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Plant-derived extracellular vesicles
for itraconazole delivery across the
blood-brain barrier for potential
glioblastoma treatment
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Background A major challenge in central nervous system disorders such glioblastoma includes the
presence of a blood-brain barrier which restricts the delivery of therapeutic agents to the brain,
thereby limiting the effectiveness of most conventional treatments. Moreover, the discovery of

novel drugs for glioblastoma has been limited hence drug repurposing has gained traction leveraging
existing drugs like itraconazole. Plant-derived extracellular vesicles (PDEVs) have potential as a natural
pharmaceutical delivery system owing to their therapeutic capabilities. These PDEVs may be a good
candidate for blood-brain barrier permeation due to their biomolecular composition and high drug
loading efficiency of itraconazole. In this work, PDEVs isolated from aloe aborescens (aloe), Zingiber
officinale (ginger) and Nigella sativa seeds [black cumin seeds (BCS)] were compared in terms of their
physicochemical properties, drug release kinetics, cytotoxicity, cellular uptake in glioblastoma cells
and BBB permeability. Results All PDEVs displayed nanoscale sizes ranging from 103.5 to 141 nm

with negative surface charge and a spherical morphological shape observed via SEM. The drug release
kinetics was assessed using different mathematical models depicting the PDEVs prolonged drug
release with <50% releasing over 21 days. The cytotoxicity studies showed that the PDEVs resulted

in a higher cell viability in the non-cancerous cell line compared to A172 glioblastoma cell line. The
cellular internalization of the drug showed poor uptake of blank PDEVs compared to loaded PDEVs in
glioblastoma cells. The BBB permeability test showed that ginger and aloe EVs permeated the BBB
whilst BCS blank and loaded EVs did not permeate the BBB. Conclusions This delivery system improves
the ability of plant-derived extracellular vesicles to cross the blood-brain barrier, addressing a key
challenge in delivering treatments to the brain. Through successful encapsulation of itraconazole, it
paves the way for glioblastoma treatment by repurposing itraconazole with improved efficacy and
reduced side effects. Furthermore, this can be incorporated in various drug delivery vehicles depending
on the route of administration and therapeutic outcome i.e. intranasal, intravenous, or oral route.
Future studies focus on determining the composition of PDEVs to enable engineering strategies for
next generation targeting via surface modification.

Keywords Blood-brain barrier, Plant-derived extracellular vesicles, Glioblastoma, Drug repurposing, Drug
delivery, Itraconazole

The blood-brain barrier (BBB) constitutes brain endothelial cells surrounded by pericytes, astrocytes, neurons
and microglial cells that regulates the permeability of substances moving across the neurovascular region®2. The
BBB interface facilitates the transport of lipophilic molecules (< 400 Da) into the neurovascular region, critically
important for advanced drug delivery for brain tumours (Glioblastoma Multiforme - GBM). While selective
permeability of the BBB is essential to maintain brain homeostasis, it is a significant challenge for drug delivery
to treat CNS conditions such as GBM. Hence, BBB-targeting delivery systems has become a major focus area of
innovation.
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GBM is a common primary brain malignancy (a grade IV glioma) with a five-year survival rate of < 5%
according to the World Health Organization (WHO) classification®. Current treatment of GBM includes adjuvant
therapies such as radiotherapy and chemotherapy however their efficacy is limited. The treatment is limited due
to the frequent mutation of GBM cells and the BBB hindering the permeation of the chemotherapeutic drugs,
thus lowering its efficiency on GBM cells*.

In the search of alternative non-invasive approaches of traversing the BBB to effectively treat GBM, research is
increasingly moving towards exploring the use of extracellular vesicles (EVs) as a delivery tool. EVs are natural-
derived nanoparticles from either cells, biological fluids or plant material, having a lipid-bilayer and biological
composition that can regulate intercellular communication (the secrotome)>®. EVs range in size from 30 to 150
nm and their inherent function is to transfer endogenous molecules as cargo to other receiving cells’. They have
also been successfully investigated as a promising biomarker in the early diagnosis of infectious disease, and
autoimmune disorders®.

EVs are assembled from a complex mixture of lipids, membrane/inner vesicular proteins, RNAs and integrins
that facilitates long-range transfer across different cells or tissues through the systemic circulation®. The lipid
bilayer of EVs can penetrate the BBB to transport therapeutic molecules to biological targets across the BBB!°.
Among the various types of EVs, Plant-Derived Extracellular Vesicles (PDEVs) have gained significant attention
for their safety, scalability, and eco-friendly production!!. Unlike animal-derived counterparts, PDEVs are less
likely to trigger immune responses and can be produced in large quantities with minimal cost as an attractive
delivery platform for CNS drugs'>!3.

In particular, plants such as Aloe aborescens (aloe), Zingiber officinale (ginger) and Nigella sativa (black cumin
seeds), have been used historically as phytomedicines*~!¢. For example, the leaves of aloe are reported to have
chromone or anthrone derivatives potentially providing antioxidant, anti-tumour, and antifungal activities'”.
Ginger contains gingerols, a major polyphenol with anti-inflammatory, antimicrobial and anticancer activities
and black cumin seeds contain thymoquinone, a major active chemical component with anti-inflammatory, and
neuroprotective activity!®1°.

PDEVs have emerged as promising nanocarriers for the delivery of lipophilic drug due to the high loading
efficiency and biocompatibility?’. Among these, itraconazole (ITZ) is a highly lipophilic antifungal agent which
has garnered attention for its potential in anti-cancer activity, making it a compelling candidate for repurposing
strategies. Despite decades of research, the discovery of novel drugs for GBM has been limited hence drug
repurposing has gained traction as a viable and time-efficient approach leveraging existing drugs like ITZ?1:22,
Recent studies suggest that ITZ has promising anti-angiogenic and anti-tumour activity, a potential candidate
for repurposing to treat GBM!%?3. In previous published reports, ITZ inhibited the hedgehog signalling pathway
and angiogenesis'’. However, its clinical application for CNS conditions is limited by its poor aqueous solubility,
low bioavailability, and the BBB due to its high molecular weight and significantly protein bound (albumin)?*.
Hence, encapsulating ITZ within PDEVs may provide a novel strategy to overcome the current limitations for
BBB targeted drug delivery to enhance its bioavailability for GBM to extort its promising angiogenesis and anti-
tumour activity.

Despite growing interest in targeted drug delivery for GBM, there remains a significant gap in understanding
the potential for PDEVSs to facilitate targeted drug transport across the BBB. While ITZ has shown promising
anticancer activity, its full therapeutic potential can be unlocked by using PDEV's to overcome its poor solubility,
systemic toxicity and low permeability across the BBB. PDEVs are neurocompatible materials and scalable.
However, there is a significant gap in exploring the use of PDEVs to encapsulate and deliver repurposed drugs
such as ITZ to treat GBM. The synergistic potential of combining ITZ with the biopharmaceutical advantages of
PDEVs remains underexplored.

Therefore this study focuses on bridging this gap by extracting PDEV's from three common plant sources,
Aloe aborescens (aloe), Zingiber officinale (ginger) and Nigella sativa seeds [black cumin seeds (BCS)], and
further characterize their pharmaceutical properties including, drug loading capacity, provide controlled drug
release, cytotoxicity in GBM cells over a non-cancerous cell line, internalization into GBM cells and the ability to
permeate the BBB. This approach provides a novel platform to enhance the efficiency of ITZ with effective BBB
permeation and to fully unlock the repurposed anti-tumour activity of ITZ for GBM treatment.

Materials and methods

Materials

Aloe aborescens (aloe), Zingiber officinale (ginger) and Nigella sativa seeds (black cumin seeds) were purchased
from different local nurseries and supermarkets (Johannesburg, South Arica). Itraconazole (ITZ) was purchased
from DB Fine Chemicals (South Africa). Dichloromethane (DCM), HPLC grade acetonitrile, triethylamine
(TEA), HPLC grade methanol, Sodium lauryl sulphate (SLS), Foetal bovine serum (FBS), Penicillin-Streptomycin
(10000 U/ml), 5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide dye (MTT), 0.25% w/v trypsin, and
Dulbeccos Modified Eagle Medium (DMEM), Fluorescein Isothiocyanate (FITC), DAPI (4,6-diamidino-2-
phenylindole) were purchased from Sigma (Sigma- Aldrich, Missouri, USA). Glioblastoma (A172) cells and
keratinocytes (HaCat) were purchased from the American Type Culture Collection (ATCC) (Rockville, MD,
USA). A Parallel Artificial Membrane Permeability Assay-BBB Kit (PMBBB) was purchased from BioAssay™
Systems, Hayward, CA, USA. All reagents and chemicals used were of high analytical grade.

PDEVs sample collection, extraction and purification

Plant-derived EVs (PDEVs) were extracted from ginger rhizomes, rinds of aloe and black cumin seeds (BCS).
They were selected because of their intrinsic properties and are consumed for several therapeutic purposes.
The following plants were weighed, washed with milli-Q water and, after the excess water was removed, the
samples were homogenized in phosphate-buffered saline (PBS, pH=7.4) at a ratio of 1:3 (w/v) using a high-
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speed blender (5000 Series Blender, Phillips, South Africa) to obtain the plant homogenate. The homogenate was
further subjected to extraction of PDEVSs as shown in Fig. 1.

To remove the large particles and the cellular debris, the homogenate was collected in centrifuge tubes and
centrifuged (Eppendorf Centrifuge 5810R, Hamburg, Germany) at 1000 x g for 10 min, 2000 x g for 20 min
and 3000 x g for 30 min at 4 °C. Between each centrifugation, the pellet was discarded, and the supernatant
was collected subjected to further centrifugation. The supernatant was then filtered (size 0.45 um) through a
vacuum filter and was subjected to centrifugation at 10 000 x g for 1 h’. The resulting solution was again filtered
through a vacuum filter using a 0.22 pum filter paper. The samples were collected and refrigerated at —80 °C for
lyophilization (Freezone 12 Freeze drier, Labconco, Kansas City, USA). Lyophilisation, also known as freeze
drying, removes water from the liquid PDEV's by reducing the pressure to allow the frozen water to sublimate.
This is done by freezing the samples and then placing it in the lyophilizer which is left for 16 h to dry. The
lyophilised samples were then stored at —80 °C for further application and characterisation.

Preparation of itraconazole-loaded PDEVs

Itraconazole (10 mg) was dissolved in 2 mL dichloromethane (DCM) and added to the PDEVs (250 mg)
dissolved in distilled water (98 mL) and mixed. The samples were left at room temperature for 10 min and then
sonicated (Sonics Vibra Cell, Newtown, CT, USA) for 2 min x 5 cycles (pulse: 5 s on, 2 s off), 40% amplitude?.
The samples were left to rest for 10 min between each cycle. After sonication, the samples were incubated for 1 h
at 37 °C and left at 4 °C overnight?®?’. The next day, the samples were centrifuged at 12 500 x g for 90 min, and
the pellet was recovered and stored in PBS (pH = 7.4) at —80 °C. The supernatant was retrieved for quantification
of entrapment efficiency.

Profiling and characterisation of extracted PDEVs

Protein determination by the bicinchoninic acid assay (BCA) assay

Protein contents were measured using a BCA protein assay kit (Thermo Scientific Pierce, Rockford, IL, USA).
BSA standard (25 uL) were transferred to a 96 well plate to which 200 uL working reagent was added (working
reagent 50:1 ratio of assay reagents A and B). The plate was incubated for 30 min at 37 °C, before being analyzed
with a spectrophotometer at 562 nm using Victor™ X3 microplate reader. A calibration curve was drawn using
the BSA standard readings. The PDEVs were dissolved in PBS (pH =7.4) (1 mg/mL). 25 pL of the PDEV's samples
were mixed with 200 pL of the working reagent which was then read on the spectrophotometer at 562 nm. The
protein content was quantified using the calibration curve as stipulated above.

Size and zeta potential determination of PDEV's
The freeze-dried PDEVs and drug loaded PDEVs were used to measure zeta potential, average particle size,
and polydispersity index (PDI) using Malvern ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, UK).
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Fig. 1. Extraction procedure of plant derived extracellular vesicles, Preparation and characterization of loaded
PDEVs.
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Samples were prepared with distilled water to a final concentration of 1 mg/mL, and about 2 mL of the samples
were placed in the cuvette and measured. All the measurements were carried out in triplicate and analysed using

Zetasizer Nano ZS Software?®.

Surface morphology of PDEVs

The morphological examination of the PDEV's and the drug loaded PDEV's were analysed by scanning electron
microscopy (SEM) (Zeiss Electron Microscopy, SIGMA VP, Carl Zeiss Microscopy Ltd, Cambridge, UK)?. The
lyophilized samples were dissolved in PBS (pH = 7.4), and a drop was positioned on an aluminium specimen
stub and left overnight to dry. Subsequently, the samples loaded on the stub were sputter-coated with gold. The
SEM pictures of the samples were generated with the help of SEM using the Zeiss Imaging Software.

Determination of ITZ entrapment efficiency and loading capacity within the PDEVs

The entrapment efficiency (EE) of ITZ within the PDEVs were evaluated using both the direct and indirect
method. The indirect method includes using the supernatant collected after drug loading which was analysed
using the High-performance liquid Chromatography (HPLC) quantification technique outlined below. The EE
was calculated using Eq. 1. The direct method involved rupturing the pellet using sonication to release the drug
which was then quantified using HPLC. The EE was calculated using Eq. 2°°. The concentration was computed
using a standard linear curve of ITZ (R* = 0.9991). The drug loading capacity (DLC) refers to the maximum
amount of drug that can be incorporated into a delivery system calculated using Eq. 3*!.The percentage value
of EE of the drug loaded PDEVs were carried out in triplicate (1 = 3) and calculated using the equations below:

Initial Concentration of drug — Free drug concentration in Supernatant

Entrapment ef ficiency (%) = Initial Concentration of drug x 100 (1)
. Drug concentration in pellet
Entrapment ef ficiency (%) = 100 2
P 17 v (%) Initial Concentration of drug @
total tofd in PDEV
Drug Loading Capacity = otal amount of drug in ® % 100 (3)

total amount of PDEV's

Quantification of Itraconazole from the PDEVs using high-performance liquid
chromatography

Quantification of ITZ was performed using high-performance liquid chromatography (HPLC) (Waters, Milford,
MA, USA)*. Isocratic method was carried out using XSelect™ CSH C18 (dimensions: 250 mm x 4.6 mm, pore
size: 5 um) column. The mobile phase used was acetonitrile, and a combination of 0.1% Triethylamine and
10% methanol at a ratio 90:10 at a flow rate of 1.8 mL/min, injection volume was 10 uL, column was at room
temperature and itraconazole was detected at 265 nm using an ultraviolet (UV)-visible detector®. Itraconazole
had a retention time of 2.2 min, and the overall run time was 5 min.

Evaluation of the chemical composition of ITZ-loaded PDEVs

Pure ITZ, blank PDEVs, and loaded PDEV's were analysed in powdered form (obtained by lyophilisation) to
determine the chemical composition of the drug and the PDEVs. The formulations were analysed in triplicates
(n = 3) with Spectrum 2000 ATR-FTIR (Perkinelmer, Beaconsfield, BUCKS, UK)) with the wavelength ranging
between 4000 and 650 cm™ ! with the spectra recorded as an average of 20 scans®*. A background scan was
performed before each measurement to eliminate noise.

In vitro analysis of ITZ release from the PDEVs
In vitro release studies were done on drug loaded PDEVs to determine ITZ release behaviour using the dialysis
method?®. Itraconazole loaded aloe, ginger and BCS PDEVs were added (~ 7-8 mg of ITZ in the loaded PDEVs
dispersed in 5 mL of PBS (pH = 7.4)) into the dialysis tubing and immersed in 95 mL release medium separately.
The tubing was placed in vessels containing PBS at pH 7.4 and pH 6 (containing 0.5% SLS to allow wetting and
dissolution of drug) and incubated at 37 °C in a horizontal orbital shaking incubator (type LM-530, Yihder
Technology Co., Ltd., New Taipei City, Taiwan), set at 25 rpm. The selected pH at 7.4 and 6 is to mimic the brain
extracellular fluid and the tumour environment respectively. Sampling was conducted at stipulated periods;
1h,2h,4h,6h,8h,12h,24h, 48 h, 72 h, 96 h and thereafter weekly for 20 days. All aliquots were run
through HPLC using the method outline above. The experiments were conducted in triplicate (n = 3) on all the
formulated loaded PDEVs in both pHs.

To analyse the in vitro drug release data, various kinetic models such as zero-order, first-order, Higuchi,
Korsmeyer-Peppa, and Weibull release model were used to determine the release kinetics*®*”. All the equations
are provided in the supplementary material.

Cytotoxicity and cellular internalization studies

Cell culture of A172 and HaCaT cells

A glioblastoma A172 and HaCaT keratinocytes cell line (obtained from ATCC, USA) were each cultured in
DMEM, supplemented with 10% FBS and 1% penicillin-streptomycin. The cells were incubated under 5% CO,
at 37 °C in an incubator. Cells were sub-cultured upon reaching 80-90% confluency using 0.25% trypsin and
only cells between passages 26 and 28 were used for experiments to ensure consistency and viability. All the
experiments were done in triplicates (n=3).
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Assessment of cytotoxicity of the PDEVs

A172 cells were seeded in a 96-well plate at a density of 3000 cells/well and HaCaT cells were seeded in a 96-
well plate at a density of 7500 cells/well and allowed to incubate overnight. Thereafter, the cells were treated
with various concentrations of blank PDEVs (0.25-4 mg/mL), loaded PDEVs (0.625-0.039 mg/mL) and pure
drug (500-31.25 uM). A positive control - cell culture medium with no treatment, and negative control - cell
culture medium with 10% DMSO were added for each plate. After 24, 48, and 72 h 3-(4, 5-methylthiazol-2-
yl)-2, 5-diphenyl-tetrazolium bromide (MTT, Sigma-Aldrich) was added (10 pL/well) for 4 h and formazan
crystals were solubilized by the addition of Sodium Dodecyl Sulphate (SDS). The plates were read at 570 nm
using Victor™ X3 microplate reader. % cell viability was calculated using the equation below:

Absorbance of Treatment

% Cell Viability : x 100 (4)

Absorbance of Negative Control

Evaluation of cell uptake and internalization
Fluorescein isothiocyanate (FITC) was used as a dye to label ITZ loaded PDEVs®. Briefly, FITC (1 mg) was
dissolved in 1 mL of DMSO (1 mg/mL), 100 pL of the solution was added to 200 pg of loaded PDEVs. The
solution was incubated for two hours and centrifuged at 14,000 rpm for 20 min (TC-MiniSpin Centrifuge,
TopScien, Ningbo, China). The recovered pellet was washed with distilled water to remove unbound FITC. The
FITC-labelled PDEVSs were collected and used immediately.

The A172 cells were cultured as described previously and employed for the uptake study. Cells were seeded
(1 x 10° cells/well) on presterilized cover slips in a 6-well plate and incubated for 24 h at 37 °C and 5% CO,.
After incubation, the cells were treated with FITC-labelled PDEVs and further incubated for 24 h, while control
cells were not treated. After 24 h, all wells were spiked with 500 L of 4% paraformaldehyde (PFA) for 2 min to
condition the cells to the fixation solution. Thereafter, the media was removed, and cells were fixed with 2 mL
of 4% PFA for 20 min. The cells were washed three times with 2mL of PBS (pH = 7.4) and stained with DAPI
(1 ug/mL), followed by incubation for 5 min in the dark at room temperature®. The cover slips were then used
under a fluorescent microscope (Celena S Microscope, Logos Biosystems) to view and capture images of the cell
at 517 nm green, fluorescent excitation (FITC) and 461 nm blue fluorescence excitation (DAPI) using the 10X

objective lens*.

Determination of BBB permeability of the ITZ-loaded PDEVs

A Bioassay™ PMBBB method (Hayward, CA, USA) was used to determine the permeability of compounds.
The PMBBB, which consists of porcine brain lipid extract dissolved in dodecane, was optimized to predict BBB
passive permeability. This membrane was immobilized on a PVDF matrix of a 96 well “acceptor” filter plate
placed on top of a 96 well “donor” plate. The test controls, stocked in 10 mM DMSO solutions, and the samples
were diluted to 500uM aqueous phosphate buffer and the concentration of DMSO was 0.5% in the final solution
according to the protocol. The test controls and samples were added to the donor plate and placed in the acceptor
plate containing 300 uL of PBS (pH=7.4). The plate was then placed in the incubator at 37 °C for 18 h. The
acceptor solution was then tested using a Victor™ X3 microplate reader compared to its standards. Permeability
Rate (Pe) calculations were performed using the equation below and were expressed in units of cm/s.

OD 4y
ODg

P.=C x —Inln(1— ) (5)

Where OD 4 is the absorbance of Acceptor Solution minus Blank, O D is the absorbance of the Equilibrium
Standard minus Blank, and, using an 18-hour incubation, C=7.72x 107° as provided in the manufacturer’s
protocol.

Statistical analysis
All data were expressed as mean values + standard deviation.

Results and discussion

Isolation and characterization of the PDEVs

Aloe, ginger and black cumin seeds (BCS) were selected to investigate their potential of drug encapsulation and
their ability to permeate the BBB. These plants were selected for their clinical properties. PDEV's were extracted
via serial centrifugation and double filtration from the different plant sources. The mean particle size, PDI and zeta
potential are critical parameters of drug delivery systems for cellular uptake and internalization, bioavailability,
stability and effective clinical applications*!. After isolation of PDEVs, their particle size distribution ranged
from 50 to 150 nm, with a mean size of 130 + 2.79 nm for aloe, 103.5 + 1.09 nm for ginger and 141.4 + 1.15
nm for BCS (Fig. 2D). For effective BBB permeation, size is a critical parameter which needs to be < 200 nm*2.
Therefore, the size of the isolated PDEVs meet this criterion and may prove advantageous for crossing the BBB.
The PDI value < 3.0 indicates homogeneity and stability of the PDEV's (Table 1)*!. The homogeneity of PDEVs
ensures optimal cellular uptake and equal biodistribution of PDEVs*!.

The presence and morphology of PDEV's were confirmed by Scanning Electron Microscopy (SEM) (Fig. 2A-
C). The SEM analysis showed that there were numerous PDEVs with a spherical morphology and distributed
unevenly throughout the surface. These PDEVs had a range of dimensions with diameter around 100 nm or less.
The SEM confirms that the PDEVSs extracted are nano-sized vesicles with a spherical morphological shape. This
also validates the isolation technique as it allows the PDEVSs to retain their round shape®.
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Fig. 2. Size distribution, morphology and protein concentration of the blank PDEVs: (A) SEM image of Aloe
EVs; (B) SEM image of Black cumin seeds EVs; (C) SEM image of Ginger EV's; (D) Dynamic light scattering
(DLS) size measurement of blank PDEVs and (E) Protein Concentration of PDEVs.

Plant type for EV derivatization | Average size(nm) | PDI Zeta potential(mV)
Aloe 130+2.79 0.196+0.008 | —18.1+0.44
Ginger 103.5+1.09 0.213+£0.003 | -17.3£0.32
Black cumin seeds 141.4+1.15 0.179£0.004 | -11.2+0.68

Table 1. Average size, PDI and zeta potential of blank PDEVs.

The zeta potential of the PDEV's ranged from — 11 to —19 mV for the different PDEV's (Table 1). These results
align with reported literature where a higher negative zeta potential (~10 to —30 mV) was shown to prevent
aggregation and provide stability to the system, while also avoiding rapid clearance by the immune system*’.
BCS has the lowest anionic zeta potential which suggests it may have a lower stability compared to aloe and
ginger EVs. The BBB itself is highly negatively charged making it difficult for highly negatively charged particles
to penetrate through. However, negatively charged particles have lower cytotoxicity and low macrophage uptake
leading to a higher circulation time in the body*. A study highlighted that cationic nanoparticles exert a toxic
effect on the BBB and disrupt its integrity whereas neutral or low concentrations of anionic nanoparticles had
no such effects on the BBB integrity*2.

Protein assays of the PDEVs were performed using a BCA protein Assay kit and the protein content was
found to be 282.15 + 65.47, 290.62 + 20.16, and 463.70 + 79.15 pg/mL in 1 mg/mL concentration of aloe, BCS,
and ginger EVs respectively (Fig. 2E). All different PDEVs had different amounts of protein levels which may
correlate to cytosolic or enzyme proteins!2. Some of these enzymes may be beneficial and some may produce
unwanted interactions. Hence serial centrifugation is important to remove most of the unknown protein content,
however some of the proteins may remain preserved due to the lyophilisation process* (Fig. 2E).

The FTIR spectra of extracellular vesicles derived from BCS, ginger, and aloe revealed distinct biochemical
compositions. In the 3200-3400 cm™ region, PDEVSs exhibited an intense broad peak, indicating the presence
of hydroxyl and amine groups. The lipid-associated C-H stretching peaks (2800-2950 cm™) are also observed
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for the PDEVs. BCS has been proven to have a high lipid content, in a study by Albakry et al., which further
supported the obtained results*®. Protein-related amide I (1600-1700 cm™") and amide II (1500-1570 cm™)
belonging to the carbonyl (C = O) stretch, showed peaks for all PDEVs. The protein content directly correlates
to the BCA results in this study shown in Fig. 2. The peaks observed at 1000-1250 cm™, correlates to C-N
stretching vibrations which are indicative of biomolecules and peptides which possess the amine functional
group.

In contrast, the fingerprint region (1000-500 cm™"), associated with carbohydrates and phosphates suggests
carbohydrate content in all the PDEVs. Aloe plant extract contains more than 75 different compounds,
some of which includes sugars (monosaccharides such as mannose-6-phosphate and polysaccharides such
as glucomannans), anthraquinones (aloin and emodin), fatty acids (i.e., lupeol and campesterol) and many
others?. The FTIR depicts similar chemical composition of the aloe EVs in Fig. 3 with carbohydrate and lipid
content. Nigella sativa seeds (BCS) are rich in unsaturated and essential fatty acids suggested by many studies
with potential alkaloids such as isoquinolone promoting anticancer effects*®. The lipid content of BCS and ginger
may make it easier to cross the BBB because of its lipophilicity. The chemical composition may affect the drug
loading capacity and release behaviour of the three PDEVs.

Drug loading and characterisation of Itraconazole loaded plant-derived extracellular vesicles

Aloe, Ginger and BCS- derived EVs were loaded with Itraconazole (ITZ) to assess entrapment efficiency and
drug loading capacity. A combination method of sonication and incubation was employed. Sonication provides
a high-efficient method for drug encapsulation in EVs, however EVs are susceptible to membrane damage
while the incubation method affords low drug encapsulation but a high rate of membrane recovery*’. During
sonication, transient pores of integrity of the membrane of the PDEVs allows diffusion of substances from the
surrounding medium®. Inspired by this, we proposed a method which combines both sonication and incubation
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Fig. 3. FTIR spectra to analyse the chemical composition of PDEVs. Characteristic bands of lipids, proteins
and carbohydrates are highlighted in the plots. (A) highlight the hydroxyl and amine groups between 3200-
3400 cm™, (B) indicate lipid-associated C-H stretching between 2800-2950 cm™, (C) and (D) indicate the
protein region at 1600-1500 cm™ and (E) 1000-1200 cm™ highlights the C-N stretches of the compound.
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Plant type

EVs Average size (nm) | PDI Zeta potential (mV) | %EE %DLC
gfek’aded 290.4+5.71 0.236+0.0127 | —14+0.44 82.09+2.38 | 3.240.094
ITZ loaded ginger 179.3+£3.00 0.132+0.0216 | -13.6+0.173 83.05+6.54 | 3.2+0.28
ITZ loaded black cumin seeds | 415.8+7.09 0.553+0.070 | —10.5+0.68 72.80+3.59 | 2.8+0.20

Table 2. Average size, PDI, zeta potential, % EE and % DLC of Itraconazole loaded plant-derived EVs.

D Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 230.6 Peak 1: 2629 100.0 86.15
Pdi: 0.259 Peak2:  0.000 00 0.000
Intercept: 0.834 Peak3:  0.000 00 0.000
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Fig. 4. Size and morphology of loaded PDEVs: (A) SEM of ITZ loaded Aloe EVs; (B) SEM of ITZ loaded BCS
EVs; (C) SEM of ITZ loaded Ginger EVs and (D) Size distribution map of all loaded PDEVs.

with the help of the evaporative behaviour of DCM to enhance drug loading. Moreover, to prevent drug leakage;
a 10-minute rest between each cycle of sonication was added and sonication was done with an on and off pulse
function to avoid excessive sonication. The size distribution of the aloe, ginger and BCS loaded EV's increased
t0290.4 £ 5.71, 179.3 £ 3.00 and 415.8 + 7.09 nm respectively suggesting successful drug encapsulation (Table
2). The PDI in Table 2 shows that the drug-loaded ginger EV's have the best uniform dispersion with a PDI of
0.132 + 0.0216 suggesting the equal distribution of drug inside the PDEVs resulting in a size of 179.3 + 3.00
nm*!. However, the increased size of aloe and BCS is high which may also be due to the vesicles being aggregated
resulting in less PDEV's loaded with more drug. BCS loaded PDEVs size is the largest which may be due to the
high lipid content able to attract more lipophilic drug ITZ. The size distribution map of BCS in Fig. 4D shows
how most of the BCS EVs remained unloaded which may be because of the high lipid content on the membrane
of the BCS EVs making them more rigid and stable hence making it difficult to break open®'. This can also be
noticed by the lower entrapment efficiency of the BCS EVs (Table 2).

The morphology of the loaded PDEV's can be seen in Fig. 4(A-C), with loaded aloe EVs having a rounder
morphological shape compared to the other two PDEVs. It is evident through Fig. 4B that BCS EV's do not retain
their morphological shape which may be due to the extraction or drug loading technique. The zeta potential of
the PDEVs increased and the conductivity became less anionic, increasing the potential of cell permeability as
stated above that cell membranes are negatively charged (Table 2)**.

The entrapment efficiency of the PDEV's was between 72 and 85% for all the PDEVs, the EE did not vary
significantly amongst the PDEVs. The drug loading capacity is 2.8-3.2% compared to the total component of
the delivery system indicating moderate DLC. The PDEVs loaded formulation was optimised by varying the
PDEVs and drug feeding ratios. The amount of itraconazole was increased to a constant quantity of aloe EVs by
different feeding ratios i.e. 5:250, 10:250, 15:250 (mg of drug: mg of EVs). The EE did not increase significantly
with the increasing amount of drug, however the DLC increased up to 4% suggesting that more quantity of drug
can be loaded in the same amount of PDEVs which indicates that there are more PDEVs in the system that can
accommodate higher amounts of drug. Numerous studies have reported that EV's typically demonstrate modest
drug loading due to their intrinsic membrane capacity, and our values fall within the commonly published
range>2335:52,
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Transmitance (%)

FTIR spectroscopy was employed to assess the successful encapsulation of the drug within the PDEVs.
Spectra were obtained for the blank drug (Pure ITZ), blank PDEVs, and the loaded PDEVSs, and the results are
presented in Fig. 5. The spectrum of the blank PDEVs displayed characteristic absorption bands around 3300
cm™ corresponding to O-H/N-H stretching vibrations, and bands near 1650 cm™ and 1540 cm™ indicative of
amide I and amide II carbonyl (C = O) stretch, respectively. In contrast, ITZ showed several distinct peaks in the
region (1000-1700 cm™), characteristic of its specific functional groups in the free crystalline state. Upon drug
loading, the spectrum exhibited shifts and changes in intensity, particularly in the regions corresponding to the
amide bands and the broad O-H/N-H stretch. Additionally, the region (1000-1700 cm™) of the loaded PDEV's
showed significant attenuation and broadening of the EV’s peaks, suggesting a possible interaction between the
drug and the vesicle matrix or changes in blank PDEV structure. The reduction in sharpness and intensity of
ITZ specific peaks and the visibility of the PDEV specific peaks in the loaded aloe EVs hence no observable new
characteristic peaks were found in the FTIR spectra. Therefore, it could be predicted that no chemical reaction
might have occurred in the process of encapsulation in the PDEVs. The interactions that occur may be due to
non-covalent interactions™>*,

In vitro drug release of ITZ from PDEVs

All the drug release studies were conducted under sink conditions to ensure precision of the results®. The drug
release studies were carried out using the dialysis bag method at 37 °C. Hence, the solubilities of the drug in
different release mediums were determined prior to the release study. The selection of release medium was based
on an optimum solubility of ITZ and no interaction with the PDEVs. The release medium was 0.5% SLS in PBS
(pH = 6.0 and 7.4). The samples were collected at various timepoints and quantified using HPLC. The release
profiles of ITZ loaded PDEVs are plotted in Fig. 6 with cumulative release percentage plotted along the Y-axis
and the time (hours) along the X-axis. The drug release profile of all the PDEV's was less than 50% of releasing
over a period of 21 days. The aloe EVs had a 16 £ 0.71% ad 20 + 2.14% IZ release at pH 7.4 and 6.0, respectively.
The release had an initial burst of 4.45 + 2.15 and 10.47 + 2.42% a pH 7.4 and 6.0 respectively within 24 h and
the remaining curve shows a controlled release profile over 504 h. This was not seen with BCS EVs as it had a
higher release at both pH i.e. 21 + 1.01% ad 32 + 8.87% rlease at pH 7.4 and 6.0 respectively. BCS EVs had a
higher release within 24 h which is 10.27 + 0.44% a pH 7.4 and 11.27 + 2.28 at pH 6.0. Cumulative release from

—— Pure ITZ
—— Blank Aloe EVs
—— Loaded Aloe EVs
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Fig. 5. FTIR spectra of blank aloe EV's (Red), Pure Itraconazole drug (Blue) and Loaded aloe EV's (Black).

Scientific Reports |

(2026) 16:3169 | https://doi.org/10.1038/s41598-025-33187-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

% Cumulative Release

Cumulative release of itraconazole from Cumulative release of itraconazole from

35
30
25
20
15
10

5
0

PDEVs (pH=7.4) PDEVs (pH=6.0)
35
30
25
20
15
10
5

-o- Aloe
- BCS
-+ Ginger

% Cumulative Release

1
0

T T T T T 0t T T T T T
100 200 300 400 500 0 100 200 300 400 500

Time (hr) Time (hr)

Fig. 6. Cumulative release (%) of itraconazole from aloe, BCS and ginger PDEV's at pH 7.4 and 6.0.

ginger EVs was 20 + 1.03% ad 24 + 0.43% a pH 7.4 and 6.0 respectively Within 24 h, ginger EVs had a lower
release which was 8.14 + 0.23% a pH 7.4 and 13.99 + 0.12% a pH 60. It appears that BCS had the highest release
which may be due to its higher zeta potential. Passive drug release from EVs can be affected by the size, shape,
zeta potential and the composition of the EVs*3, Proven above, the size of BCS increased to 415.8 nm (Table 2)
which contributes to the higher % of drug release as more drug could have been released in lesser quantities of
BSC EVs. However, with aloe and ginger due to its relatively smaller size and rounder morphological shape, it
might have prolonged the release of the drug from different PDEV's due to a higher surface area®. The irregular
encapsulation of BCS EVs also contributes to the irregular release profile as seen in Fig. 5 whilst ginger and aloe
provide more controlled release over time. The composition of the EVs may also affect the drug release profile.
The observed increase in passive drug release of BCS may be due to the lipid composition which may be enriched
with unsaturated fatty acids, as inferred from the known lipid profile of Nigella Sativa plant*®. Such composition
promotes higher membrane fluidity due to the surrounding release medium. Furthermore, it is important to
note that the in vitro release test primarily reflects passive diffusion of ITZ from the PDEVs through the dialysis
membrane. In vivo, additional processes such as enzymatic membrane degradation, serum interaction, cellular
uptake and endosomal escape would further contribute to drug release?. Therefore, the limited release observed
in vitro likely represents a conservative estimation of the drug that would be liberated under physiological
conditions.

The slow controlled release of ITZ can be leveraged for a sustained drug delivery system. Sustained-release
drug delivery systems achieve the slow release of a drug over an extended period after administration of a
single dose. These delivery systems include implants, skin patches, inserts etc. which are convenient to patients
and need a sustained drug release system®’. Further use of these PDEVs as part of a drug delivery system
with sustained release is to manage recurrence of GBM. GBM is the one of the most aggressive tumours and
recurrence is almost unavoidable which is due to the poor prognosis and no standard care in clinical situations®.
In this regard, different approaches need to be investigated, in which PDEVs are a potential for sustained release
of drug to manage recurrence of GBM over time.

The observed pH-dependent release profile with enhanced drug release under a pH of 6.0 may be attributed
to the acidic medium making the PDEV membrane weaker. At lower pH, increased protonation of lipid
head groups likely reduces membrane integrity, promoting faster drug diffusion. In contrast, at higher pH,
deprotonation enhances lipid packing and membrane stability, thereby slowing the release rate®®. This effect
takes place through stimuli-responsive release of the drug from the PDEV's hence proving the mechanism may
be similar to synthetic nanoparticles such as liposomes®’. The pH-triggered drug release is advantageous to
deliver drugs to tumour sites which are typically at low pH (6.5-6.8)1:62,

For the drug release kinetic study, different mathematical models were used namely Korsmeyers-Peppa,
Higuchi, First-order, Zero-order and Weibull release model comparing the R-square values and rate constants
from the plots of the models (provided as supplementary material)***”. The zero-order rate explains the systems
where the rate of drug release does not depend on its concentration. The first order explains the release from
the system where rate of drug release is concentration dependent. Higuchi described the release of drugs from
an insoluble matrix as a square root of time dependent process based on Fickian diffusion. Korsmeyer-Peppa
model derives a simple mathematical relationship describing the drug release from different polymeric systems.
The Weibull release model is an empirical model widely used for both immediate and sustained drug-release
patterns>®37,

In the table above, R* is the correlation value, K is rate constant, and n is the release exponent (Table 3). Based
on best fit with the highest correlation value, it is concluded that Aloe and BCS loaded EV's follow the zero-order
model at both pH (7.4 and 6.0) and ginger loaded EVs follow the Korsmeyers-Peppa and the Weibull model.
Zero-order model describes the release process where the drug is released at a constant rate over time, regardless
of its concentration. Aloe and BCS loaded EVss release the drug at a constant rate which is ideal for maintaining
steady drug levels in the body. The Korsmeyer-Peppas model is useful when the release mechanism involves a
combination of processes which may be the case with ginger loaded EVs as it also follows the Weibull model of
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Sample Higuchi | Korsmeyers | First-order | Zero-order | Weibull
Aloe (pH=7.4) R* | 0.551 0.3091 0.5787 0.7219 0.3093
K |0.0498 0.0264789 0.00004606 | 0.0003 -
n |- 0.1111 - - -
Aloe (pH=6.0) R* | 0.6421 0.5117 0.4922 0.7149 0.5143
K |0.0507 0.0569246 0.00002303 | 0.0003 -
n |- 0.0943 - - -
BCS (pH=7.4) R* | 0.7708 0.6947 0.5905 0.8001 0.6953
K |0.0617 0.04728245 | 0.00002303 | 0.0004 -
n |- 0.1173 - - -
BCS (pH=6.0) R* | 0.8598 0.7103 0.8547 0.9397 0.6998
K [0.1371 0.03397035 | 0.00004606 | 0.0008 -
n |- 0.1739 - - -
Ginger (pH=7.4) | R* | 0.9756 0.9865 0.5943 0.8715 0.9866
K [0.1079 0.00689763 | 0.00006909 | 0.0006 -
n |- 0.3258 - - -
Ginger (pH=6.0) | R* | 0.8594 0.9217 0.4416 0.672 0.929
K |0.1158 0.02435006 | 0.00004606 | 0.0006 -
n |- 0.2369 - - -

Table 3. Mathematical modelling of Itraconazole release kinetics from plant-derived extracellular vesicles:
interpretation of R-square values and rate constants.

kinetics. The Weibull model is applicable when the release is from heterogeneous matrices. Other parameters
of the Weibull model include  which relates to the release mechanism of the ginger loaded EVs.  of 0.3383
(pH = 7.4) and 0.2525 (pH = 6.0) indicates a diffusion-controlled release which may be in combination with
other processes which are unknown®. The n value predicts the release mechanism of the drug which is less than
0.45 corresponds to the Fickian diffusion model®. Fickian diffusion is controlled purely by diffusion due to a
concentration gradient, and the rate of drug release slows down over time as the gradient diminishes.

Cytotoxicity assessment of the PDEVs, ITZ and the loaded PDEVs

To provide insight into the potential application of PDEV's for therapeutic applications, it is essential to confirm
the cytotoxicity of the drug delivery system. As shown in Fig. 7, the cytotoxicity profile of PDEVs is determined
in A172 and HacCat cells to compare the treatments in both cancerous and non-cancerous cell lines using an
MTT assay. Both cells were treated with the same concentrations of PDEV's for 24, 48 and 72 h. In A172 cell line,
the aloe PDEV's shows increased cell viability at both low and high concentrations, the lowest cell viability is 74%
at 24 h in A172 cell line. However, the cell viability has not changed significantly at different timepoints. The cell
viability of aloe EVs in HaCat cells is higher compared to the A172 cells in correlation with the concentration.
The proliferative effects of aloe PDEVs are seen through its enhanced cell viability on the HaCat cell line however
it seemed to inhibit proliferation of A172 cell lines. This proves that aloe EVs may possess the characteristics of
the plant which have been proven to have characteristics such as anti-cancer activity and proliferative activity
on normal cells®#%. The loaded aloe EVs have a lower cell viability compared to the blank aloe EVs despite the
lower concentration in both cell lines. This might be due to the release of itraconazole during cellular uptake as
the mechanism of uptake is yet unknown. Nigella Sativa has been reported as cytotoxic at higher concentrations
in many studies, as shown in Fig. 6 both blank and loaded BCS EVs have a higher cytotoxicity even at low
concentrations®. This is seen in both A172 and HaCat cell lines however at 0.25 mg/ml, it can be deduced
that BCS EVs may have some proliferative activity on HaCat cell lines and anti-cancer activity on A172 cell
line resulting in 81% and 117% cell viability at 72 h respectively. With the loaded BCS EVs, having a lower cell
viability even at lower concentrations which may be due to the release of ITZ. The cell viability of loaded BCS
EVs reasonably correlates to the cell viability of pure ITZ in Fig. 8 further proving the release of the drug from
the BCS EVs affecting the cell viability of both cell lines. BCS contains thymoquinone which has been reported
to induce apoptosis in various cancerous cells further supporting its effects on the A172 cell lines compared to
the HaCat cell line®.

Cytotoxicity of ginger EVs and ITZ loaded ginger EV's against A172 and HaCat cell lines has been displayed
in Fig. 7. Blank ginger EVs display strong cytotoxic effects towards both cell lines at higher concentrations with
the lowest activity in HaCat cell lines. Blank ginger EVs showed more toxic effects against A172 cell line than the
anti-cancerous cell line at concentrations lower than 0.50 mg/ml. It is well known and proved by many studies
that ginger possesses anti-cancer activity and has been shown to suppress tumours of many cancers®®®. In this
research, it has been proven that EVs derived from ginger possess the same characteristics of cytotoxicity and
antineoplastic activity. The loaded ginger EV's behave the same compared to aloe and BCS loaded EVs which
may mean that the cytotoxicity depicted correlates to the activity of itraconazole in Fig. 7.

Itraconazole is an azole antifungal medication used to treat fungal infections. The cytotoxicity of ITZ was
evaluated on HaCat and A172 cell lines using an MTT assay. A dose-dependent and time-dependent reduction
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Fig. 7. MTT assay confirming the cytotoxic effect of blank PDEVs and loaded PDEVs on A172 (Glioblastoma)
and HaCat (Keratinocytes) cells for 24, 48 and 72 h. (a) Effect of blank PDEV's on A172 cell viability, (b) Effect
of PDEVs on HaCat cell viability, (c) Effect of loaded PDEVs on A172 cell viability, and (d) Effect of loaded
PDEVs on HaCat cell viability.

in cell viability was observed for both cell lines. A172 cells exhibited a more pronounced decrease in viability
compared to HaCaT cells across all tested concentrations, suggesting greater sensitivity of the glioblastoma cells
to ITZ. Notably, the decline in viability in A172 cells began at lower concentrations and reached below 50%
at higher doses, indicating potential anti-cancer efficacy. In contrast, HaCaT cells maintained higher viability
across the same concentration range, highlighting a degree of selectivity.

The differential cytotoxic effects of itraconazole suggest a potential therapeutic window for selectively
targeting glioblastoma cells. This heightened sensitivity in A172 cells may be attributed to differences in cellular
metabolism, membrane composition, or drug uptake mechanisms between cancerous and non-cancerous cells.
These findings support the growing interest in repurposing itraconazole as an anti-cancer agent, particularly
due to its known inhibition of angiogenesis, Hedgehog signalling, and mTOR (mechanistic target of rapamycin)
pathways processes commonly dysregulated in glioblastoma’. The relatively lower impact on HaCaT cells
indicates a potentially favourable safety profile. Overall, these results warrant further mechanistic investigations
and in vivo studies to explore itraconazole’s utility as a therapeutic option for glioblastoma. This drug is now
researched to repurpose it for the treatment of cancer’’.

Cellular uptake

Fluorescence imaging was carried out as described in the methods section to evaluate cellular uptake of PDEV's
andloaded PDEVsby A172 cells. The PDEVs were incubated with FITC for two hours to conjugate the PDEVs. The
conjugated PDEVs were exposed to A172 cells for 24 h. Figure 8 shows representative images of the uptake assay
of the PDEVs and the loaded PDEVs. The images reveal limited uptake of the blank PDEVs, particularly those
derived from aloe, which showed minimal intracellular signal despite being applied at the same concentrations
as their drug-loaded and blank PDEVs. In contrast, ITZ loaded PDEVs demonstrated significantly greater
uptake across all plant sources, suggesting that drug loading enhances cellular internalization. The improved
uptake is likely associated with changes in surface charge, specifically, drug loading resulted in a less anionic
zeta potential, which may have enhanced interactions with the negatively charged cell membrane and promoted
endocytosis®. Glioblastoma (A172) cells in vitro, typically exhibit depolarised resting membrane potentials
ranging approximately — 20 to —40 mV in potential’2. In correlation to PDEVs, ITZ loaded PDEVSs have a higher

Scientific Reports |

(2026) 16:3169 | https://doi.org/10.1038/s41598-025-33187-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/
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Fig. 8. Cell uptake studies. Fluorescent microscopy images of (A) aloe blank EVs, (B) BCS blank EVs, (C)
ginger blank EVs, (D) ITZ loaded Aloe EVs, (E) ITZ loaded BCS EVs, (F) ITZ loaded Ginger EVs.

zeta potential which may increase the electrostatic interaction between the membranes. In contrast, the blank
PDEVs, which had a more strongly negative zeta potential were internalized poorly, possibly due to electrostatic
repulsion from the cell surface”®. Interestingly, no major differences were observed in the uptake efficiency among
the loaded PDEVs. Hence it is also noted that particle size did not play a dominant role in uptake under the same
conditions. Despite the lower concentration of ginger and BCS EVs, fewer viable cells were visibly present,
possibly indicating the synergistic cytotoxic effects on the glioblastoma cells as seen in Fig. 7. This also suggests
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Fig. 9. Assessment of BBB permeation using a permeability rate (Pe) at a constant concentration 500 pM
compared to low and high control.

the release of ITZ from the loaded PDEVs through cellular mechanisms impacting cellular internalization.
Another important factor affecting uptake visibility may be the FITC-labelling efficiency through different plant
sources. FITC is an amine reactive fluorescent probe which labels biomolecules by forming a covalent bond
between its isothiocyanate group and the primary and secondary amine groups of the biomolecules’. Hence,
the exposure of the surface amines varies between each plant as seen in Fig. 3 therefore the FITC binding may
also vary through the plant sources.

BBB permeability of the blank and loaded PDEVs

A BBB permeability kit was used to assess the permeability rate of the PDEVs and the loaded PDEVs, as
shown in Fig. 9. Permeability rate (Pe), as measured by the BioAssay Systems BBB permeability kit, reflects the
capacity of compounds or particles to traverse a model of the BBB. This kit quantifies the apparent permeability
coefficient (Pe, in cm/s), providing a comparative measure of how easily a substance crosses the barrier. A higher
Pe value indicates greater permeability, while a lower Pe suggests minimal translocation. In this study, three
PDEVs were tested both as blank and PDEVs loaded with ITZ. These were compared to kit-provided high
and low permeability controls. Ginger blank EVs showed moderately permeability (2.35 x 107 cm/s), close
to the high control range. Another study was done on ginger constituents to test the BBB permeability which
showed that constituents of ginger such as®-gingerol?, -gingerol and®-shogaol were able to penetrate the BBB”>.
Aloe blank EVs had a slightly lower but still relatively high permeability (1.47 x 10™° cm/s). Aloe may have a
slight BBB permeability which may be associated with different proteins contained in aloe however there is
very limited research done on the BBB permeability of aloe. In contrast, BCS blank EVs exhibited minimal
permeability (1.31 x 107 cm/s), significantly lower than the low control, indicating poor ability to cross the
BBB under basal conditions. This is contradicting as BCS seeds are known to contain thymoquinone which is a
low molecular weight lipophilic compound that poses the ability to cross the BBB’. Hence, it can be deduced
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that the method of extraction and drug loading may not be optimal for BCS blank and loaded EVs reducing
its bioactive compound. Ginger and aloe loaded EVs displayed very high permeability rates of 6.46 x 107 cm/s
and 4.59 x 107° cm/s respectively; both exceeding the high control. However, BCS loaded EV's again showed
poor permeability (2.76 x 10~ cm/s), lower than the low permeability control. The results above depict that the
extraction and drug loading method of aloe and ginger retains some proteins and lipids that may be beneficial
for BBB permeation whilst for BCS, the method of extraction and drug loading may not be optimal.

The pure drug itraconazole was also tested which yielded negligible Pe values, suggesting no measurable
permeability in this assay model. These results suggest that the membrane characteristics of aloe and ginger
EVs support higher BBB permeability, especially after loading. In contrast, BCS EVs may have membrane
composition or lipid/protein degradation that limits translocation, regardless of drug presence.

A concentration gradient study (from 15 to 1000 ug/ml) of the blank and loaded PDEV's was also performed.
Aloe and ginger EVs again showed notable permeability trends. Aloe EVs showed slightly variable but generally
low Pe values compared to the high control. For the highest concentration of aloe, Pe values were negligible and
close to the low control. Ginger EVs had a better permeability across all concentrations with the Pe ranging from
1.0633x 107 to 3.3556 x 10™° cm/s. BCS had the lowest Pe values suggesting no permeation through the lipid
membrane. However, it was noted that the Pe is independent of the concentration of the PDEVs.

Conclusions

In the current study, PDEVs isolated from aloe, ginger and black cumin seeds were fully characterized and
comparatively evaluated for their ability to encapsulate highly lipophilic ITZ. Optimisation strategies that could
further improve the drugloading capacity include introducing a surfactant for assisted drugloading, optimisation
of the temperature during sonication and incubation, pH modification, longer incubation times and higher
drug-to-EV ratios to drive higher partitioning and diffusion rate. Results showed that the PDEVs variants were
of similar size and zeta potential, however their composition varied, influencing the release mechanism and
encapsulation efficiency of ITZ in each case. The PDEVs successfully encapsulated ITZ with steady state zero-
order release for the BCS and aloe PDEVs variants. ITZ release from ginger followed the Korsmeyers Peppa
model with enhanced uptake by A172 GBM cells. Cell viability studies showed proliferative effects of aloe PDEVs
on HaCat cells and cytotoxic effects on the A172 GBM cells. This was not observed at higher concentrations
of ginger and BCS PDEVs suggesting toxicity at higher concentration (potential angiogenic effects of PDEVs
on GBM cells). PDEVs of ginger had superior BBB permeability over aloe. The BCS variant showed no BBB
permeability. In summary, these results provide valuable insight into the use of PDEVs for site-specific delivery
of repurposed drugs to treat GBM. As this study serves as a proof of concept for the repurposing of itraconazole
using PDEVs for GBM therapy, further formulation development is necessary. Comprehensive stability studies
are required to evaluate the long-term physicochemical integrity of the vesicles, including particle size, PDI, zeta
potential and drug retention under different storage conditions and in sera. Such evaluation will be essential
for determining shelf life, ensuring reproducibility and supporting future translational and in vivo studies.
Incorporating these analyses will strengthen the progression of this formulation toward preclinical validation
and clinical applicability. Further focus on profiling the lipid, protein and RNA content of the PDEV's will enable
engineering strategies for next generation targeting via surface modification to achieve site-specific delivery to
brain tissue. Incorporation of these drug-loaded PDEVs with other drug delivery systems, such as intranasal
delivery, could enable direct nose-to-brain targeting for GBM - improving patient compliance and enhancing
drug availability in the brain with lower administration dosages in such a formulation.
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