-5173(88)90053-1
http://doi.org/10.1016/j.ijpharm.2021.121036
http://doi.org/10.1016/j.ijpharm.2016.06.039
http://doi.org/10.1016/j.ijpharm.2022.121540
http://doi.org/10.3109/03639041003657295
http://doi.org/10.1016/j.jconrel.2005.01.024

	Introduction 
	Materials and Methods 
	Materials 
	CBD Solubility 
	Liquid Load Factor (Lf) of the CBD Solutions 
	Preparation of the CBD Liquisolid Powder 
	Evaluation of the CBD Liquisolid Powder 
	Flowability 
	Compatibility, X-ray Diffraction (XRD) and Morphological Investigations 
	In Vitro Release 
	Ex Vivo Permeation and Deposition 

	HPLC Assay 
	Statistical Analysis 

	Results and Discussion 
	CBD Solubility in the Liquid Vehicles 
	Lf of the CBD Solutions 
	CBD Liquisolid System Characteristics 
	Intermolecular Interaction by FTIR 
	Solid State and Morphological Characteristics 
	In Vitro Release 
	Ex Vivo Permeation and Deposition 


	Conclusions 
	References

