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Abstract

We investigated how the biodistribution of cannabidiol (CBD) within the central nervous system (CNS) is influenced by two different
formulations, an oil-in-water (O/W) nanoemulsion and polymer-coated nanoparticles (PCNPs). We observed that both CBD formulations
administered were preferentially retained in the spinal cord, with high concentrations reaching the brain within 10 min of administration. The
CBD nanoemulsion reached C,,, in the brain at 210 ng/g within 120 min (T ,,x), whereas the CBD PCNPs had a C,,,,x of 94 ng/g at 30 min
(Thax), indicating that rapid brain delivery can be achieved through the use of PCNPs. Moreover, the AUC(_4 , of CBD in the brain was
increased 3.7-fold through the delivery of the nanoemulsion as opposed to the PCNPs, indicating higher retention of CBD at this site. Both
formulations exhibited immediate anti-nociceptive effects in comparison to the respective blank formulations.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).

Keywords: Intrathecal; Cannabidiol; Nanoemulsion; Polymer-coated nanoparticles; Drug-delivery
Data availability: Raw data created during this research are openly available from the corresponding author (maria.marlow @nottingham.ac.uk) and at the
University of Nottingham Research Data Management Repository (https://rdmc.nottingham.ac.uk/) http://doi.org/10.17639/nott.7283.

novel treatments for neuropathic pain, and one of the reasons
why advancements have not been rapid in this therapeutic area.

Intrathecal (IT) delivery is an approach which bypasses CNS
barriers and successfully attains high concentrations of thera-
peutics in the cerebrospinal fluid (CSF) whilst minimising off-
target effects.® Nonetheless, IT drug administration still poses
difficulties due to limited drug solubility, inadequate drug dis-
tribution in the CNS and poor pharmacokinetic profiles.* This is
especially true for lipophilic drugs, such as cannabidiol (CBD),
* Corresponding author. which have been shown to possess analgesic properties in the

E-mail address: maria.marlow @nottingham.ac.uk (M. Marlow). treatment of neuropathic pain.s’6

Introduction

Drug delivery is a major challenge in the effective treatment
of central nervous system (CNS) disorders, such as neuropathic
pain. Systemic drug administration via parenteral routes often
leads to very low concentrations of active therapeutics agents
within the CNS, mostly attributable to the blood-brain barrier
(BBB). " This is therefore a limiting step in the development of
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CBD has been previously reported to induce analgesia as a
result of its activity on transient receptor potential cation channel
subfamily V member 1 (TRPV},), uand & opioid receptors in the
CNS.”™™ However, its efficacy is limited due to its extensive
first-pass metabolism and poor penetration into the CNS when
administered orally, intravenously or through inhalation.'”
Nonetheless, although IT delivery circumvents first pass me-
tabolism, the high lipophilicity of CBD would still lead to poor
solubility, binding to matrix proteins and partitioning into fatty
cell membranes of the subarachnoid space (SAS) when delivered
directly to the CNS. Therefore, these factors would significantly
limit the distribution of CBD away from the site of injection in
the lumbar segment of the spinal cord and into the brain.'""?
Henceforth, nanocarrier formulation strategies may be used in
conjunction with the IT administration technique to aid drug
solubilisation and enhance biodistribution in the CNS.

Colloidal formulations have received much attention in the
last few decades as a result of their potential to enhance and
improve drug delivery. Nanocarriers allow for therapeutic agents
to be effectively encapsulated and released over time, alongside
surface and size optimisation which may lead to differential
distribution and transport across biological barriers.”® Tt was
demonstrated that drugs formulated within nanocarriers possess
extended half-lives when administered IT as opposed to the free
form, therefore leading to differentiated pharmacokinetic profiles
based on formulation strategies.”

In this work, the delivery of CBD directly to its site of action
in the CNS via a lumbar IT injection was proposed. Subse-
quently, it was aimed to investigate how two distinct nanocarrier
formulations influence its anti-nociceptive effects and biodistri-
bution within the CNS, as this has not been previously described
in the literature. It was hypothesised that a CBD nanoemulsion
formulation would be preferentially retained at the site of in-
jection in the spinal cord as a result of its lipophilicity and
size, whereas this retention would be overcome through the
formulation of CBD polymer coated nanoparticles (PCNPs).
Moreover, it was hypothesised that the PEGylated hydrophilic
polymer coating on the CBD PCNPs would minimise interac-
tions with the CNS matrix, thus facilitating their movement away
from the injection site. !¢ Furthermore, it was also hypothesised
that both formulations would elicit anti-nociceptive effects after
IT delivery.

It is thought that one of the most critical features influencing
the behaviour of nanocarriers in vivo is their size, as this directly
influences the interaction of the nanoparticle material with bio-
logical structures.'” Nanocarrier size is particularly important for
IT delivery, because the SAS consists of a mesh of trabeculae
made of fibroblasts, collagen fibrils and various other extracel-
lular matrix components which can affect their distribution.'®

Two different CBD nanocarriers were formulated, an oil-in-
water (O/W) nanoemulsion and PCNPs which were administered
to healthy rats via a direct lumbar IT injection. These formula-
tions were chosen due to their different physicochemical prop-
erties (either lipid based or polymer-coated nanocrystal), size
(286.8 nm vs 121.8 nm), stability and monodispersity. The anti-
nociceptive effects of the CBD formulations were evaluated
through electrophysiological measurements of the limb-with-
drawal to noxious mechanical stimuli, and tissue biodistribution

was quantified by high performance liquid chromatography
(HPLC). Therefore, this study explores the prospect of opti-
mising nanocarrier technology in order to influence the biodis-
tribution of drugs within the CNS after lumbar IT administration.

Methods

Preparation of CBD Nanoemulsion

Stock solutions of CBD (100 mg/mL) were prepared in pro-
pylene glycol — ethanol (9:1, v/v), and further diluted in
Intralipid® nanoemulsion to 2 mg/mL final CBD concentration.
Control samples were prepared with nanoemulsion spiked with
blank propylene glycol — ethanol (9:1, v/v). Formulations were
incubated at 37 °C for 1 h (stirring at 170 rpm). Thereafter, the
density of the nanoemulsion was modified to 1.1 g/mL with KBr.
Saline solution (0.9 % NaCl) served as a standard solution with a
density of 1.0046 g/mL. Gradient solutions with densities of
1.019 and 1.063 g/mL were prepared from the 0.9 % NaCl so-
lution by the addition of KBr. A density gradient was then built
and the CBD-containing nanoemulsion was separated from free
drug by ultracentrifugation (Sorvall® TH-641 Rotor, Thermo
Fisher Scientific, 20,000 rpm, at 15 °C for 30 mins). The top
1 mL layer was collected and vortexed immediately. Samples
were stored at 4 °C until further analysis.

Preparation of PCNPs

CBD PCNPs were formulated by a double nanoprecipitation
technique44’45 based on a previously developed procedure by
Styliari et al., 2020°' with some additional modifications. A
triblock star co-polymer 3-arm PEG g 4-(LA) o9 (tPEG) previ-
ously developed32 was synthesised and characterised by NMR
and GPC (refer to S1 for detailed methods of polymer synthesis
and characterisation) and used to coat the surface of CBD
nanocrystals. Briefly, CBD was dissolved in 1 mL acetone
(5 mg/mL stock concentration) and then added to 5 mL deionised
water in a dropwise manner over 90 s. The solution was left
stirring for 4 h at 550 rpm to allow for acetone evaporation.
Subsequently, tPEG dissolved in 1 mL acetone (5 mg/mL stock
concentration) was added to water containing CBD in a similar
dropwise manner over 90 s. The final formulation containing a
CBD to tPEG ratio of 1:1 was allowed a minimum of 4 h stirring
at 550 rpm for acetone to evaporate and CBD PCNPs to form.
Excess CBD was removed by centrifugation at 4000 g for 15 min
(Eppendorf 5430, Barkhausenweg, Germany). Samples were
evaporated over N, air to a desired concentration and were
subsequently stored at 4 °C until further analysis.

Physical Characterisation of CBD Nanoemulsion and PCNPs

The particle size (d. nm) and polydispersity index (PDI) were
determined by dynamic light scattering (DLS) on Malvern
Zetasizer Nano ZS series (Malvern Instruments, UK) using back-
scatter detection at 173° scattering angle (He—Ne laser wave-
length of 633 nm). Samples were diluted by a factor of 1/1000
with deionised water and measured at 25 °C (refractive index set
to 1.47 and 1.46 for soybean oil and tPEG respectively and 1.330
for the water dispersant). The Zeta Potential (ZP) was also
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measured on Malvern Zetasizer Nano ZS at 25 °C through de-
termination of electrophoretic mobility (dilution factor 1/1000).
ZP measurements involved 3 scans consisting of 12 runs each.
Data was processed using Malvern DTS software to calculate the
mean particle size value and PDI.

Quantification of CBD in Nanoemulsion and PCNPs

The concentration of CBD in formulations was determined by
reverse-phase HPLC (Waters Alliance 2695 separations module)
coupled to a photodiode array ultraviolet (UV) detector (Waters
996). Analytical conditions used were previously published24
and applied with slight modifications. Briefly, the mobile phase
consisted of acetonitrile (ACN): water (62:38, v/v), flow rate of
1 mL/min and oven temperature of 55 °C. The stationary phase
was comprised of ACE C18-PFP column (150 x 4.6 mm, 3 um)
coupled with an ACE C18-PFP 3 um guard cartridge (Hichrom
Ltd., Reading, UK). Dichlorodiphenyltrichloroethane (DDT)
was used as an internal standard.

Quantification of CBD in Nanoemulsion

CBD was extracted through ethanol dilutions and subse-
quently diluted in mobile phase spiked with internal standard
DDT (5 pg/mL final concentration), and 40 pL injected into the
HPLC system for analysis. Calibration curves were linear in the
range of 0.5 ug/mL to 10 pg/mL (r* > 0.99) and the limit of
quantification for these analytical conditions was reported to be
10 ng/mL.**

Quantification of CBD in PCNPs

Samples were flash frozen in liquid nitrogen and freeze-dried
for 12 h. CBD was quantified by reverse-phase HPLC to cal-
culate encapsulation efficiency (EE %) and drug loading (DL %).
Methanol was used to reconstitute 1 mg of lyophilised material.
Samples were vortexed and centrifuged (Eppendorf 5430, Bar-
khausenweg, Germany) at 4000 g for 5 min through filtered
Eppendorf tubes to separate precipitated polymer. Filtrate was
collected and diluted further in methanol followed by mobile
phase. After filtration through 0.22 um syringe filters, 40 pl of
sample was injected into HPLC for quantification. Calibration
curves were linear (r> > 0.99) in the range of 0.5 pyg/mL to
50 pg/mL.

The following equations were used to calculate EE % and DL
% in PCNPs.

Drug present in NPs (mg)

100 = FE%
Initial drug added (mg) 8 ’

Drug present in NPs (mg) « 100 = DLY%
= )

Polymer and drug after freeze drying (mg)

Stability of Nanoemulsion and PCNPs

Nanoemulsion and PCNPs stability was analysed by DLS
periodically, following storage at 4 °C.

Experimental Animals

Sprague-Dawley male adult rats (200-225 g) were obtained
from Charles River (Kent, UK). They were maintained on 12-h
light / day cycle at ambient temperature with free access to food
and water. All animal experiments were carried out in line with
the Home Office Animals (Scientific Procedures) Act 1986
adopting the principles of the 3Rs (replacement, reduction and
refinement) and under approved Home Office project and per-
sonal licences.

Anaesthesia

Rats were anaesthetised with 3 % isoflurane (Baxter, UK)
delivered in 100 % oxygen at 1 L/min rate in a plexiglass in-
duction chamber. Anaesthesia was maintained by mechanical
ventilation (model number 50-9703, Harvard Apparatus, Hol-
liston, USA), set to 80 breaths / min and lung volume of 1 mL /
100 g. After the loss of reflexes, the rat was removed from the
induction chamber and placed in a supine position, at which
point anaesthesia was maintained at 3 % isoflurane via a glass
nose-cone.

Tracheostomy Surgery

Cannulation of the trachea was performed via a tracheostomy
surgery, to allow for very precise mechanical ventilation, which
is essential to ensure complete control over anaesthetic delivery
for electrophysiology recordings.43 The fur over the throat of the
rat was removed using scissors. The skin and the muscle layers
on top of the trachea were then bluntly dissected using rat-tooth
forceps to expose the trachea underneath. The trachea was ele-
vated by placing a pair of sharp forceps beneath it to separate it
from other surrounding layers of tissue. Two loose ligatures (2.0
suture silk) were placed underneath the trachea and tied 1 cm
apart. The tracheostomy was carried out in the middle of the
ligatures with a no. 11 blade and scalpel. Once a cut was made, a
cannula was inserted with the bevel facing upwards, at a 3 mm
depth into the tracheal opening. The cannula was made of 5—
6 cm of curved tubing (1.57 mm interior and 2.08 mm exterior;
Portex). Once the cannula was inserted, the ligatures tightened at
the bottom and top of the trachea. After the cannula was secured
on the trachea, it was connected to anaesthetic tubing.

Stereotaxic Placement

All rats were moved onto the stereotaxic frame in a prone
position, fitted in conventional ear bars and bite bars after the
trachea was cannulated. A rectal temperature probe connected to
a thermostatically controlled heat blanket was inserted to main-
tain a core body temperature of 37 + 1 °C.

Laminectomy Surgery

Once the rat was placed onto the frame, isoflurane was re-
duced to 2% for the remainder of the surgery. An incision
through the fur and skin alongside the spinal cord from the
middle of the shoulder-blades all the way to the hip was made
(no. 11 blade and scalpel). After the musculature beneath the skin
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was exposed and connective tissue was removed, incisions on
either side of the spinal column starting from the shoulder blades
were made (approx. 1 mm from the spinal column and 2-3 cm in
length). Once the incisions (approx. 5 mm in depth) were per-
formed, the column was elevated using rat-tooth forceps and
clamped into position for the laminectomy. A scalpel was used to
make an incision in the muscle layer overlaying the spinal cord
(T13 and L-1 vertebrae). This layer of tissue was removed by
rongeurs, exposing two spinal processing underneath. Rongeurs
were used to insert into the space between L1 — L2 vertebrae
which were then removed exposing the L4 — L5 region of the
spinal cord for intrathecal injection. Anaesthetic level was re-
duced to 1.1 or 1 % isoflurane over the course of 45 min to allow
for anaesthetic stabilisation.

Electromyography (EMG) Recordings

Electrophysiological techniques were previously used in the
literature to assess the effects of intrathecal GABA, receptor
antagonists on mechanical pain thresholds.*® In this study, EMG
recordings were carried out as described previously.zo’21 A bi-
polar EMG electrode (modified 27-gauge needle with two wires
running through; Ainsworks, UK) was inserted into the right
biceps femoris muscle. The electrode was connected to a Neu-
roLog head-stage (module NL100AK; Digitimer, Welwyn Gar-
den City, UK) and the raw signals were amplified x 2000
(module NL104A) before being filtered through a band-pass at
10 —-1000 Hz (module NL125). Data was analysed by LabChart
software through a PowerLab acquisition unit (AD Instruments,
Sydney, Australia).

Mechanical Stimulation

Once anaesthetic level was stabilised at 1.1 or 1%, von Frey
(VF) filaments were used to establish baseline responses. This
was achieved by applying VF filaments to the plantar surface of
the hind whilst recording the EMG response to the mechanical
stimulation. The EMG responses were displayed as the raw
signal and the integral of the root mean square (RMS) of the raw
EMG response (an example EMG trace shown in Supplementary
materials). The area under the curve (AUC) of the RMS was
calculated and plotted against the VF filament used to establish
the withdrawal response of both the baseline (before injection)
and after injection of each formulation. The AUC of the EMG
response (represented as a change relative to baseline) elicited at
each time point tested across all VF filament weighs was plotted
and the responses elicited after the injection of a blank and CBD
formulations were compared. Following the IT injection, EMG
recordings were carried out every 10 min for 30 mins, by stim-
ulating the plantar surface of the hind paw with 100, 180 and
300 g VF filaments.

Intrathecal Injection

After baseline EMG responses were established, a Hamilton
syringe coupled with 30 gauge-needle was used to inject 15 puL
of CBD nanoemulsion and PCNPs in the IT space on the con-
tralateral side of the spinal cord, beneath the L4 — L5 segments.
To minimise injection variability, a micromanipulator was used

and the formulation was injected over the course of 1-2 min to
reduce back-flow. Following the injection, the needle was left at
the injection site for up to 5 min to minimise loss of formulation.

Tissue Biodistribution Analysis

Rats were sacrificed by pentobarbital overdose (intraperito-
neal injection, 200 mg/kg). Death was confirmed by exsangui-
nation and tissues (brain, spinal cord, liver, spleen, deep cervical
lymph nodes) and serum were collected for biodistribution
analysis. Tissues were placed on ice straight away and stored at
—80 °C until analysis by HPLC using a previously published
method.”>* Blood was collected during exsanguination in an
Eppendorf tube (1 mL) and was immediately centrifuged at
4000 g for 5 min to separate out the serum. The upper serum
layer was then collected and stored at —80 °C until analysis.

Statistical Analysis

All data were expressed as mean = SD or SEM. All statistical
analyses were performed by GraphPad Prism 7 (GraphPad
Software, UK). Data were tested for normal distribution. If three
or more groups were analysed a two-way ANOVA was carried
out with a post-hoc Tukey's test or Sidak's multiple comparisons
test. If two groups were analysed a two-tailed t-test was per-
formed. Differences considered statistically significant at
*p < 0.05.

Results
CBD Intralipid® Nanoemulsion

The addition of CBD to Intralipid® nanoemulsion did not
cause a significant change in particle size nor PDI as analysed by
DLS (Fig. 1A). The size of CBD nanoemulsion was 286.8 +
13.46 nm with a PDI of 0.135, indicative of a homogenous
formulation. The nanoemulsion was stable for 70 days at 4 °C
storage, with no significant physical changes (286.8 = 13.46 nm
on the day of formulation and 294.1 £ 1.38 nm 70 days later)
(Fig. 1B). The ZP of the CBD nanoemulsion (ranging from
—54.1 to =53.2 mV throughout 70 days) was not significantly
different from the blank nanoemulsion (-59.5 to —54.0 mV)
highlighting the stability of the formulation (Fig. 1C).

CBD PCNPs

CBD PCNPs formed by the double precipitation method were
physically characterised by DLS (Fig. 2). It was clear the un-
coated CBD formed aggregates with very large PDI and particle
size (2222 + 537.5 nm, 0.412 PDI), whereas when tPEG was
added to the formulation the PCNPs formed were significantly
smaller in size and had significantly less aggregation (121.8 +
1.1 nm, PDI 0.079; Fig. 2A). tPEG alone self-assembled into
polymeric micelles with a particle size diameter of 92.28 =+
1.16 nm and PDI of 0.156. In the presence of CBD nanocrystals,
tPEG coats the drug leading to a significant increase in particle
size (121.8 = 1.1 nm) (p < 0.001), but not PDI (0.079 + 0.014)
(Fig. 2A). PCNPs were analysed periodically by DLS after
storage at 4 °C and were shown to be stable for 31 days (Fig. 2B).
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Fig. 1. Physical characterisation of CBD and blank nanoemulsions. A. Particle size (d.nm) and PDI of commercial Intralipid® nanoemulsion before and after
CBD association determined by DLS (n = 3, means = SD). No significant difference in size between blank nanoemulsion and after CBD association with
nanoemulsion (291.5 nm + 10.5 nm to 286.8 m, + 13.46). PDI exhibited no significant changes from 0.124 + 0.028 (blank nanoemulsion) to 0.135 +£0.013 (CBD
nanoemulsion). B. CBD nanoemulsion stability (n = 3, mean + SD). Formulation remained stable at 4 °C over the course of 70 days, with no significant
differences in size on the day of formulation (286.8 nm + 13.46 nm) to 70 days later (294.1 + 1.38). There were no significant differences in the PDI of the CBD
nanoemulsion on day of formulation (0.135 + 0.012) to 70 days later (0.139 + 0.025). C. ZP of the blank and CBD nanoemulsion analysed by electrophoretic
light scattering over the course of 70 days following storage at 4 °C (n = 3, mean = SD). No significant difference in ZP measurements between CBD
nanoemulsion (=54.1 mV to —=53.2 mV) and blank nanoemulsion (—58.5 mV to —54.0 mV) over the time course tested.
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Fig. 2. Physical characterisation of CBD PCNPs. A. The particle size (d.nm) of CBD PCNPs formulated by a double nanoprecipitation method and analysed by
DLS (n = 3, displayed as mean * SD). tPEG alone self-assembles into micelles (92.28 nm * 1.16 nm, PDI of 0.156) and coats CBD leading to a significant
increase in particle size (121.8 nm = 1.1) but not PDI (0.079 + 0.014). CBD nanocrystals without coating are unstable and aggregate, leading to a significantly
larger particle size 2222 nm + 537.5 nm and 0.412 PDI. B. The stability of PCNPs stored at 4 °C was analysed periodically by DLS (n =3, mean + SD). | mg/mL
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peak when CBD PCNPs were formulated. D. ZP of CBD PCNPs (=39.9 mV) was significantly higher than CBD nanocrystals (=79.9 mV).

There were no significant changes in the particle sizes nor PDI of
the CBD PCNP, which remained below 0.2 throughout, appro-
priate for parenteral delivery.'® The ZP of CBD PCNPs was
significantly higher at =39.9 mV (p < 0.01) than the ZP of un-
coated CBD nanocrystals, which were highly unstable
(=79.9 mV) (Fig. 2C and D).

Drug Loading and Association of CBD Formulations

CBD association with the nanoemulsion was calculated as the
amount of CBD loaded per unit volume of formulation quanti-
fied by HPLC. The initial concentration of CBD added to
nanoemulsion was 2 mg/mL and following separation of free
drug by ultracentrifugation, the amount of CBD quantified was
1.3 mg/mL (65.1 % association). CBD encapsulation efficiency
in PCNPs was calculated as the amount of CBD quantified in
1 mg of lyophilised material divided by the theoretical amount of
CBD in the formulation. Drug loading efficiency was calculated

in a similar manner, by dividing the amount of CBD quantified in
1 mg by the theoretical quantity of both CBD and polymer added
to the formulation. This method achieved high CBD encapsu-
lation and loading efficiencies of 46.04 % and 28.52 % respec-
tively (Table 1). The formulation was evaporated under N, air to
a pre-determined volume to concentrate CBD to 1 mg/mL con-
centration.

CBD Nanoemulsion and PCNPs Inhibit EMG Activity to Light
Noxious Stimuli within 10 Mins of IT Injection in Healthy Rats

To test the efficacy of our formulations in vivo, we examined
the effect of the CBD formulation on withdrawal responses after
mechanical stimuli using EMG. The withdrawal reflex is a
sensory behaviour which protects animals from surrounding
danger.

The area under the curve (AUC) for the integral of the EMG
signal was taken as a response to paw stimulation with VF
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Table 1

Encapsulation efficiency (%), drug loading (%) and amount of drug loaded in CBD PCNPs and CBD nanoemulsion.

Formulation  Initial CBD concentration tPEG concentration

Association/Encapsulation effi-

Drug loading  Final CBD concentration

(mg/mL) (mg/mL) ciency (%) (%) (mg/mL)
PCNPs 1 1 46.04 28.52 0.46
Nanoemulsion 2 - 65.1 - 1.3

filaments of various strengths (100, 180 and 300 g) after IT
injection and compared it to the AUC generated prior to injec-
tion. To control for the different sensitivities to isoflurane in rats
and variations in the anaesthetic cycle over time, we established
the EMG baseline prior to injection and set this as 100 %. All
subsequent measurements after injections were expressed as a
percentage change from each individual baseline, as previously
described.?*2* The AUC for all VF filaments was calculated and
plotted against the time after injection of each formulation. The
AUC of the EMG response (represented as change relative to
baseline) elicited after the injection of CBD formulations showed
a significant inhibition within 10 min of administration as
compared to the respective blank controls (Fig. 3). There was a
clear anti-nociceptive effect of both CBD formulations as mea-
sured by the decrease in EMG AUC after mechanical stimulation
with all VF filaments 10 min after injection. These results con-
firm the successful IT injection in our in vivo model, and also
indicate that CBD has an immediate therapeutic effect within the
CNS after IT administration into the lumbar segment of healthy
rats. No significant effects were observed at later time points.

Biodistribution of CBD in the CNS after IT Injection

The biodistribution of the CBD formulations in the CNS and in
the spleen, liver, deep cervical lymph nodes and serum was quan-
tified by HPLC through a previously established method.** > Tis-
sues were sampled over the course of 4 h, as previous CBD
pharmacokinetic data suggests that Ty, (time of maximum con-
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centration) is achieved between 1 and 4 h. 19 Moreover, this was also

coupled with non-recovery experimental time constraints. No CBD
was detected in the liver, spleen or deep cervical lymph nodes, or in
serum at any time-point tested after the administration of the
nanoemulsion and PCNPs. Considering the differences in tissue
weight between the brain and spinal cord, it was decided to evaluate
the mass of CBD in the CNS as opposed to its concentration, thus
taking in consideration the dilution factor in the brain (~ 4-fold
difference between brain and spinal cord weight).

The highest mass of CBD found in the spinal cord after the
administration of the nanoemulsion was at the 2 h time-point
(3651 ng; Fig. 4A). A significantly lower proportion of CBD was
found 10 min after injection of the nanoemulsion (404 ng) in
contrast to PCNPs (7761 ng). The highest mass of CBD after the
administration of PCNPs was within 10 min of delivery, after
which it significantly decreases at 30 mins, with the lowest
concentration at 4 h (Fig. 4A).

CBD was detected in the brain immediately after the injection
of both formulations, ranging in concentrations from 8 to
210 ng/mL, and was detected up to 4 h after administration
(Supplementary materials). The fact that no CBD was detected
outside of the CNS indicates that the IT administration technique
achieves localised drug delivery with the highest concentrations
of drug in the spinal cord and a fraction of the drug reaching the
brain within 10 min of injection of both formulations (Fig. 4B).
No detectable CBD concentrations were found clearing from the
CNS into the spleen and liver at any time-points tested. The dose
of CBD administered in both formulations in this study was

200- .
- Blank nanoemulsion
-4+ CBD nanoemulsion
50 -
0 T T 1
0 10 20 30

Time after injection (mins)

Fig. 3. EMG recordings calculated as the area under the curve (AUC) of the 100, 180 and 300 g VF filaments at 10, 20 and 30 min after injection of formulations.
A. AUC of EMG response after the injection of CBD nanoemulsion compared to blank nanoemulsion (mean + SEM, n = 5 for CBD nanoemulsion and n = 4 for
blank). Injection of CBD nanoemulsion significantly decreased AUC at 10 min (**p < 0.01) in comparison to the EMG AUC after the injection of blank
nanoemulsion B. AUC of EMG response after the injection of CBD PCNPs compared to blank PCNPs (mean + SEM, n = 5 for CBD PCNPs and n = 4 for blank
PCNPs). Injection of CBD PCNPs significantly decreased EMG AUC at 10 (**p < 0.01) in comparison to the EMG AUC after the injection of blank PCNPs.

Statistical analysis by 2-way ANOVA with Sidak's multiple comparisons test.
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Fig. 4. Biodistribution of CBD formulations in the CNS after IT administration of 0.05 mg/kg dose. A. Biodistribution of CBD mass in the spinal cord (n = 3).
CBD mass was significantly higher in the spinal cord after administration of CBD PCNPs within 10 min (****p < 0.001). CBD mass after injection of PCNPs
was highest at the 10 min time-point (7761 ng), significantly higher than at 30 min and 4 h (****p < 0.001) and lowest at 4 h after injection (867 ng). The mass of
CBD after administration of the CBD nanoemulsion was the lowest 10 min after administration (404 ng), peaking with a significantly higher mass at 2 h
(3651 ng) (*p < 0.05). B. Biodistribution of CBD mass in the brain after the administration of CBD nanoemulsion and PCNPs (n = 3). There was a significantly
higher mass of CBD detected in the brain 2 h after injection of CBD nanoemulsion (228 ng) as compared to CBD PCNPs (21 ng) (*p < 0.05). No other significant
differences were observed, with total the CBD mass found in the brain ranging from 16 ng to 228 ng over the course of 4 h. C. Biodistribution of CBD
formulations in the CNS, 4 h after IT injection (n = 6 for nanoemulsion and n = 3 for PCNPs). Mass of CBD in brain, cervical segment and thoracic segment were
significantly lower (****p < 0.001) than the mass of CBD in the lumbar segment (site of injection) 4 h after the administration of CBD nanoemulsion (n = 6). No
significant differences in the mass of CBD in any of the other CNS tissues were observed after the administration of CBD PCNPs (values expressed as mean +

SEM).

0.05 mg/kg. The highest C,, in the brain was achieved upon
administration of the CBD nanoemulsion at T, 120 min
(Table 2).

Discussion

The lipid nanoemulsion Intralipid® licenced as a parenteral
nutrition method was chosen as a formulation for CBD due to

previous reports of suitability and low toxicity in clinical
settings.z(’ Nanoemulsions have been previously used to aid
the delivery of insoluble lipophilic drugs or therapeutics that
are prone to chemical instability, such as enzymatic degra-
dation or hydrolysis.27 Furthermore, the dispersion of thera-
peutics in lipids is also a known method of enhancing their
delivery by increasing their subsequent residence at the site of
injection.
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Table 2

Pharmacokinetic parameters of CBD formulations in the brain.

PK parameter CBD nanoemulsion CBD PCNPs
Conn* (ngfg) 210 94

Tiaxt (min) 120 30

AUCH g4 1 (nglg) 27,337 7341

* Peak plasma concentration.
 Time to reach Cppy.
* Area under the curve.

A variety of drug-containing nanoemulsions have been
brought to the market, with numerous others under evaluation
preclinically.?® Intralipid® has been used in the past as a nano-
carrier for the delivery of paclitaxel, a poorly water soluble
chemotherapeu‘[ic.29 In this case, an increase in the droplet size
of Intralipid® was noted upon the loading of the therapeutic
(294.6 nm with 6 mg/mL paclitaxel as opposed to 283.3 nm for
the blank nanoemulsion), but the PDI remained below 0.2. These
results also highlight the inherent stability of the nanoemulsion,
evidencing its suitability for use as a nanocarrier for lipophilic
drugs. CBD has been previously formulated in lipid-based sys-
tems preclinically, mostly for oral administration.”****° None-
theless, to our knowledge, its biodistribution within the CNS
after direct lumbar administration formulated as a CBD nanoe-
mulsion has not been previously studied.

For our alternative formulation, a simple and reproducible
method for the coating of CBD nanocrystals with an amphiphilic
PEG 014-(LA) 100 polymer was employed.®' The polymer of
choice was previously developed by another research group32
and was synthesised and characterised herein by the same pro-
cedures. tPEG was selected due to its biodegradable and bio-
compatible properties ideal for IT delivery. This was based on
studies on Genexol-PM, a polymeric NP formulation of pacli-
taxel and monomethoxy poly (ethylene glycol)-block-poly (D,L-
lactide (mPEG-PDLLA)) approved for the treatment of breast
cancer in South Korea.>® In the literature, CBD has been pre-
viously formulated in PLC microspheres through an emulsion-
solvent evaporation technique by Ossa et al., 2012**; however,
the size ranged between 20 and 50 um, which is not appropriate
for parenteral administration, as the size should ideally be below
100 nm to manoeuvre through the SAS. 1 To our knowledge this
is the first CBD PCNP system developed, as previous CBD
formulations have mainly focused on either lipid-based systems
(lipid nanocapsules) or polymeric microparticles.30‘34’37

We employed EMG recordings to assess the excitability of
the dorsal horn to noxious mechanical stimuli after the IT ad-
ministration of the CBD formulations. VF filaments used in this
study ranged from 100 to 300 g bending force in order to test the
anti-nociceptive potential of the formulations at various degrees
of noxious mechanical stimulation. The increase in EMG signal
after injection of blank nanoemulsion could be indicative of
sensitisation as a result of penetrance of the SAS, which might
also lead to a shallower level of anaesthesia. Either way, it
provides evidence that, in both formulations, CBD has an im-
mediate anti-nociceptive effect in the dorsal horn of healthy rats,
indicating its partitioning from the vehicle and its subsequent
activity on nociceptive signalling in the spinal cord.’ In previous

studies, Genaro et al., 2017° injected CBD (10 to 50 nmol in
0.25 pL total volume; dissolved in 100 % grape seed oil) directly
to the rostral anterior cingulate cortex in rats. They showed a
dose-dependent decrease in mechanical allodynia which lasted
120 mins.® Interestingly, this decrease in mechanical allodynia
started 20 min after injection, which possibly indicated a slower
therapeutic onset when injected directly to the brain. However,
this could also be due to the fact that CBD in that study was
dissolved in pure oil as opposed to a nanoemulsion. Taken to-
gether, previous literature indicates that CBD is effective in re-
ducing pain,**™*° and our study also demonstrates its inhibition
of EMG activity to noxious mechanical stimuli within 10 min of
IT delivery.

Bujedo et al., 2017*" have found that after IT administration,
hydrophilic drugs such as morphine reached the CSF at higher
concentrations in comparison to lipophilic opioids, which were
sequestered in the epidural fat.*' Moreover, fentanyl and alfen-
tanil accumulated in epidural fat at 32- and 20-fold higher con-
centrations than morphine, respectively, leading to decreased
quantities reaching the receptors expressed on the spinal cord.*'
This effect might also be observable with the CBD nanoemul-
sions, given the fact that the lipid droplets may display an affinity
towards the fatty tissues of the CNS. Ummenhofer et al., 2000"!
have also demonstrated that the tissue distribution of opioids
after administration into the SAS of pigs is largely governed by
their lipid solubility, with sufentanil rapidly partitioning out of
the CSF into more hydrophobic environments, such as the lipids
which make up the non-aqueous portion of the white matter.''
Therefore, this phenomenon decreases the amount of drug
reaching the spinal cord opioid receptors.

The dose of CBD administered in both formulations in this
study was 0.05 mg/kg. The highest C,., in the brain was
achieved upon administration of the CBD nanoemulsion at T,
120 min (Table 2). Deiana et al., 2012** have administered CBD
in a cremophor and solutol formulation at a 120 mg/kg dose,
through oral gavage and IP administration. The highest C.«
achieved in the brain of rats was 12.6 ug/g through oral deliv-
ery.*? Equivalence of the dose we administered intrathecally to
the one in this study results in a 2400-fold difference, therefore,
assuming linear pharmacokinetics, the C,,,, achieved through
oral administration would be 5.25 ng/g at the same dose as in the
current work. This study therefore demonstrates that signifi-
cantly higher brain concentrations can be achieved through IT
delivery, and the C,,,x can be enhanced through the use of a
nanoemulsion. On the other hand, T,,,, was reached earlier when
PCNPs were administered (30 min as opposed to 120 mins),
indicating that the use of PCNPs leads to the faster distribution of
CBD from the lumbar segment of the spinal cord to the brain.
Whereas, the interactions of the nanoemulsion lipid droplets with
the SAS components (and epidural fat) might hinder the move-
ment through the IT space. This phenomenon was also evidenced
by the AUC_y4;, of the nanoemulsion in the brain, which was 3.7-
fold higher than that of the PCNPs. These data suggest that the
residence time of the CBD in the brain is increased through the
delivery of a nanoemulsion as opposed to PCNPs (i.e., clearance
is slower). Householder et al., 2019'* have shown that 100 nm
fluorescent PEGylated NPs administered to the cisterna magna
of healthy mice rapidly distributed alongside the entire neuraxis,
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whilst being retained in the leptomeninges for over 3 weeks.
They also investigated larger 10 um microparticles which did not
exhibit as widespread distribution as the NP counterparts.'*
Nonetheless, in the brain, our formulations display different Ty,
values. The CBD nanoemulsion leads to a higher C,,, of 210 ng/
g at Ty of 120 mins, whereas the PCNPs exhibited a C,,x of
94 ng/g at Tpax of 30 mins. This might be attributable to the
clearance of the smaller NPs via perivascular spaces in the CSF
or through the cribriform plate into the nasal mucosa. >

Therefore, in this study it was shown that CBD reaches the
brain following the administration of both formulations, dem-
onstrating that IT delivery is a potential delivery technique for
efficacious CNS targeting. Moreover, it was also demonstrated
that widespread CBD distribution in the CNS after administra-
tion of both formulations at all time-points was attained (Sup-
plementary materials). Nonetheless, there was significant
retention of the CBD nanoemulsion at the lumbar segment of the
spinal cord (site of injection) in comparison to the cervical and
thoracic segments (p < 0.001), 4 h after administration (Fig. 4C).
No significant differences were observed in the distribution of
the CBD PNCPs across the spinal cord segment at this time-
point. These results might be indicative of CBD retention at the
site of injection over-time, with decreasing concentrations of
therapeutics reaching the more distant spinal segments. This
suggests that retention of CBD at the site of injection in the
nanoemulsion after 4 h might be due to partitioning into fatty
tissues due to its lipophilicity, which was overcome through
formulation of PCNPs.

A potential limitation associated with this analytical meth-
odology is that due to whole tissue homogenisation it was not
possible to detect whether the drug penetrated the brain paren-
chyma or was simply bound to the surface of the brain. Further
studies investigating the penetration of drugs into the brain pa-
renchyma would be tremendously beneficial to the field, most
notably in the treatment of brain tumours deeply embedded into
the brain. As the literature suggests that entry of a drug into the
brain parenchyma is minimal, mediated by diffusion and no
deeper than 1-2 mm from the surface of the brain.* It would be
interesting to investigate if the CBD formulations were able to
penetrate deep into the brain parenchyma or if there would be
altered biodistribution in different structures of the brain. This
could be achieved via co-registration of mass spectrometry im-
aging (i.e., using orbiSIMS or ToF-SIMS) with histological
staining on post-sacrificial tissue, to provide high resolution in
situ data of drug penetration within brain parenchyma.

The results in our study suggest that the CBD nanoemulsion
was initially retained within the CNS fatty tissues whilst acting
as a depot, releasing CBD over time, with its mass in the spinal
cord peaking 2 h after injection. Nonetheless, CBD attained brain
delivery within 10 min of administration, reaching a C,,x of
210 ng/g and a Ty, of 120 min when delivered as a nanoe-
mulsion. In contrast, upon delivery of CBD PCNPs, the mass of
CBD was the highest in the spinal cord 10 min after injection,
decreasing at the 30 min time-point, followed by a subsequent
return in concentration after 120 mins. CBD PCNPs also attained
brain delivery within 10 min with a C,,,x of 94 ng/g reaching
Tmax at 30 mins. In light of these data, the initial hypothesis that
the CBD nanoemulsion would be preferentially retained at the

site of injection as a result of its size and lipophilicity will be
rejected. This is because we have observed a 3.7-fold higher
AUC (_4 1, and higher C,,,« in the brain upon the delivery of the
nanoemulsion as opposed to PCNPs. This suggests that more
CBD was delivered to the sites furthest away from the lumbar
segment (i.e., the brain) when a lipid-based nanoemulsion was
used. This occurred even though a significant amount of CBD
was retained at the site of injection, especially at the 4 h time-
point (Fig. 4C). Interestingly, we observed that T, in the brain
was reached earlier with the delivery of PCNPs, probably re-
sulting from the smaller, PEGylated nature of this formulation.
Nonetheless, the PCNPs were quickly cleared away from this
site, therefore the accumulation of CBD in the brain when ad-
ministered as PCNPs was reduced in comparison to the admin-
istration of the nanoemulsion. In contrast, we can accept our
hypothesis that CBD PCNPs led to more spread from the site of
injection, as we have observed that a higher mass proportion of
CBD reached the adjacent thoracic segment in comparison to the
CBD nanoemulsion. Nonetheless, this spread was only appli-
cable to the spinal cord, as when PCNPs reached the most distal
site, the brain, their accumulation was hindered, possibly due to
their rapid clearance of the PCNPs. Moreover, we witnessed an
almost immediate anti-nociceptive effect of both CBD formu-
lations 10 min after administration, thus accepting our initial
hypothesis that both formulations would exhibit anti-nociceptive
effects in vivo. These results provide essential information for
the development of CBD therapies for neuropathic pain and
provide rationale for nanocarrier design to aid their delivery to
the CNS by IT administration.

These results suggest that the CBD delivered in a nanoe-
mulsion formulation is preferentially retained at the site of in-
jection, however it still attains brain delivery within 10 min of
injection. When PCNPs were administered, CBD delivery to the
brain was more rapid, possibly due to the PEGylated nature of the
formulation. Nonetheless, we observed that accumulation of CBD in
the brain when PCNPs were injected was lower in comparison to the
nanoemulsion, possibly due their rapid clearance. Moreover, we
witnessed an almost immediate anti-nociceptive effect of both CBD
formulations 10 min after administration, thus accepting our initial
hypothesis that both formulations would exhibit anti-nociceptive
effects in vivo. These results provide essential information for the
development of CBD therapies for neuropathic pain and provide
rationale for nanocarrier design to aid their delivery to the CNS by
IT administration.
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