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ARTICLE INFO ABSTRACT

Keywords: The growing interest in the therapeutic potential of cannabidiol (CBD) has led to the need for
Zeolites effective and reliable delivery methods that overcome its low oral absorption. Zeolites, a class of
Cannabidiol

porous nanoparticles, offer unique advantages as drug carriers due to their high surface area and
adjustable pore size. In this study, a zeolite-based drug delivery system was developed for the
encapsulation of CBD. The zeolite particles were characterized using various techniques such as
Scanning Electron Microscopy (SEM), Ny adsorption analysis, Solid-state Fourier Transform
Infrared (FTIR), Direct Light Scattering (DLS), X-ray diffraction (XRD) and thermogravimetric
analysis (TGA) before and after the loading. The drug encapsulation efficiency, and the release
profile of CBD from the zeolite matrix were evaluated in addition to in vitro dissolution experi-
ments in the intestinal and gastric simulated fluids. The results showed that the loaded zeolite
particles exhibited high encapsulation efficiency of 73.5 %. XRD analysis proved that the USY
structure remained intact after loading with CBD. DLS and N, adsorption analysis indicated that
CBD was successfully loaded into the zeolite matrix. When compared to CBD containing particles
in a commercialized capsule, the in-vitro dissolution rate of CBD loaded zeolite was significantly
higher after 30 min in the simulated stomach (pH 1.8) and the intestinal (pH 6.8) fluids, 67.8 %
versus 43.6 % and 62.6 % vs 38.4 % respectively. Our findings open new avenues for the use of
zeolites as an efficient drug delivery system for drugs with low bioavailability like CBD.

Drug delivery
Drug release
In-vitro dissolution

1. Introduction

Zeolites are a class of inorganic microporous crystalline material composed of silica, aluminium, and oxygen tetrahydrate [1].
There are more than 40 known natural zeolite minerals and more than 150 synthetic zeolite types [2]. These basic tetrahedral
structures are interconnected by oxygen atoms, creating consistent intracrystalline cavities and narrow channels of molecular
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dimensions [3] that can host drug molecules within [4]. The crystal structure, chemical composition, pore size, and other charac-
teristics of zeolites can be used to classify them [5].

Because of their large surface areas, biocompatibility, and thermal/chemical stability, zeolites are gaining attention in a wide array
of biomedical applications, including their use as drug delivery systems [6]. The high porosity of the three-dimensional zeolite
structures allows easy optimization and customization to fit the desired active ingredient [7]. Zeolites such as Faujasite (FAU), Zeolite
Socony Mobil (MFI), Zeolite Beta (BEA), and Clinoptilolite (CLI) have already been developed and successfully used as drug delivery
materials. For instance, they have gained recognition as excipients in system-modified formulations, including anti-inflammatory,
cancer therapy, gastric treatments, tuberculosis control, and aspirin formulations [8].

Furthermore, Zeolites have been used to improve the dissolution of drugs with an intrinsic low aqueous solubility [9], or to control
the release of drugs, either by controlling the rate of diffusion through their pores or by triggering the release in response to a stimulus
such as temperature or pH [10] and in targeted therapy and imaging [11].

Ultrastable Y (H-USY) zeolite has a FAU-type framework consisting of sodalite cages connected through hexagonal prisms. The
pores are arranged perpendicular to each other. The USY mesopores may be leveraged to introduce larger molecules in their channels
or obtain higher loadings of drugs due to their larger pore geometry. The USY large pore sizes may be used to freely release drug
molecules for burst-release applications [12-14].

Moreover, USY zeolite was shown to be safe by Dahm et al., 2004, while testing the cytotoxicity effect on human leukemic
monocytic cells (THP-1), the exposure to 13 pg zeolite Y ml~! showed no toxic effect measured over a proliferation time of 3 days [15].

Cannabidiol (CBD) was first FDA-approved in 2018 to treat seizures associated with Lennox-Gastaut syndrome and Dravet syn-
drome in patients aged two years and above, and later in 2020 to manage seizures associated with tuberous sclerosis complex (TSC) in
patients one year of age and older [16,17]. CBD has a low oral bioavailability. Data suggests that its absolute oral bioavailability is
about 6 % after fasting, most likely due to the highly lipophilic nature of CBD (Log P 6.3) and significant first-pass metabolism, with up
to 75 % of an oral CBD dose potentially removed by the liver before reaching the systemic circulation [18].

Many attempts have been carried out to increase CBD bioavailability after oral administration. The standard method encompassed
preparing an oily suspension of CBD that prevents its precipitation in the gastrointestinal tract, hence increasing its absorption rate. An
example of a CBD product produced by the standard method is Epidiolex®, delivered orally in an oily solution.

Other methods suggested the use of a piperine pro-nano liposphere [19], the development of a novel nanoemulsion preparation
[20] or the use of cocrystal engineering [21] to improve the challenging pharmacokinetic profile of CBD.

In this study, we will develop a zeolite-based drug delivery system and load it with CBD. we will also characterize the physico-
chemical properties of the loaded zeolite particles and determine their dissolution behaviour while comparing it to commercialized
CBD powder particles.

2. Material and methods
2.1. Materials

H-USY zeolite powder (CBV-600) was purchased from Zeolyst International, Si/Al ratio 5.2.

The capsules containing CBD used as control formulation for the dissolution test was purchased from Cannahemp® with a batch
number: CBDCAP-05202301. 1.17 g of cannabis oil extract (COE) were extracted from a sample of 10 g of air-dried cannabis flower
using ethanol over the course of 48 h and after filtering and concentrating it at 45 °C under low pressure. Drug Enforcement Office in
Zahle, Beqaa Governorate, granted the dried samples of Lebanese cannabis strain collected in October 2019 from Yammoune, located
in the Beqaa valley (34°07'46.4"North, 36°01'40.8"East; elevation, 1375 4 10 m). On campus, the plant material was kept in a safe
storage facility. A specimen has been added to the Department of Natural Sciences’ herbarium at Lebanese American University in
Lebanon (ID, 2019-0011). The extracted cannabis oil was fractionated using a normal-phase silica gel column chromatography and
eluted with chloroform:hexane:diethyl ether (4:3:3). Fractions were monitored by thin layer chromatography (TLC) using 1 %
vanillin/sulfuric acid as locating reagent. Similar fractions were combined and concentrated using a rotary evaporator. GC-MS
analysis, and CBD identification was performed using a Shimadzu GCMS-QP2020NX as previously described by Shebaby et al. [22].

2.1.1. Zeolite loading with CBD

Zeolites were first activated by heating H-USY zeolite at 125 °C overnight to remove moisture trapped inside the pores. 400 mg of
the dried zeolite were impregnated with different weights of CBD oil (80 mg, 120 mg, 160 mg, 200 mg) diluted in a 10 ml of Ethanol
solution added dropwise in volumes approximately equal to the total pore volume of the zeolite used. The wet powder in which the
drug has diffused into the pores by capillarity is then dried at room temperature. This led us to prepare 20 %, 30 %, 40 % and 50 % w/w
CBD loaded zeolite particles.

2.2. Physico-chemical characterization
Several analytical techniques were adopted in characterizing the physicochemical properties of the CBD loaded zeolites particles.
2.2.1. Scanning electron microscopy (SEM)

SEM imaging of the samples was acquired with a MIRA 3 electron microscope from TESCAN (Brno, Czechia) using the secondary
electron (SE) detector with the electron beam set at 20 kV. Prior to SEM imaging, the samples were coated in a 10 pm gold film using
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the Q150T ES sputtering machine from Quorum Technologies to prevent sample charging by the electron beam.

2.2.2. N, adsorption analysis

Surface properties of the parent zeolite and CBD-loaded samples were acquired by Ny adsorption analysis at 77 K, performed on
Gemini VII 2390 instrument from Micromeritics (Georgia, U.S.). Prior to analysis, the parent zeolite sample was degassed in an Ng
environment at 250 °C for 12 h to remove any volatiles or organic contaminants from the surface and pores of the sample which may
interfere with the Ny adsorption. However, to prevent the thermal degradation of the cannabidiol during conventional high-
temperature degassing procedure, the loaded samples were degassed under vacuum at 80° for 24 h. Surface area data was obtained
using the Brunauer-Emmett-Teller (BET) theory, which assumes that the adsorbed gas first forms a monolayer on the surface of the
analyte, followed by subsequent multiple layers of additional gas molecules. The mathematical model of the BET equation describes
how the amount of gas adsorbed on the sample varies with pressure, resulting in an adsorption isotherm graph which is used to
calculate the surface area of the sample. Data from the adsorption-desorption isotherm graph is used to infer the pore volume of the
sample through the Barrett-Joyner-Halenda (BJH) theory [22].

2.2.3. FTIR analysis

Solid-state Fourier Transform Infrared (FTIR) spectroscopy measurements were made on the TGA-IR Tensor instrument from
Bruker (Billerica, U.S.) equipped with diamond ATR detector. The absorbance/transmittance data collection range was set at 500-
4500 cm ! with an interval of 1 em ™2,

2.2.4. DLS analysis

Sample particle size was determined using the NanoPlus HD particle size analyzer from Particulate System (Georgia, U.S.). Prior to
analysis, the CBD-loaded zeolites were sieved through a stainless-steel mesh sieve with aperture size 0.106 mm. The resultant powder
was then vortexed with deionized water for 1 min to obtain a dispersion. The dispersion was transferred to a quartz cuvette, which was
left to equilibrate in the chamber for 5 min before particle size readings were taken.

2.2.5. XRD analysis

X-ray diffraction (XRD) analysis was performed on D8 ADVANCE instrument from Bruker (Billerica, U.S.) with a monochromatic
Cu K, radiation, with the beam voltage and current being 40 kV and 40 mA respectively. The angular range (26) was chosen from 20° to
80° with an angle step of 0.02° and a time step of 0.1 s. The crystalline species shown in the pattern of the given samples were identified
by DIFFRAC-EVA™ equipment software, which contains a database for many known compounds along with their corresponding
peaks.

2.3. Content quantification

2.3.1. Thermo-gravimetric analysis
Thermo-gravimetric analysis (TGA) was carried out under a nitrogen atmosphere to determine the change in mass of the CBD
loaded zeolite powder against temperature. TGA was performed before and after loading to determine the amount of drug loaded into
the zeolite. The TGA analysis was performed on a TG209 F1 Libra analyser from Netzsch (Selb, Germany). A sample of the crushed
CBD-loaded zeolite weighing ~15 mg was added to an alumina ceramic crucible and heated from ambient temperature to 500 °C.
Cannabidiol content is determined by using the following equation:

Drug content (%) = Total percentage weight loss— Total percentage water loss due to evaporation

. CBD weight
Th 1 CBD %) = 1
eoretical CBD content (%) Total sample weight (CBD + zeolite) x100

Drug content
Encapsulation efficiency (%) = Theoreticil CBD content ¥ 100

2.3.2. Forced release method

This method was used to confirm the findings obtained from the TGA described above in order to study dissolution of the prep-
aration with the best encapsulation efficiency. Based on previous characterization results, 30 mg of the sample with the highest
encapsulation efficiency was subjected to dissolution in a solvent comprising 200 ml of distilled water with 1 % (w/v) Tween 80, to
ensure sink conditions. Full drug release from the sample was facilitated by overnight stirring (200 rpm). The resulting solution was
subjected to quantification via High-Performance Liquid Chromatography (HPLC). Drug Content and encapsulation efficiency was
determined using the following equation:

weight of Canabidiol released
weight of particles

Drug content % = x 100

weight of Canabidiol released

initial weight of cannabidiol x 100

Encapsulation efficiency % =
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2.4. CBD release from the loaded zeolite particles

2.4.1. In-vitro dissolution

Drug release experiments were performed by keeping 75 mg of the CBD loaded zeolites particle and the powder from the control
capsule having the same CBD content in 500 ml containing 0.1 N HCL to stimulate the gastric fluid (SGF) (pH = 1.8 at 37 °C) and in a
sodium phosphate buffer to simulate the intestinal fluid (SIF) (pH = 6.8 at 37 °C) and were stirred at 100 rpm over 3 h 0.5 % w/v
Tween 80 were added to ensure sink condition. Aliquots of 5 ml were pipetted at 5, 15, 30, 45, 60, 120 and 180 min to determine the
CBD released from the control and zeolite particles. Media was refilled every time.

2.4.2. HPLC-UV
CBD released was analysed using a validated HPLC-UV method. Aliquots were filtered with a 0.22 pm Microlab® cellulose acetate
membrane and measured by Thermo Scientific Dionex UltiMate 3000 HPLC (Sunnyvale, U.S.) with an autosampler and a UV detector.
Samples were isocratically eluted on a C18 150 mm x 4.6 mm, 5 pm column (ThermoScientific Hypersil Gold™) using an ultra-
violet-visible (UV/Vis) detector operating at 214 nm, The mobile phase consisted of 75/25 acetonitrile/water v/v, under a flow rate of
1.5 mL/min [23].

2.4.3. Statistical analysis
Each experiment was conducted with three replicate samples and repeated three times. Data were averaged across replications. The
statistical analysis was conducted using R software (version 4.3.1.), with significance set at a p-value of 0.05.

3. Results and discussion
3.1. Physico-chemical characterization

3.1.1. SEM

SEM analysis was used to examine the morphology of the zeolite drug delivery system both before and after CBD was loaded.
Following drug loading, there was no significant changes to the morphology and structure of the H-USY zeolite. The usual microporous
crystalline aluminosilicate structure was seen in the SEM images of both the CBD loaded zeolite particles and the free zeolite particles
(Fig. 1). There was no significant difference in the average particle diameter of the samples before and after drug loading.

SEM images of the free and CBD loaded zeolite particles suggest that most of CBD, was loaded into the pores of zeolites rather than
on their surface since drug loading had no noticeable effect on the structure nor the shape of the particles. Similar results were obtained
from previous research on microporous drug carriers such as Zeolite loaded with Diclofenac and Curcumin [24,25].

3.1.2. FTIR analysis

FTIR spectra of parent H-USY and 50 % CBD/USY are shown in Fig. 2. The spectrum of the H-USY zeolite in Fig. 2(a) shows a sharp
peak at ~450 cm ™! corresponding to the internal bending of the Si-O and Al-O of the SiO4 and AlO4 tetrahedra. Likewise, the peaks at
~830 and ~1060 cm ™! respectively represent the external symmetric and internal asymmetric stretching vibrations of the Si-O-Si and
Si-0-Al linkages. The broad peak at ~3390 cm™! represents the Si-OH and Al-OH stretching, and the slight peak at ~1600 cm™*
denotes the -OH bending of these groups [26,27]. The FTIR spectrum of the CBD-loaded USY in Fig. 2(b) shows the characteristic peaks

Fig. 1. Scanning electron microscope images of (A) fresh zeolite USY and (B) CBD-loaded zeolite particles.
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Fig. 2. FTIR spectra of (a) H-USY and (b) 50%CBD,/USY.

of the USY zeolite, with additional peaks at ~2930, ~1580, and ~1440 cm_l, respectively corresponding to methyl and methylene
groups, phenyl ring C=C stretching, and C-O stretching vibrations, where all these functional groups are found in the structure of CBD
oil [28]. The differences in the spectra indicate that the zeolite particles were successfully loaded with CBD.

3.1.3. XRD analysis

The diffractograms of the parent H-USY zeolite and the 50 % CBD/USY sample are shown in Fig. 3. Fig. 3(a). The diffractogram of
the USY zeolite support showed peaks indicative of FAU-structured zeolites, with characteristic peaks at 20 = 6.3°, 15.8°, and 23.8°,
corresponding to the (111), (331), and (533) faces of the zeolite respectively [29]. The diffractogram of the loaded sample in Fig. 3(b)
exhibited similar XRD patterns to the parent zeolite with no additional peaks present, indicating that the framework remained intact
during and after the drug loading process. However, some changes in the peak intensity were noted, suggesting the encapsulation of
the CBD within the zeolite structure [25].

3.1.4. DLS analysis

Results of the DLS analysis to determine the particle size of the parent zeolite and loaded 50 % CBD/USY sample are shown in Fig. 4.
The USY zeolite exhibited a well-defined sharp peak indicating a hydrodynamic diameter of 0.95 pm, whereas the 50%CBD/USY
sample exhibited a broad peak which showed a hydrodynamic diameter of 1.03 pm. The results confirm the change in size after loading
with cannabidiol (CBD). The slight change of only 0.08 pm is concurrent with the findings of the SEM imaging, and it is likely why
there were no obvious changes in the size of the particle observed in the SEM.

3.1.5. N2 adsorption analysis

The isotherms resultant from N adsorption analysis on the unloaded and CBD-loaded zeolite are shown in Fig. 5. The isotherm of
the parent USY zeolite follows a type IV isotherm as described by the IUPAC classification of adsorption isotherms, which denotes that
the material is of a mesoporous type. However, the isotherm of the loaded 50 % CBD/USY sample showed a drastically reduced
adsorbed quantity of N compared to that adsorbed on the parent zeolite, indicating that the surface of the zeolite and its pores were
loaded with CBD [2,30].

Table 1 illustrates the observed decrease in surface areas and pore size in zeolite samples after drug loading with different con-
centration. Therefore, it can be concluded that CBD was present in the vacant pores in H-USY Zeolite during the loading phase. BET
results were evaluated, and the comparison between the different formulations prepared (w/w: 20 %, 30 %, 40 %, 50 %) favoured the
selection of the formulation with the most reduction in surface area and in pore size to be submitted for the in-vitro dissolution test.
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Table 1

Surface area (mz/g) and pore size (cm3/g) of the free USY zeolite and of the different CBD loaded particles prepared.
Preparation Surface Area (m?/g) Pore Volume (cm®/g)
Free H-USY 626.3 0.15
20 % CBD loaded zeolite 11.57 0.0099
30 % CBD loaded zeolite 10.36 0.0084
40 % CBD loaded zeolite 9.47 0.0055
50 % CBD loaded zeolite 3.64 0.0035
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Fig. 6. Thermal gravimetric analysis of different formulations of Cannabidiol loaded USY Zeolite.
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3.2. Content quantification

3.2.1. TGA

TGA has been used to determine the loading capacity of H-USY Zeolite. In this method, drug components decomposition and
desorption, and weight loss in samples, are monitored in relation to gradually increasing temperatures from 30 °C to 500 °C. In Fig. 6,
The TGA curves of pure H-USY zeolite shows a one stage weight loss due to the evaporation of physically adsorbed water. On the other
hand, a three-stage weight loss is seen in the TGA curves of the various concentrations of H-USY loaded formulations. Cannabidiol
decomposition starts between 175 and 200 °C (melting point of CBD = 180 °C). The initial weight loss is ascribed to moisture
desorption with a maximum loss of 4.3 % of its original weight (between 100 °C and 150 °C), whereas the subsequent two weight losses
appear to be associated with the evaporation and thermal breakdown of CBD, slightly present on the external surface (between 175 and
200 °C) and in the pore structure of the H-USY zeolite (between 200 and 500 °C). This trend has previously been noted when using
Zeolite X as a drug delivery system for ketoprofen, where the multiple stages of mass loss being attributed to the strong interaction and
binding of the drug to the zeolite surface [2]. Encapsulation efficiency of the CBD loaded zeolite particles were determined between
54.0 % and 73.5 % with the highest efficiency and content attributed for the 50 % w/w preparation as presented in Table 2.

3.2.2. Forced release method

There were no significant differences between the forced release method and TGA regarding the loading content for the preparation
with the highest encapsulation efficiency. After 6 h, 7.06 mg cannabidiol were released from 30 mg CBD loaded zeolite sample,
suggesting a 23.52 % drug content vs 24.5 % in the TGA analysis as presented in Table 3.

3.3. CBD release from the loaded zeolite particles

3.3.1. In-vitro dissolution studies

Using the Calibration curve of GBD in Ethanol solution (2 = 0.98), we calculated the percent release profile in SGF and SIF.

The CBD loaded zeolite particles released most of their content within 120 min, 95.7 % was released in the gastric simulated fluid
and 87.6 % in the intestinal simulated fluid. Additionally, CBD released from the loaded zeolite particles was relatively faster than the
control sample in both simulated biological media. After 30 min, 67.8 % was released in the SGF compared to 43.6 % released from the
control sample, and 62.6 % compared to 38.4 % in the SIF respectively as shown in Fig. 7(a) and b.

The release profiles in each media showed that the zeolite loaded particles differed significantly at pH = 1.8 (t-test, p = 0.03 < 0.05)
and at pH = 6.8 (t-test, p = 0.03 < 0.05) from commercialized control samples. The unique structure and porous architecture may
facilitate rapid diffusion of CBD molecules out of the zeolite particles. Moreover, the hydrophilic nature of zeolites could enhance the
solubility and dissolution rate of CBD, a relatively hydrophobic compound [9,31].

The enhancement in dissolution rate of CBD observed in our study is comparable to the results of Karavasili et Al., 2016. When
nifedipne is formulated with zeolite beta via spray drying, a 4-fold and 6-fold increase in the dissolution rate compared to the pure drug
was seen within 15 min in both gastric and intestinal fluids, respectively [9]. Similar results were also seen with danazol-loaded
NaX-FAU zeolitic particles which showed a gradual increase in dissolution reaching 70 % of its original content in 2 h compared to
a rapid and stagnant 50 % for the crystalline form in both media [32].

4. Conclusion

This work achieved the successful development and characterization of novel zeolite-based particles. These particles demonstrably
enhanced the dissolution rate of cannabidiol (CBD), a highly lipophilic compound with poor oral bioavailability. This innovative
approach presents promising potential for significantly improved CBD oral delivery, potentially revolutionizing the administration of
this increasingly popular therapeutic agent. Furthermore, the applicability of this approach extends beyond CBD, offering exciting
possibilities for enhancing the oral delivery of a broad spectrum of drugs that currently suffer from low bioavailability.

This study has limitations that are currently being addressed in ongoing research: i. The current research focused on character-
ization and dissolution testing. The translation of these findings to in vivo conditions will help understand and predict further the CBD
release; ii. Although zeolites have been explored in various applications, their long-term biocompatibility and potential toxicity when
used as drug carriers require further investigation, particularly in the context of repeated or prolonged administration.
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Loading content (%) and encapsulation efficiency (%) of the different CBD loaded zeolite formulations after calculating total sample weight loss (%)

using thermogravimetric analysis.

Cannabidiol loaded H-USY % w/  Theoretical weight Thermogram Total Water weight CBD weight loss (Loading ~ Encapsulation

Zeolite w loss weight loss loss content) efficiency

1 20 % 16.6 % 13.3% 43 % 9 % 54.01 %

2 30 % 23.07 % 19.4 % 43 % 15.1 % 64.45 %

3 40 % 28.57 % 19.9 % 4.3 % 15.6 % 54.6 %

4 50 % 33.33% 28.8 % 43 % 24.5 % 73.5%
Table 3

Loading content (%) and encapsulation efficiency (%) of the 50 % w/w CBD loaded zeolite particles after calculating its weight loss (mg) using forced

release method.

Cannabidiol loaded H-USY

% w/ Theoretical weight Weight of cannabidiol Sample CBD weight loss (Loading Encapsulation
Zeolite w loss released weight content) efficiency
1 50 % 33.33 % 7.058 mg 30 mg 23.52 % 70.58 %
a
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Fig. 7a. Cannabidiol loaded zeolite delivery system release profile vs. control sample in simulated gastric fluid.
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