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ABSTRACT: Cannabidiol (CBD) has significant therapeutic potential; never-
theless, its advance as an effective drug by the pharmaceutical business is hindered " —°

by its inherent characteristics, such as low bioavailability, low water solubility, and CBD released 100% /|

variable pharmacokinetic profiles. This research aimed to develop nanoliposomes
using an easy and low-cost method to improve the hydrosolubility of CBD and
achieve a controlled delivery of the active principle under relevant physiological PP

conditions from the mouth to the intestine; the cytotoxic and antitumor activities / CBD released19%

130 to 300 hours
Duodenal conditions

Buccal conditions

were also evaluated. To achieve the objective, core—shell nanoliposomes based on —

CBD released 43%
CBD were synthesized in three easy steps and characterized in terms of shape, 2 Stoma s
size, surface chemistry, thermal capacity, and surface charge density through + %
transmission electron microscopy (TEM), dynamic light scattering (DLS), [ . W
Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), and © 50 oo w0 a0 250 300
potential charge (PZ), respectively. CBD-controlled delivery trials were carried
out under simulated mouth—duodenal conditions and fitted to Korsmeyer—Peppas and Noyes—Whitney models to conclude about
the pharmacokinetics of CBD from nano-CBD. Cytotoxicity studies on nonmalignant human keratinocytes (HaCaT) were carried
out to evaluate its safety and the recommended consumption dose, and finally, the antiproliferative capacity of nano-CBD on human
colon carcinoma cells (SW480) was determined as beginning proposal for cancer treatment. The characterization results verified the
water solubility for the CBD nanoencapsulated, the core—shell structure, the size in the nanometric regime, and the presence of the
synthesis components. The dissolution rate at duodenal conditions was higher than that in buccal and stomach environments,
respectively, and this behavior was associated with the shell (lecithin) chemical structure, which destabilizes at pH above 7.2,
allowing the release by non-Fickian diffusion of CBD as corroborated by the Korsmeyer—Peppas model. In vitro biological tests
revealed the innocuousness and cyto-security of nano-CBD up to 1000 mg-L™" when evaluated on HaCaT cells and concentrations
higher than 1000 mg-L™" showed antitumor activity against human colon carcinoma cells (SW480) taking the first step as a
chemotherapeutic proposal. These results are unprecedented and propose a selective delivery system based on nano-CBD at low cost
and that provides a new form of administration and chemo treatment.

1. INTRODUCTION Approximately 60 structures known as cannabinoids have been
recognized, out of which tetrahydrocannabinol (THC) and
cannabidiol (CBD) stand out due to their abundance in the
plant. THC is associated with psychoactive effects, while CBD
is characterized by its therapeutic properties for the manage-
ment of a wide spectrum of diseases. Specifically, CBD is a
lipophilic and aromatic substance, whose solubility in water
tends to be extremely low (0.01 mg-mL™"), hindering direct
oral consumption and dispersion in hydrophilic matrices. Its

The use of cannabis as a medicinal plant dates back to 2800
B.C., as recorded in the pharmacopoeia of the Chinese
emperors prescribed to treat ailments, such as arthritis,
depression, inflammation, and all kinds of pain. The use of
medicinal cannabis in modern times dates back to the 19th
century, when William Brooke O’Shaughnessy disseminated
the first scientific results demonstrating the potential
application of cannabis in patients with severe seizures,
rheumatism, and cholera, providing the first conclusions

about the medicinal potential of this plant without neglecting Received: July 24, 2023

its psychotropic effects.’ Despite the findings throughout Revised: ~ October 10, 2023
history, it was not until 1930 that the active structures of Accepted:  October 19, 2023
cannabis were identified and isolated to test each of these Published: November 9, 2023

components independently. To date, more than 400 chemical
entities have been elucidated, each one with properties.”

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c05371

v ACS PUb| ications 43698 ACS Omega 2023, 8, 43698—43707


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karol+Zapata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephania+Rosales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="As+Rios"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Rojano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jhoan+Toro-Mendoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masoud+Riazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camilo+A.+Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camilo+A.+Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farid+B.+Corte%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05371&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
https://pubs.acs.org/toc/acsodf/8/46?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

natural absorption is complex, presenting oral bioavailability
values of less than 19%.” This condition implies the use of high
doses consumed or dispersed in foods to achieve therapeutic
effects. Vegetable oils have been used as carriers to improve the
bioavailability of cannabinoids. Unfortunately, when they are
incorporated into beverage-type consumption matrices, the
affinity of the oily phase for the polymers that make up the
containers is high, reducing the effective intake of CBD,
making the strategy ineflicient. There is evidence of the
oxidative instability of edible vegetable oils, favoring the attack
of the CBD molecule by radical species generated in the same
oil. On the other hand, traditional drugs are based on the
direct delivery of the active principle, which implies a
continuous consumption of the same to achieve therapeutic
effects. Added to this, there is the nonspecific distribution of
the drug that leads to high toxicities of the treatments. To
overcome the above challenges, the use of engineered
nanocarriers is on the frontline of nanomedicine. Wang et
al.” reported the results of hybrid nanocapsules, CBD polymers
(zein and whey protein), which were synthesized, charac-
terized, and evaluated under oversimplified physiological
conditions. Tabboon et al.” evaluated the diffusion of
immobilized CBD toward a simulated salivary medium only.
In this case, CBD was transported in lipid matrices with
previously exposed solubility limitations. Finally, in a study
performed by Fraguas-Sanchez et al,’ drug release in vitro
studies was performed by suspending nanoparticles (S mg:
mL™") in phosphate-buffered saline (PBS) (pH 7.4) containing
0.5% (w-v™') of Tween 80 and incubated at 37 + 0.5 °C, 100
rpm for 96 h. Noticeably, the existing protocols for obtaining
suitable carriers are expensive and time-/energy-consuming.
The production of CBD microcapsules proposed by Fraguas-
Sanchez et al.’ involves at least 6 h of preparation, various
stages, and more different ingredients, added to the use of
separation membranes, which increases production costs.
Another work reported by Wang et al.* suggests a
lyophilization step to obtain composites able to disperse in
aqueous phases. The CBD hydrogels reported by Dirksen et
al.* follow two complex stages: surfactant-assisted precipitation
polymerization and CBD loading, requiring 10 expensive steps
and at least 6 h of synthesis. Some studies have been published
in the last year; among them, Fu et al,” Kok et al.,® and Shilo-
Benjamini et al.” developed liposomes using CBD as an active
ingredient. Although the aforementioned studies have evolved
to in vivo evaluations, they differ in the difficulty of liposome
synthesis, the indirect costs of the bioactive product, the lack of
evaluations in human-simulated gastrointestinal conditions,
and the size in a strictly nanometric regime found in the
present work. In these studies, more than S steps are carried
out for liposomal synthesis, including a number of
phospholipids, detergents, analytical reagents, commercial
liposomes, and crystallization methods, as well as specialized
equipment, evaporators, and ultrasonicators for liposomal
development, achieving, in all cases, sizes greater than 100 nm.

Liposomes can be nano or microparticulate or colloidal
carriers, usually 20 nm to S pm in diameter, which form
spontaneously when certain lipids are hydrated in aqueous
media.'” However, liposome size is one of the main
parameters, which determines their effectivity.'' For example,
the reduction in liposome size has also been correlated with an
increased accumulation in tumor tissue. This may partly be due
to the longer circulation half-life of small liposomes compared
to large liposomes. In addition, small liposomes can extravasate

by passive convective transport through the tumor capillaries
much more easily than large liposomes. Likewise, tumor
capillaries are generally more permeable than normal,
achieving more immediate effects. Extravasation of liposomes
is due to their size and occurs passively; the driving force
behind this is the difference between intravascular hydrostatic
and interstitial pressures.'” Finally, liposomes are highly
biocompatible and biodegradable, unlike other compound
carriers, and they consist of an aqueous volume entrapped by
one or more bilayers of natural and/or synthetic lipids.
Liposomes in turn can be carriers of the broadest polarity of
active molecules, either in the phospholipid bilayer, in the
entrapped aqueous volume, or at the bilayer interface.
Liposomes have been investigated as carriers of various
pharmacologically active agents, such as antineoplastic and
antimicrobial dru(gs, chelating agents, steroids, vaccines, and
genetic material.'’ Given the background, the objective of this
work is to obtain nanoliposomes (nano-CBD) using an easy
and low-cost method to improve the hydrosolubility of CBD
and achieve a controlled and efficient delivery of the active
principle under relevant physiological conditions from the
mouth to the intestine. Also, the cytotoxic and antiproliferative
activities of nano-CBD were evaluated. To achieve the
objective, core—shell nanoliposomes based on CBD were
synthesized in three steps and characterized in terms of shape,
size, surface chemistry, thermal capacity, and surface charge
density through TEM, DLS, FTIR, TGA, and PZ, respectively.
CBD-controlled delivery trials were carried out under
simulated mouth—duodenal conditions and fitted to Kors-
meyer—Peppas and Noyes—Whitney models to conclude on
the pharmacokinetics of CBD from nano-CBD; also,
cytotoxicity studies on HaCaT cells were carried out to
evaluate its safety and the recommended consumption dose,
and finally, the antiproliferative capacity of nanoliposomes on
human colon carcinoma cells (SW480) was determined as a
proposal for cancer treatment. Briefly, to our knowledge, the
specialized literature lacks a liposome that is easily synthesized
and stable over time at different temperatures and that has
been evaluated in human gastrointestinal conditions.

2. EXPERIMENTAL SECTION

2.1. Materials. Ethanol with degree of purity >98% was
provided by Sigma Brand (Sigma-Aldrich, St. Louis, MO). Soy
lecithin was bought in the local market (TECNAS, Colombia),
as was CBD extract (Medellin, Colombia).

2.2. Methods. 2.2.1. Synthesis of CBD Nanoliposomes
(Nano-CBD). Nano-CBDs were made in-house. For this, 60
mg of CBD was dissolved in 12 mL of ethanol at 100 rpm for 1
min, and then, 60 mg of lecithin was added at 100 rpm until
complete homogenization was achieved. Upon completion of
the mixing stage, the solutions were taken to the complexation
stage at 0 °C. Subsequently, ethanol was removed by rotary
evaporation using an MMRE-04 Halthen at 60 °C and vacuum
until it formed a thin layer on the surfaces of the evaporator
vessel that was recovered with 10 mL of deionized water. Next,
the nanostructuring process was carried out at 24 000 rpm for
2 min, and then, the resulting solutions were ultrasonicated at
1 min intervals with 5 repetitions. The nanoliposomes were
stored for further study and analysis.

2.2.2. Characterization of CBD Nanoliposomes (Nano-
CBD). To determine the physical and chemical properties of
the synthesized nanoliposomes, the shape, size, surface charge
density, chemical composition, and thermal properties of the
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nanostructure were determined through transmission electron
microscopy (TEM)/scanning electron microscopy (SEM),
hydrodynamic analysis (DLS), potential charge (PZ), Fourier
transform infrared (FTIR) spectroscopy, and thermogravim-
etry (TGA), respectively. An FEI Tecnai F20 TEM/STEM
(Ohio) was used for the TEM analysis. For this, the
nanoliposomes were dispersed in deionized water at a
maximum concentration of 100 mg~L_1, the mixture was
shaken by inversion and then minor aliquots were dropped on
the TEM disks, and the micrographs were obtained from
different visual fields. The hydrodynamic diameter was
estimated using the dynamic light scattering (DLS) technique
using a NanoPlus 3 Micrometrics (Atlanta) as well as the ¢-
potential. For the nanoliposome size and TEM, the samples
were dispersed in deionized water (20 mg-L™") and an aliquot
was taken to the quartz cell of the equipment to perform the
analysis. The average hydrodynamic diameter is obtained using
the Stokes—Einstein equation, which is a function of the
diffusion coefficient of the particles. The pH at which the
potential is neutral is considered the zero point of charge or
PZC; in this case, the surface charge is zero, which implies the
possible aggregation of the structures.'® For the determination
of PZC, each nanoliposome was dispersed in solutions with
pHs between 1 and 14 units completed from solutions of
NaOH (0.1 M) and HCI (0.01 M). Each dispersion was taken
to NanoPlus 3 equipment, and its charge potential was
determined. The pH vs {-potential relationship was plotted on
the abscissa and ordinate, respectively. The Fourier transform
infrared (FTIR) spectroscopy analysis was carried out with a
Shimadzu IRAffinity-1 FTIR spectrophotometer (Kyoto,
Japan) to identify the functional groups of the synthesis
components. For this, approximately 50 mg of nanoliposome
was dispersed in S0 mL of distilled water and placed in a
compartment of the equipment. The transmittance of the
samples was then measured as a function of number length
from 4000 to 4500 cm ™' with a resolution of 2 cm™, and the
resulting graphs were interpreted according to previous
reports. Finally, the thermal profiles were determined by
thermogravimetry using a QS0 thermogravimetric analyzer
(TA Instruments, Inc., New Castle, DE) at a heating rate of 5
°C-min”! from 30 to 800 °C under a N, flow rate of 100 mL-
min~'. For SEM analysis, a LEO 435 VP (LEO Electron
Microscopy Ltd., Cambridge, U.K.) was used to observe the
topography and surface morphology of the liposomes. Samples
were freeze-dried first on SEM stubs and analyzed for liposome
shape. Finally, the stability of the liposomes was determined
during 72 h at 2S5, 35, and 45 °C (suggested storage
temp eratures).

2.2.3. In Vitro Controlled Release Assays from CBD
Nanoliposomes (Nano-CBD). To evaluate the delivery of
CBD from the nanoliposome, the change in the CBD
concentration was quantified by subjecting the nanostructure
to sequential physiological conditions simulating the digestive
process; the scenarios considered in this trial were mouth,
stomach, and duodenum. Likewise, CBD calibration curves
were constructed at each physiological condition using
concentrations between 1 and 1000 mg-L™" and a Genesys
10S Thermo spectrophotometer (Texas) at 220 nm.'* The
measurements were taken for the respective calibration curves
to determine the concentration of CBD released in each case.

2.2.3.1. Buccal conditions. To simulate oral conditions, 1
mL of human saliva (pH 7.0) was collected and kept at 37 °C.
A volume of 5 mL of the bionanofluid (10 mg in 10 mL of

water) was added to the biological fluid, the system was kept in
constant agitation at S5S rpm to simulate the turbulence of
chewing, and the CBD concentration was evaluated at times 0
and 4 min after contact.

2.2.3.2. Stomach conditions. Stomach conditions were
simulated by preparing a 2:1 mixture of an inorganic and
organic solution containing, respectively, 2.2 g of NaCl/1.1 g
of NaH,PO,/1.1 g of KC1/0.3 g of CaCl,/0.4 g of NH,Cl/1.3
mL of HCl, and 043 g of glucose/0.17 g of urea/0.2 g of
bovine serum albumin (BSA)/0.5 g of pepsin equivalent. The
mixture was homogenized at 55 rpm, 25 °C, and the pH was
adjusted to 2.0 with 1 M HCL Then, 12 mL of the final
solution was used to mix with the solution from the buccal
tests; the entire experiment was kept at 37 °C and S5 rpm.
Finally, the concentration of CBD released at 0, 60, and 120
min after contact was evaluated.

2.2.3.3. Duodenal conditions. To simulate duodenal
conditions, an inorganic solution containing 3.7 g of NaCl,
1.8 g of NaHCO;, 0.2 g of KH,PO,, 1.9 g of KCl, and 0.1 g of
MgCl, was prepared. Once homogenized, 0.02 g of urea, 0.2 g
of CaCl,, and 0.2 g of BSA mixture were kept at 37 °C and 55
rpm, and the pH was adjusted to 7.4 with NaOH. Once the
duodenal solution was prepared, the solution resulting from
the stomach test was added to 18 mL of this, and the
concentration of CBD released at 0, 60, and 120 min after
contact was evaluated.

2.2.4. Kinetics Parameters. The release kinetics were fitted
to the Korsmeyer—Peppas model according to eq 1."°

M,/M, = kt" (1)

where M,/M,, corresponds to the fraction of drug released at
time t, k is the release constant that is characteristic for the
polymer—drug interactions, and 7 is equal to the diffusion
exponent, which is characteristic of the release mechanism.
The goodness of fit was confirmed by calculating the
correlation coefficient (R?).

Second, the Noyes—Whitney model, useful to measure the
dissolution process of drugs delivery in a liquid medium, was
used to calculate the dissolution rate according to eq 2."°

dw/dt =D x A x (C - C,)/L )

where dW/dt is the dissolution rate (ng-seg™"), A is the surface
area of nano-CBD (2 X 107¢ m?), C is the concentration of
the solid in the main dissolution medium (g:m™), C; is the
concentration of the solid in the diffusion layer surrounding
the solid (g'm™), D is the diffusion coefficient (4.5 X 107 m*:
s7'), and L is the thickness of the diffusion layer (5 X 10™° m).

2.2.5. Cytotoxicity Assays. Cytotoxicity assays were used to
predict the toxicity of substances to various tissues. In vitro
cytotoxicity testing provides a crucial means for safety
assessment and screening and for ranking compounds. The
MTT method or 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenylte-
trazolium bromide is a colorimetric assay to measure cellular
metabolic activity. During the present investigation, the
method described by Bahaguna et al.'® was carried out; for
this, the previously prepared bionanofluid at 10, 100, and 1000
mg-L™" was evaluated on the viability of nonmalignant human
keratinocytes (HaCaT) at 24 and 48 h assay. Cell line used in
this study, HaCaT, is a cell line that is easy to manipulate and
widely reported for cytotoxic tests due to its ability to
spontaneously immortalize itself by incubating it at a high
temperature and a low concentration of Ca®* in the culture
medium. In addition, they are cells that preserve the vast
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Figure 1. (a) Images obtained through scanning electron microscopy (SEM), (b) transmission electron microscopy (TEM), and (c) particle size

distribution estimated by dynamic light scattering (DLS) for nano-CBD.
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Figure 2. Spectra for (a) nano-CBD and (b) CBD molecules dispersed in distilled water at 25 °C using Fourier transform infrared (FTIR)

spectrophotometry.

majority of the characteristics of primary human keratinocytes
when manipulated in vitro."”

2.2.6. Antitumor Capacity. To evaluate the ability of CBD
nanoliposomes to control cell proliferation and to be proposed
as an anticancer strategy, cytotoxicity assays were performed by
the MTT method according to the ISO 10993:2009 standard
“Biological Evaluation of Medical Devices”.'® For this, the
previously prepared bionanofluid at 10, 100, and 1000 mg-L™"
was evaluated on the viability of human colon carcinoma cells
(SW480) at 24 h assay.

3. RESULTS AND DISCUSSION

3.1. Synthesis of CBD Nanoliposomes (Nano-CBD). To
verify the water solubility of the developed nanoliposomes,
photographs of the suspension (1:1) were taken for 60 s.
Turbidity was determined through absorbance measurements
at 600 nm, as shown in Figure la. After 60 s, the absorbance
measurement was continued every hour for 24 h, obtaining
average measurements of 0.1 units and variations of less than
1%, demonstrating the stability of the suspension prepared.

The stability (absence of aggregation) is attributed to the
size of the nano-CBD that improved the solvation processes
according to the solubility theory (Hildebrand, 1916). For
particles smaller than 1 um, the dispersed phase exhibits a
“surface”, which will be covered by a “wetting surface,” forming
a stable chemical interface."® Additionally, the {-potential for
the nano-CBD at the pH of the suspension was —20 mV,
representing the incidence of an anionic layer at the boundary
between the nanostructure and the fluid that increases the
repulsion between primary particles avoiding aggregation and

43701

subsequent sedimentation, which is like the results reported by
Wang et al* Lastly, both Brownian motion and low
concentration are dispersing factors of nanoparticles negatively
charged.

Freeze-dried samples were analyzed for liposome particle
shape by SEM as shown in Figure la. The morphology of the
nano-CBD exhibits capsule-like structures as shown in Figure
1b, and a thin layer (cover) surrounds a larger region named
the core. From the mass ratio, it is expected that the core
resides in the CBD molecules. According to other authors, the
use of lecithin as a covering agent guarantees the formation of
lipid bilayer-type liposomes by molecular arrangement.'’
Similarly, TEM images allowed testing of the nanometric
regime of liposomes with sizes of less than 100 nm. The results
confirmed the presence of 0D spherical particles on a
nanometric scale that were irregularly agglomerated. Finally,
to verify the particle size distribution, DLS measurements were
performed (Figure 1c).

The size distributions present a unimodal distribution
centered at 84.7 nm. These results correlate with the TEM
images, confirming liposome sizes on the nanometric scale.
The components of the synthesis were verified through FTIR
analysis. Figure 2 presents the results for the CBD molecules
and the nano-CBD. The spectrum corresponding to the
nanostructure was associated with lecithin since infrared
radiation directly penetrates the coverage. The peaks reported
at 727 and 1641 cm™' were associated with vibrations of
aliphatic groups CH,(C—H) and CH; (C—H), and the band
at 1153 cm™' was associated with the phosphate group
(PO,*”), while a larger band was evidenced at 3248 cm™

https://doi.org/10.1021/acsomega.3c05371
ACS Omega 2023, 8, 43698—43707


https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05371?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
. 0
140 1 "
€ E S r-10 __
£ Jo----mTTTTTTTT T T T e o DR o) E
Q 120 1 QL -20 =
o ] s
8, 5 L 30 § --0--257C
N e, 9]
i-/_) 100 1 E a5°C
3 I T c— G 40
Sed oo T 0 o 45°C
8o}, °
S e - -50
T ---O--- Zeta Potential at 45°C
60 1 — — 60
0 15 30 45 60 75

Time (Hours)
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associated with the stretching of C=CH aliphatic groups; all
of these regions are characteristic of the lecithin molecule
defined as a phospholipid-like organic substance, rich in C, H,
O, and P atoms."”

When reviewing the CBD molecule independently, it is
evident that a different profile than the nano-CBD maybe due
to the complete exposure of the CBD molecule to be traversed
by infrared radiation: in this case, pronounced bands were
recognized at 2922 and 2857 cm™' characteristics of the
stretching of methyl (—CH,) constituting aromatic rings and
alkyl groups typical of the CBD molecules. Also, there were
characteristic bands in 1744 and 1452 cm™" associated with the
stretching of the C—C bond of the annular skeleton. Finally,
the most important and informative bands of the aromatic
compounds are found between 900 and 600 cm™'; in the
present investigation, peaks were evidenced at 1155 and 719
cm™! characteristics of the Cy»—H deformation vibrations
outside of the ring plane. Other studies reveal spectra
comparable to that of the present investigation.'” The (-
potential of the nano-CBD at physiological pHs was
determined. The results showed a (-potential (mV) for
nano-CBD dispersed in buffer solutions at pHs 2.1 and 7.4
simulating distribution at physiological conditions of —13.3 +
0.65 and —16.3 + 0.82, respectively. The intensity of the static
electric field at the boundary between the nano-CBD and the
fluid at the pHs evaluated was negative ({-potential < 0) being
more negative as the pH increases; with this, regardless of the
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evaluation condition, the particle—particle repulsion and their
correct distribution in the fluid are guaranteed. This behavior is
associated with the ability of the nano-CBD constituent
molecules to easily deprotonate, as has been reported by other
authors.”’

Some reports have shown the instability of liposomes,
especially at room temperature,”’ however, the present study
demonstrated the stability of nanoliposomes for 72 h at storage
temperatures from 25 °C until 45 °C as shown in Figure 3.

The stability of the suspensions is associated with the size on
a nanometric scale that allows particle—solvent interaction on
an atomic scale, guaranteeing thermodynamic favorability as
other authors have reported.”” On the other hand, the
exposure of nanoliposomal suspensions to temperatures
above 45 °C suggests an alteration evidenced through the
increase in size. In parallel, the {-potential values for that
system were measured without statistical variation. The
previous results allow us to conclude that the increase in size
is associated with the transmembrane diffusion of water into
the nanostructure without alteration in the physicochemical
composition of the coating; however, in light of the results, it is
possible to conclude that the display of the system for more
than 72 h at 45 °C could result in the capsule breaking and
releasing the contents.

3.2. In Vitro Controlled Release Assays from CBD
Nanoliposomes (Nano-CBD). Figure 4 shows the release
kinetics of CBD from nano-CBD under simulated physio-
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logical conditions, and the results showed significant differ-
ences for each state (p > 0.05). To validate the variances, the
dissolution rates were calculated using the Noyes—Whitney
equation for each condition.'® The results showed a
dissolution rate according to the Noyes—Whitney equation
for CBD release from nano-CBD at buccal (pH 7.4), stomach
(pH 2.0), and duodenal (pH 7.4) conditions of 3.46 X 107°,
6.35 X 1075, and 828 X 107° ng~s_l, respectively. The
dissolution rate at duodenal conditions was 2 and 1.3 times
higher than that in buccal and stomach environments,
respectively. Very little CBD is released in the mouth and
stomach; these results are promising, considering that most of
the digestion and absorption occur here when the chyme
enters the duodenum.

A work carried out by Papahadjopoulos et al.'> recom-
mended the Noyes—Whitney model*® to evaluate the
dissolution rates of widely used drugs, such as ibuprofen and
metoprolol, finding release rates at pH 4.5 and in vitro
conditions of the active principles from the tablets between 3.3
X 10—1S and S X 107'* ng-s™, significantly slower than those
found for CBD molecules from nano-CBD reported in this
work. In another study reported by Hattori et al,'® the
Noyes—Whitney model was also used to assess the rate of
dissolution of theophylline. This drug is an alkaloid of the
methylxanthine family, the same to which caffeine and
theobromine belong, characterized by being a stimulant of
the central nervous system and a bronchodilator. It is found
naturally in black tea, green tea, and yerba mate. The results
show an average dissolution rate of S X 107"* ng's™!, once
again, the dissolution rate is lower than those calculated for the
cannabinoid in this study. Similar results have been reported in
the last S years for drugs, such as itraconazole,”* entecavir,”®
and cromakalim, diproteverine HC1, and ephedrine® with low
solubility rates on the order of mg per minute. The described
results are explained by considering the virtue of nanosized
carriers to increase the solubility of active principles by
increasing the solute—solvent interaction at the atomic level,
unlike the active principles in tablets. With respect to utilizing
liposomes as vehicles for drug delivery, the success of the
liposomal doxorubicin formulation (Doxil)*” has led to the
development of many other approved liposomal products.
Some of the examples include Ambisome (amphotericin B),*
DaunoXome (daunorubicin),”® Visudyne (verteporphin),*’
Exparel (bupivacaine),”’ Marqgibo (vincristine),”* and the
combination product Vyxeos (daunorubicin-cytarabine).*®
Most research into liposomes focus on the modification of
the composition of the liposome bilayer and surface
chemistry.’* This includes passive, long-circulating PEGylated
liposomes,* ligand-targeted liposomes,”® and stimuli-respon-
sive liposomes.”” Despite the technological maturity of
nanoencapsulated drugs for controlled release, no commercial
products are obtained, or the latest studies are focused on the
design of cannabinoid nanocarriers; likewise, the protocols for
the preparation of nanocomposites cover various steps,
increasing the complexity of the process unlike the present
work.

To understand the controlled release of CBD, it is necessary
to mention the lecithin chemical structure that makes up the
nano-CBD shell as well as the pH of each physiological
condition. Lecithin molecules are phospholipids, composed of
a glycerol molecule, to which two fatty acids, 1,2-diacylglycerol,
and a phosphate group, are attached. The phosphate, in turn, is
linked by a phosphodiester bond to a choline molecule that is

defined as a saturated quaternary amine that has a positive
electrical charge.’® The phosphate group is a triprotic system
with three acidic hydrogens available to donate; a speciation
diagram allowed us to verify that the predominant species at
stomach pH (2.0) are completely protonated and stable
(phosphoric form). However, when increasing the pH above
7.2, as occurs in duodenal conditions, deprotonated species
with negative charge densities begin to predominate
(monohydrogen phosphate).” The deprotonation of the
phosphate group in the lecithin molecules favored the
molecule—molecule electrostatic repulsion in the lipid bilayer
of nano-CBD, allowing the relaxation of the polymer chains
that constitute the shell causing the release of the active
principle by non-Fickian diffusion. To verify the type of
diffusion, the experimental data were fitted to the Korsmeyer—
Peppas model, and this model allows us to explain drug release
mechanisms, being a model generalized from the Higuchi
equation.”” It has been widely used for describing the release of
drugs from polymeric systems. The “n” values obtained
applying the Korsmeyer—Peppas model to the kinetics of
CBD release from nano-CBD showed that forn =0,n=1,n =
2, and n = 4, the adjustment coefficient (R*) was 0.691, 0.927,
0.988, and 0.999, respectively. According to the literature, a
value for n equal to 0.5 indicates that the drug release
mechanism is of the Fickian type. It is worth mentioning that
values between 0.5 and 1 indicate a non-Fickian release
mechanism, while n equals 1, suggesting that the mechanism is
zero-order release kinetics. For values greater than 1, the drug
release depends on the relaxation of the polymeric chains in
the matrix, as proposed in this research according to the
chemical nature of the lectin in the duodenum.'® Few studies
have evaluated the CBD diffusion parameters from carriers.
However, these have not used simulated physiological media,
instead have used organic solvents; in this case, the release
kinetics were fitted to Fickian models, i.e., the diffusion was
proportional to the CBD concentration gradient, but the
structure of the capsule remains intact.*' Nevertheless, during
the present research, the CBD kinetic release was fitted to the
Korsmeyer—Peppas model with #n greater than 1, indicating
that the diffusion was entirely determined by the state of the
nanocapsule shell to the intestinal condition; this conclusion is
supported by the chemical nature of lecithin molecules at
duodenal pH. The intestines are almost always the major site
of any drug’s absorption because of its specialized anatomy and
much greater surface area than the stomach, so that increasing
the diffusion rate of active ingredients in that area could
improve the dosage and posology guidelines of the drug,
increasing the therapeutic effect and reducing the adverse
effects due to overdose. Although the definitions of release and
absorption are not the same, the pharmacological concept of
release is the first step in the absorption process, and the
adequate discharge of the content of the active substance from
the administered form is decisive in the adsorption
parameters.”” That is why drugs with the same dose but
from different trademarks may have different bioequivalences;
that is, they reach different plasmatic concentrations and,
therefore, different therapeutic effects. This work approaches
the development of smart nanostructures for the controlled
and selective release of CBD molecules during ingestion, and
the present nanostructure achieved the controlled and selective
release of the CBD from nano-CBD from the mouth to the
intestine and in greater proportion to duodenal conditions.
There are no studies that allow comparing the release kinetics
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Figure 5. Cytotoxic activity in vitro of nano-CBD in water at 10, 100, and 1000 mg-L™" on nonmalignant human keratinocytes (HaCaT') exposed at

24 and 48 h.

of pharmaceutical forms based on CBD with the proposed
nano-CBD; however, as for paracetamol—also known as
acetaminophen and the most used drug worldwide for the
treatment of pain—the greatest amount of active ingredient
released and absorbed occurs in the proximal portion of the
small intestine (the “absorption window” mainly the
duodenum and jejunum).*’

3.3. Biological Activities for Nano-CBD. 3.3.1. Cytotox-
icity and Antitumoral Activities. Along with the rapid growth
of the nanotechnology industry comes the expansion of the
number and types of manufactured nanomaterials, resulting in
potentially high occupational exposures using products
containing them or direct consumption of noncompounds.
That is why, since the first decade of this century, there has
been a growing concern about potential adverse effects on
human health of exposure to nanomaterials; this concern is
reflected in a growing number of scientific articles published on
“nanotoxicity” or “nanotoxicology” in recent years. Many
authors agree that the progressive presence in the market of
products containing nanomaterials constitutes a potential
emerging risk because the possible toxic effects of these
nanomaterials have not yet been characterized, and many
works that report the benefits of nanoproducts omit
cytotoxicity tests.** The reduction in size provides greater
bioavailability, which is accompanied by an increase in the
capacity for nanomaterials to be absorbed by any biological
tissue; likewise, the dimensions of the structures at atomic
scales may suggest a high reactivity: living organisms are
composed of cells that are usually 10—100 ym in size.
However, cellular components are much smaller, and proteins,
DNA, and other biomolecules are even smaller, falling within a
characteristic range of 5—50 nm. This simple size comparison
gives an idea that nanomaterials can be useful for accessing
cellular machinery for various purposes but they can also easily
interact with any cellular component to cause toxic effects.
Consequently, institutions and organizations around the world,
such as the US National Institute for Occupational Safety and
Health, Department for Environment, Food and Rural Affairs
of the United Kingdom Government, European Commission
Joint Research Centre and the DECHEMA/VCI working
group “Responsible Production and Use of Nanomaterials,”
highlight the need to increase knowledge on this topic and
support nanotechnological developments with cytotoxicity
assays such as those reported below.*” Figure 5 shows the
results of the cytotoxic activity of nano-CBD dispersed in water
at concentrations between 10 and 1000 mg:L™' on non-
malignant human keratinocytes (HaCaT) at 24 and 48 h.

The results indicated that the viability of nonmalignant
human keratinocytes (HaCaT) is not affected by the nano-
CBD concentrations evaluated or by the exposure time up to

48 h. In addition, none of the time and concentration
conditions evaluated were toxic for the cell model used,
according to ISO 10993:2009, as if viability is maintained
above 70%, the samples do not have cytotoxic potential.46 The
results can be explained by the chemical nature of nano-CBD.
Generally, organic coatings report low reactivity thanks to the
chemical stability of carbon atoms that tend to create nonpolar
covalent bonds and sp3-type nonreactive chemical hybrid-
izations.”® For the present study, the most abundant
heteroatoms in the nano-CBD were carbon, oxygen, and
phosphorus, which are characterized by their low ionization
energies and their poor metallic and reactive properties,
suggesting less interaction with cellular components: an
opposite behavior is reported by many authors for metallic
nanoparticles, such as silica, aluminum, iron, zirconium,
titanium, magnesium, among others, that report catalytic,
magnetic, conductive, and chelating properties, among
others."”

Instead, the antiproliferative effects were originally reported
in 1975 by Munson et al,*® who demonstrated that delta-9-
THC, delta-8-THC, and cannabinol inhibited Lewis’s lung
adenocarcinoma cell; likewise, other tumor cells that have been
shown to be sensitive to cannabinoid-induced growth
inhibition include glioma, thyroid, epithelioma, leukemia/
lymphoma, neuroblastoma and skin, uterus, breast, gastric,
colorectal, pancreatic, and prostate carcinomas.”” Cannabi-
noids may exert their antitumor effects by several different
mechanisms, including direct induction of transformed cell
death, direct inhibition of transformed cell growth, and
inhibition of tumor angiogenesis and metastasis. Likewise,
the anticancer activity has been strongly linked to the presence
of CB1 and/or CB2 receptors, i.e., the cell type. Since the late
1990s, several plant-derived (THC and CBD), synthetic
(WIN-55,212-2 and HU-210) and endogenous cannabinoids
(anandamide and 2-arachidonoylglycerol) have been shown to
exert antiproliferative effects of a wide variety of tumor cells in
cultured cancer cell lines and in mouse tumor models. To date,
large volumes of literature evidence the antiproliferative and
proapoptotic effects of cannabinoids on a wide variety of
cancer types.”’ An evaluation of the antiproliferative activity of
nanoencapsulated CBD in human colon carcinoma cells
(SW480) is shown in Table 1.

After 24 h of incubation and concentrations higher than
1000 mg-L™", the antiproliferative power against human colon
carcinoma cells (SW480) of nano-CBD is evident. A desirable
property of antitumor compounds is their preferential targeting
of malignant cells. There is evidence that the cannabinoids
appear to kill tumor cells but do not affect their non-
transformed counterparts, and may even protect them from
cell death; this may explain the cytotoxic activity from 100 mg-
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Table 1. Antitumoral Activity In Vitro of Nano-CBD in
Water at 10, 100, and 1000 mg'L_1 on Human Colon
Carcinoma Cells (SW480) Exposed at 24 h

nano-CBD concentration in

viability of human colon carcinoma cells
water (mg-L™")

(SW480) (%)

0 100
10 100
100 99
1000 82
10 000 49

L™ for human colon carcinoma cells (SW480) but not for
nonmalignant human keratinocytes (HaCaT) found in the
present study. For example, a study by Abrams et al.”" revealed
the ability of a cannabinoid extract to induce apoptosis of
glioma cells through the activation of CB1 and CB2 receptors.
In contrast, cannabinoids protected normal glial cells from
CB1 receptor-mediated apoptosis. Despite impressive findings
in vitro and in animal models regarding the potential antitumor
effects of cannabinoids, there is still no convincing basis for a
claim that cannabinoids can “cure cancer”.”*™>°

For example, increasing numbers of patients in North
America are seeking oils high in THC and/or CBD due to
testimonials that patients have used these preparations either
topically to eradicate skin cancers or systemically to eliminate
nonskin cancers.””*° Although the in vitro and animal evidence
are intriguing, there have not yet been robust human studies
investigating cannabis as an anticancer agent; however, the
antiproliferative and cytotoxic evaluations at in vitro conditions
are an unavoidable step during the discovery of new
chemotherapeutic drugs. From a clinical point of view, it is
necessary to carry out robust and convincing tests associated
with the anticancer effects of liposomal systems. This initial
approach represents an opportunity to improve and propose
new strategies in the treatment of diseases such as cancer
within preclinical development of how it is suggested by Food
and Drug Administration (Drugs undergo laboratory and
animal testing to answer basic questions about safety). These
studies must be complemented with in-depth analysis of in
vitro and in vivo to guarantee the safety and efficiency of
liposomal systems as carriers of active components for the
treatment of diseases and thus migrate to stages of clinical
research and legal reviews. This study is an emerging but
unavoidable stage in The Drug Development Process.'”

The nanoliposomes developed in the present proposal had a
CBD concentration of 0.1% w/w. Although the loading
capacity of the nanoliposomes was not evaluated for this
study, there is evidence that allows us to conclude the
recommended dose of CBD for consumption. Various studies
related to CBD employ different daily doses, 1—50 mg/kg for
epilepsy treatment,”” 25 mg/mL for amyotrophic lateral
sclerosis treatment,”® and between 300 and 900 mg for
chronic pain treatment.”” This heterogeneity in the concen-
trations used in studies demonstrates the absence of a fixed
recommended CBD dosage. Due to the growing market for
CBD-containing products, an authority that has addressed
recommended CBD concentrations in various food and
pharmaceutical products is the European Food Safety
Authority (EFSA). EFSA mentions a lower confidence limit
of the benchmark dose (BMDL) of 20 mg/kg of body weight/
day. Furthermore, it defines the lowest observed adverse effect
level (LOAEL) as 4.3 mg/kg and considers products exceeding

a health-based guidance value (HBGV) of 10 mg/day to be
unsafe.”” According to the standards, the dosing of liposomes
must be adjusted in accordance with the consumer product
and its corresponding regulations, taking into account the
concentration at which the liposomes are prepared.

The results of the present investigation preliminarily define
the conditions of concentration, cell line, and time for the
chemotherapeutic effect of CBD-based nanostructures. To
date, there is no human study on the chemotherapeutic
capacity of CBD, which represents an encouraging invitation to
look for its potential use within this context.

4. CONCLUSIONS

The present work proposes a cost-effective protocol of
elaboration of CBD hydrosoluble nanoencapsulates with
excellent performance as carriers under gastrointestinal
conditions. The characterization results verified the water
solubility for the CBD nanoencapsulated (100%), the core—
shell structure, the size in the nanometric regime (84.7 nm),
and the presence of the synthesis components. The dissolution
rate at duodenal conditions was 2 and 1.3 times higher than
that in buccal and stomach environments, respectively; this
behavior was associated with the shell (lecithin) chemical
structure, which destabilizes at pH above 7.2, allowing the
release by non-Fickian diffusion of CBD as corroborated by the
Korsmeyer—Peppas model. In vitro biological tests revealed
that innocuousness and cyto-security of nano-CBD up to 1000
mg-L™" when evaluated on HaCaT cells at concentrations
higher than 1000 mg-L™' showed antitumor activity against
human colon carcinoma cells (SW480) taking the first step as a
chemotherapeutic proposal. Likewise, the ability of nano-
liposomes to act selectively against unhealthy cells is
highlighted. These results are unprecedented and propose a
selective delivery system based on nano-CBD at low cost and
that provides a new form of administration and chemo
treatment. Results open new possibilities to overcome the
technical limitations that CBD-based therapies are currently
facing in terms of solubility, bioavailability, pharmacokinetics,
and cyto-selective activity. From a clinical point of view, it is
necessary to carry out robust and convincing tests associated
with the anticancer effect of liposomal systems. This initial
approach represents an opportunity to improve and propose
new strategies in the treatment of diseases such as cancer
within preclinical development, as suggested by the Food and
Drug Administration (stage 2: drugs undergo laboratory and
animal testing to answer basic questions about safety). These
studies must be complemented with in-depth analysis of in
vitro and in vivo to guarantee the safety and efficiency of
liposomal systems as carriers of active components for the
treatment of diseases and thus migrate to stages of clinical
research and legal reviews. This study is an emerging but
unavoidable stage in The Drug Development Process.
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