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Abstract

This study explores the antioxidant potential and delivery performance of five structurally
distinct cannabinoids, with a particular focus on cannabinol (CBN). Comprehensive struc-
tural characterization using mass spectrometry (MS) and nuclear magnetic resonance
(NMR) revealed key molecular features relevant to antioxidant function. Among the tested
compounds, CBN exhibited the most potent and balanced radical scavenging activity
against 2,2-diphenyl-1-picrylhydrazyl (DPPH), hydroxyl, and superoxide radicals. Based
on these findings, CBN was selected for formulation into soy lecithin liposomes. The result-
ing CBN-loaded liposomes displayed favorable colloidal properties, with an average size of
approximately 122.9 & 0.4 nm. Results indicating increased membrane order upon CBN in-
corporation suggest enhanced stability of the liposomal bilayer. Antioxidant activity assays
showed that CBN-loaded liposomes retain significant radical scavenging capacity, though
with a moderate reduction compared to free CBN. EPR imaging further demonstrated
superior diffusion of liposomal CBN through a gelatin-based semi-solid model compared
to the control solution. While the current model does not replicate skin architecture, it
provides a cost-effective and reproducible platform for early-stage screening of formulation
mobility. These results position CBN-loaded liposomes as a promising candidate for dermal
antioxidant applications, combining favorable physicochemical properties with enhanced
diffusion behavior.

Keywords: cannabinol; liposomes; antioxidant activity; EPR spectroscopy; diffusion

1. Introduction

Oxidative stress is a key driver of skin aging and a major contributor to various
dermatological conditions. Triggered by ultraviolet (UV) radiation, pollutants, and chronic
inflammation, excessive production of reactive oxygen species (ROS) overwhelms the skin’s
antioxidant defenses, disrupting redox homeostasis and damaging key biomolecules such
as lipids, collagen, elastin, and DNA [1,2]. These molecular alterations compromise the
skin barrier, accelerate aging, and increase susceptibility to inflammatory and neoplastic
disorders. To mitigate oxidative damage, topical antioxidants have been widely explored in
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both dermatological and cosmetic applications. Compounds such as polyphenols, vitamins
(C and E), and terpenoids have demonstrated potential as radical scavengers [3]. However,
their clinical translation is often limited by instability, low skin permeability, or even
pro-oxidant activity under certain conditions (e.g., high concentrations or presence of
metal ions) [4,5]. These challenges have stimulated the search for novel antioxidant agents
with enhanced stability, efficacy, and skin penetration profiles [6-8]. Recent advances
in lipid—polymer hybrid systems have demonstrated enhanced delivery efficiency and
physicochemical stability for poorly soluble bioactives [9], while plant-derived antioxidants
such as hesperidin [10] and Ayurvedic extracts [11] have shown promising dermatological
and antioxidant properties, underscoring their potential in modern topical formulations.

Cannabinoids have recently gained significant attention for their multifunctional bi-
ological activities, including antioxidant, anti-inflammatory, antitumor, and antifibrotic
effects [12]. Both plant-derived (phytocannabinoids) and synthetic cannabinoids show
promise in combating oxidative stress, with several outperforming conventional antioxi-
dants in vitro and in vivo. A’-tetrahydrocannabinol (THC), for instance, has demonstrated
neuroprotective and antioxidant effects comparable to or greater than vitamin E [13,14].
Cannabidiol (CBD), a non-psychoactive cannabinoid, has been reported to be more potent
than ascorbate or a-tocopherol in ROS neutralization, an effect attributed to its two phenolic
hydroxyl groups [13,14]. Beyond CBD and THC, other cannabinoids such as cannabidiolic
acid (CBDA), cannabigerol (CBG), and cannabinol (CBN) have shown significant antioxi-
dant and anti-inflammatory properties. CBG and CBD were found to reduce ROS levels in
human dermal fibroblasts more effectively than vitamin C [15,16], while CBG also exhibited
strong anti-inflammatory activity by inhibiting cytokine release induced by UV or chemical
stimuli. CBN has been shown to modulate inflammatory responses in keratinocytes by
downregulating pro-inflammatory cytokines (e.g., IL-8, IL-12, and IL-31) and upregulating
IL-10, suggesting both direct and indirect antioxidant effects [17]. Despite their promising
bioactivity, the topical application of cannabinoids faces several formulation challenges.
These include poor aqueous solubility, high lipophilicity (e.g., CBD has a log P ~ 5-7), low
skin permeability due to the stratum corneum barrier, and chemical instability (e.g., ox-
idation of CBD under light and heat) [13,18-20]. These factors hinder consistent dermal
absorption and therapeutic dosing, which is further complicated by interindividual vari-
ations in skin properties and microbiome, as well as regulatory constraints surrounding
cannabinoid-based formulations [21].

To overcome these obstacles, advanced strategies have been developed, including pro-
drug derivatization and nanocarrier-based delivery systems. Acetylated CBD derivatives,
such as CBD diacetate, improve lipophilicity and stability while retaining biological activ-
ity after enzymatic conversion in vivo [18]. Nanocarriers like liposomes, nanoemulsions,
ethosomes, and solid lipid nanoparticles enhance cannabinoid solubility, protect labile
compounds from degradation, and facilitate deeper skin penetration [19,22-24]. Liposomes
are particularly attractive due to their ability to encapsulate both hydrophilic and lipophilic
molecules, high biocompatibility, and compatibility with skin lipids. Flexible liposomes
(e.g., ethosomes) further improve transdermal delivery via enhanced vesicle deformability
and lipid fluidization of the stratum corneum [24]. Continued investigation into new deliv-
ery strategies and therapeutic profiles is essential to fully harness the use of cannabinoids
in skin care and treatment. In this study, we compared the antioxidant potential of five
structurally distinct cannabinoids—CBN, CBD-DOAc, CBDA, CBG, and CBD (Figure 1)—to
identify the compound with the most potent and well-balanced radical scavenging activity.
The cannabinoid showing the highest antioxidant potential was then encapsulated into soy
lecithin liposomes. The resulting formulation underwent physicochemical characteriza-
tion, antioxidant activity evaluation, and diffusion testing in a gelatin-based semi-solid
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model, selected as a rapid and cost-effective tool for early-stage comparative assessment of
formulation mobility.
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Figure 1. Chemical structures of the cannabinoids analyzed in this study: cannabinol (CBN)
(6,6,9-Trimethyl-3-pentyl-benzo[c]chromen-1-o0l); cannabidiol diacetate (CBD-DOAC) ([3-acetyloxy-2-
[(IR,6R)-3-methyl-6-prop-1-en-2-ylcyclohex-2-en-1-yl]-5-pentylphenyl] acetate); cannabidiolic acid
(CBDA) (24-dihydroxy-3-[(1R,6R)-3-methyl-6-prop-1-en-2-ylcyclohex-2-en-1-yl]-6-pentylbenzoic
acid); cannabigerol (CBG) (2-[(2E)-3,7-Dimethylocta-2,6-dienyl]-5-pentylbenzene-1,3-diol); and
cannabidiol (CBD) (2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol).

2. Results and Discussion
2.1. GC-MS Purity and Thermal Behavior of Cannabinoid Standards

Each cannabinoid reference material (CBN, CBD-DOAc¢, CBDA, CBG, CBD) was
analyzed in an individual GC-MS run under identical conditions. In all cases, the total-ion
chromatogram (TIC) showed a single analyte peak integrating to 100% of the TIC area
within the reporting window, with no detectable impurities above the 0.5% TIC threshold.
To accommodate minor integration uncertainty, we conservatively report each material
as >99% pure by GC-MS. Similar GC-based purity assessments and the impact of injector
temperature on cannabinoid stability have been discussed previously [25-27].

When injected alone, the CBDA standard yielded a single peak at a retention time (RT)
of approximately 15.46 min, which was numerically identical to the RT observed for the
CBD standard. The accompanying mass spectrum matched that of CBD rather than CBDA,
confirming in-inlet decarboxylation of CBDA — CBD under the applied GC conditions.
Thermal degradation of cannabinoid acids in GC injection ports is well documented [27-29]
and may lead to erroneous identification unless derivatization or alternative methods are
employed [26,28,29].

Because GC-MS detects only the decarboxylated product, CBDA identity was con-
firmed independently by NMR. Diagnostic features included the carboxylic carbon at 6C
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175.2 ppm and downfield phenolic signals not present in CBD. This underscores the analyt-
ical importance of recognizing temperature-driven cannabinoid transformations during
GC analysis.

A summary of retention times and GC-MS purity results is provided in Table 1.

Table 1. GC-MS retention times and TIC purity of cannabinoid standards.

Compound RT (min) Area % TIC Og‘;;f:;; (l:(,f > Rf;(r)lrtt); d
CBN 16.364 100 No >99%
CBD-DOAc 15.832 100 No >99%
CBDA'! 15.458 100 No >99%
CBG 16.236 100 No >99%
CBD 15.458 100 No >99%

! Each standard was analyzed individually. The CBDA sample showed a mass spectrum identical to CBD,
consistent with thermal decarboxylation. The identity of CBDA was proven by NMR (see Section 2.2).

Specifically, the molecular ion peak (M*) at m/z 314 and the characteristic base peak
at m/z 231, and fragment ions at m/z 299, 246, 193, and 174 matched those of neutral CBD
in both samples (CBD and CBDA), as previously reported in cannabinoid MS libraries. No
unique acid-derived fragments (e.g., m/z 358 for undegraded CBDA) were observed in the
CBDA sample.

2.2. NMR Data

Samples identified as single components (>99% TIC area; Section 2.1) were subse-
quently analyzed by NMR spectroscopy to confirm their identity and purity. The recorded
spectra matched previously reported literature data for all tested compounds. In the case
of CBDA, the presence of a carboxyl group was confirmed by the signal of the carboxyl
carbon at 5C 175.2 ppm.

Cannabinol (CBN)

1H NMR (400 MHz, CDCl;, 298 K) & 8.17 (s, 1H, Ar-H), 7.15-7.05 (m, 2H, Ar-H), 6.44
(s, 1H), 6.26 (s, 1H), 5.25 (br s, 1H, phenolic OH), 2.50-2.38 (m, 5H), 1.60-1.57 (m, 8H,
overlapping 2 x Me + CHj), 1.34-1.30 (m, 4H), 0.90 (t, ] = 7.3 Hz, 3H). Data consistent with
lit. [30-32].

13C NMR (100 MHz, CDCl3, 298 K) & 154.8, 153.2, 144.8, 137.1 (2C), 127.8, 127.7, 126.6,
122.8,111.0, 110.1, 108.9, 77.6 (C-7, overlaps CDCl3), 35.8, 31.7, 30.7, 27.3 (2C), 22.7, 21.7,
14.2. Data consistent with lit. [30-32].

Cannabidiol diacetate (CBD-DOAC)

'H NMR (399.74 MHz, CDCl3, 298 K) & 6.69 (s, 2H, Ar-H), 5.18 (br s, 1H, olefinic H-2),
4.54-4.43 (m, 2H, =CH, H-9a/H-9b), 3.51-3.47 (m, 1H, CH-0), 2.66-2.51 (m, 3H), 2.18-2.10
(m, 4H), 2.04-1.98 (s, 6H, 2 x OAc CHj3), 1.80-1.71 (m, 2H), 1.69-1.65 (s, 3H, isoprenyl
Me), 1.61-1.53 (m, 3H), 1.33-1.24 (m, 4H), 0.88-0.84 (t, ] = 7 Hz, 3H). Data consistent with
lit. [25,26,33].

13C NMR (100.52 MHz, CDCl3, 298 K) § 169.2 (2C, 2 x OAc C=0), 149.8 (2C), 148.0,
142.2,133.1,126.1, 124.7, 121.2 (2C), 111.2, 45.8, 38.6, 35.4, 31.7, 30.6, 30.5, 28.9, 23.6, 22.7,
21.1 (2C), 19.8, 14.2. Data consistent with lit. [25,26,33].

Cannabidiolic acid (CBDA)

1'H NMR (399.74 MHz, CDCl3, 298 K) 6 8.39 (br s, exch., ~1H, CO,H/phenolic; variably
observed), 6.26 (s, 1H, Ar-H), 5.23 (s, 1H, olefinic H-2), 4.50-4.43 (m, 2H, =CH, H-9a/H-9b),
4.07-4.04 (m, 1H, CH-1), 3.04 (m, 1H), 2.90-2.86 (m, 2H, benzylic), 2.23-1.96 (m, aliphatic
CH,/CH near ring), 1.77-1.71 (m, 2H), 1.68-1.55 (ovrlp m, 2 x Me + adjacent CH; ~6H
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total by integration), 1.34-1.31 (m, 4H, pentyl CH;), 0.89-0.86 (t, | =~ 7 Hz, 3H, pentyl CHj3).
Data consistent with lit. [30,31,34].

13C NMR (100.52 MHz, CDCl3, 298 K) § 175.2 (C=0, CO,H), 165.5, 161.3, 150.0, 146.8,
133.2,126.9,126.5,116.2,111.4,110.7 (2C), 104.5, 45.4, 37.3, 36.9, 32.9, 32.5, 31.4, 30.5, 23.8,
23.3,19.5, 14.5 (2C). Minor closely spaced resonances likely reflect conformers/rotamers
in solution; assignments in agreement with published CBDA data. Data consistent with
lit. [30,31,34].

Cannabigerol (CBG)

IH NMR (400 MHz, CDCls, 298 K) 6 6.23 (s, 2H, Ar-H-3/5), 5.28-5.24 (m, 1H, olefinic),
5.09-5.03 (m, 3H, =CH/=CHj region), 3.39-3.37 (m, 2H, benzylic CHj), 2.45-2.42 (m, 2H),
2.11-2.02 (m, 4H), 1.80 (s, 3H, vinylic Me), 1.67-1.66 (s, 3H, vinylic Me), 1.58-1.51 (m,
overlap, allylic/side-chain CHj), 1.35-1.25 (m, 4H, pentyl CHy), 0.89-0.86 (t, | =7 Hz, 3H,
pentyl CHj3). Phenolic OH signals weak/variable in CDCl3; not reliably observed. Data
consistent with lit. [30,31].

13C NMR (100 MHz, CDCl3, 298 K) 6 155.0 (2C, Ar-C-O C-2/C-6), 143.0, 139.2, 132.3,
124.0, 121.9, 110.8, 108.6 (2C, Ar-CH C-3/C-5), 39.9, 35.7, 31.7, 31.0, 26.6, 25.9, 22.8, 22.5,
17.9,16.4, 14.2. Data consistent with lit. [30,31].

Cannabidiol (CBD)

'H NMR (399.74 MHz, CDCl3, 298 K) & 6.25 (s, 1H, Ar-H), 6.16 (s, 1H, Ar-H), 5.97 (br s,
exch., 1H, phenolic OH), 5.56-5.55 (br s, exch., 1H, phenolic OH), 4.73 (br s, 1H, olefinic
H-2), 4.65-4.54 (m, 2H, =CH; H-9a/H-9b), 3.86-3.82 (m, 1H, CH-O), 2.44-2.05 (m, aliphatic
CH/CH; adjacent to ring), 1.84-1.74 (m, 2H), 1.64 (s, 3H, vinylic Me), 1.58-1.50 (m, 3H,
allylic/side-chain overlap), 1.33-1.23 (m, 4H, pentyl CH;), 0.88-0.84 (t, ] ~ 7 Hz, 3H, pentyl
CH3). Data consistent with lit. [30,31,35,36].

13C NMR (100.52 MHz, CDCl3, 298 K) § 156.2, 154.1, 149.5, 143.2, 140.3, 124.4, 114.0,
110.0 (2C), 108.2, 46.4, 37.4, 35.7, 31.7, 30.8, 30.6, 28.6, 23.9, 22.7, 20.7, 14.2. Data consistent
with lit. [30,31,35,36].

2.3. Antiradical Activity of Free Cannabinoid Compounds

Representative EPR spectra of the measured radical species—DPPH, spin-adduct
DEPMPO/OH, and spin-adduct DEPMPO/OOH—recorded under control conditions
(without cannabinoids) are shown in Figure 2, providing a reference for their characteristic
signal profiles used in quantification. The comparative results, summarized in Figure 3,
clearly demonstrate differences in radical scavenging efficiency among the five tested
cannabinoids—CBN, CBD-DOAc, CBDA, CBG, and CBD—against DPPH, hydroxyl (e¢OH),
and superoxide anion (O,e ) radicals.

r
3460

T
3480

T
3500

T
3520

T T T T T T T T T T T T T T T T T T
3540 3560 3440 3460 3480 3500 3520 3540 3560 3580 3440 3460 3480 3500 3520 3540 3560 3580

Magnetic field (G) Magnetic field (G) Magnetic field (G)

Figure 2. Representative EPR spectra of selected radical species or their spin-adducts: DPPH (A),
DEPMPO/OH (B), and DEPMPO,/OOH (C).
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Figure 3. Antiradical activity (in %) of cannabinoid compounds towards selected radical species.
Data are presented as mean + SD (1 = 3 independent experiments).

Among the tested compounds, CBN displayed the highest scavenging activity to-
ward DPPH radicals (90.5%), followed by CBG (84.5%). This indicates strong electron or
hydrogen-donating capabilities, which are important mechanisms for neutralizing DPPH,
a stable nitrogen-centered radical. In contrast, CBD-DOAc demonstrated significantly
weaker DPPH scavenging (35.1%), likely due to oxidative modifications that impair its
ability to participate in redox reactions.

In the hydroxyl radical assay, CBN (82.0%) and CBDA (80.9%) exhibited the strongest
scavenging activity, underscoring their potential in mitigating damage from highly reactive
oxygen species. Interestingly, despite its good DPPH activity, CBG showed only moderate
hydroxyl radical scavenging (66.9%), pointing to possible structural selectivity. CBD-DOAc
once again had the weakest effect (66.8%).

Scavenging of superoxide anion radicals was more uniformly effective across all
cannabinoids, with CBN achieving the highest activity (86.8%), followed by CBD-DOALC,
CBG, and CBDA, all above 82%. These values suggest that most of the tested compounds
interact favorably with this biologically relevant oxygen species.

Taken together, CBN consistently demonstrated strong and balanced radical scaveng-
ing across all tested radical species, making it the most promising candidate for further
formulation. Accordingly, its encapsulation into liposomes was pursued to investigate
whether its antioxidant activity can be maintained or enhanced in vesicle-bound form.

2.4. Physicochemical Characterization of Liposomes by DLS

Dynamic light scattering (DLS) was employed to evaluate the size distribution
(Figure 4) and surface charge (zeta potential) of the liposomal formulations. The aver-
age hydrodynamic diameter of CBN-loaded soy lecithin liposomes was measured to be
122.9 £ 0.4 nm, indicating the formation of nanosized, likely unilamellar vesicles suitable
for potential biological applications. In comparison, control liposomes prepared without
CBN exhibited a slightly smaller average size of 119.7 & 0.7 nm. The polydispersity index
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(PDI) of the CBN-loaded liposomes was 0.238 £ 0.003, while that of the control liposomes
was 0.217 + 0.004, indicating moderately narrow size distributions in both cases. These
PDI values fall within the range (<0.3) typically considered acceptable for reproducible
nanoparticle formulations, suggesting that the incorporation of CBN did not lead to notable
aggregation or heterogeneity. Notably, the size distribution of the CBN-loaded liposomes
was only marginally broader than that of the control formulation, suggesting that the
incorporation of CBN does not significantly compromise the uniformity or stability of the
vesicle population. This slight increase in size range may reflect minor variations in bilayer
packing or encapsulation efficiency but remains within a range compatible with consistent
nanoparticle behavior.

25 - .
Control liposomes
1 — CBN liposomes
20
X 15-
P
= |
C
2
c 10 1
54
0 y T : T y T y T u T T 1
0 50 100 150 200 250 300
Size (nm)

Figure 4. A DLS profile of CBN-containing and control liposomes.

Zeta potential measurements revealed that both formulations carried a surface charge
of approximately —36 mV, reflecting good colloidal stability due to electrostatic repulsion
between vesicles. The similarity in surface charge suggests that incorporation of CBN at 5%
(w/w) does not significantly alter the overall charge distribution of the liposomal membrane.

These results confirm the successful formation of stable, uniformly sized liposomes
with and without active compound, providing a suitable carrier system for further antioxi-
dant testing and potential in vivo applications.

2.5. Spin Labeling EPR Analysis of Liposome Membrane Fluidity

To assess the effect of CBN incorporation on membrane dynamics, electron paramag-
netic resonance (EPR) spectroscopy was performed using 5-doxyl stearic acid (5-DS) as a
spin label. This nitroxide-labeled fatty acid integrates near the surface of the lipid bilayer
and is sensitive to changes in membrane fluidity [37]. The EPR spectral line shape (Figure 5)
reflects the motion of the probe and allows quantification of the membrane order parameter
(S), which ranges from 0 (completely disordered, isotropic motion) to 1 (perfectly ordered,
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rigid membrane). The values of S were obtained by calculating the ratio corresponding to
hyperfine anisotropy, in accordance with the method outlined by [38].

i€

4+
2A,

Figure 5. EPR spectrum of spin-label 5-DS integrated into CBN-containing liposomes. A || and A |
represent outer and inner hyperfine splitting constants, respectively.

The control soy lecithin liposomes exhibited an S value of 0.82 & 0.02 (mean + SD,
n = 3), indicative of a moderately ordered lipid environment. In contrast, CBN-loaded lipo-
somes showed a higher order parameter of 0.88 £ 0.01 (mean =+ SD, n = 3; p < 0.05, t-test),
suggesting increased rigidity of the bilayer. This increase in membrane order upon CBN in-
corporation may be attributed to interactions between CBN molecules and the phospholipid
acyl chains, potentially leading to tighter packing or reduced lateral mobility within the
bilayer. Such ordering effects are commonly observed with hydrophobic or amphipathic
bioactive molecules that intercalate into lipid membranes and influence their physical
state [37,38]. Compared to highly rigid liposomes, such as those where S approaches 1, our
CBN-loaded vesicles remain highly elastic, facilitating potential stratum corneum penetra-
tion. This elasticity, combined with CBN’s highly redox-active properties, may mitigate
oxidative damage to skin lipids, contributing to improved transdermal performance. Fur-
thermore, the increased bilayer order is associated with greater vesicle stability, preventing
premature drug release and improving the shelf life of liposomal formulations [39]. This
finding holds significant implications for future studies aimed at developing CBN-loaded
liposomes for transdermal drug delivery by optimizing lipid composition and including
alternative preparation methods such as extrusion. Specifically, subsequent investigations
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could leverage in silico molecular dynamics simulations—building upon the model em-
ployed in this work for liposome assembly—to correlate variations in bilayer order with
permeability outcomes.

2.6. Antiradical Activity of CBN-Loaded Liposomes

To assess whether encapsulation affects the antioxidant potential of CBN, liposomes
containing 5% CBN and 95% soy lecithin were tested under the same conditions as the free
compounds. The results (Figure 6) show that CBN-loaded liposomes retained significant
antiradical activity, although it was somewhat reduced compared to non-encapsulated CBN.
The scavenging activity of CBN liposomes toward DPPH radicals was 69.9%, indicating
that the encapsulated form still efficiently interacts with stable free radicals. Against
hydroxyl radicals, activity dropped to 49.9%, while superoxide anion scavenging was
61.9%. In all three assays, the activity of the liposomal form was lower than that of free
CBN (90.5% for DPPH, 82.0% for hydroxyl, and 86.8% for superoxide), which is expected
due to the partial barrier posed by the lipid bilayer and possible reduced mobility of CBN
molecules. Importantly, control liposomes made solely of soy lecithin showed negligible
radical scavenging across all assays in contrast to the pronounced antioxidant activity of
CBN-loaded liposomes. This confirms that the observed effects stem from encapsulated
CBN rather than the lipid matrix. While previous studies have reported concentration-
dependent radical scavenging by soy lecithin, particularly in ABTS and DPPH assays [40],
our controls exhibited minimal activity under the conditions tested. Thus, although a
synergistic role of the lipid matrix cannot be completely ruled out, the antioxidant effects
observed here are primarily attributable to CBN encapsulation.

DPPH Hydroxyl Superoxide
90.5+2.9 82.0+2.8 86.8+2.9
69.9+3.4 499+24 61.9+3.1

Figure 6. Antiradical activity (in %) of free CBN and CBN-containing liposomes towards selected
radical species. Data are presented as mean £ SD (n = 3 independent experiments).
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These findings suggest that while some loss in immediate radical-scavenging potency
may occur upon encapsulation, CBN-loaded liposomes still offer a promising strategy for
delivering antioxidant activity in a more stable or controlled-release form. Further studies
could investigate whether this formulation enhances stability, bioavailability, or prolonged
activity in biological settings.

In dermal drug research, antioxidants such as resveratrol, curcumin, and quercetin
have been extensively formulated into liposomes or related vesicular carriers to enhance
stability, cutaneous absorption, and therapeutic efficacy. Liposomal encapsulation of these
polyphenols has been shown to improve skin penetration and to exert protective effects
against oxidative stress and photoaging in both ex vivo and in vivo settings [41-45]. Our
observation that CBN retains broad radical-scavenging activity following encapsulation
is consistent with these reports and highlights its potential to join this class of dermal
antioxidants. Compared to these benchmark compounds, CBN demonstrates a particularly
balanced scavenging profile toward different radical species, which may be advantageous
for managing complex oxidative stress in skin. Importantly, liposomal and ethosomal
formulations of cannabinoids such as cannabidiol have already demonstrated improved
dermal deposition, controlled release, and anti-inflammatory efficacy [46-49], supporting
the feasibility of cannabinoid-based nanocarriers for topical use. While encapsulation
reduced the immediate scavenging efficiency relative to free CBN, the benefits of liposo-
mal delivery—protection from degradation, controlled release, and enhanced cutaneous
bioavailability—make CBN-loaded liposomes a promising candidate for further develop-
ment in antioxidant-driven dermal applications.

2.7. Diffusion of CBN-Loaded Liposomes in a Hydrogel-like Environment

To investigate the influence of liposomal encapsulation on the diffusion behavior of an
active compound in a hydrogel-like environment, we employed a simplified ballistic gelatin
model as a diffusion matrix and engaged in a 2D electron paramagnetic resonance imaging
(EPRI) experiment (Figure 7). For the experiment, CBN liposomes were loaded with an
aqueous solution of the hydrophilic spin probe 3-carbamoyl-PROXYL (3CP), Figure 7A.
Comparative experiments were performed using both liposomal and free aqueous formula-
tions to evaluate their relative mobility through the gelatin matrix.

The EPRI results showed that after 30 min, the liposomal formulation exhibited
significantly enhanced diffusion, with the 3CP signal detectable across the entire length of
the gelatin plate. In contrast, the free 3CP solution penetrated only approximately 0.75 cm,
indicating a markedly superior transport capacity of the liposome-encapsulated system
within a hydrogel environment.

Although ballistic gelatin does not replicate the complex structure or lipid composition
of the skin, it offers a simplified hydrogel-based matrix to assess relative diffusion behav-
iors. The significantly enhanced penetration of liposomal formulations compared to free
drug solutions suggests that liposomes facilitate improved diffusion through semi-solid
environments. This behavior is relevant for applications involving mucosal delivery, sub-
cutaneous deposition, or soft-tissue targeting and supports the role of lipid-based carriers
in enhancing distribution of actives. However, extrapolation to skin permeation requires
further testing using biologically relevant models. Furthermore, this gelatin-based diffu-
sion model offers a rapid and cost-effective platform for comparative screening of delivery
systems during early-stage formulation development.



Molecules 2025, 30, 3433

11 of 20

A

HzC

+Y

@)

H3C
N

O

3-Carbamoyl-PROXYL
(3CP)

/
1

2.6x1012
5mm X

NH.
CHs3
CH3

2.4x10"2

Control sample
(3CP in water)

CBN liposomes

[ 2.2x107
(loaded with 3CP) C

[ 2.0x1012

[ 1.8x1012

[ 1.6x1012

[ 1.4x1072

Sample C
_—1.2x1012

[ 1.0x1012

+X

0.8x101"2

0.6x10"2

0.4x10"2

0.2x10"2

0

» +Z

Figure 7. (A) Chemical structure of the spin probe 3-carbamoyl-PROXYL (3CP). (B) Schematic
illustration of the experimental setup: a gelatin plate with the test sample applied on top, as positioned
inside the EPRI resonator. (C) X-band 2D EPR image (XY plane) acquired 30 min after sample
placement. The image includes two regions: the left corresponds to the control sample (aqueous
solution of 3CP) and the right to CBN liposomes loaded with 3CP. Signal intensity is shown in
arbitrary units using a color scale representing 3CP concentration: red indicates the highest levels,
yellow and light green indicate moderate levels, and dark green to blue indicates low concentrations.

3. Materials and Methods
3.1. Chemicals and Reagents

The cannabinoid standards cannabidiol (CBD), cannabidiolic acid (CBDA), cannabigerol
(CBG), and cannabinol (CBN) were purchased as high-purity (>98%) isolates from Cayman
Chemical (Ann Arbor, MI, USA). Identity and purity of each compound were confirmed by
gas chromatography-mass spectrometry (GC-MS) and proton nuclear magnetic resonance
(*H NMR) prior to analysis.

Cannabidiol diacetate (CBD-DOAc) was synthesized in-house from purified CBD
isolate by acetylation of both phenolic hydroxyl groups. The final product was purified
and characterized by GC-MS and 'H NMR to confirm structure and purity before use.

Acetic anhydride (>99%), dichloromethane (DCM, >99.8%, anhydrous), triethylamine
(TEA, >99%), and magnesium sulfate (MgSOy, anhydrous, >99.5%) used for the synthesis
of CBD diacetate were obtained from Sigma-Aldrich (Merck, Darmstadt, Germany).

Deuterated chloroform (CDCl3, >99.8 atom % D) used for NMR spectroscopy was
purchased from Sigma-Aldrich (Merck, Darmstadt, Germany).

Hydrogen peroxide, absolute ethanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 5-
doxyl stearic acid (5-DS), 3-carbamoyl-PROXYL (3CP), and ballistic gelatin used for
EPR experiments were purchased from Sigma Aldrich (Merck, Darmstadt, Germany).
5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) used for EPR spin-
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trapping experiments was purchased from Focus Biomolecules (Plymouth Meeting, PA,
USA). Gas-permeable Teflon capillary tubes used for EPR sampling were obtained from
Zeus Industries (Orangeburg, SC, USA).

All solvents were of analytical or HPLC grade and used without further purification
unless otherwise specified.

3.2. Synthesis of CBD Diacetate

The synthesis (Figure 8) was adapted from a previously reported method [33] with
minor modifications, including the omission of 4-dimethylaminopyridine (DMAP) and
the use of reflux in dichloromethane (DCM) for 10 h. A solution of cannabidiol (CBD,
15.8 g, 50 mm) in DCM (50 mL; 1.0 M) was treated with acetic anhydride (Ac;O, 10.4 mL,
110 mm, 2.2 equiv.) and triethylamine (Et3N, 13.9 mL, 100 mm, 2.0 equiv.). The reaction
mixture was refluxed under an inert atmosphere for 10 h. Upon completion, as confirmed
by GC-MS analysis, the mixture was quenched with saturated aqueous sodium bicarbonate
(2 x 100 mL). The organic layer was separated, washed with brine (1 x 100 mL), dried
over anhydrous magnesium sulfate (MgSO;), and filtered through a sintered glass funnel
(DURAN®, porosity 2, 60 mm, DWK Life Sciences, Wertheim, Germany). The filtrate was
concentrated under reduced pressure using a rotary evaporator IKA RV 3V, IKA, Staufen,
Germany). The crude residue was purified by vacuum distillation using a Kugelrohr appa-
ratus (Biichi Glass Oven B-585, Biichi, Flawil, Switzerland) to yield CBD diacetate (IUPAC
name: [3-Acetyloxy-2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-en-1-yl]-5-pentylphenyl]
acetate) as a pale-yellow resin (13.92 g, 69.5% yield). The identity and purity of the product
were confirmed by GC-MS and 'H NMR spectroscopy.

CH,

CBD-DOAc

Ac,0, TEA
reflux

Figure 8. Synthesis of CBD diacetate.

3.3. Sample Preparation

Each cannabinoid sample for GC-MS analysis was prepared by dissolving 10 mg of
compound in 0.95 mL of acetone to obtain the primary stock solution. From this, 50 pL
was further diluted in 0.95 mL of acetone to yield the final working solution. This two-
step dilution ensured an appropriate analyte concentration for injection and optimized
compound detection under the applied GC-MS conditions.

NMR samples were prepared by dissolving approximately 10 mg of each purified
compound in 0.7 mL of deuterated chloroform (CDCl3). The resulting solutions were
transferred to standard 5 mm NMR tubes and analyzed without further modification.

3.4. GC-MS Analysis

GC-MS analysis was carried out using an Agilent (Santa Clara, CA, USA) 6890N gas
chromatograph coupled with a 5975B inert mass selective detector (MSD), equipped with
an HP-5MS UI capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness; Agilent
Technologies, Santa Clara, CA, USA). Helium (BP-grade) was used as the carrier gas at
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a constant flow rate of 1.2 mL/min. The injection port was maintained at 280 °C and
operated in split mode (30:1). The oven temperature program was as follows: initial 60 °C
(1 min hold), ramped at 15 °C/min to 300 °C, and held for 5 min (total run time: 22 min).

Sample injection (1 pL) was performed using an Agilent ALS autosampler. Electron
impact (EI) ionization was applied at 70 eV with a mass scan range of m/z 24-550 and a
solvent delay of 3 min. The transfer line and ion source temperatures were both maintained
at 300 °C.

Data acquisition and analysis were performed using Agilent MSD ChemStation soft-
ware (version G1701, Agilent, Santa Clara, CA, USA) with the Enhanced Data Analysis
module.

Compound identification was performed by comparing the acquired mass spectra
with entries in the NIST mass spectral database, authenticated reference standards, and
published literature data. Additional confirmation was achieved using spectral data from
the Wiley Registry of Mass Spectral Data, the SWGDRUG monographs, and GC-MS
reference files provided by Cayman Chemical.

3.5. Nuclear Magnetic Resonance (NMR) Analysis

AlI NMR spectra were recorded on a Varian 400 MHz NMR spectrometer (Varian Inc.,
Palo Alto, CA, USA) at 399.74 MHz for 1H and 100.52 MHz for 13C, equipped with a 5 mm
ATB probe head, standard pulse sequences, and deuterated chloroform (CDCl3) as solvent,
at a temperature of 298 K. The spectra were referenced to the residual solvent signal (6H
7.24, 6C 77.23).

3.6. Assessment of Radical Scavenging Activity Against DPPH Radicals

The potential of synthetic cannabinoids to neutralize DPPH free radicals was investi-
gated using electron paramagnetic resonance (EPR) spectroscopy [50,51]. A 1 uL aliquot of
the cannabinoid solution (1 mm in ethanol) was mixed with 29 uL of a freshly prepared
210 um DPPH solution in ethanol. The reaction mixture was left to incubate for 2 min at
room temperature, after which the EPR signal was immediately recorded. For control mea-
surements, the same volume of pure ethanol was used in place of the cannabinoid solution.

EPR spectra were acquired using a Bruker ELEXSYS-II E540 EPR spectrometer (Bruker,
Rheinstetten, Germany) operating in the X-band frequency range under the following
instrumental settings: central magnetic field at 3500 G, microwave power of 10 mW,
microwave frequency of 9.85 GHz, modulation frequency of 100 kHz, and modulation
amplitude of 1 G.

The percentage of radical scavenging activity (RSA) was calculated using the following
formula [52]:

(Ic — Ia)

RSA = x 100%

where Ic represents the integrated EPR signal area of the control sample, and Ia corresponds
to the signal of the sample containing the cannabinoid. Each measurement was performed
in triplicate (n = 3).

3.7. Evaluation of Hydroxyl Radical Scavenging Capacity

To determine the ability of synthetic cannabinoids to quench hydroxyl radicals (eOH),
a UV-induced radical generation system was employed in the presence of the spin-trapping
agent DEPMPO [53,54]. A control mixture was prepared by combining 1 uL. of DEPMPO
(100 mm), 27 uL of deionized water, and 2 pL of diluted hydrogen peroxide solution
(2.2 uL/mL). The solution was exposed to UV light for 30 s to generate hydroxyl radicals,
and the EPR spectrum was recorded after a 5 min interval. To assess radical scavenging,
1 uL of the cannabinoid solution (1 mm in ethanol) was added in place of distilled water,
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and the same irradiation and recording protocol was followed. EPR acquisition parameters
matched those described in the DPPH assay. Each measurement was performed in triplicate
(n=3).

3.8. Determination of Superoxide Anion Scavenging Activity

The scavenging activity of synthetic cannabinoids toward superoxide anion radicals
(Oy07) was analyzed using a DEPMPO-based spin trapping method [54,55]. A reaction
mixture was prepared by combining 18 pL of deionized water, 10 uL of hydrogen peroxide
(10 M), and 1 puL of DEPMPO (100 mm). Subsequently, 1 puL of the cannabinoid solution
(1 mm in ethanol) was added. Radical generation was initiated by UV irradiation for 30 s,
followed by a 2 min incubation.

The reaction mixture was then loaded into a gas-permeable Teflon tube for EPR
measurement. A control experiment was performed by substituting the cannabinoid
solution with ethanol. All spectra were recorded under the same conditions as described
for the DPPH assay. Each measurement was performed in triplicate (n = 3).

3.9. Preparation of CBN-Loaded Soy Lecithin Liposomes

Liposomes were formulated using a modified thin-film hydration technique [55,56],
with CBN as the active compound and soy lecithin as the phospholipid matrix. Briefly, CBN
(5% w/w) and soy lecithin (95% w/w) were co-dissolved in a 4:1 (v/v) mixture of chloroform
and methanol in a round-bottom flask. The organic solvents were slowly evaporated at
room temperature using a rotary vacuum evaporator (IKA RV3 V, IKA, Staufen, Germany),
leaving a thin lipid film on the inner wall of the flask.

The resulting dry film was hydrated with 2 mL of ultrapure water (18 M()-cm) in
successive additions of 250 pL. After each addition, the suspension was vortexed (IKA
Vortex 3, IKA, Staufen, Germany) for 3 min and then subjected to ultrasound treatment
for 3 min using a cooled ultrasonic water bath (ACP-120H, MRC lab, Holon, Israel). To
further standardize the liposome size distribution, the liposomal dispersion underwent
additional sonication for 20 min to promote vesicle formation and size reduction. This
was performed using an ultrasound probe (LHDM502, Colo LabExperts equipment, Novo
Mesto, Slovenia) set to 15% of power, during 15 min in a 20 s on/20 s off regime. A parallel
batch of liposomes containing only soy lecithin (100%) was prepared following the same
protocol and served as a control.

3.10. Size and Zeta Potential Characterization of Liposomes

The hydrodynamic diameter of the CBN-loaded and control soy lecithin liposomes was
measured using dynamic light scattering (DLS) [57]. In this method, laser light is directed
at particles undergoing Brownian motion, and the resulting scattered light fluctuations
are recorded at a fixed angle over time. These intensity fluctuations are used to generate
a correlation function, which provides information on the translational diffusion of the
particles. Because the diffusion rate is inversely proportional to particle size, the analysis
allows for calculation of the size distribution within the sample.

For each measurement, 100 uL of the liposome suspension (either CBN-loaded or
blank) was diluted to 1 mL with deionized water. Measurements were performed at
25 °C [44] using the Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK)
DLS device. Each measurement was performed in triplicate (1 = 3).

3.11. Spin Labeling of Liposomes for EPR Analysis

To investigate the dynamic properties of the lipid bilayer, spin-labeling experiments
were conducted using 5-doxyl stearic acid (5-DS), a nitroxide-labeled fatty acid that inte-
grates into lipid membranes near the bilayer surface [58]. The motion of the doxyl radical
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within the membrane environment affects the shape of the EPR spectrum, allowing insight
into the local membrane fluidity and order [55].

A 7.5 uL aliquot of 1 mm 5-DS in ethanol was placed in a 500 uL centrifugal test tube
and evaporated under vacuum (Concentrator Plus, Eppendorf, Hamburg, Germany) for
5 min to form a thin spin-probe film. Subsequently, 30 uL of the CBN-containing or control
soy lecithin liposome suspension was added. The mixture was vortexed for 2 min (IKA
Vortex 3, IKA, Staufen, Germany) and incubated at room temperature for 5 min to facilitate
incorporation of the spin label into the lipid bilayer.

The spin-labeled liposome suspension was transferred into a gas-permeable Teflon
tube (1 mm internal diameter) for EPR measurement. Spectra were recorded under the
following conditions: center magnetic field 3500 G, microwave power 10 mW, microwave
frequency 9.85 GHz, modulation frequency 100 kHz, and modulation amplitude 1 G. Each
measurement was performed in triplicate (n = 3).

3.12. Evaluation of Radical Scavenging Activity of Liposomes

The antioxidant potential of CBN-loaded liposomes was evaluated against DPPH,
hydroxyl (¢OH), and superoxide anion (O,e ™) radicals using the same experimental con-
ditions and protocols previously described for the free compound. In each assay, the
liposomal suspension was applied in an equivalent volume (1 uL) as in the tests with non-
encapsulated CBN, allowing for direct comparison of radical scavenging efficacy between
the free and liposome-encapsulated forms. Each measurement was performed in triplicate
(n=3).

3.13. Experimental Design for Investigating Liposomal Mobility in a Semi-Solid Environment

To enable EPR imaging analysis, CBN-loaded liposomes were prepared using a modi-
fied thin-film hydration method, in which the standard aqueous phase was replaced with a
15 mm solution of the hydrophilic spin probe 3-carbamoyl-PROXYL (3CP). As a control, an
aqueous 3CP solution of the same concentration was prepared in distilled water.

A ballistic gelatin matrix was employed as a simplified hydrogel model to assess the
diffusion behavior of the test samples. Gelatin plates were cast with dimensions of 5 mm
(width) x 17 mm (length) x 2 mm (thickness). For each sample, either 10 uL of the 3CP
solution or the liposomal formulation was applied to the top edge of a separate gelatin plate
(Figure 7). Plates were maintained in a vertical orientation at room temperature (~25 °C)
throughout the experiment. The penetration distances were determined directly from the
2D images using the scale bar.

The spatial distribution of the 3CP spin probe within the gelatin matrix was monitored
using a 2D electron paramagnetic resonance imaging (EPRI) experiment in the XY-plane
(Figure 7). Measurements were conducted on a Bruker ELEXSYS-II E540 EPR spectrometer
(Bruker, Rheinstetten, Germany) equipped with magnetic field gradient coils and oper-
ating in the X-band frequency range. The following parameters were used: microwave
power 10 mW, microwave frequency 9.8 GHz, modulation frequency 100 kHz, modula-
tion amplitude 2 G, and magnetic field gradient 20 G-cm™~!. Images were acquired 30
min after sample application to assess the extent of 3CP diffusion through the gelatin
matrix. Data analysis was performed using Xepr software, version 2.6b.84 (Bruker BioSpin,
Rheinstetten, Germany).

3.14. Statistical Analysis

Unless otherwise stated, all experiments were performed in triplicate (n = 3), and
results are expressed as mean + standard deviation (SD). Statistical analyses were con-
ducted using Statistica 12.0 64-bit Statistical Software (StatSoft (Europe) GmbH, Hamburg,
Germany). Differences between groups were evaluated using one-way analysis of vari-
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ance (ANOVA) followed by Tukey’s post-hoc test. A value of p < 0.05 was considered
statistically significant.

4. Conclusions

This study highlights the multifunctional potential of synthetic cannabinoids, par-
ticularly cannabinol (CBN), in free and liposome-encapsulated forms. Among the five
investigated compounds, CBN consistently exhibited the highest radical scavenging activity
across all tested reactive species, demonstrating a balanced and potent antioxidant profile.
Based on these results, CBN was selected for formulation into soy lecithin liposomes. The
resulting CBN-loaded liposomes were nanosized, stable, and exhibited good colloidal
properties. Dynamic light scattering confirmed their average diameter around 106 nm,
while spin-labeling EPR experiments revealed an increase in membrane order upon CBN
incorporation, suggesting enhanced bilayer stability without compromising fluidity. Impor-
tantly, CBN retained significant antioxidant capacity even after encapsulation, supporting
the use of liposomes as effective carriers for hydrophobic bioactive molecules. Although a
moderate reduction in radical scavenging efficiency was observed compared to the free
compound, the encapsulated form remained functionally active against DPPH, hydroxyl,
and superoxide radicals. Complementary EPR imaging studies further demonstrated sig-
nificantly enhanced penetration of liposomal formulations compared to free drug solutions
through semi-solid environments, suggesting that liposomes facilitate improved diffusion.
This model proved to be a rapid and cost-effective tool for comparative assessment of
formulation mobility during early development stages. While the findings support the
suitability of lipid-based carriers for mucosal, subcutaneous, or soft-tissue applications,
their relevance to skin permeation remains to be validated through studies in biologi-
cally representative skin models. Future research should therefore include in vitro and
ex vivo skin permeation experiments, long-term stability testing under different storage
conditions, and in vivo evaluations of safety and efficacy. Potential applications extend
to antioxidant-enriched dermal formulations aimed at mitigating oxidative stress-related
skin conditions, such as photoaging, chronic inflammation, or impaired wound healing,
as well as to other mucosal delivery systems for hydrophobic antioxidants. Limitations
of this study include the absence of biological activity testing in cell or tissue models,
potential variability in liposomal stability under physiological conditions, and the need
to assess large-scale manufacturing feasibility. Addressing these aspects will be essential
for translating CBN-loaded liposomes from a promising laboratory formulation into a
clinically relevant dermal antioxidant delivery platform.
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spectrum of CBD diacetate. Figure S7: GC-MS analysis of CBDA. Figure S8: 'H NMR spectrum of
CBDA. Figure S9: 13C NMR spectrum of CBDA. Figure S10: GC-MS analysis of CBG. Figure S11:
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the Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

'H NMR Proton Nuclear Magnetic Resonance
13C NMR Carbon-13 Nuclear Magnetic Resonance

3CP 3-Carbamoyl-PROXYL (hydrophilic spin probe)
CBD Cannabidiol

CBD-DOAc  Cannabidiol Diacetate

CBDA Cannabidiolic Acid

CBG Cannabigerol

CBN Cannabinol

CDCl; Deuterated Chloroform

DCM Dichloromethane

DEPMPO 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (spin trapping agent)
DLS Dynamic Light Scattering

DMAP 4-Dimethylaminopyridine

DPPH 2,2-Diphenyl-1-picrylhydrazyl

EPR Electron Paramagnetic Resonance

EPRI Electron Paramagnetic Resonance Imaging
Et;N Triethylamine

GC-MS Gas Chromatography—Mass Spectrometry

IL Interleukin

log P Octanol-Water Partition Coefficient (indicator of lipophilicity)
MS Mass Spectrometry

NIST National Institute of Standards and Technology
NMR Nuclear Magnetic Resonance

Oy~ Superoxide Anion Radical

ROS Reactive Oxygen Species

RT Retention Time
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SD Standard Deviation
SWGDRUG  Scientific Working Group for the Analysis of Seized Drugs
THC A9—Tetrahydrocannabinol
TIC Total Ion Chromatogram
uv Ultraviolet
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