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Abstract

Extracellular Vesicles (EVs) were isolated from human umbilical cord mesenchymal stem cells
(hUCMSCs) and were further encapsulated with cannabidiol (CBD) through sonication method
(CBD EVs). CBD EVs displayed an average particle size of 114.1+1.02 nm, zeta potential of
-30.26+0.12 mV, entrapment efficiency of 92.3+2.21% and stability for several months at 4 °C.
CBD release from the EVs was observed as 50.74+2.44% and 53.99+1.4% at pH 6.8 and pH 7.4,
respectively after 48 h. Our /n-vitro studies demonstrated that CBD either alone or in EVs form
significantly sensitized MDA-MB-231 cells to doxorubicin (DOX) (*P<0.05). Flow cytometry
and migration studies revealed that CBD EVs either alone or in combination with DOX induced
G1 phase cell cycle arrest and decreased migration of MDA-MB-231 cells, respectively. CBD
EVs and DOX combination significantly reduced tumor burden (***P<0.001) in MDA-MB-231
xenograft tumor model. Western blotting and immunocytochemical analysis demonstrated that
CBD EVs and DOX combination decreased the expression of proteins involved in inflammation,
metastasis and increased the expression of proteins involved in apoptosis. CBD EVs and DOX
combination will have profound clinical significance in not only decreasing the side effects but
also increasing the therapeutic efficacy of DOX in TNBC.

Graphical Abstract
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1. Introduction

Breast cancer (BC) is the second underlying cause of cancer-associated mortality among
women and effective therapeutic management of triple negative breast cancer (TNBC; a
subtype of basal-like BC) remains as a major clinical challenge due to recurrence and
resistance 1-8. Doxorubicin (DOX) is clinically used for the effective management of TNBC,
but resistance remains as a concern due to autophagy, increased levels of ATP-binding
cassette transporters and glutathione S-transferase and EMT 912, Despite liposomes have
been tried to improve and maximize the clinical efficacy of chemotherapeutic agents for
TNBC, certain limitations like high production cost, poor stability and rapid clearance by
the phagocytic system due to their recognition as a foreign substance even though they

are similar to cell membrane limit their therapeutic usage 13-25. Therefore, development of
novel therapeutic strategies to combat TNBC is an unmet clinical need 26,

Recently, cannabinoids (A9-THC and CBD) are gaining enormous interest in cancer due

to their potential effects on regulating cancer cell proliferation, metastasis, angiogenesis,
and differentiation 27-32, Accumulating evidence demonstrates the therapeutic efficacy of
CBD in preclinical and clinical models of breast cancer 3033-37_ A recent study by Garcia-
Morales et al., has demonstrated that CBD decreased the IL-1p (i.e., an inflammatory
cytokine) induced-invasiveness of breast cancer 38. CBD also induces autophagy, apoptosis,
cell cycle arrest, and inhibits the migration, invasion, epithelial to mesenchymal transition
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(EMT) and angiogenesis of various tumors 3%-42, Cannabinoids are also used in combination
with radiation therapy/anti-cancer drugs for various cancers 4346,

Excessive first pass metabolism, poor solubility, and increased metabolism by CYP enzymes
contribute to poor bioavailability of CBD and limit its clinical usage 47-4%. CBD is a small
lipophilic molecule, which gets oxidized in basic media to quinones °0-52, Epidiolex® (i.e., a
cannabidiol medication approved by USFDA to treat seizures) has shown oral bioavailability
of only 13-19 % °3-55, Hence, improvement of oral bioavailability of CBD is a major
clinical challenge and an unmet need. To date, various formulation approaches have been
tried to overcome the problems of CBD. CBD loaded PLGA nanoparticles demonstrated
anti-cancer effects in ovarian cancer by increasing the protein expression of cleaved PARP
56, CBD loaded microparticles displayed anti-cancer effects and improved the sensitivity of
paclitaxel and doxorubicin in breast cancer °’.

Exosomes or small EVs (vesicles of 30-150 nm) are produced by the invagination

of endosomal membranes (i.e., multivesicular bodies) and their subsequent fusion with
plasma membrane %8, Larger EVs are shed from the cell surface and called microvesicles.
Recently, EVs have gained much attention for their potential use as drug delivery system
(DDS) in various diseases °9-61. Apart from their extraordinary roles in mediating cell-
cell communication, EVs (endogenous nanovesicles) are promising drug carriers for both
hydrophilic (such as siRNAs and miRNAs) and hydrophobic drugs in cancer because of
their high stability and biocompatibility 6263, EVs play a crucial role in proliferation,
metastasis (EMT), angiogenesis, reprogramming of energy metabolism, immune regulation,
transformation of non-neoplastic cells and chemoresistance 84-86. They also serve as
diagnostic/prognostic markers in various cancers 67-69, Mesenchymal stem cells (MSCs)
show their therapeutic effects in various cancers majorly through EVs 7071, MSC-derived
EVs can encapsulate various cargos (i.e., miRNAs, mMRNAs, proteins and drugs), cross the
plasma membrane for delivering cargos to their target sites and function either as tumor
suppressors/promoters in various cancers depending upon the cell type 72:73,

EVs derived from hUCMSCs (hUCMSCs-EVs) are gaining tremendous attention due to
their potential clinical applications in various conditions such as cancer, bronchopulmonary
dysplasia, pulmonary hypertension, organ/tissue injury, stroke, liver fibrosis, wound healing,
Alzheimer’s disease, chronic kidney repair, liver fibrosis, acute inflammation and blood
glucose level regulation by shuttling various bioactive components (proteins, lipids, mMRNA,
miRNA, and DNA) during mediation of cell-cell communication 74-78, These EVs show
their clinical applications in regenerative medicine and serve as potential delivery tools

for various chemotherapeutics 79. Moreover, they have also shown their beneficial effects

in peripheral nerve injury models by modulating axonal outgrowth, vascular regeneration
and neuroinflammation processes by decreasing inflammatory markers such as TNF-a and
IL-1p 8981, Meanwhile, clinical applications require large number of cells or EVs, which
cannot be manufactured in laboratory. Thus, multiple bioreactors have been designed to
improve cell expansion for hMSC based therapy 82:83. However, EVs production through
bioreactors with hMSC culture has not been widely reported as a potential feasible strategy.
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As both CBD and hUCMSCs-EVs are well demonstrated in amelioration of cancer, in this
study, we hypothesize that therapeutic usage of hUCMSCs-EVs generated from PBS-VW
bioreactors would serve as an ideal delivery platform not only for improving the absorption
and bioavailability for CBD but also for the reduction of CBD dosage required to achieve
tumor regression. To the best of our knowledge, this is the first study demonstrating not only
the formulation of CBD loaded EVs by using EVs derived from hUCMSCs but also the
therapeutic effects of CBD loaded EVs in TNBC /n-vitroand in vivo. In addition, this study
demonstrates the efficacy of CBD EVs in improving the sensitivity of doxorubicin (DOX) in
in-vitro and in vivo models of TNBC.

Materials and Methods

2.1 Materials

CBD (GLP and GMP grade) was purchased from Purisys™ (Athens, GA). DOX was
purchased from AK Scientific, Inc (Union City, CA). Dulbecco’s Modified Eagle Medium
(DMEM) and DMEM/Ham’s F12 (1:1 Mixture) media were acquired from Millipore Sigma
(St. Louis, MO). MDA-MB-231 cells (TNBC) were purchased from ATCC (Rockville, MD,
USA). Fetal bovine serum (FBS) was procured from Thomas scientific (Swedesborow, NJ).
VitroGel LDP2 hydrogel and Type 1 dilution buffer were received kindly from TheWell
Biosciences (NJ, USA). MDA-MB-231 cells were cultured as previously described 8. Cells
were used with passage number below 10. Bovine serum albumin (BSA), sucrose, ethanol,
methanol, water (HPLC grade), Triton X-100, formaldehyde, phosphate buffered saline
(PBS, 1X) were procured from Sigma Aldrich (St. Louis, MO). Human umbilical cord
derived mesenchymal stem/stromal cells (hUCMSCs) of passage 0 to 2 were acquired from
the Department of Chemical and Biomedical Engineering, Florida State University. PBS-
vertical wheel bioreactor was purchased from PBS Biotech, Inc (Camarillo, CA). Cytodex-1
microcarrier was from VWR International (Radnor, PA). a-MEM medium was purchased
from Life Technologies (Carlsbad, CA). Sodium bicarbonate and Penicillin/Streptomycin
were procured from ThermoFisher Scientific (Waltham, MA). 150 mm diameter petri dishes
are from Corning (Corning, NY, USA). EVs free FBS was used for EVs collection and
acquired by ultracentrifugation under 100,000 rcf, 4 °C for 20 h.

2.2 Animals

Female nude mice (5-6 weeks age) obtained from Envigo (Indianapolis, IN) were used for
in vivo anti-tumor studies. Florida Agricultural and Mechanical University has AAALAC
accredited animal facilities, and all the animal experiments carried out were reviewed and
approved by the Institutional Animal Use and Care Committee of Florida Agricultural and
Mechanical University (protocol number: 020-06) and complied with the NIH guidelines
(Guide for the care and use of laboratory animals). All mice were euthanized via exposure to
carbon dioxide (CO»).

Int J Pharm. Author manuscript; available in PMC 2022 September 25.
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3. Methods
3.1 Analytical method for quantification of Cannabidiol (CBD)

The analytical method for CBD was developed by using RP-HPLC (Waters, USA) with a
slight modification 5. Briefly, CBD was dissolved in methanol to obtain a stock solution

of 1 mg/mL. A series of standards (0.5, 1, 2, 4, 8, 16 and 32 pug/mL) were prepared. Each
Sample of 20 L was injected and CBD was retained by a Symmerty® C18 column (150%3.9
mm, 5 um). The mobile phase of methanol: water (85:15 % v/v) was used in an isocratic
mode at a flow rate of 1 mL/min. The samples were detected using a Photodiode Array
(PDA) detector (waters 2998) with a detection wavelength set at 220 nm.

3.2 Culture of hHUCMSCs in PBS-vertical wheel (PBS-VW) bioreactors

3.3

hUCMSCs were cultured and expanded up to passage 4 in petri dishes in a standard 5 %
CO3, incubator with EV free complete culture medium (EV free CCM) containing a-MEM
with 10 % EV free FBS, sodium bicarbonate and 1 % Penicillin/Streptomycin. Media was
changed for every 2-3 days. Cells were grown to 80-90 % confluence and then trypisinized
by using 0.25 % trypsin/EDTA to generate single cell suspension for bioreactor culture.
Cells were seeded in PBS-VW bioreactor with 0.25 g of Cytodex-1 at the density of
1100-1500 cells/cm?. During initial seeding phase, medium volume used was 60 mL. The
agitation was set to 25 rpm for 5 min and then under static condition for 15 min of 12 cycles
for a period of 4 h. After initial seeding, medium volume was adjusted to 100 mL and the
agitation speed was set to 25 rpm for further culture. Medium collection was performed
every 2 days with 50 % fresh medium change. Sampling of bioreactor was performed

every day, and 0.5 mL homogeneous suspension was taken from PBS-VW bioreactor under
25 rpm agitation. Cell morphology and expansion were visualized by Hoechst staining
33342 (Thermofisher) and imaged with an Olympus 1X70 microscope using DAPI filter.
Medium samples were centrifuged, and supernatant was collected for glucose and lactate
measurement. Glucose and lactate concentrations were determined by YSI2950 biochemical
analyzer (Yellow Spring, OH).

Isolation and purification of EVs from cell culture medium

Small EVs were isolated from cell-conditioned medium by modified differential
centrifugation using polyethylene glycol (PEG) precipitation/concentration method as
earlier described 86-89_ EV pellet suspended in particle free PBS was characterized

for NTA (nanoparticle tracking analysis) using ZetaView® BASIC NTA - Nanoparticle
Tracking Video Microscope PMX-120, ZetaView software (version 8.05.11 SP4). EVs
characterization was performed according to the minimal information for studies of EVs
(MISEV) 2018 guidelines issued by the International Society for Extracellular Vesicles 9091,

3.4 Preparation and optimization of CBD loaded EVs

CBD loaded EVs were prepared by two different methods (incubation and sonication).
Briefly, blank EVs (1.5 x 101 particles/mL) taken in glass vials were added with 10 % wi/v
sucrose and 0.1 % w/v BSA on an ice bath and were further subjected to mild vortexing

in order to dissolve the contents. The above EVs dispersion was incubated at 22/37 °C

Int J Pharm. Author manuscript; available in PMC 2022 September 25.
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with ethanolic CBD at different concentrations (10 % w/w and 20 % w/w as per the

protein content in EVs) for 2-3 h. After incubation, the EVs dispersion was evaluated for
particle size, particle number and zeta potential by NTA and for free and entrapped CBD
content (HPLC analysis). Similarly, CBD loaded EVs were formulated by sonication method
using Branson Digital Sonifier 450 (MFG #100-132-888R), where blank EVs (1.5 x 1011
particles/mL) were incubated with CBD solution (10 %, and 20 % w/w as per the protein
content) and subjected to different sonication cycles (10-30 % Amplitude, 3 cycles of 30

s on/off for 2 min, 5 min-cooling between each cycle) at different buffer pH conditions
(PBS-6.8 and 7.4 with and without 0.1 % (w/v) BSA along with 10 % sucrose solution)

to get final optimized CBD loaded EVs. The obtained formulations were evaluated for
physical appearance in terms of precipitation/aggregation, particle size, particle number, zeta
potential by NTA and free and encapsulated CBD.

3.5 Characterization of EVs

3.5.1 Particle size and Zeta potential—Average particle size (z-average) and zeta
potential of CBD encapsulated EVs were analyzed by dynamic light scattering (DLS)
technique at 25 °C with 90° scattering angle using NTA and Zeta View instrument
(ZetaView® TWIN PMX-220) and the data was processed using ZetaView Analysis
software as previously described 92, All the prepared EVs were diluted with particle free
PBS at 1:1000 dilution and measured in triplicate.

3.5.2 Morphological examination of CBD loaded EVs by TEM—The surface
morphology of EVs were determined by Electron microscopy imaging according to the
method as described by Lasser et al 93. EVs protein content was estimated by using Pierce™
BCA Protein Assay Kit - Reducing Agent Compatible.

3.5.3 Drug loading and entrapment efficiency—Theoretical CBD loading was
varied from 10-20 % wi/w for EVs. CBD present in EVs (entrapment efficiency) was
determined by an ultrafiltration method using Vivaspin® 500 centrifugal filter unit
(Sartorius, USA) followed by RP-HPLC analysis as per earlier report 4. The percentage
entrapment efficiency (% EE) was calculated by using Eq-1.

Amount of drug entrapped

#EE = Total amount of drug taken

100 Eg-1

3.5.4 In-vitro CBD release from EVs—/n-vitro drug release study was performed by
a modified dialysis bag method as per earlier report %97, CBD loaded EVs dispersion (100
ug/mL) was sealed in a preactivated dialysis membrane pouch with molecular weight cut
off (MWCO) of 12 kDa (Sigma-Aldrich, MO) and placed in 10 mL of release media (PBS,
pH (6.8 and 7.4) containing 0.5 % tween 80) present in closed glass tubing which was

kept in shaker bath (120 rpm at 37 °C). At predefined time intervals, sample of 1 mL was
withdrawn, replaced with fresh medium to maintain sink condition and analyzed for CBD
content by RP-HPLC.

Int J Pharm. Author manuscript; available in PMC 2022 September 25.
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3.5.5 Stability studies—The optimized CBD loaded EVs were stored at 4 / 5+3 °C for
1 month and checked for particle size, zeta potential, and particle number by NTA and free
and encapsulated CBD content was analyzed by HPLC method as described above.

3.6 Cell viability assay

MDA-MB-231 cells seeded in 96 well plates (6x103 cells/well) were treated with various
concentrations of blank EVs, DOX, CBD and CBD EVs (0.1-10 puM) for 48 h. In another
set of experiments, we performed cytotoxicity assay by using 1 uM CBD and 1 yM CBD

EVs as a chemosensitizer for 24 h and followed by 48 h treatment with DOX (0.1-10 uM)
followed by MTT staining as previously described 16.

3.6.1 3D cell cultures and cytotoxic assay—The cytotoxic effects of CBD and CBD
EVs in 3D non-printed cultures of MDA-MB-231 cells were evaluated according to the
methods as described earlier 16, After the fifth day of spheroids formation, cells were treated
with different concentrations of CBD and CBD EVs for 48 h. Viability of the cells was
determined using MTT assay.

3.6.2 Cell and tumor uptake studies for fluorescent EVs—cCell uptake studies
were performed to evaluate the cell permeation ability of fluorescent EVs. Briefly, cells were
seeded in a 6 well plate (5000 cells/well), incubated for 24 h and treated with fluorescent
EVs (SYTO® RNASelect™ Green Fluorescent Cell Stain (S32703) Invitrogen™ Van Allen
Way, Carlsbad, CA) for 48 h. Afterwards cells were washed thrice with PBS and fixed with
4 % vlv paraformaldehyde solution. 4, 6-diamidino-2-phenylindole (DAPI) was used for
nuclei staining. Similarly, 100 pL of fluorescently labelled EVs were injected to mice by i.p.
and after 5 h, the animal was sacrificed, and MDA-MB-231 tumor tissue was isolated. The
isolated tissue was washed thoroughly in PBS and then 10-micron sections were prepared
using a Cryotome (Shandon). The processed sections were stained with DAPI solution.
Confocal laser scanning microscope (Leica TCS SP8 Laser Scanning Spectral Confocal
Microscope) was used for capturing fluorescent images at 400x magnification.

3.6.3 Cell cycle analysis—MDA-MB-231 cells were seeded in 6 well plates (5 x 10°
cells per well) and allowed to grow to 70-80 % confluency. Media was removed from the
wells and after washing twice with PBS, the cells were treated with CBD, CBD EVs (1, 2.5,
5 uM) for 48 h. In another set, the cells were pre-sensitized with CBD and CBD EVs for 24
h followed by treatment with DOX (500 nM) for 48 h. After treatment, media was removed
and the cells were washed twice with PBS, trypsinized by using 0.25 % trypsin-EDTA,
centrifuged at 300 x g for 8-10 min and then the supernatant was removed. Fixation of the
cells was carried out by using ice-cold 70 % v/v ethanol overnight at 4°C. The suspension
was centrifuged at 300 x g for 8-10 min and the supernatant was removed. The obtained cell
pellet was resuspended in PBS and centrifuged at 300 x g for 810 min. Then the cells were
treated with 100 ug/mL of RNase A for 30 min and suspended in 1 mL of propidium iodide
(PI) staining buffer containing 50 pg/mL concentration of PI. The suspension was incubated
in the dark for 30 min at room temperature and subsequently analyzed for DNA using

BD FACS Calibur flow cytometer (BD Bioscience, Franklin Lakes, NJ). The percentage of

Int J Pharm. Author manuscript; available in PMC 2022 September 25.
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cell-cycle distribution in GO/G1, S and G2/M phases of the cell cycle were quantified by
using Flow Jo software version 7.6.1.

3.6.4 Cell migration assay—MDA-MB-231 cells were dissociated by using 0.25 %
Trypsin-EDTA (Sigma) and seeded into the upper chamber of CIM-16 plates (40000 cells/
well) in DMEM serum free medium. DMEM medium supplemented with 1 % FBS was
added into the lower chamber as a chemoattractant. Impedance background measurement
was initially assessed by adding 50 uL of cell culture medium into each well of the CIM-16
plate. CBD EVs (1 uM), DOX (500 nM) and CBD (1 uM) + DOX (500 nM) combination
treatments were used in our study. A minimum of 4 wells per sample were placed according
to the manufacturer’s instructions and readings were taken every 10 min for a period of

40 h in xCELLigence label-free RTCA (real-time cell analysis) DP instrument (ACEA
Biosciences, San Diego, CA, USA). The continuous and automatic electronic readout of
cell-sensor impedance is displayed in real-time as Cell Index (a.u), a value which varies
depending on the number of migrated cells into the lower chamber over the duration of Time

(h).

3.6.5 Immunofluorescence and Confocal Microscopy—Immunocytochemistry
was performed according to the methods as described earlier 98-100_ After fixation and
permeabilization, the cells were incubated with 3 % w/v BSA for 1 h at room temperature
followed by staining with STAT-3 (anti rabbit), p-STAT3 (anti mouse) and anti-rabbit SP-1
(Cell Signalling Technologies, USA) for overnight at 4 °C by diluting the primary antibodies
(1:100) in 3 % wi/v BSA solution. Later, cells were washed thrice with PBST and then
incubated with FITC conjugated anti-mouse secondary antibody (1:200 dilution) or red
conjugated secondary antibody (Santa Cruz Biotechnology Inc., CA, USA; 1:100 dilution)
for 2 h in the dark at room temperature. Then, the cells were washed thrice with PBST and
cover slips were finally mounted with NucBlue™ (ThermoFischer, USA) on a glass slide.
Slides were subjected to confocal imaging using a confocal microscope (Leica TCS SP8
Laser Scanning Spectral Confocal).

3.7 Anti-tumor studies in TNBC athymic nude mice

MDA-MB-231 cells xeno-transplanted breast cancer model was used to evaluate the chemo
sensitization effect of CBD and CBD EVs in combination with DOX. MDA-MB-231 cells
(2.5 million in 100 pL of matrigel) were injected subcutaneously in nude mice and allowed
to reach the tumor volume of 1000-1500 mm3. Animals were then subjected to randomized
grouping (4 animals per each group) before treatment (Control, EVs, CBD, CBD EVs,
CBD + DOX, CBD EVs + DOX). Animals were administered with CBD (5 mg/kg), EVs
(~10%%mice), CBD EVs (5 mg/kg) by i.p route. However, in combination study CBD and
CBD EVs were administered one day before the dosing of DOX (2 mg/kg, i.v.) to evaluate
the chemosensitization effect. The treatment was continued for 2 weeks with twice a week
treatment schedule. The tumor volume was measured periodically using vernier caliper and
the tumor volumes were calculated by the formula Tumor volume=1/2 xy2, where ‘x” and
‘y’ represent the length and width of the tumors. The animals were euthanized, tumors were
collected and processed for further analysis.
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Immunoblotting

Tissue and cell proteins were extracted by using radioimmunoprecipitation assay (RIPA)
lysis buffer to perform western blotting as reported earlier 16:101, Protein estimation was
performed by using BCA Protein Assay Reagent kit. Equal concentration of protein

was loaded and performed SDS PAGE gel electrophoresis and then electrophoretically
transferred onto PVDF membrane by using Trans-Blot® Turbo™ Transfer System (Bio-
Rad). Afterwards, the membrane was subjected to blocking for 1 h at room temperature

by using PBS containing 0.1 % Tween 20 and 3 % w/v BSA. The membrane was
incubated with primary antibodies {IL-17 (rabbit, 1:1000, Catalog no: 13838S, Cell
Signaling Technology, USA), B-actin (rabbit, 1:1000, Catalog no: 4970S, Cell Signaling
Technology, USA), NF-xB (rabbit, 1:1000, Catalog no: 8242S, Cell Signaling Technology,
USA), Twist (rabbit, 1:1000, Catalog no: 69366S, Cell Signaling Technology, USA), STAT3
(rabbit, 1:1000, Catalog no: 12640S, Cell Signaling Technology, USA), p-STAT3 (mouse,
1:1000, Catalog no: SC-8059, Santa Cruz Biotechnology, USA), BAX (rabbit, 1:1000,
Catalog no: 5023, Cell Signaling Technology, USA), Bcl2 (rabbit, 1:1000, Catalog no:
3498S, Cell Signaling Technology, USA), Cleaved Cas-3 (rabbit, 1:1000, Catalog no:
9661, Cell Signaling Technology), Integrin a—5 (rabbit, 1:1000, Catalog no: 4705T, Cell
Signaling Technology, USA), TGF-B (rabbit, 1:1000, Catalog no: 3709, Cell Signaling
Technology, USA), IL-6 (rabbit, 1:1000, Catalog no: 12153, Cell Signaling Technology,
USA), Caspase-9 (rabbit, 1:1000, Catalog no: 9508, Cell Signaling Technology, USA),
m-Tor (rabbit, 1:1000, Catalog no: 2983, Cell Signaling Technology, USA), GPC1 (rabbit,
1:1000, Catalog no: SAB1303133, Sigma-Aldrich, USA), GPC6 (rabbit, 1:1000, Catalog
no: SAB1303579, Sigma-Aldrich, USA)} for overnight at 4°C. The blots were washed
thrice with PBS containing 0.1 % Tween-20 (PBST)) for 5 min each time, incubated with
appropriate HRP-conjugated secondary antibodies {rabbit anti-mouse 1gG (catalog humber:
7076S; Cell Signaling Technology, USA); goat anti-rabbit 1gG (catalog number: 7074S;
Cell Signaling Technology, USA)} for 1 h room temperature followed by washing thrice
with PBST for 5 min each time. The blots were incubated with Super Signal West Pico
Chemiluminescent substrate and their images were captured using Chemidoc Instrument
(Bio-Rad). The immunoblots were quantified by densitometry scanning using NIH ImageJ
software (1.43u; https://imagej.nih.gov/ij).

3.9 HPLC Analysis

RP-HPLC method was developed for CBD and the retention time was observed to be 3.53
min. The calibration curve (average peak area vs concentration) generated over the range of
0.1-32 pg/mL was found to be linear with a correlation coefficient of 0.9995, slope (78147),
intercept (5548).

3.10 Statistical analysis

The values were represented as mean + SEM. The intergroup variations were measured
by two tailed student’s t-test or one-way ANOVA followed by “Bonferroni’s Multiple
Comparison Test” using the Graph Pad Prism, version 5.01. Results with p values <0.05
were statistically significant.
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4. Results

4.1 hUCMSCs growth and expansion in PBS-VW bioreactor

hUCMSCs were expanded in 2D planar culture and seeded in a microcarrier based,
suspension culture system as PBS-VW bioreactor. As shown in Figure 1A, initial seeding
confirmed microscopically for 5-10 cells/microcarrier. h(UCMSCs cell growth was also
visualized in our study. Media samples were subjected to estimation of glucose and lactate
concentrations, and we observed active metabolism of cells when they are grown in the
PBS-VW bioreactors (Figure 1B). Interestingly, glucose/lactate yield remained consistent
at approximately 1.2, indicating that majority of the energy metabolism of hUCMSCs was
relied on glycolysis in the PBS-VW bioreactor system (Figure 1C).

4.2 Characterization of EVs derived from human umbilical cord mesenchymal stem cells
(hUCMSCs-EVSs)

EVs were successfully isolated from different sources of media collected upon growing
hUCMSCs in various conditions through differential centrifugation using extra-PEG
precipitation technique. The isolated EVs were characterized by NTA for average particle
size, particle number as well as zeta potential. The mean particle size of EVs collected

from hUCMSCs grown in petri dishes was found to be 144.75+5.12 nm with an average
particle number of 6.8 x 1010 particles/mL, and zeta potential of -58.98+4.56 mV. The
average estimated protein content by BCA assay kit was found to be 199.46 pg/mL. In the
next set of experiments, hUCMSCs were grown in multilayer flask and the isolation of EVs
from the supernatant media was carried out by differential centrifugation method. The mean
particle size of isolated EVs was found to be 153.2+4.7 nm, with an average particle number
of 2 x 1011 particles/mL, zeta potential of —70.38+0.25 mV and the estimated protein
content of 936 pg/mL. Electron microscopy was performed to confirm the presence of EVs.
hUCMSCs-EVs and hUCMSCs-CBD EVs were observed to be small round particles with
typical cup-shaped morphology (Figure 1E). In addition, 0.1 Liter PBS-VW bioreactor was
used to scaleup the EVs. Here, we used Cytodex 1 microcarriers, a support matrix which
facilitates the growth of hUCMSCs in a bioreactor and allows culturing the cells for 1 week.
The isolated media from the bioreactor was processed for differential centrifugation using
PEG as a precipitating agent to enrich for EVs. The final recovered EVs were found with

an average particle size of 152.1+3.2 nm, particle number (1.5 x 106 particles/mL), average
protein concentration (2.32 mg/mL), and zeta potential of —38.61+0.01 mV.

4.3 Preparation and optimization of CBD loaded EVs

Initially CBD loaded EVs were formulated by simple incubation method. After loading of
CBD into EVs, the free drug was removed by dialysis method as per earlier reports 102,

The average particle size was found to be 125.48+5.12 nm with an entrapment efficiency

of 70.23+3.24 % CBD (100 pg is equivalent to 10 % drug loading according to the protein
concentration) and zeta potential of —40.39+0.12 mV and the average particle number

(1.2 x 1011 particles/mL). Alternatively, sonication was used to load CBD into EVs, and
different parameters were optimized as mentioned in table 1. The prepared CBD loaded EVs
formulations were stored at 4 °C to check the stability in terms of physical appearance,
particle size, zeta potential and particle number. The final optimized formulation parameters
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were observed to be: PBS with 0.1 % (w/v) bovine serum albumin (BSA) pH 7.4, 10 %
wi/w sucrose, with sonication conditions (20 % Amplitude (Amp), 3 cycles of 30 s on/off for
a total of 2 min with a 5 min-cooling period between each cycle), followed by incubation
at 22/37 °C for 1 h. Herein, EVs with 10 % CBD loading was observed with an average
particle size of 114.1+1.02 nm (Figure 1D) and entrapment efficiency of 92.3+2.21 % and
zeta potential of —30.26+0.12 mV. Before sonication, the size of EVs were found to be
146.43+2.12 nm, with a zeta potential of —42.29+£0.32 mV. However, in other conditions
there was a rapid precipitation and settling of protein was observed upon storage. At 20

% drug loading, precipitation of CBD as crystals was observed in the dispersion. The final
optimized CBD EVs formulations were stored at 4 °C and monitored for particle size

and entrapment efficiency. After 1 month, we observed slight decrease in the particle size
(109.8 £ 0.98 nm) with an entrapment efficiency of 91.31+1.32 % and zeta potential of
-32.48+0.12 mV.

4.4 In vitro drug release from CBD loaded EVs:

In vitro drug release testing for CBD loaded EVs (100 pug/mL) was performed by dialysis
method using cellulose acetate dialysis tubing at different pH conditions (6.8 and 7.4) in
PBS. Sustained CBD release was observed from EVs at both pH conditions. The percent
cumulative CBD release was found to be 50.74+2.44 % at pH 6.8 after 24 h, however at
pH 7.4 the percent cumulative CBD released was observed to be 53.99+1.4 % as shown in
Figure 1G.

4.5 Effect of CBD EVs on cell viability

Cell viability assays were performed for CBD, blank EVs, CBD EVs, DOX against MDA-
MB-231 cell line from 0.156 to 10 UM concentrations and the 1Csgq values are represented

in (Figure 2). CBD and CBD EVs with 1 uM concentration was selected to check the

chemo sensitization effect in combination with DOX. MDA-MB-231 cells treated with blank
EVs showed an average cell death of 20-25 %. CBD alone showed 1C5q values of 3.72

UM (Figure 2A) and 23.66 uM (Figure 2E) in 2D and 3D cultures of MDA-MB-231 cells,
respectively. However, CBD EVs showed ICgq values of 3.01 uM (Figure 2D) and 21.96 uM
in 2D and 3D cultures of MDA-MB-231 cells, respectively. MDA-MB-231 cells sensitized
with 1 pM concentration of CBD and CBD EVs for 24 h, followed by treatment with
different concentrations of DOX for 48 h resulted in DOX ICs values of 2.4 uM (Figure 2F)
and 2.37 uM (Figure 2G) respectively.

4.6 Cell cycle analysis

Flow cytometry of cell cycle analysis was performed after treating MDA-MB-231 cells with
5 different treatments [CBD (1 uM), CBD EVs (1 uM), DOX (500 nM), CBD (1 uM) +
DOX (500 nM) and CBD EVs (1 uM) + DOX (500 nM)] to study the distribution of cells

in different phases (G1, S and G2) and to detect the apoptotic cells with fractional DNA
content. Both CBD EVs (1 uM) and CBD EVs (1 uM) + DOX (500 nM) combination
significantly (**P<0.01 & ***P<0.001) increased the cell population in sub G1 phase when
compared to control groups (Figure 3A-G). Additionally, DOX (500 nM) alone and CBD
(1 uM) + DOX (500 nM) combination treatment significantly (*P<0.05) increased the
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percentage of cells in G1 phase when compared to control group, indicating that the cells are
undergoing apoptosis.

4.7 Effect of CBD EVs on expression of proteins involved in Inflammation, Metastasis and
Apoptosis in MDA-MB 231 cells:

Inflammation and metastasis play an important role in evading immune system surveillance
and showing resistance to chemotherapy given for eradicating cancer cells as observed

by increased expression of proteins involved in those processes by activating pro-survival
strategies 193, Western blot analysis data revealed that CBD EVs (1 pM) significantly
decreased the expression of NF-xB, p-STAT3, STAT3, IL-17 and Twist proteins when
compared to free CBD (1 pM & 2.5 uM) and control groups (Figure 4A). Further, we

also evaluated the effect of CBD and CBD EVs in improving the sensitivity of DOX by
pre-treating MDA-MB 231 cells with CBD (1 uM) and CBD EVs (1 uM) for 24 h followed
by treatment with DOX (500 nM) for 48 h. It was observed that CBD EVs (1 uM) + DOX
(500 nM) combination significantly decreased the protein expression of NF-xB, p-STAT3,
STAT3, IL-17, Bcl2 proteins and increased the expression of BAX protein when compared
to control, DOX (500 nM) and CBD (1 uM) + DOX (500 nM) (Figure 4B). These findings
were further validated by immunocytochemistry staining which confirmed that CBD EVs (1
uM) + DOX (500 nM) decreased the expression of STAT3, p-STAT3, NF-xB and ITGA5 in
MDA-MB-231 cells when compared to other groups (Figures 5A, 5B & 5C). This suggests
that CBD EVs either treated alone or in combination with DOX not only decreased the
inflammation and metastasis but also facilitated apoptosis of MDA-MB-231 cells.

4.8 Effect CBD EVs in MDA-MB-231 xenograft model of Triple-Negative Breast Cancer

Female Envigo nude mice were used to study the effect of blank EVs (~ 101%mice; i.p),
CBD (10 mg/kg; i.p), CBD EVs (5 mg/kg; i.p), DOX (2 mg/kg; i.v), CBD (5 mg/Kkg; i.p)

+ DOX (2 mg/kg; i.v), CBD EVs (5 mg/kg; i.p) + DOX (2 mg/kg; i.v) on tumor volume

at different days of treatment and were compared with control group. We observed after 15t
day of treatment, there was no significant difference in tumor volumes of different groups.
However, on 41" day of treatment, there was a slight difference in tumor volumes between
the groups and the difference was significant as compared to control for CBD (10 mg/kg;
*P<0.05), CBD EVs (5 mg/kg; *P<0.05), DOX (2 mg/kg; **P<0.01). Here, pre-sensitization
with CBD EVs (5 mg/kg) significantly enhanced anti-tumor effect of DOX (2 mg/kg;
**p<(,01). Similarly, at 101" day of treatment, DOX (2 mg/kg; **P<0.01) and combination
groups, CBD + DOX (**P<0.01) and CBD EVs + DOX (***P<0.001) predominantly
reduced the tumor burden in nude mice when compared to control group. After 2 weeks of
treatment, CBD (**P<0.01), CBD EVs (**P<0.01) and DOX (***P<0.001) significantly
reduced the tumor volume in nude mice as compared to control (Figure 6A). It was
observed that EVs treatment alone has not induced any significant reduction in tumor
volume when compared to control group. We observed that pre-sensitization of tumors

with CBD (***P<0.001) and CBD EVs (***P<0.001) helped in reducing tumor volume by
enhancing DOX uptake. From the above findings, we clearly observed that CBD EVs even
at a dose of 5 mg/kg could reduce the tumor burden in TNBC nude mice model as compared
to double the dose of free CBD treatment group. These findings were further supported by
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Fluorescent EVs uptake study in nude mice with MDA-MB-231 tumors. We observed high
fluorescence intensity in the EVs treated tumor tissues (Figure 6B).

4.9 Effect of CBD EVs on Apoptotic and Inflammatory markers in MDA-MB-231 Triple-
Negative Breast Cancer Xenograft Model

A variety of cytokines such as IL-6 and TGF-p play an important role in the process of
inflammation and almost all of them make a network between tumor microenvironment
(TME) and cancer cells, which further suppresses the immune response against tumor
104,105 \We have also evaluated the expression of proteins involved in NF-xB pathway in
MDA-MB-231 tumor protein lysate. It was observed that CBD EVs (5 mg/kg) significantly
decreased the expression of NF-xB and IL-17 when compared to control group (Figure
7A). In addition, we noticed that CBD EVs (5 mg/kg) induced apoptosis by increasing

the expression of Cleaved caspase-3 and BAX and decreasing the expression of Bcl2
respectively (Figure 7A). Moreover, we observed that CBD EVs improved the sensitivity
of DOX (western blot analysis of tumor protein lysate), which showed that CBD EVs

(5 mg/kg) + DOX (2 mg/kg) combination significantly decreased the protein expression

of IL-6, TGF-B and NF-xB when compared to control (untreated) group (Figure 7B).
Significant down regulation of Bcl2, mTOR and upregulation of BAX, cleaved caspase-3,
and caspase-9 were also observed in CBD EVs (5 mg/kg) + DOX (2 mg/kg) treated tumors
when compared to Control, DOX (2 mg/kg) and CBD (5 mg/kg) + DOX (2 mg/kg) group
(Figure 7B).

4.10 CBD EVs formulation increased the sensitivity of DOX to reduce metastasis in MDA-
MB-231 Triple-Negative Breast Cancer Xenograft Model and MDA-MB-231 cells

Migration, invasion and metabolism can determine the extent of metastasis of cancer cells. It
is well known that CBD play an important role in modulation of TME 35, To investigate the
role of CBD EVs formulation in improving the sensitivity to DOX, we have evaluated the
expression of proteins which are involved in metastasis by using tumor protein lysate. It was
observed that CBD EVs (5 mg/kg) and DOX (2 mg/kg) significantly reduced the expression
of Integrin a-5 (ITGAbS), Twist, Glypican-1(GPC1), Glypican-6(GPC6) and Smad-2 in
comparison to DOX (2 mg/kg), Control and CBD (5 mg/kg) + DOX (2 mg/kg) group
(Figure 8A). We also assessed the effect of CBD EVs (1 uM) + DOX (500 nM) combination
on the migration of MDA-MB-231 cells by using label-free real-time cell analysis platform
(xCELLigence), which monitors the migration of cells for a period of 40 h. It was observed
that CBD EVs (1 uM) + DOX (500 nM) combination effectively decreased the migration of
MDA-MB-231 cells when compared to control and other treatment groups (Figure 8B).

5. Discussion and conclusions

5.1 Discussion

TNBC is the most prevalent form of malignancy and the leading cause of cancer related
deaths in women in western world 106, Breast cancer associated deaths are due to metastasis
of cancer cells to distant organs (i.e., lung, lymph nodes and bone), and chemotherapeutic
drug resistance 107.108_ Despite the advances in chemotherapy for the management and
prevention of TNBC progression, resistance and recurrence remains as major clinical
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concerns 4109, Effective treatment strategies are necessary to eradicate drug resistance and
deliver payload to the site of action in a tumor microenvironment. Trodelvy (sacituzumab
govitecan-hziy), a monoclonal antibody, has been recently approved as a targeted (Trop-2
protein) precision medicine for metastatic TNBC 110, Therapeutic potential of cannabinoids
(A9-THC, A8-THC and CBD) is well demonstrated in lung cancer, glioma, leukemia,
neuroblastoma, skin, uterus, breast, gastric, colorectal, pancreatic, and prostate carcinomas
42 CBD, a phytocannabinoid from Hemp (Cannabis sativa) induces autophagy, apoptosis
111" cell cycle arrest and inhibits the migration, invasion, epithelial to mesenchymal
transition (EMT) and angiogenesis of various tumors by acting on CB1 and CB2 receptors,
and TRPV1 ion channels and regulating ERK, MAPK, PI3K, p38, AKT and ceramide
signaling pathways 112113 CBD interacts with G-protein-coupled receptors (Gi/o) and
regulates various cellular signaling pathways by inhibition of adenylyl cyclase 114, Excessive
first pass metabolism, poor solubility and increased metabolism by CYP enzymes contribute
to poor bioavailability of CBD and limit its clinical usage 4749

EVs derived from hUCMSCs have been explored as potential candidates to deliver
anticancer agents [87, 88]. In this study, we isolated EVs from hUMSCs expanded by
multilayer flasks and PBS-VW bioreactor followed by differential centrifugation using
extra-PEG precipitation technique. We observed that there was no significant difference

in particle size of EVs isolated from the above-mentioned methods. However, we observed
2.94-fold and 4.7-fold difference in the particle number and protein content when EVs
were isolated from multilayer culture when compared to monolayer cultures, respectively.
In addition, PBS-VW bioreactor was utilized to scale up the cell expansion and EVs
production, which displayed a 2.48-fold increase in EVs protein content when compared

to the EVs isolated from multilayer culture. Similarly, the zeta potential of the EVs

isolated from bioreactor was comparable and relatively more stable without aggregation

at storage temperatures (2-8°C) when compared to EVs isolated from monolayer and
multilayer cultures. Generally, suspension culture in traditional bioreactors introduces
potential stress to hMSCs which could damage cellular properties 115116 However,
PBS-VW bioreactor potentially provide homogenous microenvironment to facilitate cell
expansion while maintain low shear stress 117.118, Thus, this microenvironment may also
facilitate the production and cargo enrichment in the EVs. Although more studies are
required to understand the effects of hydrodynamics on EVs biogenesis. Loading of drugs
into EVs is a critical step and to date, multiple evidence demonstrates usage of incubation,
sonication and electroporation techniques for loading of paclitaxel (PTX), curcumin,
miRNAs and siRNAs inside the EV's 119, In our study, initially we intended to compare

the CBD loading and particle size difference in EVs after drug loading was carried out
under both incubation and sonication methods. We optimized various parameters like buffer
composition, pH, CBD loading, sonication cycles to get a superior optimized formulation.
We observed that there was a 1.32-fold improvement in entrapment efficiency of CBD at 10
% loading using sonication in compared to incubation method. This may be due to enhanced
permeabilization and interaction of lipophilic CBD with the EVs proteins. EVs loaded with
CBD containing PBS, 0.1 % BSA and 10 % sucrose produced stable dispersion with a
particle size of less than 130 nm and entrapment efficiency of more than 90 %. There was

a slight decrease in particle size (10 nm) and entrapment efficiency (<5 %) upon storage for
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1 month at refrigerated conditions (2-8°C). The CBD release from EVs was evaluated by
dialysis method, where we observed a sustained release of CBD (i.e., >50 %) from the EVs
at physiological buffer conditions, which mimics the environments of intestinal, extracellular
matrix, blood and tumor cells. These observations corroborate well with earlier evidence,
which demonstrates that paclitaxel loaded EVs have showed sustained release and superior
anticancer effects in vivo 120,

In our study, we performed cytotoxicity assay of CBD and CBD EVs as well as the
chemosensitization effect of CBD and CBD EVs in combination with DOX in 2D cultures
of MDA-MB-231 cells. There was no significant difference between solution group as well
as the EVs group, which is quite expected for /n-vitro studies. Moreover, we observed
there was a significant difference in G1 phase arrest when the MDA MB 231 WT cells
were treated with CBD and CBD EVs as compared to control, suggesting that the cells are
undergoing apoptosis.

Another important aspect of this research was to investigate the effect of same treatments

in MDA-MB-231 Xenograft model of TNBC. Blank EVs have not shown any significant
reduction in tumor volume as compared to control group. We assume that EV's were acting
as delivery carriers for enhancing the effects of CBD to reduce the tumor burden in TNBC
xenograft model. It was observed that CBD EVs + DOX combination significantly reduced
the tumor burden when compared to control group, indicating better efficacy and promising
clinical potential of CBD EVs + DOX. MDA-MB-231 cells treated with dye loaded EVs in
2D cultures have shown rapid increase in green fluorescence intensity. This suggests that the
EVs could facilitate rapid internalization of cargo to the tumor cells possibly by endocytosis.
Fluorescent EVs uptake study in MDA-MB-231 tumor tissue revealed presence of more
EVs as observed by confocal microscopy. All these observations might be the reason for
improved therapeutic efficacy of CBD when administered in EVs in our animal studies.

Inflammation plays a vital role in the development and progression of tumors 21, Non-
specific or specific inhibition of inflammatory mediators decrease the incidence and
development of various cancers and thereby improved survivability 122:123, Targeting
inflammation is considered as a good approach for the therapy of various cancers 124,
Accumulating evidence suggests the anti-inflammatory potential of CBD in experimental
models of various diseases 125-129, We observed that CBD EVs (1 uM) or in combination of
CBD EVs (1 uM) + DOX (500 nM) significantly decreased the expression of 1L-17, STAT3
and p-STAT3, NF-xB proteins in MDA-MB-231 cells. Interestingly, we also observed
decreased protein expression of IL-17, NF-xB and IL-6, TGF-f and NF-xB in tumor protein
lysate of MDA-MB-231 cells when treated alone by CBD EVs (5 mg/kg) or in combination
of CBD-EVs (5 mg/kg) and DOX (2 mg/kg) respectively.

Multiple evidence demonstrates that CBD inhibits the migration and invasion of various
cancer cells 30:35.130.131 \\fe also investigated the effect of CBD EVs either alone or in
combination with DOX on the migration of MDA-MB-231 cells by checking the expression
of ITGAS5, GPC1, GPC6, Smad-2 and Twist proteins. To date there are no reports showing
the effect of CBD EVs either alone or in combination with DOX on GPC-1,-6, and ITGA5
in MDA-MB-231 cells. Smad-2 promotes the migration and invasion of various cancer
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cells 132134 GPC1 regulates the proliferation, invasion and metastasis of tumor cells
135136 GPC6 is well demonstrated to promote the migration, invasion and proliferation

of nasopharyngeal carcinoma 137. Integrins decide the fate of cancer cells (i.e., whether to
proliferate, die, migrate, or invade) in response to external stimuli 138.139, Integrins play

a vital role in the initiation and progression of breast cancer and regulation of stem cells
biology 104.140_Integrins are considered as novel therapeutic molecular targets in various
cancer models 141.142 I TGAS regulates the adhesion, survival, and ECM component (i.e.,
fibronectin) mediated migration of breast cancer cells 143-145 | TGAS is also associated
with lung and bone metastasis in models of breast cancer 146-148_|n our study, western
blot analysis data of tumor protein lysate revealed that CBD-EVs (5 mg/kg) and DOX

(2 mg/kg) significantly reduced the expression of ITGA5 compared to Control, DOX (2
mg/kg) and CBD (5 mg/kg) + DOX (2 mg/kg) group. This was further confirmed by
immunocytochemistry staining in 2D cultures of MDA-MB-231 cells. Twist mediates the
metastasis and epithelial-mesenchymal transition of breast cancer cells 149-151 |t was
observed that CBD EVs and DOX combination significantly decreased the expression of
Smad-2, GPC1, GPC6, ITGA5S and Twist proteins. Further we also assessed the effect

of CBD EVs and DOX combination on the migration of MDA-MB-231 cells by using
label-free real-time cell analysis platform (xCELLigence), which monitors the migration of
cells through noninvasive electrical impedance. It was observed that CBD EVs and DOX
combination significantly decreased the migration of MDA-MB-231 cells. All these results
demonstrate the efficacy of CBD EVs either alone or in combination with DOX in inhibiting
the migration and invasion of cancer cells.

Apoptosis (i.e., programmed cell death) is characterized by a series of cellular events which
finally lead to the activation of cysteine proteases called caspases. Cancer cells adopt several
strategies to evade apoptosis 152, Dysregulation of apoptosis contributes to the development
of cancer and chemotherapeutic drug resistance 153, Determination of apoptotic processes
disclose insights about the disease pathogenesis and the probable therapeutic options of
how the disease can be effectively treated 154, BAX, Bcl2 and BAX/Bcl2 ratio serve as
prognostic markers in various cancers 155-157, BAX/Bcl2 ratio and Caspase-8 and 9 are
involved in the resistance of breast cancer cells to paclitaxel 158. It was observed that CBD
EVs (1 uM) + DOX (500 nM) combination significantly increased the expression of BAX
and decreased the expression of Bcl2 in 2d cultures of MDA-MB-231 cells, when compared
to other treatment groups. These findings were further evaluated by using tumor protein
lysate from MDA-MB-231 cells after drug treatment. It was observed that CBD-EVs (5
mg/kg) and DOX (2 mg/kg) significantly decreased the expression of Bcl2, m-TOR and
increased the expression of BAX and Caspase 9 when compared to other treatment groups.

5.2 Conclusion:

CBD EVs formulation was successfully formulated with desired average particle size, good
entrapment efficiency and zeta potential by sonication method using EVs derived from
hUCMSCs. CBD EVs by itself or in combination with DOX decreased the inflammation,
metastasis and facilitated apoptosis in MDA-MB-231 cells by G1 phase cell cycle arrest and
down regulation of IL-17, NF-xB, Twist, p-STAT3/STAT3 proteins /n-vitro. Further, in vivo
studies demonstrated that CBD EVs and DOX combination significantly reduced the tumor
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burden (P<0.001) at a dose of 5mg/kg of CBD (5mg/kg) which was superior to 10mg/kg of
free CBD. Further this combination modulated TME by decreasing the expression of TGF-
B, IL-6, NF-xB, ITGA5, Smad-2, GPC 1&6, Twist and mediated apoptosis by increasing
the expression of BAX, Caspase 9 and decreasing the expression of Bcl2. Our studies
suggested that CBD EVs increased the sensitivity of MDA-MB-231tumor cells to DOX,
thereby reducing the required effective dose of DOX thus abating or eliminating toxicity.
Thus, EVs can be used as potential delivery systems for cannabinoids because of their easy
internalization by tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Authors are thankful to the Consortium for Medical Marijuana Clinical Outcomes Research, Grant/Award number:
SUB00002097, National Institute on Minority Health and Health Disparities of National Institutes of Health, Grant/
Award Number: U54 MD007582 and NSF-CREST Center for Complex Materials Design for Multidimensional
Additive Processing (CoManD), Grant/Award Number:1735968 for providing the funding for this research work.

Data availability statement

The data that support the findings of our study are available from the corresponding author
upon reasonable request.

Abbreviations:

EVs Extracellular Vesicles

TNBC triple negative breast cancer

CBD cannabidiol

DOX doxorubicin

DDS drug delivery system

hUCMSCs human Umbilical Cord Mesenchymal Stem Cells

NTA nanoparticle tracking analysis

%EE The percentage entrapment efficiency
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Highlights
. CBD loaded extracellular vesicles (CBD EVs) were successfully formulated
for the first time with good entrapment efficiency and particle size
. Sustained release of CBD was observed from CBD EVs

. Fluorescent labelled EVs showed rapid intracellular and intratumoral uptake
as determined by confocal microscopy

. CBD EVs (5 mg/kg) and doxorubicin (DOX) combination significantly
reduced the tumor burden in MDA-MB-231 xenograft model of athymic nude
mice

. CBD EVs sensitized the MDA-MB-231 tumors to DOX by decreasing
inflammation, migration, metastasis and facilitating apoptosis
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Figure 1:

hUCMSCs cultured on Cytodex-1 microcarriers in PBS-VW bioreactor. A. Hoechst staining
of hUCMSCs on microcarrier in PBS-VW bioreactor on Day 1, 3, 5 and 8. B. Glucose and
lactate concentration for hUCMSCs in PBS-VW bioreactor. C. Weight ratio of glucose
consumption over lactate production in the bioreactor system. D. Mean particle size
distribution graph for CBD loaded EVs by sonication method. E. TEM image of EVs. F.
Fluorescently labelled EVs uptake in MDA MB 231 cells. G. /n-vitro CBD release from
EVs in PBS at pH- 6.8 and 7.4 representing % cumulative CBD released Vs time.
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Cytotoxicity assay in MDA-MB-231 cells: A. % cell inhibition with CBD at different

concentrations. B. % cell inhibition with DOX at different concentrations. C.% cell

inhibition with blank EVs at different particles concentration in 2D cell cultures. D. %

cell inhibition with CBD EVs at different concentrations. E. % cell inhibition with CBD at
different concentrations in 3D cell cultures. F. % cell inhibition with presensitization of 1

UM CBD in combination with DOX at different concentrations. G. % cell inhibition with
presensitization of 1 UM CBD EVs in combination with DOX at different concentrations.
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Figure 3:
Flow cytometry of cell cycle analysis. A. Representation of the flow histograms of A.

CBD, B.CBD 1 uM, C. CBD EVs 1 uM, D. DOX, E. CBD + DOX, F. CBD EVs +
DOX. B. Bar graphs showing cell cycle analysis after staining with propidium iodide (PI)
in MDA-MB-231 cells treated with five different treatments and compared to control. All
values are expressed as mean + SEM (n=3). *p<0.05, ***p < 0.001 vs Control.
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Figure 4:
Effect of CBD loaded EVs on the expression of proteins involved in Inflammation,

Metastasis and Apoptosis in MDA-MB-231 cells. A. Western blots and densitometric
analysis of IL-17, NF-xB, Twist, P-STAT3/STAT3 proteins with free CBD and CBD EVs
formulation treated MDA-MB-231 cells after 48 h. B. Western blots and densitometric
analysis of BAX, Bcl2, IL-17, Twist, P-STAT3/STAT3 proteins in MDA-MB-231 cells
after 48 h drug treatment with DOX alone, free CBD + DOX combination, and CBD
EVs formulation + DOX. Data presented as means = SEM, one-way ANOVA, *P<0.05,
**P<0.01, ***P<0.001 significant vs control.
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Figure 5:
Effect of CBD loaded EVs on the expression of proteins involved in inflammation,

migration and invasion in MDA-MB-231 cells. A. Immunocytochemical analysis of p-
STAT3& STAT3 in MDA-MB-231 cells treated with different drug treatments for 48 h.

B. Immunocytochemical analysis of NF-xB in MDA-MB-231 cells treated with different
drug treatments for 48 h. C. Immunocytochemical analysis of ITGA5 in MDA-MB-231 cells
treated with different drug treatments for 48 h.
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Figure 6:

In vivo anti-tumor efficacy of CBD EVs formulation + DOX combination. A. Tumor
volume. B. Tumor uptake studies for Fluorescent EVs. Data presented as means + SEM,
one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001 significant vs control (n=4). Control
group (animals did not receive fluorescent EVs), EVs treated tumor animals (mice received

fluorescent EVs at 1 x 1011 particles/mL).
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Effect of CBD EVs formulation on Apoptotic and Inflammatory markers in MDA-MB-231
Triple-Negative Breast cancer Xenograft Model. A. Western blots and densitometric analysis
of IL-17, NF-xB, Bcl2, BAX, Cleaved Cas-3 proteins in tumor tissue after drug treatment
with CBD and CBD loaded EVs. B. Western blot and densitometric analysis of NF-xB,
TGF-B, IL-6, Caspase 9, mTOR, Bcl2, BAX proteins in tumor tissue after drug treatment
with DOX alone, free CBD + DOX combination, and CBD EVs formulation + DOX. Data
presented as means £ SEM, one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001 significant

vs control.
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Figure 8:
CBD EVs formulation increased the sensitization of DOX in MDA-MB-231 cells /n vitro

and MDA-MB-231 xenograft model of TNBC. A. Western blots and densitometric analysis
of Smad-2, GPC 6&1, ITGA5, Twist proteins in tumor tissue after drug treatment with DOX
alone, free CBD + DOX combination, and CBD EVs formulation + DOX. B. Effect of CBD
EVs and DOX combination on the migration of MDA-MB-231 cells. DOX (500 nM), CBD
EVs (1 pM) and CBD EVs (1 pM) + DOX (500 nM) combination treated MDA-MB-231
cells were seeded in an xCelligence CIM-16 plate, and migration of the cells was monitored
for 40 h and finally compared to untreated MDA-MB-231 cells; a.u, arbitrary units. Data
presented as means + SEM, one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001 significant
vs control.
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Table 1:

Optimization parameters for the development of CBD loaded EVs
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Optimization Parameters

Variable Conditions

Stability on storage at 4
°C

Buffer and pH Condition

PBS (6.8) Unstable (Precipitation)
PBS with 0.1 % (w/v) BSA (6.8) Unstable (Precipitation)
PBS (7.4) Unstable (Precipitation)

PBS with 0.1 % (w/v) BSA (7.4)

Stable

Sonication cycles

10 % Amp, 3 cycles of 30 s on/off for 2 min, 5 min-cooling between each
cycle

Unstable (precipitation)

20 % Amp, 3 cycles of 30 s on/off for 2 min, 5 min-cooling between each
cycle

Stable

30 % Amp, 3 cycles of 30 s on/off for 2 min with a 5 min-cooling between

Unstable (aggregation)

each cycle
10 Stable
% CBD Loading
20 Unstable
Incubation temperature 22/37 °C Stable

Optimized formulation of CBD
loaded EVs

Buffer: PBS with 0.1 % (w/v) BSA (7.4), Sonication: 20 % Amp, 3 cycles
of 30 s on/off for 2 min, 5 min-cooling between each cycle, % CBD
Loading: 10% w/w;, Incubation temperature: 37 °C

Stable optimized
formulation
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