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Abstract: Background: Transdermal delivery of highly lipophilic molecules is challenging due to the strong
barrier function of the skin. Vesicles with penetration enhancers are safe and efficient systems that could im-
prove the transdermal delivery of non-psychoactive cannabinoids such as cannabidiol and desoxy-cannabidiol.
In the last decades, research interest in desoxy-cannabidiol as a potent drug with anti-nociceptive properties
has risen. Still, its scarce market availability poses a limit for both research and clinical applications. There-
fore, it is necessary to improve the synthesis to produce sufficient amounts of desoxy-cannabidiol. Moreover,
also the formulation aspects for this drug are challenging and require to be addressed to meet an efficient deliv-
ery to the patients.

Objective: This work aimed to develop innovative phospholipid-based vesicles with propylene glycol (PG),
oleic acid (OA), or limonene as edge activators, for the transdermal delivery of highly lipophilic drugs such as
non-psychoactive cannabinoids. In particular, desoxy-cannabidiol was selected thanks to its anti-nociceptive
activity, and its synthesis was improved enhancing the stereoselectivity of its synthon's production.

ARTICLE HISTORY Methods: Desoxy-cannabidiol was synthesized by Lewis acid-mediated condensation of p-mentha-2,8-di-

en-1-ol and m-pentylphenol, improving the stereoselectivity of the first synthon's production. Transethosomes
containing 20-50% w/w PG, 0.4-0.8% w/w OA, or 0.1-1% w/w limonene were optimized and loaded with
cannabidiol or desoxy-cannabidiol (0.07-0.8% w/w, 0.6-7.0 mg/mL). Ex-vivo studies were performed to assess
DOI: both the skin permeation and accumulation of the cannabinoids, as well as the penetration depth of fluores-
10.2174/0113816128289593240226071813  cein-loaded systems used as models.
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Results: An enantioselective bromination was added to the pathway, thus raising the production yield of p-
mentha-2,8-dien-1-ol to 81% against 35%, and the overall yield of desoxy-cannabidiol synthesis from 12% to
48%. Optimized transethosomes containing 0.6 mg/mL cannabinoids were prepared with 1:10 PG:lipid weight
ratio, 0.54 OA:lipid molar ratio, and 0.3 limonene:lipid molar ratio, showing good nanometric size (208 + 20.8
nm - 321 + 26.3 nm) and entrapment efficiency (> 80%). Ex-vivo tests showed both improved skin permeation
rates of cannabinoids (up to 21.32 + 4.27 pg/cm’ cannabidiol), and skin penetration (depth of fluorescein up to
240 pum, with PG).

Conclusion: Desoxy-cannabidiol was successfully produced at high yields, and formulated into transetho-
somes optimized for transdermal delivery. Loaded vesicles showed improved skin penetration of desoxy-cann-
abidiol, cannabidiol and a lipophilic probe. These results suggest the potential of these carriers for the transder-
mal delivery of highly lipophilic drugs.

Keywords: Desoxy-cannabidiol, cannabidiol, skin, phospholipids, vesicles, propylene glycol, oleic acid, limonene.

1. INTRODUCTION i.e., a membrane softening agent, it was possible to produce highly
deformable and elastic vesicles such as transfersomes (single-chain
surfactants-containing liposomes) and invasomes (terpenes-contain-
ing liposomes). Both systems are typically produced by thin-film

hydration method, and their components were reported to disrupt

Deformable vesicles for enhanced skin delivery of lipophilic
drugs have been extensively studied in the last decades. Dermal ap-
plication of rigid liposomes and non-phospholipidic vesicles

caused drug accumulation in the Stratum corneum (SC), the out-
most layer of the skin [1-3]. Instead, innovative phospho-
lipid-based systems have been developed to efficient

ly deliver drugs to the dermis and the deepest skin layers [4].
By introducing an edge activator (EA) into the phospholipid layers,
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the SC tight lipid packing, thus significantly improving the penetra-
tion of lipophilic drugs across the skin [5-11]. Around the 2000s,
Touitou developed the ethosomes: soft, deformable vesicles com-
posed of phospholipids and high concentrations of short-chain alco-
hols (mainly ethanol), prepared by aqueous phase injection under
fast mixing [12]. The high alcoholic concentrations fluidize the
phospholipidic layers, leading to smaller, homogenous, and more
deformable systems than rigid liposomes obtained by the film-form-
ing method [12, 13]. By adding penetration enhancers or EAs,
transethosomes were obtained and first reported in 2012 [14]. Dif-
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ferent EAs have been investigated to improve the features of etho-
somal systems, from fatty acids to sulfoxides derivatives, leading
to enhanced skin penetration of lipophilic drugs such as voricona-
zole and 5-fluorouracil [14-16].

In this study, ethosomes were prepared with a short-chain gly-
col, such as propylene glycol (PG). At the same time, transetho-
somes were formulated with a single-chain fatty acid (oleic acid,
OA), or the terpene R-(+)-limonene. Propylene glycol (PG) is a
safe and widely used co-solvent for skin delivery which can
fluidize phosphatidylcholine (PC) layers, improving both the skin
delivery of drugs and the vesicles’ properties [13, 17-19]. OA is a
C18 cis-9 monounsaturated fatty acid and a skin penetration en-
hancer as such [20, 21], although better tolerated when incorporat-
ed in liposomes, as the dielectric effect of the non-polar lipid mem-
brane partially shields the negative charges [22-24]. OA showed a
synergic skin penetration activity when combined with phospholi-
pidic vesicles up to the critical molar ratio of 0.67 [22, 25-29]. Ter-
penes are small, lipophilic molecules that lower the transition tem-
perature of lipids and phospholipids, thus causing rearrangements
of membranes and reducing the lipids packing according to the un-
saturation degree of the hydrophobic tails, up to a 1:4 terpene:lipid
molar ratio [30-32].

Ethosomes and transethosomes proved high efficiency in the
skin delivery of highly lipophilic drugs [33, 34]. In the present
study, two lipophilic cannabinoids were formulated: cannabidiol
(CBD), the widely known phytocannabinoid with a pharmacologi-
cal activity as an anti-epileptic in severe, drug-resistant syndromes
and an anti-inflammatory agent [35-38]; and desoxy-cannabidiol
(DH-CBD). Although similar in their terpene-phenolic structure,
their aromatic cores differ in the hydroxyl group, leading to a de-
creased affinity of DH-CBD towards the cannabinoids receptors
(Fig. 1). Since this property has gained interest in the scientific
community, DH-CBD is currently under investigation as a selec-
tive agonist of inhibitory glycine receptors, which play a key role
in regulating neuromotor activity, pain sensation, muscle relaxa-
tion, and anxiety [39-43]. However, to date, DH-CBD is not easily
affordable and scarcely available. Reggio first proposed its total
synthesis as a condensation of p-mentha-2,8-dien-1-ol and m-
pentylphenol via DMF-dineopental acetal [44, 45], and limited al-
ternatives were suggested in further studies [46, 47]. Wilkinson et
al. in 2013 reported a novel approach to obtain p-mentha-2,8-di-
en-1-ol by Cope elimination from R-(+)-limonene oxide, and a fi-
nal coupling with m-pentylphenol using boron trifluoride, resulting
in a slightly higher efficiency than in the previously mentioned syn-
thetic pathways [39, 45, 48]. While improving the total synthetic
pathway, the reaction yield was still limited by the low stereoselec-
tivity in the production of the p-mentha-2,8-dien-1-ol synthon. This
study proposes a further improvement in the stereoselectivity by in-
troducing an additional step in the p-mentha-2,8-dien-1-ol synthe-
sis.

While the clinical efficacy of CBD and DH-CBD is recog-
nized, efficient delivery to the patient is often an unmet need be-
cause of high variability in the absorbed dose [49, 50]. Transder-
mal delivery of cannabinoids could allow a constant release of th-
ese drugs, with a sustained dosage over a prolonged time. Since
both cannabinoids display high lipophilicity with a calculated LogP
~6 [51], they tend to accumulate in the SC without reaching the
deeper strata and the bloodstream [21, 52]. For this reason, their
skin permeation must be enhanced by efficient skin delivery sys-
tems. To overcome these limitations, topical transdermal formula-
tions have been developed with adequate skin penetration enhance-
ment of A’-tetrahydrocannabinol and CBD [13, 35, 52-55]. To the
best of our knowledge, no transdermal systems have been devel-
oped for the delivery of DH-CBD to date. In addition, in this work
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ethosomal-like vesicles containing PG as a co-solvent were com-
pared to innovative transethosomal systems with OA or R-(+)-li-
monene and validated with ex-vivo studies and confocal micros-
copy experiments as efficient carriers for the dermal and transder-
mal delivery of highly lipophilic drugs such as DH-CBD and CBD.

OH
/\

Fig. (1). Chemical structure of cannabidiol (above) and desoxy-cann-
abidiol (below).

2. MATERIALS AND METHODS

2.1. Materials

Phospholipon 90G was obtained from Lipoid (Ludwigshafen,
Germany), Super refined” oleic acid was kindly provided by Croda
(Snaith, United Kingdom), and propylene glycol was obtained
from Fagron (Rotterdam, The Netherlands). Ethanol absolute anhy-
drous, R-(+)-limonene, fluorescein isothiocyanate (FITC), and sodi-
um phosphate dibasic dihydrate were purchased from Sigma-Al-
drich (Merck KGaA, Darmstadt, Germany). 3-Pentylphenol was
purchased from Toronto Research Chemicals (Toronto, Canada).
Cannabidiol pure crystals CBD 99one” were kindly provided by
Enecta (Amsterdam, The Netherlands). All the other chemical rea-
gents and solvents were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany), Alfa Aesar (Thermo Fisher Scientif-
ic, Kandel, Germany), or Carlo Erba (Milano, Italy). Deuterated sol-
vents for NMR (Merck KGaA, Darmstadt, Germany) had an iso-
topic purity of a minimum of 99.5%. Fresh ‘ultrapure’ water (18.2
MQ, Milli-Q grade) employed for the preparation of all formula-
tions and solutions was produced with the Millipore Milli-Q purifi-
cation system (MA). Full-thickness porcine skin was obtained by
excision of the dorsal area of male or female pig ear skin, kindly
provided by the local slaughterhouse F.lli Guerriero (Villafranca
Padovana, Italy), and stored at -20°C for up to six months.

2.2. Instruments

NMR spectra were recorded by means of a Bruker 400-AMX
spectrometer using tetramethylsilane (TMS) as the internal stan-
dard. For each sample, 5 mg were weighed and diluted up to 0.7
mL with deuterated chloroform (CDCI,) into a 5 mm NMR tube. A
90° pulse was calibrated for each sample, and standard NMR pa-
rameters were used.

Column chromatography was carried out with silica gel 60
(0.063-0.100 mm, Merck), and elution was performed using the elu-
ent described each time.

2.3. Methods

All the reactions were monitored by thin-layer chromatography
(TLC) using the eluent specified for each compound. The TLC was
also stained with a vanillin solution prepared as follows: 15 g of
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vanillin; 250 mL of 96% ethanol; 2.5 mL of concentrated sulfuric
acid.

2.3.1. Synthesis of DH-CBD (1)

2.3.1.1. Synthesis of 2-bromo-4-isopropenyl-1-methylcyclohex-
anol (3)

R-(+)-Limonene (4.1 g, 30 mmol) was dissolved in a mixture
of acetone (15.4 ml) and water (3.4 ml). The mixture was cooled
on an ice bath and N-bromosuccinimide (5.9 g, 33.0 mmol) was
added in portions over 30 minutes (TLC: CE/EtOAc, 9:1). Acetone
was then removed under reduced pressure, and the aqueous layer
was diluted with a saturated aqueous solution of NaHCO,. The solu-
tion was extracted with ethyl acetate (EtOAc) and the organic layer
was dried over anhydrous sodium sulfate (Na,SO,). The solvent
was removed under reduced pressure to yield 2-bromo-4-iso-
propenyl-1-methylcyclohexanol (9.5 g, quantitative yield). 1H-
NMR (CDCl,-d): 4.76 (d, J = 9.1), 4.20 (s, 1H), 2.48 (s br, 1H),
2.1-1.8 (m, 4H), 1.85 (s, 3H), 1.42 (s, 3H), 1.26 (d, T = 4.7, 1H).

2.3.1.2. Synthesis of (+)-limonene Oxide (4)

A solution of sodium ethoxide (NaOEt) 1M in ethanol (EtOH;
60 ml) was freshly prepared by dissolving metal sodium in previ-
ously cooled (ice bath) EtOH. Compound 3 (9.5 g, 30.0 mmol) was
dropwise added to NaOEt/EtOH solution while continuously mix-
ing. The reaction was quenched by adding a saturated aqueous solu-
tion of ammonium chloride. The solution was extracted with ethyl
acetate, the organic layer was dried over Na,SO,, and the solvent
was evaporated under reduced pressure. The product was purified
by distillation at 45°C (10” mmHg) to yield R-(+)-limonene oxide
(3.3 g, yield 73%). IH-NMR (CDCl;-d): 4.67 (d, J = 1.0, 4H), 2.98
(d, J=5.3, 1H); 2.07-1.98 (m, 4H), 1.89-1.75 (m, 4H), 1.74-1.60
(m, 2H), 1.66 (s, 3H), 1.31 (s, 3H).

2.3.1.3. Synthesis __of (1S,2S,4R)-2-(dimethylamine)-4-iso-
propenyl-1-methylciclohexanol (5)

4 (32.4 g, 213 mmol) and a 40% dimethylamine aqueous solu-
tion (22.7 ml) were mixed and refluxed for 21 hours (TLC:
CHCI,/MeOH, 9/1). The mixture was extracted with EtOAc; then
the organic phase was washed with a saturated solution of NH,Cl,
dried with anhydrous Na,SO,, and filtered. The solvent was re-
moved by rotatory evaporation. The product was purified by col-
umn chromatography (eluent: DCM/EtOAc/MeOH/NH,OH =
70:10:20:1, vanillin stain), thus obtaining (1S,2S,4R)-2-(dimethy-
lamine)-4-isopropenyl-1-methyl-cyclohexanol as a yellow viscous
liquid (34.2 g, yield 81%). 1H-NMR (CDCl;-d): 4.91 (d, J = 1.5,
1H), 4.84 (1H, s), 3.52 (s, 1H), 2.47 (dd, J = 13.0, J = 3.4, 1H),
2.35 (m, 1H), 2.24 (s, 6H), 2.05 (ddd; J = 13.5, ] =5.5,J = 2.5,
1H), 1.92 (m, 1H), 1.73 (s, 3H), 1.56-1.41 (m, 4H), 1.21 (s, 3H).

2.3.1.4. _Synthesis __of (1S,2S,4R)-2-(dimethylamine)-4-iso-
propenyl-1-methylciclohexanol-N-oxide (6)

5 (1.2 g, 6.1 mmol) was diluted with MeCN (30.5 ml) and wa-
ter (24.6 ml) and cooled on an ice bath while mixing for 10-15 min-
utes. Hydrogen peroxide (30% solution, 60.9 mmol) was added
dropwise, then the ice bath was removed, and the system was
mixed for 2 hours at RT (TLC: CHCIL,/MeOH, 75:25). The mixture
was cooled in an ice bath, and sodium sulfite (Na,SO,, 61.0 mmol)
was added. The peroxide was deemed quenched when a colorless
solution was obtained when a droplet of the reaction mixture was
mixed with a droplet of aqueous sodium iodide. The excess salt
was filtered and washed with CHCI,. The filtrate and washings
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were combined and separated; then the aqueous layer was washed
with fresh CHCI,. The organic layers were dried over Na,SO, and
the solvent was evaporated under reduced pressure to yield
(18,285,4R)-2-(dimethylamine)-4-isopropenyl-1-methylciclohex-
anol-N-oxide as an off white solid (1.3 g, quantitative yield). 1H-
NMR (CDCI3-d): 5.01 (s, 1H), 4.84 (s, IH), 3.49 (dd, T=13.4,J =
3.2, 1H), 3.23 (s, 3H), 3.14 (s, 3H), 2.57 (s, 1H), 2.54 (s, 1H), 2.09
(dq, J=-13.1,1=54,1=2.5, 1H), 1.94 (m, 1H), 1.77 (ddd, J =
-13.3 Hz, J = 13.3, ] = 5.3 Hz, 1H), 1.74 (s, 3H), 1.69 (m, 1H),
1.63-1.54 (m, 1H), 1.57 (s, 3H), 1.50 (m, 1H).

2.3.1.5. Synthesis of (1S,4R)-4-isopropenyl-1-methyl-ciclo-
hex-2-en-1-ol_(p-mentha-2,8-dien-1-ol; 7)

6 (0.5 g, 2.3 mmol) was heated in a Kugelrohr oven at 120°C
under high vacuum (10” mmHg) until complete pyrolysis of the
solid. The colorless distillate was collected with acetone and the
solvent was removed under reduced pressure p-mentha-2,8-di-
en-1-ol as a colorless resin (0.32 g, yield 90%). 1H-NMR (CDCl;-
d): 5.70 (ddd, ] =10.0,J =2.4,J=1.4, 1H), 5.65 (ddd, J =9.9,] =
2.3,1=0.8,1H),4.78 (q, J = 1.6, 1H), 4.74 (q, ] = 0.9, 1H), 2.65
(m, 1H), 1.88-1.73 (m, 2H), 1.73 (s, 3H), 1.66-1.51 (m, 3H), 1.29
(s, 3H).

2.3.1.6. Synthesis of 2-[(1R,6R)-3-methyl-6-(1-methylethenyl)-2-
cyclohexen-1-yl]-5-pentylphenol (DH-CBD; 1)

To a solution of 7 (1.5 g, 9.9 mmol) and 3-pentylphenol (1.6 g,
9.9 mmol) in dichloromethane (DCM, 100 ml) was added anhy-
drous Na,SO, (1.5 g) and the system was purged with nitrogen.
The mixture was cooled to -78°C with stirring, then fresh boron tri-
fluoride diethyl etherate (BF,-Et,0, 500 uL) was added dropwise,
and the reaction was slowly warmed to -10°C over 4 hours (TLC:
CE/EtOAc, 80:20). The reaction was quenched with anhydrous
sodium carbonate, the salts were filtered, and the filtrate was evapo-
rated by reduced pressure. The final product was purified with the
flash chromatography automated system (ISOLERA Biotage) with
automatic calculation of elution gradient starting from Rf values ob-
tained from TLC, yielding 2-[(1R,6R)-3-methyl-6-(1-
methylethenyl)-2-cyclohexen-1-yl]-5-pentyl-phenol (DH-CBD) as
a colorless oil (1.3 g, yield 43%). 1H-NMR (CDCl;-d): 6.87 (d, J =
8.1, 1H), 6.64-6.61 (m, 2H), 5.52 (s, 1H), 5.44 (s, 1H), 4.67 (t,J =
1.7, 1H), 4.56 (s, 1H), 3.40 (m, 1H), 2.51 (t,J = 7.5, 3H), 2.32 (m,
1H), 2.21 (m, 1H), 2.06 (dt, J = 17.7, J = 2.5, 1H), 1.85-1.70 (m,
2H), 1.77 (s, 3H), 1.60-1.55 (m, 2H), 1.59 (s, 3H), 1.37-1.24 (m,
4H), 0.88 (t, J = 6.8, 3H).

2.3.2. Development of Vesicular Systems with Penetration En-
hancers

The preparation of vesicles containing different concentrations
of PG, OA, or R-(+)-limonene (Limo) was performed with a sim-
ple mixing method of two separate phases [12]. Briefly, the phos-
pholipid, the penetration enhancer, and CBD or DH-CBD (0.6-7.0
mg/mL, 0.07-0.8% w/w) were dissolved in ethanol in a well-sealed
glass vessel. Then, the aqueous phase was gradually added to the
organic phase under vigorous magnetic mixing (1000 rpm). The
mixing was continued for additional five minutes, then stored at
room temperature in well-sealed glass vessels protected from light.
The samples were kept undiluted, in darkness, and at room tempera-
ture (20 + 2°C) for up to 90 days, and their physical appearance,
mean particle size and polydispersity were monitored daily to eval-
uate the shelf life.

Vesicles were prepared with 20-50% w/w EtOH [12, 13], and
2.0-5.0% w/w PC. Penetration enhancers were added at different
concentrations: PG higher or equal to the ethanolic content
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(20-50% w/w), oleic acid at 0.87 and 0.54 OA:PC molar ratios, and
0.1 to 1% w/w Limo (Table 1). The influence of a buffered medi-
um as the aqueous phase in OA-containing systems was investigat-
ed using 0.1 M phosphate buffer at a pH > 8.

Table 1. Composition of the tested formulations in terms of phos-
phatidylcholine (PC), ethanol (EtOH), and edge activator (EA) percent-
ages (% w/w).

. Aqueous
0, 0, 0,
Formulation PC (%) EtOH (%) EA (%) Phase
PG systems 2.0-5.0 20 PG, 20-50 Water
OA systems 2.0-5.0 20-50 OA, 0.4-0.8 Wate:’gr;“ffe’
Limo systems 2.0-5.0 20-40 Limo, 0.1-1.0 Water

Each preparation was characterized after dilution 1:5 v/v with
ultrapure water or 1:500 v/v with equivalent hydroalcoholic solu-
tion, in terms of pH and particle size, respectively. The pH was
measured with a Five-Easy pH-meter (Mettler Toledo, Switzer-
land), while Dynamic Light Scattering (DLS) measurements were
performed with Malvern Zetasizer NanoZS and Zetasizer Ultra
(Malvern Instruments, UK) equipped with a red laser (A = 633 nm)
at a fixed angle of 173°, and analyzed with DTS applications 8.0 or
Zetasizer ZS Xplorer 2.1.0 software. Three batches of each system
were examined by intensity in triplicate at 25°C under automatical-
ly fixed analysis conditions (duration and set position) and moni-
tored for 90 days.

All the combinations of the selected components, reported in
Table 1, were tested for the production of ethosomes or transetho-
somes. The systems were produced with identical process parame-
ters and evaluated in terms of physical appearance, particle size, po-
lydispersity index, and pH evaluation (in the case of OA systems).
Samples with average particle size around or below 300 nm at zero
time, and polydispersity index < 0.5 were considered for monitor-
ing the past 30 days. When phase separation phenomena occurred,
the samples were excluded from further observation. Optimized for-
mulations, which showed the highest stability over time, were fur-
ther characterized for their -potential, and the interaction between
CBD and the excipients was evaluated with FTIR analyses. The -
potential was evaluated on 1:40 dilutions of the formulations in
1:10 diluted PBS buffer (Malvern Zetasizer NanoZS, UK) in fold-
ed capillary cells, on three batches of each system. The infrared
spectra of the optimized formulations were obtained using the Bruk-
er Tensor 27 FT/IR spectrophotometer. FT-IR spectra, in absorp-
tion mode, were collected in a CaF, flow cell, with a light path of
56 um. A total of 128 cumulative scans were performed with a reso-
lution of 4 cm™' in the wavenumber range of 4000-900 cm .

2.3.3. Entrapment Efficiency and Release Evaluation

The entrapment efficiency of loaded formulations was evaluat-
ed with an in-house optimized dialysis method using equivalent hy-
droethanolic/glycolic solutions of cannabinoids as a reference. Con-
centrated formulations (1 mL) were loaded in BioDesignDialysis
Tubing™ (BioDesign Inc., ThermoFisher Scientific, USA, 15.5
mm wet diameter, 1.91 mL/cm volume, 14000 Da MWCO), cut in-
to 5 cm length pieces, and hydrated with ultrapure water for 12
hours. The dialysis bag was immersed in 30 mL of an equivalent
hydroethanolic (or hydro-glycolic-ethanolic) solution and left stir-
ring for 7 hours. Samples of 1 mL were taken from the media each
hour, returning an equal volume of fresh solution, and analyzed by
spectrophotometry (UV-Vis Cary” 60, Varian, The Netherlands) us-
ing an equivalent hydroethanolic (or glycolic) solution for the base-
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line correction. The quantification of the free drug concentration
was performed using a calibration curve prepared by diluting 1
mg/mL DH-CBD or CBD solutions in EtOH with equivalent hy-
droethanolic (and glycolic) mixtures, obtaining five standards
(2.0-5.0 pg/mL DH-CBD or CBD). The standards were prepared in
triplicate before each sample batch analysis, and absorbance peaks
at 206 or 202 nm were considered for the quantification of CBD
and DH-CBD, respectively. The entrapment efficiency of the vesic-
ular systems was calculated according to equation (1):

Ce

EE% = <= %100
t

‘ M

Where C, is the total drug concentration, and C, is the total free
drug concentration. C, was calculated by diluting 40 or 20 pl of the
initial formulation (according to the estimated concentration of the
cannabinoid) with an equivalent volume of absolute EtOH to dis-
rupt the vesicles, then diluted to 10 mL with a hydroethanolic solu-
tion to match the vesicles’ dispersion medium, and analyzed by
UV detection. The Cf value was set at 7 hours of diffusion.

The release profile of the loaded formulations was evaluated
on Franz diffusion cells of 0.64 cm’ diffusion area and 3.0 mL re-
ceptor chamber volume, using a 0.05 um pore size polycarbonate
(PC) membrane (Nucleopore™ Track-Etch membrane, Cytiva, US-
A), and a 30% v/v hydroethanolic in PBS pH 5.5 as a receiver
medium [56, 57]. Each formulation (300 uL) was applied on the
donor compartment and samples of 100 uL. were withdrawn at pre-
defined intervals over 6 hrs, and an equal amount of fresh receiver
solution was returned. The samples were analyzed by UV quantifi-
cation as described for the entrapment efficiency studies. An equi-
valent 0.6 mg/mL cannabinoid solution (30% hydroethanolic solu-
tion) was used as a control. Data were analyzed with DDSolver
free software [58], employing different release models. Once identi-
fied the Gompertz model as the most fitting, data were processed
accordingly.

2.3.4. Skin Permeation and Retention Evaluation

The ex-vivo skin permeation and retention of CBD and DH-
CBD from the selected formulations was tested on Franz static dif-
fusion cells (Permegear, Germany, 0.64 cm’ permeation area, 5.0
mL receptor chamber volume) using porcine ear epidermal mem-
branes prepared by heat separation [59, 60]. Briefly, full-thickness
skins were obtained from the local slaughterhouse, removed from
the bone with forceps and surgical blades, then stored at -20°C in
aluminum foils, sealed in airtight plastic bags, and used within 6
months of storage. The skin integrity up to the conservation time
was confirmed by transepidermal water loss (TEWL) measurement
with an open chamber device (VapoMeter, Delfin Technologies
LtD - Kuopio, Finland). One hour before the experiment, the skin
was thawed at room temperature, cut into ~4 cm’ squares with surg-
ical blades, wrapped in aluminum foil, and heated at 60 + 1°C in a
water bath for 60 seconds. After treatment, the live epidermis and
SC were separated from the dermis with surgical blades and for-
ceps, and mounted on the Franz cells keeping the SC on the exter-
nal side. A 30% v/v hydroethanolic solution was employed as the
receiver medium, and full contact with the membrane was carefully
assessed. The test was performed under non-occlusive conditions
at 32.0 = 1°C applying 25 pL of each formulation on the epidermal
side of the skin. Equivalent solutions of CBD and DH-CBD in 30%
EtOH, or 20% EtOH + 40% w/w PG with PG formulations, were
applied under the same conditions as controls. Receiver samples of
400 pL were collected at 3 and 6 hrs, stored at -18°C until HPLC
analysis and an equal amount of fresh solution was returned.
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At the end of the permeation experiments, the skins were
washed with 2 x 600 pl of ultrapure water, wiped, and placed in 5
mL of extraction medium (50% v/v ethanolic solution). The skin
samples were shaken for 48 hours at 500 rpm (Incubator 1000 orbi-
tal shaker, Heidolph, Germany), then mixed in Vortex (60 s) and re-
moved from the tube. The extracts were centrifuged (5000 rpm, 10
min), and the supernatants were collected and stored at -20°C until
HPLC analysis.

2.3.5. HPLC Analysis

The quantification of cannabinoids was performed by RP-
HPLC on a 1220 Infinity LC (Agilent Technologies, USA) system
equipped with DAD detector (A =210 nm) and 20 pL loop, adapt-
ing a method reported in the literature [61]. A Zorbax 300SB C18
column (4.6 x 250 mm, 100 A pore size, 5 um diam.) was used,
and the elution was performed under isocratic conditions with
MeCN and 50 mM phosphoric acid in water with an 85:15 ratio of
MeCN:H,0, and flux of 1 mL/min. In these conditions, the reten-
tion time (R,) of DH-CBD and CBD were 6.3 min and 3.8 min, re-
spectively. The concentration of both cannabinoids was calculated
from calibration curves obtained by dilution of the analyte stock so-
lution 1 mg/mL in EtOH into standard solutions in a range from
12.5 to 100 pg/mL, R* > 0.9995 (Figs. S1-S3). Fresh solutions
were prepared before each analysis. The total percentage of perme-
ated and accumulated drugs was calculated as the ratio between the
penetrated drug amount and the applied drug amount. The applied
drug amount was calculated by quantifying the cannabinoids’ con-
centrations in 25 pl of formulation, diluted 1:100 with absolute
ethanol.

2.3.6. Skin Depth Imaging by Confocal Laser Scanning Micros-
copy (CLSM)

OA, PG, and Limo-A formulations containing 0.1% w/w of flu-
orescein isothiocyanate (FITC) were prepared as described in
§2.3.2 by adding the probe in the ethanolic phase. The test was car-
ried out on Franz cells using full-thickness porcine skin and a 30%
v/v hydroethanolic solution as a receiver medium under the same
conditions described in §2.3.4, using a 0.1% w/w FITC solution in
30% w/w hydroethanolic mixture as a control. Each formulation
(25 uL) was applied on the epidermal side of the skin under non-oc-
clusive conditions for 30 minutes, then washed with 2 x 600 pL ul-
trapure water; the skins were wiped and tape-stripped ten times
with adhesive tape. The permeation area was isolated with surgical
blades and mounted between two coverslips of 24x60 mm for
CLSM examination. An untreated skin sample handled under the
same conditions served as a control to rule out the autofluorescence
of the skin tissue. Confocal microscopy images were obtained us-
ing a Zeiss LSM 800 confocal laser-scanning microscope (Jena,
Germany) equipped with a 10x objective (A, = 488 nm). Skin sam-
ples treated with FITC-loaded systems were observed with incre-
ments on the z-axis of 9.81 um, obtaining each z-stack image by
stitching 5x5 tiles, and quantifying the fluorescence intensity at
each z-level with ImageJ] 1.8.0 software, expressed in arbitrary
units.

2.3.7. Statistical Analysis

All samples were prepared in triplicate, and data are shown as
the mean of at least three independent experiments. Statistical and
bioavailability analyses were performed using two-way analysis of
variance (ANOVA) with post-hoc comparisons (Tukey) or the Stu-
dent’s t-test, where appropriate, with p < 0.05 as a level of signifi-
cance (GraphPad Prism software 10.0.2 version - GraphPad Soft-
ware, CA, USA) (Table S1).
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3. RESULTS AND DISCUSSION

3.1. Synthesis of DH-CBD

The synthetic pathway was adapted from Wilkinson et al. [48]
study by improving the formation of the limonene oxide 4 and the
subsequent synthesis of compound 5 (Figs. 2a-f).

Obtaining the correct stereochemistry for intermediate 4 was
crucial to improve the overall yield of 1. For this reason, an enan-
tioselective reaction was employed by using a procedure optimized
by Hauenstein ef al. [62]. Indeed, bromination of 2 with N-bromo-
succinimide in aqueous medium at low temperature led to 3. In this
way, a 100% trans-bromohydrin was obtained with a very high
yield [62]. The epoxide 4 was then obtained by treating 3 with the
strong base NaOEt.

In this reaction, the alkoxide ion bound to the bromine-linked
carbon, causing the leaving of bromine and the subsequent epoxida-
tion.

The addition of another step in the synthetic pathway dramati-
cally improved the reaction yield as compared to the original
method (i.e., the direct oxidation with m-chloroperbenzoic acid of
2 to 4), which led to a 1:1 mixture of cis- and trans-limonene
epoxide enantiomers (Figs. 3A, B).

Compound 4 was purified by distillation at 40-60°C and then
treated with aqueous dimethylamine under reflux conditions, thus
obtaining 5. In the Wilkinson-Price-Kassiou method, the separation
of the cis-5 and frans-6 enantiomers by chromatography was diffi-
cult to accomplish due to the very similar retention factors of the
two compounds. Our improved pathway raised the yield by 5 to
81% against the 35% obtained with the previous method.

After oxidizing 5 with hydrogen peroxide to 6 with a quantita-
tive yield, compound 7 was obtained via Cope elimination in the
Kugelrohr oven, with a yield over 90%. Although the addition of
one extra step, the overall yield of 7 with our strategy was im-
proved from 12% to 48%.

Compound 1 was then obtained by condensation of 7 and 3-
pentylphenol with the Lewis acid boron trifluoride. This Friedel-
Crafts condensation had to be performed at a very low temperature
(-78°C) and a maximum catalyst concentration of 0.5%. These pa-
rameters were essential to slow down the reaction kinetics and the
high reactivity of BF,. Thus, the formation of cyclic byproducts
and polymerization phenomena were avoided.

3.2. Characterization of Deformable Vesicles and Stability

The influence of each component in the particle size, pH, and
entrapment efficiency, at different drug concentrations, was evaluat-
ed to assess the best conditions for an efficient encapsulation and
transdermal delivery of lipophilic drugs. Optimized vesicles were
composed as reported in Table 2 and employed for the ex-vivo
studies.

3.2.1. Effect on the Particle Size

Vesicular systems prepared with different penetration en-
hancers were optimized to increase the stability over time and the
dermal penetration of the cannabinoids. The influence of each com-
ponent on the preparation features and stability over time was as-
sessed. In most cases, the preparations showed a characteristic
semitransparent appearance, although Limo-containing vesicles re-
sulted in highly opaque dispersions.
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Fig. (2). Improved synthetic pathway of desoxy-CBD. Reagents and conditions: a) NBS, H,O, acetone, 0°C, 30 min, quantitative; b) NaOEt,
0°C, distill., 73%; ¢) DMA 40%, refl., 21 h, yield 81%; d) H,0,, CH,CN, H,0, RT, 2 h, quantitative; e) 107 mmHg, 120°C, quantitative; f)
m-pentylphenol, BF;-Et,0, CH,Cl,, -78°C, 4h, 26%.

o
mCPBA NaOH
+
CHCI3 -10°C, 30 min ;
rt,1h A
2 cis (50%)  trans (50%)
B) Br
OH " EtoNa 1M
_—
HZO Acetone 1:5 ; +4°C, 30 min H
+4°C, 30 min A X
2 3 trans (~100%)

Fig. (3). Schematic representation of R-(+)-limonene oxidation by m-chloroperbenzoic acid (mCPBA) (A) and oxidation by introduction of a
further step of bromination to the 1-2 unsaturation (B). While the oxidation in A) gives an equal mixture of cis- and trans-diastereomers of
R-(+)-limonene epoxide, the introduction of an extra step in B) selectively induces the formation of the trans-bromohydrin. This step is fol-
lowed by quantitative oxidation to trans-(+)-limonene epoxide with sodium ethoxide (NaOEt).

Table 2. Optimized formulations with different percentages (%w/w) of phosphatidylcholine (PC), ethanol (EtOH), propylene glycol (PG), limonene
(Limo) and 0.6 mg/mL of cannabinoid.

Formulation PC (%) EtOH (%) EA (%) Aqueous Phase Drug
PG-1 4.0 20 PG, 40 Water DH-CBD
PG-2 4.0 20 PG, 40 Water CBD
OA-1 4.0 30 OA, 0.8* 0.1 M ph. buffer DH-CBD
OA-2 4.0 30 OA, 0.8%* 0.1 ph. buffer CBD

Limo-1 4.0 25 Limo, 0.25 Water CBD
Limo-2 5.0 20 Limo, 0.25 Water CBD

Note: * = OA: PC molar ratio 0.54.
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Vesicles containing 3.0 to 5.0% w/w PC showed good physical
properties with 30-50% PG, showing superior stability when a 1:10
PC:PG weight ratio was maintained (e.g., 3% PC - 30% PG; 4%
PC - 40% PG). In most cases, good nanometric size (90.0-140.0
nm range) and low polydispersion (PDI = 0.3) were achieved. By
keeping a fixed percentage of PC (4% w/w), it was observed that
an increase in PG concentration led to a general decrease in parti-
cle size, as described in the literature [12]. Low PC concentrations
(2.0%) could tolerate lower concentrations of PG without showing
phase separation (20-30% PG), but the stability over time of these
vesicular systems was reduced. Particle size and PDI values were
optimally maintained over three months when higher concentra-
tions of PC were used (4-5%). However, an increase in PC concen-
tration caused an increase in the mean particle size. A good balance
between particle size and stability over time was achieved with 4%
PC and 40% PG systems. A general reduction in the particle size of
the vesicles was detected when PG was used as a fluidizing agent,
as previously described by several studies [63-65].

OA-containing vesicles showed good nanometric size and poly-
dispersity when 0.54 OA:PC molar ratio was maintained, together
with an ethanolic concentration of 30% w/w and a buffered aque-
ous phase. It is worth noting that the most stable preparations were
composed of an OA:PC ratio below the critical ratio of 0.67 report-
ed in the literature for oleic acid in PC bilayers [22]. All the formu-
lations with 2-4% w/w PC showed an overall good PDI (0.548 +
0.160 < PDI < 0.254 £ 0.195), although lower lipidic amounts led
to higher polydispersity over time. Different amounts of ethanol or
higher PC:OA ratios led to phase separation phenomena or polydis-
perse systems with instability over time. The formulation with the
most desirable features was prepared by using a 0.1 M phosphate
buffer (pH = 8), showing a mean particle size of 234.1 + 22.46 nm
and PDI of 0.303 = 0.084, which was maintained over three
months (232.0 £ 67.33 nm and PDI 0.434 + 0.041).

The addition of limonene to the vesicles caused a modification
in the systems' appearances from semitransparent to white, fluid dis-
persions. Vesicles formulated with 0.25% Limo and 4% PC
showed overall good stability over at least a week, and the particle
size values were maintained in the nanometric size (between 223.7
+ 25.82 and 391.1 £+ 28.64 nm). An increase of 10% in ethanolic
concentration led to a substantial decrease in the size of almost 200
nm but induced significant instability over one month. However,
the instability was mitigated by lowering the PC concentrations.
Multiple populations were observed when both high EtOH (= 30%)
and Limo concentrations were employed, in accordance with the
observations of increased size at higher Limo concentrations [9]. In-
creased mean particle size and precipitation phenomena were ob-
served with 0.5% Limo; 0.25% w/w, together with 4% PC, and
25% EtOH, ensured the highest stability. These results were in
agreement with the literature, where the maximum effect of li-
monene as a ‘molecular glue’ on a phospholipidic bilayer was re-
ported at a 1:4 terpene:lipid molar ratio [30]. In fact, the most sta-
ble formulations were prepared with a 0.29 (Limo-1) or 0.36 (Li-
mo-2) terpene:lipid molar ratio.

3.2.2. Effect on the pH of the Formulation

The pH values of the formulations were assessed, as well.
While PG- or Limo-containing vesicles showed more acidic values
(around 4.7-4.8 and 6.6-6.8, respectively), OA-containing systems
resulted in neutral to slightly basic formulations. This phenomenon
could be explained by the apparent pK, (pK,,,) value of fatty acids
in an apolar environment. It is well established that vesicular sys-
tems composed of PC can include up to 60 mol% of long-chain fat-
ty acids [24, 66], and while the pK, value of long-chain fatty acids
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is known to be 4.8 [67, 68], the ionization degree and pH of the fat-
ty acid solutions can affect the apparent value. In equilibrium titra-
tion experiments, oleic acid showed an apparent pK, value of
8.0-8.5, probably due to the formation of a high negative charge
density on the surface of lamellar structures and a lowering of the
local dielectric constant, thus elevating the pK, ,,, causing the for-
mation of bilayers and vesicular systems [24]. Similarly, fatty acids
incorporated into PC membranes have elevated pK,,, values,
around 7.2-7.5, due to the dielectric effect of the non-polar lipid
membrane environment [22, 24]. As the hydrophobicity of the envi-
ronment can highly influence the pK,,,, of OA, a change in the pH
of the developed formulations was expected to occur. The pheno-
menon of a pH shifting from slightly basic to slightly acidic in for-
mulations with different OA:PC ratios seemed correlated to the to-
tal concentration of OA in the preparations, leading to lower pH at
the highest concentration of the fatty acid. Moreover, introducing
the drug into the systems likely induced a further increase in the
pH values. The presence of a highly hydrophobic drug may have
caused an increase in OA pK,  value. Therefore, the pH value of
the preparation resulted in 7.70-7.80, instead of a maximum of 7.5.
OA-1 and OA-2 pH values were 7.7 to 7.9, respectively, and were
maintained over the entire time of observation.

Both loaded formulations with DH-CBD (OA-1) and CBD
(OA-2) showed minor fluctuations in their pH value. In fact, the
values obtained were both around 7.7 at zero time, decreased to 7.6
after 30 days, and remained stable for at least three months. This
value was maintained only when a buffered aqueous phase was
used, either TRIS 10 mM or phosphate buffer 0.1 M, while a pro-
gressive decrease towards more acidic values was assessed with ul-
trapure water.

3.2.3. Effect of the Drug Concentration

The drug concentration affected both vesicles size and stability
over time. Higher drug concentrations increased the mean particle
size of all the systems, and while all the systems could generally en-
capsulate drugs up to 7.0 mg/mL, shorter stability over time was ob-
served in Limo-containing systems, as phase separations occurred
within a week in formulations with > 1.2 mg/mL CBD. OA-contain-
ing vesicles were prepared efficiently with concentrations up to 7.0
mg/mL of DH-CBD, but the systems with the highest amount
showed a mean size above 800 nm, unsuitable for efficient transder-
mal delivery of drugs (Fig. 4).

PG-containing systems prepared with 4% PC and 40% w/w PG
could encapsulate concentrations up to 9 mg/mL DH-CBD, main-
taining a mean particle size between 148.2 + 41.68 nm (zero time)
and 111.9 + 35.81 nm (three months). CBD-loaded systems with
up to 9 mg/mL concentrations were tested, but extensive leakage of
the drug was recorded (described in §3.2.4).

The best conditions were then achieved by using 4% PC,
20-30% w/w EtOH, and 0.6 mg/mL drug. The vesicular systems
thus formulated showed nanometric size suitable for transdermal
delivery (between 208.2 = 20.8 and 321.0 + 26.32 nm) together
with narrow size distribution (0.184 + 0.068 < PDI < 0.387 +
0.110) Their size and PDI were maintained over three months of ob-
servation, with a slight decrease registered in OA-2 formulation, as
reported in Fig. (5).

Moreover, the optimized formulations generally showed a neu-
tral zeta potential (-10.4 £ 1.69 PG-2; -14.8 £ 1.27 Limo-1; -15.9 +
1.19 Limo-2, respectively), while OA-2 had a negative potential of
-44.9 + 4.34, most likely imparted by oleic acid [69]. FT-IR spectra
of the selected formulations were analyzed and compared to the
spectra of equivalent empty formulations, as well as to the spectra
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Fig. (4). Mean particle size and polydispersity of OA-containing systems as a function of DH-CBD. Values are expressed as mean + SD of
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Fig. (5). Mean particle size and polydispersoty of PG-, OA- or Limo-containing vesicles over a period of three months. Values are expressed
as mean + SD of three independent replicates. (4 higher resolution/colour version of this figure is available in the electronic copy of the arti-

cle).

of free DH-CBD or CBD in ethanolic solutions. However, the char-
acteristic peaks of ethanol masked most of the signals ascribable to
the cannabinoids, except for the peak at 1214 cm™ of DH-CBD and
1204 cm™ of CBD. Nonetheless, FT-IR spectra of each formulation
set were coincident, highlighting the lack of the mentioned peaks
of the cannabinoids (Fig. S4). Thus, it is plausible to assume a
drug-excipient interaction due to the mechanical encapsulation of
the cannabinoids within the transethosomes.

3.2.4. Effect on the Entrapment Efficiency

Vesicular systems with low PC and high PG amounts showed
significant drug leaking, leading to less than 50% entrapment effi-
ciency in 2% PC-containing formulations, especially in CBD-load-
ed formulations. However, the phenomenon was mitigated by us-
ing PG <40% w/w and 3-4% w/w PC. Under these conditions, the
total uptake was assessed above 70% with drug concentrations up
to 9 mg/mL, showing the best values with PG-1 and PG-2 (> 85%).
All the tested OA- or Limo-containing systems always showed ade-
quate drug retention with both drugs (> 80%).

The optimized formulations showed good entrapment efficien-
cy (Fig. 6).
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Fig. (6). Drug entrapment efficiency (EE) for each loaded formula-
tion, expressed as mean percentage + SD of three independent ex-
periments. (A4 higher resolution/colour version of this figure is avai-
lable in the electronic copy of the article).
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The values ranged from 86.0 = 3.0% to 89.9 £+ 1.5% in the case
of CBD-containing vesicles, and from 82.3 + 3.6% to 92.8 = 0.9%
with DH-CBD-containing systems. Although narrow differences
could be appreciated between samples, the general trend indicates a
slightly higher entrapment efficiency of DH-CBD than CBD.

Release studies did not allow to detect DH-CBD efficiently.
However, it was highlighted a slow, abundant diffusion of
CBD after 4 hrs (57%), which was completed within the following
hour. On the opposite, a sustained release was registered by all the
other formulations, in which cumulative percentage was included
between 8.8% (Limo-1) and 19.6% (PG-2) after 6 hours (Fig. S5).
The observed release could be ascribed to the nature of vesicular
systems as colloidal carriers, which behave as drug reservoirs, thus
acting to release the encapsulated drug in a sustained manner.

3.3. Skin Penetration Studies

3.3.1. Skin Penetration of DH-CBD and CBD

DH-CBD and CBD penetration into the stratum corneum and
lower layers of the skin is reported in Fig. (7).

All the formulations were significantly more efficient in deliv-
ering the cannabinoids across the stratum corneum (p<0.05). Con-
versely, a simple hydroethanolic solution only showed limited accu-
mulation of DH-CBD and a large depot of CBD in the stratum
corneum. A detailed description of the permeated amounts is report-
ed in Table 3. After 3 hours, DH-CBD delivered by OA-1 was be-
low the quantification limit (0.1 pg/mL) in the receptor phase,
while it was found in the receptor at 0.2 pg/mL when encapsulated
in PG-1. OA-1 and PG-1 increased the total DH-CBD permeation
after 6 hours (1.77 + 0.24 pg/em’ and 2.79 + 0.21 pg/em’, respec-
tively), with a 3.9-fold and 2.05-fold increase in the total delivered
DH-CBD amount (expressed as pg/cm’), respectively, as compared
to their controls.

Very low drug retention in the membrane was seen in PG-1
treated samples, which in turn showed increased DH-CBD permea-
bility (14.4 + 0.8%). Delivery into the receptor compartment is of-
ten considered an index of transdermal delivery, thus demonstrat-
ing the superior capability of these systems to improve the transder-
mal delivery of DH-CBD. The total delivered DH-CBD dose result-
ed in 14.4 £ 0.8% and 7.4 £ 1.5% from PG-1 and its control, and
29.2+6.2% and 7.1 = 1.7% from OA-1 and its control, respective-
ly (Fig. 7A and Table 3).

Samples treated with CBD-loaded OA and PG vesicles did not
show significant drug permeation after 3 hours of contact, but high
permeation rates were assessed after 6 hours (21.06 + 3.29 and
21.32 + 4.27 pg/em’ from PG-2 and OA-2, respectively; Table 3).
An equivalent cumulative penetration of CBD was assessed be-
tween PG-2 and its control solution. However, the control solutions
only allowed CBD accumulation on the outmost layers of the skin.
At the same time, the formulation reduced the drug skin accumula-
tion and improved the permeation after 6 hours of diffusion. Simi-
lar considerations can be made over the Limo-1 and Limo-2 formu-
lations, which significantly improved the skin permeation of CBD
after 6 hours, but not its cumulative penetration, as compared to the
control. However, OA-2 systems both improved the skin permea-
tion and accumulation of CBD, thus improving the total permeated
amount compared to the control solution (Fig. 7B, Table 3).

These results suggest the high efficacy of all the systems in de-
livering cannabinoids to deeper skin layers; PG and Limo-systems
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reduced CBD retention in the viable epidermis, while OA systems
significantly improved the total permeated CBD (p < 0.0001)
(Figs. S1-S4).
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Fig. (7). Cumulative permeated amounts of DH-CBD (A) and CBD
(B), expressed as a percentage of micrograms in each sample (col-
ored bars = formulations; black = control) as compared to the total
micrograms applied (mean + SD, n = 4). (4 higher resolution/-
colour version of this figure is available in the electronic copy of
the article).

3.3.2. Skin Depth Imaging

The main pathway for the penetration of most free drugs is be-
lieved to be the tortuous intercellular route [70-72]. The results of
penetration studies indicate that FITC delivered from OA, PG, and
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Table 3. Permeation parameters of CBD and DH-CBD after 6 hrs of diffusion from vesicular systems with propylene glycol (PG), oleic acid (OA), or
limonene (Limo), and from hydroethanolic solutions (CTRL) to epidermal porcine skin membranes ('"Epid.") (mean + SD, n = 4 replicates).

Formulation Applied (pg/cm’) Receptor (pug/cm’) Epid. (ug/cm’) Total Permeat. (ug/cm’)* Total Permeat. (%)*
PG-1 24.06 2.79+0.21 0.65+0.33 3.57+0.12 144+0.8
CTRL PG-1 23.59 <LOD 1.74 £0.35 1.74 £0.35 74£15
PG-2 26.72 10.13 +3.47 10.81 +0.42 21.06 +3.29 78.8+12.3
CTRL PG-2 26.80 <LOD 19.85+2.19 19.85+2.19 74.1£82
OA-1 23.58 1.77+£0.24 4724047 7.46 +1.31 292+6.2
CTRL OA-1 23.59 <LOD 1.91+£047 1.91£0.47 7117
OA-2 26.25 7.56+0.14 17.44 +2.45 21.32+4.27 81.2+16.3
Limo-1 26.55 7.99 +£0.31 8.28+0.19 16.26 £0.28 62.7+19
Limo-2 27.95 7.24+0.53 8.41 +£0.67 15.65+1.13 56.6+3.7
CTRL CBD 24.05 <LOD 14.45+3.32 14.45+3.32 56.3£9.2

Note: * = Sum of cannabinoids in the epidermis and the receptor, Abbreviation: LOD: limit of detection.
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Fig. (8). Skin penetration micrographs (left) of a fluorescent probe (FITC) when delivered by PG-, OA-, or Limo-containing systems. The
skin depth reached by FITC, expressed as mean fluorescence intensity (MFI), is reported on the right for each system. All the formulations al-
lowed improved skin depth or fluorescence intensity as compared to the control group. Values are reported as mean + SEM (n = 3). Scale bar
in micrographs: 200 pm. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).
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Limo systems penetrated through various pathways with a tenden-
cy to exploit peculiarly the intercellular route, although partial intra-
cellular absorption was observed. This was particularly evident
with PG-FITC formulations, while accentuated intracellular fluores-
cence was assessed with OA-FITC (Fig. 8).

FITC delivery resulted in increased penetration depth and fluo-
rescence intensity when incorporated into the vesicular systems. In
fact, the maximum fluorescence intensity (MaxFI) was reached
within 40-50 pm and then dropped rapidly when a hydroethanolic
solution of FITC was. On the other hand, the decrease in fluores-
cence intensity was more gradual from OA-FITC and Limo-FITC
formulations. MaxFI values obtained with both groups were as-
sessed around 3000 AU, while a much higher peak (~5000 AU)
was detected from samples treated with PG-FITC systems. In terms
of depth, the MaxFI using a hydroethanolic solution was reached at
29 um. Conversely, the fluorescence peak was observed at 40 um
with OA and PG systems, while Limo-FITC showed a MaxFI at 49
pm. While the control samples showed a drop in the fluorescence
intensity within 80 um of skin depth, the signal faded to 0 AU after
240 pm, 110 pm, and 130 pm when the probe was delivered by
PG, OA, and Limo systems, respectively, as reported in Fig. (8).

These results show how different penetration enhancers in etho-
somal-like systems can affect the permeation of the drug by increas-
ing the depth almost 1.5 times, as compared to the control solution.
These results were in accordance with the skin permeation experi-
ments since OA systems need more time to permeate, while PG
and Limo vesicles are more efficient within shorter times.

By integrating the fluorescence intensity obtained from the
samples, a 1.83-fold increase in the skin delivery of the probe was
observed with PG-FITC systems, while Limo and OA vesicles in-
creased 1.36 and 1.08 times the skin penetration of the probe, re-
spectively.

CONCLUSION

In this work, innovative systems based on deformable vesicles
and three different penetration enhancers - propylene glycol, oleic
acid, or limonene, to obtain transethosomes - were prepared and
characterized. Moreover, an improved synthesis of a novel synthet-
ic cannabinoid, desoxycannabidiol, was proposed. The drug was
successfully synthesized with high purity by reviewing the known
literature methods and improving the stereoselectivity in the synthe-
sis of intermediate 4. Cannabidiol and desoxycannabidiol were
loaded in the different developed formulations, leading to vesicles
with good nanometric size and stability over at least three months.
The drug amount and the penetration enhancers concentration in
the systems and the dispersion medium were found to profoundly
influence the systems' size and stability. Optimized vesicles were
formulated with 20-30% EtOH, 4% PC - 40% PG, 4% PC - 0.8%
OA, or 4-5% PC - 0.25% Limo, containing 0.6 mg/mL CBD or
DH-CBD. These formulations showed improved skin penetration
of both cannabinoids. Confocal microscopy experiments confirmed
their superior ability to deliver lipophilic drugs to the deepest lay-
ers of the skin. These results suggest the versatility and potential of
these carriers for the transdermal delivery of highly lipophilic
drugs.
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