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2-AG-loaded and bone marrow-targeted
PCL nanoparticles as nanoplatforms
for hematopoietic cell line mobilization
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Abstract

Background The use of mobilizing agents for hematopoietic stem cell (HSC) transplantation is insufficient for an
increasing number of patients. We previously reported lipid made endocannabinoid (eCB) ligands act on the human
bone marrow (hBM) HSC migration in vitro, lacking long term stability to be therapeutic candidate. In this study, we
hypothesized if a novel 2-AG-loaded polycaprolactone (PCL)-based nanoparticle delivery system that actively targets
BM via phosphatidylserine (Ps) can be generated and validated.

Methods PCL nanoparticles were prepared by using the emulsion evaporation method and characterized by
Zetasizer and scanning electron microscopy (SEM). The encapsulation efficiency and release profile of 2-AG were
determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The presence of cannabinoid
receptors (CBRs) in HSCs and monocytes was detected by flow cytometry. Cell morphology and viability were
assessed using transmission electron microscopy (TEM), SEM, and the WST-1 viability assay. The migration efficacy of
the 2-AG and 2-AG-loaded nanoparticle delivery system on HSCs and HPSCs (TF-1a and TF-1) and monocytes (THP-1)
was evaluated using a transwell migration assay.

Results The 140-225 nm PCL nanoparticles exhibited an increasing polydispersity index (PDI) after the addition

of Ps and 2-AG, with a surface charge ranging from — 25 to -50 mV. The nanoparticles released up to 36% of 2-AG
within the first 8 h. The 2-AG-Ps-PCL did not affect cellular viability compared to control on days 5 and 10. The HSCs
and monocytes expressed CB1R and CB2R and revealed increased migration to media containing 1 uM 2-AG-Ps-PCL
compared to control. The migration rate of the HSCs toward monocytes incubated with 1 uM 2-AG-Ps-PCL was higher
than that of the monocytes of control. The 2-AG-Ps-PCL formulation provided a real time mobilization efficacy at 1 uM
dose and 8 h time window via a specific CBR agonism.

Conclusion The newly generated and validated 2-AG-loaded PCL nanoparticle delivery system can serve as a

stable, long lasting, targeted mobilization agent for HSCs and as a candidate therapeutic to be included in HSC
transplantation (HSCT) protocols following scale-up in vivo preclinical and subsequent clinical trials.
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Background
Allogeneic hematopoietic stem cell transplantation
(HSCT) is the only treatment procedure that offers cura-
tive effects or long-term survival for a variety of pediat-
ric and adult patients [1-3]. G-CSF and biosimilars are
the sole cytokines used for mobilization according to the
European Society for Blood and Marrow Transplanta-
tion (EBMT) due to the unavailability of GM-CSF with-
drawal [3]. However, the combined use of G-CSF and the
CXCR4 antagonist plerixafor can cause mobilization fail-
ures in up to 5% of multiple myeloma patients [4—6] and
in up to 35% of lymphoma [4, 7, 8] patients and plerixafor
is not the first choice in most centers due to its increased
cost [9]. Therefore, recent trials (190 studies in the Clini-
calTrials.gov database as of May 2024) have focused on
improving the application protocols of existing mobiliz-
ers [7, 8], encapsulating them to increase efficiency [10—
13], and discovering new mobilizers [14, 15].

Rodent and human bone marrow (BM) [16—-20] com-
prises endocannabinoid (eCB) ligands and receptors

(CBRs). The CBs AEA and 2-AG act as chemoattrac-
tants via CB1Rs when applied to CB2R-overexpressing
murine myeloid leukemia cells [18] and human BM
mononuclear cells (BM-MNCs) [19]. The addition of the
nonselective CBIR and CB2R agonist cannabidiol to a
single dose of G-CSF increases granulocyte-macrophage
colony-forming unit (GM-CFU) mobilization compared
to G-CSF alone in mice [20]. Similarly, eCBs function in
mobilization by stress-induced sympathetic hyperactiv-
ity in human BM [16-18]. Our group previously reported
that human BM LPS-stimulated MSCs secrete AEA and
2-AG and that 2-AG levels are significantly greater in the
peripheral blood (PB) of G-CSF-treated donors than in
BM plasma. We also reported that AEA and 2-AG spe-
cifically induced the migration of human BM hemato-
poietic stem cells (hBM-HSCs) on a coculture platform
simulating peripheral mobilization [19]. The results
suggest that 2-AG is a strong candidate for enhancing
or facilitating G-CSF-mediated HSC migration under
stress conditions in a clinical setting [19]. Despite the
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promising potential of eCBs for their psychoactive effects
[20], their low aqueous solubility, instability and oily resin
nature [21, 22] hinder the development of effective eCB
formulations. Therefore, eCBs must be encapsulated in
a controlled release system that targets the selected tis-
sue. Several untargeted characterization studies revealed
increased stability of AEA, CB13, THC, CBD [23-27],
and CSR141716, rimonabant, AM251, and URB597
[28, 29] following their incorporation into PCL [23,
27], poly(lactic-co-glycolic acid) (PLGA) [24-26], and
liposome [28, 29] nanoparticles for intranasal and oral
administration, aiming to alleviate neuropathic pain and
induce tumor apoptosis. Some non-CBR mediators pas-
sively targeted the BM (nanoparticles less than 400 nm in
size) [30] and actively targeted the BM using the mono-
nuclear phagocyte system (MPS) with surface modifica-
tions involving phosphatidylserine (Ps) [31-39].

We previously reported CB components involvement
in the BM, by revealing endogenous CB ligand 2-AG trig-
gers hBM-HSC migration via CBRs. However, lipid made
endocannabinoid ligands lacking long term stability and
bioavailability [21, 22] are not suitable to be used as ther-
apeutics as mobilizing agents. We hypothesized that a
novel biocompatible PCL nanoparticle delivery system,
which provides controlled release of 2-AG and active
targeting to the BM, enabling the induction of the mobi-
lization of hBM-HSCs in vitro can be generated and vali-
dated. Therefore, we developed a PCL-based nanoparticle
delivery system that actively targets the BM via the MPS
and slowly releases the encapsulated 2-AG. The results
revealed for the first time the long-term mobilizing effi-
ciency of the novel BM targeting PCL-based nanoparticle
delivery system on hBM-HSCs and monocytes through a
specific CBR agonism at a real time defined 1 uM dose
and 8 h time window. The novel formulation has been
approved as a patent pending by the Turkish Patent and
Trademark Office (Application no: TR2021/013362) and
the Patent Cooperation Treaty (PCT) (Application no:
PCT/TR2022/050893). The candidate formulation can
take place in HSCT protocols in hemato-oncology prac-
tice following scale-up preclinical experiments of GLP-
manufactured products and GMP-based phase trials.

Methods

We designed a prospective, randomized, controlled in
vitro study. The independent variables were time (1, 3,
5,7 and 10 days), group (control and 2-AG-, 2-AG-PCL-
or 2-AG-Ps-PCL-treated or nontreated CD34+/CD38-
hBM-HSCs (TE-1), CD34+/CD38+hBM-HSCs (TE-1a)
and monocytes (THP-1)], and the dependent variables
were CBR, particle size; PDI; zeta potential measurement
of nanoparticles; EE of 2-AG; release profile of nanopar-
ticles; and cell viability and migration. Biological repli-
cates were subjected to power analysis (G-Power v3.1).
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During the preparation of this work the authors did not
use Artificial Intelligence (AI). The experimental setup is
illustrated schematically in Fig. 1a-d.

Preparation and characterization of 2-AG-Ps-PCL
nanoparticles

2-AG-loaded PCL nanoparticles were prepared by using
the emulsion evaporation method [40]. PCL (0.1% (w/v))
with two different molecular weights (MW: 10 and
45 kDa), 0,005% (w/v) 2-AG and 0,005% (w/v) Ps were
dissolved in DCM at 550 rpm. This organic phase was
added to an aqueous phase containing 0.5% (w/v) sur-
factant (Pluronic™ F-68) at a 1:2 (v/v) ratio and homog-
enized. The Y/S emulsion was evaporated at 100 rpm
and 40 °C for 30 min and filtered (0.45 pm pore-size PET
filter).

A Malvern Zetasizer Nano ZS (Worcestershire, UK)
instrument with dynamic light scattering (DLS) was
used to determine the particle size, PDI, zeta potential
and surface charge [41, 42]. Briefly, nanoparticle disper-
sions were diluted to 1:1 (v: v) in ultrapure water and
transferred to a folded capillary zeta cell (DTS 1070).
The mean diameter and PDI were measured at angles of
173° and 25 °C, respectively, and the surface charge of the
nanoparticles at RT was measured at an angle of 12.8° in
ultrapure water (n=3).

SEM was used to quantitively assess the ultrastruc-
tural properties of the nanoparticles via DLS [42]. Briefly,
lyophilized and gold-palladium (Au/Pd) alloy-coated
(10 nm) nanoparticle dispersions were photographed,
and the particle sizes were measured at 40,000x. The
ultramicrographs were captured with a high-voltage
scanning electron microscope (FEI, Quanta 200 F)
attached to a digitalized image analysis system (Xt micro-
scope control).

A validated liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) method was used to determine
the EE of 2-AG and release profile [19] by using a C18
column (Hypersill-ODS4, 50%3.0 mm, 2.1 pm) with a
mobile phase of acetonitrile and water (both containing
0.1% formic acid) to accomplish chromatographic sepa-
ration at a 0.3 ml/min flow rate, and gradient elution was
applied. Synthetic cannabinoid ACPA was used as an
internal standard. A daily calibration curve of 2-AG was
prepared at 6 different concentrations (1-1000 ng/ml)
and constructed with the peak area ratio of 2-AG to IS.

The EE of 2-AG was expressed as the associated drug
percentage (%) and was calculated as follows:

Measured drug quantity (ug) s 100

Associated drug (%) =
g (%) Initial drug quantity (ug)

To quantify the amount of nanoparticle-bound 2-AG, the
loaded nanoparticles were centrifuged at 3500 rpm. The
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Fig. 1 Schematic design of the study. A We detected CB1R and CB2R expression in TF-1, TF-1a and THP-1 cells. B We prepared the nanoparticles using
the emulsion evaporation method and characterized them by analyzing their PDI, zeta potential, surface charge, size, morphology, EE, release profile

and invasion profile using DLS, SEM, LC-MS/MS and in vitro invasion assays, r

espectively. C We analyzed the effect of nanoparticles on TF-1, TF-1a and

THP-1 cell viability using SEM, TEM and MTT assays. D We detected the migratory effect of nanoparticles on TF-1, TF-1a and THP-1 cells using a transwell

migration assay

supernatant was lyophilized and dissolved in dichloro-
methane and removed under a nitrogen atmosphere. The
amount of 2-AG was measured by LC-MS/MS [19, 43].
The dialysis membrane technique was used to deter-
mine the 2-AG release profile under sink conditions
at 37 °C. Briefly, nanoparticle dispersions were placed
in a dialysis membrane (Cellulose Membrane My,CO:

14 kDa) with 0.1% Tween 80. Samples were taken at
30 min, 1, 4, 8, 12, and 24 h, and the amount of free 2-AG
in the release medium was determined by LC-ESI-MS/
MS [19, 43].
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Cell culture

For this study we used hBM-HSC cell line (CD34+/
CD38- (TF-1), #CRL2003, ATCC), hBM-HPSCs cell line
(CD34+/CD38+ (TF-1a), #CRL2451, ATCC) and human
blood monocyte cell line (THP-1, TIB202, ATCC). TEF-1
cells were expanded in RPMI-1640 media (ATCC) sup-
plemented with 10% fetal calf serum (FCS, Gibco) and 2
ng/ml recombinant human GM-CSF (#300-03, PeproT-
ech) [44]. TF-1a cells were cultured in RPMI-1640 media
supplemented with 10% FCS [45]. Monocytes (THP-1,
#TIB202, ATCC) were cultured in RPMI-1640 media
(ATCC) supplemented with 10% FCS (GIBCO) and 0.05
mM 2-mercaptoethanol (#60-24-2, Calbiochem) [46]. To
be used in the BBB experiment, cerebral endothelial cells
(hCMEC/D3 cell line, #SCC066, Merck/Millipore) were
seeded in collagen (Collagen Type I, #08-115, Sigma)-
coated culture dishes with EndoGRO media (#SCMEOQ01,
Millipore) supplemented with 1 ng/mL FGF-2 (#GF003,
Sigma) [47]. All cells were incubated at 37 °C in 5% CO,,
and the media was changed every 3—4 days.

Flow cytometry

The permeabilized (Permeabilizing Solution 2, #340973,
BD Biosciences, USA) cells were indirectly immunola-
beled using rat anti-human CBIR (#ab3558, Abcam),
CB2R (#ab3561, Abcam) and a secondary antibody (goat
anti-rabbit IgG FITC, #ab7086, Abcam) [48, 49]. The IF-
labeled cells were measured by a Novocyte Adventeon
FC (ACEA) and analyzed using Novoexpress software
with 10,000 events [50].

Transmission and scanning electron microscopy (TEM and
SEM)

For TEM analysis, cells were fixed in 2.5% glutaralde-
hyde, postfixed in 1% osmium tetroxide and dehydrated
in a graded series of ethanol as previously described [51].
Ultrastructural integrity was analyzed on uranyl acetate-
and lead citrate-stained thin sections by transmission
electron microscopy (TEM) (JEOL, JEM1400, Japan)
with an attached digital camera (Orius, Germany) [52,
53].

For SEM analysis, the samples were fixed with 2.5% glu-
taraldehyde, dehydrated in a graded series of ethanol and
sputter-coated (Gatan, PECS-682, USA) with 10 nm thick
Au/Pd after drying with a critical point dryer (Tousimis,
Autosamdri 815B, USA). The ultramicrographs were cap-
tured with a high-voltage scanning electron microscope
(FEI, Quanta 200 F) attached to a digitalized image analy-
sis system (Xt microscope control) [42].

Viability assay

WST-1 (#ab155902, Abcam) was used to analyze the
effect of the nanoparticle carrier system on THP-1, TF-1,
and TF-1a cell viability on days 1, 3, 5, 7, and 10 [54, 55].
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As a control, (i) cells in regular growth media and (ii) cells
containing 2-AG obtained according to release data were
used. The absorbance was measured at an optical den-
sity of 450 nm and a reference wavelength of 620 nm by
a spectrophotometer (BMG Labtech). The half-maximal
inhibitory concentration (ICs,) values for 2-AG-Ps-PCL
were calculated on day 10 by GraphPad Prism Version
10.1.2 (La Jolla, CA, USA).

In vitro BBB invasion method

hCMEC/D3 cells were expanded on the filter of colla-
gen-coated transwell culture dishes (#3401, Corning)
for 5 days. We added Ps-PCL or 2-AG-Ps-PCL nanopar-
ticles to the cells at concentrations of 0.1, 1, 10, and 100
uM. On days 1, 3, 5, and 10, we analyzed the number of
nanoparticles that passed to the lower part of the tran-
swell plate using SEM (QUANTA 400 F field emission
microscope) (n=4) [56].

Transwell migration assay

According to the first and second experimental setups
(Fig. 1d), we placed TF1, TFla or THP-1 cells (5x10*
cells/well) on transwell filters, and 2-AG, 2-AG-PCL or
2-AG-Ps-PCL nanoparticles with or without AM251 and
AMG630 were placed in the bottom chambers of the tran-
swell plates. For the third experimental setup (Fig. 1d),
THP-1 cells were incubated with 2-AG-Ps-PCL nanopar-
ticles for 24 h, and then the bottom chambers of the
transwell plates were placed with or without AM251 and
AM630. TF1 and TF1a cells were placed in the upper part
of the transwell. The cells were allowed to migrate for 4 h
at 37 °C. Cell counting was performed using a Biirker
slide. We used 4 concentrations of 2-AG (0.1, 1, 10, and
100 uM) w/wo AM281 and AM630 (10 uM, #1115, and
#1120, respectively; Tocris Bioscience) [19]. The half-
maximal effective concentration (ECs,) values for 2-AG-
Ps-PCL were calculated for THP-1, TF-1, and TF-1a cells
using GraphPad Prism Version 10.1.2.

Statistical analysis

The normality of the data distribution was evaluated by
the Shapiro—Wilk test. Multiple comparisons were per-
formed by analysis of variance (ANOVA) and the Krus-
kal-Wallis test. The parametric data are presented as the
mean*S.E.M.; the nonparametric data are presented as
the median, minimum and maximum values. Analyses
were performed at 95% confidence intervals.

Results

PCL nanoparticles were characterized

The particle size of the PCL nanoparticles was deter-
mined to be between 140 and 225 nm (Fig. 2a). The addi-
tion of Ps increased the particle size (p<0.05). Compared
with the 2-AG-unloaded nanoparticles, the 2-AG-loaded
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A Formulation Particle Size (nm) PDI Zeta Potential (mV)
PCL (MW 10 kDa) 144.6 2,152 0.231 +0.018 -20.5 +0.404
PCL (MW 45 kDa) 149.0 +1,419 0,173 +0.006 -39.1 +1.86
2-AG-PCL (MW 10 kDa) 144.4 43,544 0.442 0,055 -21.7 +1.,50
2-AG-PCL (MW 45 kDa) 148.4 +6.549 0.389 +0.048 -22.5 +0.416
2-AG-Ps-PCL (MW 10 kDa) | 185,7 +5,859 0,324 +0,023 -38.,5 0,755
2-AG-Ps-PCL (MW 45 kDa) | 223.7 +8.876 0,360 +0.012 -42,7 £9.03
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Fig. 2 The 2-AG-Ps-PCL system provides sustained release. A Particle size, PDI and zeta potential of the nanoparticles (n=3). B,C,D,E,F,G SEM micrographs
of nanoparticle formulations (B) blank PCL (MW: 10 kDa), (C) 2-AG-PCL (MW: 10 kDa), (D) 2-AG-Ps-PCL (MW: 10 kDa), (E) blank PCL (MW: 45 kDa), (F) 2-AG-
PCL (MW: 45 kDa), and (G) 2-AG-Ps-PCL (MW: 45 kDa). NPs were observed in the range of approximately 200-500 nm as globular particles with an electron
lucent halo around the periphery (white arrows). Scale bar: 40 um, x2.500. H, i (h) Associated 2-AG (%) and (I) cumulative 2-AG release of nanoparticle

formulations (n=3, +SD)

nanoparticles did not change the diameter of the
nanoparticles (p>0.05). The addition of Ps and 2-AG to
the PCL nanoparticles increased the PDI (p<0.05). PCL
MW did not affect the critical quality parameters of the
blank, Ps-coated or 2-AG-loaded nanoparticles (p>0.05)
(Fig. 2a). The surface charges of the nanoparticles ranged
from —25 mV to -50 mV (Fig. 2a). SEM revealed that
the diameter of the nanoparticles was approximately
150-500 nm, as globular particles containing an electron
lucent halo at their periphery (Fig. 2b-g).

The amount of nanoparticle-bound 2-AG was simi-
lar for each formulation (10 and 45 kDa MW PCL w/
wo Ps) (p>0.05). The difference between the EE of
nanoparticles prepared with two different MWs was not
statistically significant, as was the case for other criti-
cal quality attributes (p>0.05). The addition of Ps to
the formulations decreased the EE of 2-AG (p<0.05,
Fig. 2h). The highest release of 2-AG was observed for
the PCL nanoparticles (MW 45 kDa), with 36% released
in the first 8 h. The release of 2-AG from the Ps-coated
nanoparticles appeared to be slower than that from the
nanoparticles without Ps (Fig. 2i). In the BBB invasion
analysis, nanoparticles were not observed in the samples
by SEM on days 1, 3, 5 and 10 or at different concentra-
tions of nanoparticles. Although the MW of PCL did not
affect the critical quality parameters of the nanoparticles,

10 kDa MW PCL nanoparticles were used in subsequent
experiments because the stability (PDI values, Fig. 2a) of
the nanoparticles was greater.

THP-1, TF-1 and TF-1a cell viability was maintained in
culture with 2-AG-Ps-PCL nanoparticles

The THP-1 cells incubated with the 2-AG-Ps-PCL
nanoparticles had a typical monocyte appearance with a
euchromatic round nucleus and cytoplasm rich in lyso-
somes (Fig. 3a). Apoptotic bodies were not observed in
any of the experimental groups (Fig. 3a). SEM revealed
that the cells presented a typical monocyte character and
had a healthy appearance. We did not observe any apop-
totic bodies in the evaluation (Fig. 3b).

On days 1, 3 and 7, the viability of THP-1 cells in the
group treated with 2-AG-Ps-PCL (PCL MW 10 kDa)
did not differ from that in either the control group or
the other groups at any concentration (p>0.05, Fig. 3c).
On day 5, compared with that in the control ‘Cell’ group,
the viability of monocytes in the medium containing
2-AG and the 2-AG-containing nanoparticle carrier sys-
tem (2-AG-Ps-PCL) at a concentration of 100 uM was
adversely affected (p<0.05). On day 10, medium contain-
ing 10 uM active 2-AG decreased THP-1 cell viability
(Fig. 3¢).
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Fig. 3 Ultrastructural morphology of THP-1 cells and viability of THP-1, TF-1 and TF-1a cells maintained in culture with 2-AG-Ps-PCL nanoparticles. ATEM
micrographs of THP-1 monocytes incubated with 2-AG-Ps-PCL nanoparticles on days 1, 3 and 5. Vesicles in the control cells are indicated by white arrows,
and electron-dense vesicles in the experimental groups are shown in micrographs with black arrows at 12,000x. B SEM micrographs of THP-1 monocytes
incubated with 2-AG-Ps-PCL nanoparticles on days 1, 3 and 5. CThe effects of the 2-AG-Ps-PCL nanoparticles and control groups on THP-1, TF-1 and TF-1a
hematopoietic cell viability are shown in a bar graph, *p <0.05 by one-way analysis of variance (ANOVA) (n=3, £5SD). D Dose-inhibition response curve
and loglCyy, ICsy and R? values for 2-AG and 2-AG-Ps-PCL in the THP-1, TF-1 and TF-1a cell lines (n=3, +SEM)

Compared with the control and other treatments,
2-AG-Ps-PCL did not affect the viability of TF-1 cells
on days 1, 3, or 5 at any concentration. On day 7, com-
pared with the control, 10 uM 2-AG decreased TF-1
cell viability (p<0.05, Fig. 3c). This decrease was also
observed in media containing 2-AG on day 10. Com-
pared with that in the control ‘Cell’ group, the viability of
TE-1 cells in medium containing 0.1, 10 or 100 uM 2-AG
was adversely affected (Fig. 3c). When the effect of the
nanoparticle carrier system on TF-1la cell viability was
examined at all-time points, the group containing 2-AG-
Ps-PCL did not significantly change cell viability com-
pared to that of the controls, both for the control and the
other groups, at each concentration (Fig. 3c).

The IC;, values in THP-1, TF-1 and TF-1a cells on the
10th day were 4.56, 12.10 and 40.51 pM for 2-AG and
20.7, 155.3 and 2.4 puM for 2-AG-Ps-PCL, respectively
(Fig. 3d).

Human BM-HSCs express high levels of CB1Rs and low
levels of CB2Rs

TF1 cells expressed 80.32% CBIR and 13.93% CB2R
(Fig. 4a). TF1a cells expressed 41.62% CBI1R and 18.75%
CB2R (Fig. 4b).

The nanoparticle carrier system is effective in CBR-
mediated HSC migration in a dose-dependent manner
THP-1 cells migrated to media containing 2-AG, 2-AG-
PCL and 2-AG-Ps-PCL at a concentration of 1 puM at
a higher rate; however, they migrated at a lower rate to
the other concentration groups (0.1, 10, 100 uM) com-
pared to the control ‘media’ group (Fig. 4c). This migra-
tion effect was significantly inhibited by CBR antagonists
(AM281 and AM630) (p<0.05). The applied doses pro-
vided a similar migration capacity for the 2-AG, 2-AG-
PCL and 2-AG-Ps-PCL groups (ns, Fig. 4f).

TF1 and TF-la cells migrated to media containing
2-AG, 2-AG-PCL and 2-AG-Ps-PCL at a concentra-
tion of 1 uM at a high rate; however, they migrated at a
low rate to the other concentrations (0.1, 10, 100 pM)
(Fig. 4d, e). In addition, TF-1a cells migrated to media
containing 10 uM 2-AG or 2-AG-Ps-PCL at a high rate
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Fig. 4 The nanoparticle carrier system has a dose-dependent effect on CBR-mediated HSC migration. A CB1R and CB2R labeling of TF1 hematopoietic
cells using only secondary antibodies was detected at rates of 0.01% and 1.68%, respectively. A total of 80.32% of the CB1R-labeled cells and 13.93% of
the CB2R-labeled cells were labeled. B CB1R and CB2R labeling of TF1a hematopoietic cells without using only secondary antibodies was detected at
rates of 0.05% and 1.99%, respectively. A total of 41.62% of the CB1R-labeled cells and 18.75% of the CB2R-labeled cells were labeled. C,D,E The migratory
effects of (C) 2-AG, (D) 2-AG-PCL and (D) 2-AG-Ps-PCL on human monocyte THP-1, TF-1 and TF-1a hematopoietic cells. F,G,H Migration of (F) THP-1, (G)
TF-1 and (h) TF-1a hematopoietic cells to different 2-AG concentrations and nanoparticles in different formulations containing different 2-AG concentra-
tions. I Dose-migration response curves and ECy, values for 2-AG, 2-AG-PCL and 2-AG-Ps-PCL in THP-1, TF-1 and TF-1a cells (n=3, +S.E.M.). J K The effects
of (J) TF-1 and (K) TF-1a hematopoietic cells on the migration of THP-1 cells incubated with 2-AG-Ps-PCL are shown by a bar graph; *p <0.05 according

to one-way analysis of variance (ANOVA) (n=3, £SD)

(Fig. 4e). This migration effect was significantly inhibited
by the CBR antagonists AM281 and AM630 (p<0.05).
There were no significant differences in migration at any
of the tested doses (ns, Fig. 4g, h). The half-maximum
effective concentration (ECs) values of 2-AG-Ps-PCL in
TE-1 and TF-1a cells were 6.1 and 0.1 puM, respectively
(n=3, mean+S.E.M.) (Fig. 41).

TE-1 cells migrated to monocytes after incubation
with 1 or 10 pM 2-AG-Ps-PCL at a high rate (p<0.05)
or with 0, 1 or 100 uM 2-AG-Ps-PCL at a low rate com-
pared to those in the control ‘Media’ group (Fig. 4j). CBR
antagonists (AM281 and AM630) significantly inhibited
the migration of TF-1 cells at a concentration of 1 uM
(p<0.05) (Fig. 4j). Compared with control ‘Media, TE-1a
cells migrated to THP-1 cells incubated with 1 uM 2-AG-
Ps-PCL at a higher rate and with 0, 1, 10 and 100 pM
2-AG-Ps-PCL at a lower rate (Fig. 4k). CBR antagonists
(AM281 and AM630) significantly inhibited the migra-
tion of TF-1a cells at a concentration of 1 pM (p<0.05,
Fig. 4k).

Discussion

In this study, we developed an active BM-targeted, 2-AG-
loaded PCL-based nanoparticle delivery system and dem-
onstrated its effectiveness in vitro to eliminate side effects
and ensure its stability as a candidate for clinical use.
FDA-approved PCL nanoparticles have been the focus of
several drug delivery studies due to their biocompatibility
and tailored release properties, especially for lipophilic
molecules [57-59]. We preferred the Y/S single emul-
sion method, considering that 2-AG, a lipophilic active
substance, would be used and that the nanoparticles
would be coated with Ps, which is insoluble in solvents
such as ethanol and acetone [60]. We determined the
particle size of the PCL nanoparticles to be between 140
and 225 nm, suggesting a favorable passive targeting abil-
ity and longer circulation time [23, 30, 33]. The addition
of Ps increases the particle size, and thus, an effective
surface coating of nanoparticles with Ps has been deter-
mined [61]. However, 2-AG did not change the diam-
eter of the nanoparticles, suggesting that 2-AG is mostly
encapsulated within the nanoparticle matrix, which was
also confirmed by the nano-sized globular ultrastructure.
Previously, several particles with various active groups
and materials that were passively or actively targeted to

the BM reached a range between 75 and 400 nm [11, 30,
32-37], and a particle size below 250 nm was considered
appropriate for passive targeting [30, 33]. Since the sizes
of the nanoparticles we synthesized were between 140
and 225 nm, we can theoretically target the BM. Similar
to our system, AEA loaded with 83.52+21.38 nm PCL
nanoparticles did not increase the particle size by the
light scattering method, thus maintaining the particle
size that provides passive targeting to the BM [23]. Our
group previously loaded the CBI1R ligand ACPA into PCL
nanoparticles using a nanoprecipitation method, reveal-
ing a mean particle size of 162.2+2.3 nm for APCA-PCL
nanoparticles [51]. The fact that particle sizes are differ-
ent despite using the same polymer may be due to the
synthesis of nanoparticles using different methods [62].
However, the smaller size of the particles we produce
provides an advantage for active targeting [30, 33]. We
developed a nanoparticle delivery system for 2-AG with
promising characteristics and an appropriate particle size
for passive targeting to the BM and effective surface coat-
ing using Ps, which is consistent with previous literature
on nanoparticle-based drug delivery systems using CBs
[23, 51] and targeting the BM [11, 30, 32, 34-37].

In this study, we targeted nanoparticles with a low PDI
(below 0.5). Previously, changes in the MW of PCL deriv-
atives were shown to affect the average particle size of
nanoparticles [63]. In particular, nanoparticles prepared
with a PCL MW of 10 kDa had smaller particle sizes
than nanoparticles prepared with a PCL MW of 45 kDa.
The addition of Ps affected the PDI, and 2-AG made the
nanoparticle dispersion more heterogeneous than that
of nanoparticles without Ps but still within the accept-
able range (below 0.7) for drug delivery [64]. In this study,
the surface charges of the prepared nanoparticles ranged
from —25 mV to -50 mV. Nanoparticles with a zeta poten-
tial between —25 mV and +25 mV present stable col-
loidal systems [65]. Thus, the nanoparticles obtained in
the present study have a net negative charge in terms of
surface charge, and their aggregation risk is low. Previ-
ous studies revealed that PCL nanoparticles maintain
their particle size for 30 days [66, 67]. In line with these
studies, in our study, non-Ps-coated PCL (with MWs
of 10 and 45 kDa) nanoparticles remained stable for 30
days, and the particle sizes did not exceed 250 nm. In a
previous study by our group, the PDI and zeta potential
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of APCA-loaded PCL nanoparticles (PCL MW 80 kDa)
were 0.251+0.008 and —29.41+0.6 mV, respectively [51].
In parallel with this study, the PDI and zeta potential were
above 0.4 and —25 mV, respectively. This difference was
attributed to the Ps in the structure. Consequently, by
showing that the nanoparticles we developed remained
stable for 7 days, we proved that we could determine the
time interval at which the 2-AG content in the BM was
released by targeting the BM via the MPS system of the
nanoparticular system containing 2-AG, which can be
applied to PB [31].

Here, we report that all formulations released no more
than 36% of the 2-AG they encapsulated during the first
8-hour period. In parallel with our study, the EEs were
96.05£1.77% and 39.9+£14.7% for AEA [23] and ACPA
[51], respectively, in PCL nanoparticles according to
HPLC. Similar to our data (2-AG-Ps-PCL (MW 45 kDa)),
50% of the AEA was released at the end of day 1, the sta-
bility of the AEA in suspension increased [23], and the
sustained cumulative release of ACPA from the nanopar-
ticles was 63.9% for a period of 7 days [51]. In our study,
it was determined that there was 25% release on day 1
and 30% release on the 6th day. The low EE and cumu-
lative release values were attributed to the lipophilic
nature of AEA and ACPAs, such as 2-AG, and there-
fore, the low stability and absence of a lipid core in the
PCL nanoparticles [26, 29]. Also, in our study the release
of 2-AG from the Ps-coated nanoparticles appeared
to be slower than that from the nanoparticles with-
out Ps. This resulted in lower release profile compared
to previous studies. However, the EE of cannabidiol- or
THC-loaded PCL nanoparticles was 99.0915.14% and
84.55+13.6%, respectively [27]. Although the amount
of nanoparticle-bound 2-AG was similar for each for-
mulation, we observed that the EE of 2-AG decreased
with the addition of Ps to the formulations. The release
appears to be slower in Ps-coated nanoparticles than in
nanoparticles without Ps. Similar results were obtained
in a study with Ps-coated PLGA nanoparticles, where Ps-
coated nanoparticles encapsulated a lower amount of a
lipophilic substance, «a-tocopherol, than non-Ps-coated
nanoparticles [68]. This can be attributed to the lipophilic
nature and negative surface charge of Ps. Ps may hinder
encapsulation/adsorption and slow the release of 2-AG,
which is also a lipophilic molecule with a strong affinity
for PCL [69-71].

Using an in vitro BBB invasion model, we determined
that the nanoparticles did not cross the BBB. Theo-
retically, 2-AG-containing nanoparticles cannot pass
through the BBB due to their size of 50-250 nm [72].
Considering the studies carried out to increase the half-
life of G-CSE, previous groups preferred to use PEGylated
dextran-PLGA microspheres [11], liposomes [10, 13] and
polymeric micelles [12]. PEGylated nanoparticles remain
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in circulation longer than non-PEGylated nanoparticles;
however, they do not actively direct them to the BM [10—
13]. Since our method of targeting the BM involves active
targeting of monocytes via Ps, this drug delivery system is
expected to promote monocyte accumulation in the BM
along with sites of destruction [31, 68, 73]. In this study,
we reported for the first time that a novel nanoparticle
release system did not cross the BBB under in vitro con-
ditions and provided preliminary data for in vivo studies.

In the present study, at a concentration of 1 uM, the
phagocytosed nanoparticles did not interfere with THP-1
cell viability, which was determined to be a safe dose.
Additionally, the nanoparticles in the monocyte cyto-
plasm were stained darkly and clearly separated from the
vesicles in the nanoparticle-untreated control cells, and
no apoptotic bodies were observed following 2-AG-Ps-
PCL application. In a study targeting a mechanism simi-
lar to the HSC migration pathway we targeted through
monocytes, PCL composite nanoparticles were incubated
with cells for 2 days, and as a result of the MTT analy-
sis, it was determined that cell viability was not affected
[74]. In our study, we showed that our release system did
not affect cell viability on days 1 and 3 with MTT analy-
sis. In another study with a similar hypothesis, the treat-
ment of atherosclerosis was aimed at providing mannitol
and rapa active substances to macrophages (RAW264.7)
via PHEA-g-RhB-g-SUCC-PCL nanoparticles. After the
incubation of nanoparticles at 3 different concentrations
for 1 day, MTS analysis was performed, and it was deter-
mined that cell viability was not affected [75]. Similarly,
in our study, we determined that the nanoparticle release
system containing 4 different doses did not affect cell
viability on the first day. When the literature information
was compared with the data obtained within the scope
of this study, it was concluded that the results obtained
were compatible and thus we have proven that we have
developed a nanoparticle delivery system that can be
used safely in terms of cell viability for our main goal,
HSC migration.

In this study, TF-1 and TF-1a human HSCs expressed
80.32% and 41.62% of CBIR and 13.93% and 18.75%
of CB2R, respectively. There are limited publications
reporting CB1R and/or CB2R distribution in BM-HSCs
[19, 76]. Our group previously showed that human pri-
mary BM-HSCs express 59.2+27.7% of CBIRs and
43.2+23.0% of CB2Rs according to FC, which was con-
firmed by RT-PCR [19]. In the previous study, BM-HSCs
were selected as CD34+and CD38+, which correspond
to TF-1 cells in our study and their CBR expression
rates are compatible. Rodent BM-MNCs express 27.4%
of CB1Rs via FC [76]. Since BM-MNCs contain a wide
variety of cell types, including stromal cells, a lower per-
centage of CBR expression compared to BM-HSCs is an
expected result [19]. Our data are in line with previous
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studies investigating CB1R and CB2R expression in pri-
mary hBM-HSCs [19] and rodent BM-MNCs [76] and
support that CBIR is expressed at higher levels than
CB2R in human primary BM-HSCs [19]. With the results
we obtained, we determined the presence of CBR in two
different subtypes of HSCs, which is the first step in
achieving the migratory effect we aimed to achieve in our
study.

In this study, NPs containing 2-AG and 2-AG at a con-
centration of 1 puM (EC;, values ranging between 0.31
and 1.35 uM) had a migratory effect on human HSCs in
a CBR-mediated and dose-dependent manner, as in our
previous study [19]. Additionally, we showed that the Ps
content added to the nanoparticles also supported the
migration effect. Thus, we not only tested our own results
but also analyzed the migration of HSCs as well as mono-
cytes, which has not been previously reported in the liter-
ature. We previously observed an increase in the number
of HSCs migrating toward 1 pM 2-AG compared to the
migration facilitated by the SDF-1 chemoattractant [19].
The results showed that 2-AG dose-dependently and spe-
cifically increased HSC migration mainly through CB2Rs
[19]. When 1 or 0.25 puM 2-AG was applied to CB2R-
overexpressing rodent-derived myeloid leukemia cells
and mouse BM-MNC:s in vitro in a transwell assay, the
cells migrated after 4 h [77, 78]. The dose of 2-AG pro-
viding migration was the same in this study. In another
in vitro study using the transwell assay, 2-AG at a dose
of 0.25 pM allowed the migration of C3H/He] mouse
BM MNCs in 4 h [78]. In our study, we used 2-AG at a
concentration of 0.1 pM as the lowest dose, and although
we achieved a migratory effect at this concentration, we
observed the greatest effect at a concentration of 1 pM.
Overall, the effective dose range for 2-AG appears to be
in the range of 0.25 to 10 uM [19, 77, 78]. The Ki values
of 2-AG for CB1 and CB2 receptors, of which 2-AG is a
full agonist, are 3.42+3.3 and 1.20+0.33 pM, respectively
[79]. In our study, we found that the EC,,, values for CB1IR
and CB2R ranged between 0.31 and 1.35 pM. Therefore,
the EC,, values included the Ki values of 2-AG for CB1R
and CB2R. Taken together, 2-AG and 2-AG at a concen-
tration of 1 uM had a migratory effect on human HSCs in
a CBR-mediated and dose-dependent manner.

These preclinical study results are somewhat limited
because they were derived from an in vitro study due
to ethical considerations. One of the main aims of this
study was to minimize the psychoactive effects of CBs
on the CNS. Before clinical studies can be conducted, in
vivo animal experiments should be performed to exam-
ine the possible distribution of nanoparticles in the body
by labeling them with markers and determining whether
they pass the BBB, which we identified in vitro in this
study. Although we measured the low EE of 2-AG-Ps-
PCL [68], we determined that with a sufficient release
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profile of 2-AG, the migration effect that we obtained in
in vitro studies can be achieved in in vivo studies [23, 26,
29, 51]. In this study, we chose to use HSC and HPSC cell
lines (TF-1a and TF-1, respectively) instead of human
bone marrow-derived primary cells for several reasons.
Ethical concerns and the limited availability of human
samples posed significant challenges. The methods used
required a large number of cells, which would be difficult
to obtain from primary human samples. As this study is
a preliminary in vitro investigation, we aimed to evalu-
ate the effectiveness of our developed delivery system
using standard and homogeneous cells, thereby avoiding
individual differences such as gender, age and drug use
[80]. These limitations, however, do not constrain future
in vivo and clinical studies because statistical accuracy
was validated at the beginning of the study. Additionally,
in light of these data, further in vitro and in vivo studies
can investigate the possible roles of CBs in the prevention
and treatment of GVHD [81-83] and in the treatment
and prevention of metastasis of various cancers [51, 54]
including leukemia [84].

Conclusion

Within the scope of this study, a PCL-based nanoparticle
delivery system containing 2-AG and BM was developed
to mobilize BM-HSCs, and its migratory effect was tested
in vitro. Thus, following in vivo validation, this clini-
cally usable form of the CBR agonist could be a strong
migratory agent candidate for use alone or in combina-
tion with current migratory agents, which are currently
inadequate for HSC migration protocols in HSCT and/or
unaffordable.
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