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ABSTRACT

This study describes the preparation, characterization, and in vivo evaluation in rats of
nanostructured lipid carriers (NLC) encapsulating rimonabant (RMN) as prototypical
cannabinoid antagonist.

A study was conducted in order to optimize NLC production by melt and ultrasonication
method. NLC were prepared by alternatively adding the lipid phase into the aqueous
one (direct protocol) or the aqueous phase into the lipid one (reverse protocol). RMN-
NLC have been characterized by Cryogenic Transmission Electron Microscopy (cryo-
TEM), x-ray, Photon Correlation Spectroscopy (PCS) and Sedimentation Field Flow
Fractionation (SdFFF). Reverse NLC were treated with polysorbate 80. RMN release
kinetics have been determined in vitro by dialysis method. In vivo RMN biodistribution in
rats was evaluated after intranasal (i.n.) administration of reverse RMN-NLC.

The reverse protocol enabled to prevent the lost of lipid phase and to achieve higher
RMN encapsulation efficacy (EE) with respect to the direct protocol (98 % w/w versus
67% wiw).

The use of different protocols did not affect NLC morphology and dimensional
distribution.

An in vitro dissolutive release rate of RMN was calculated. The in vivo data indicate that
i.n. administration of RMN by reverse NLC treated with polysorbate 80 increased RMN
concentration in the brain with respect to the drug in solution.

The nanoencapsulation protocol presented here appears as an optimal strategy to
improve the low solubility of cannabinoid compounds in an aqueous system suitable for

in vivo administration.
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INTRODUCTION

Since the identification of cannabinoid receptors and their endogenous lipid ligands, the
endocannabinoid system and its regulatory functions in health and disease have been
object of a large number of studies. For instance, it has been demonstrated that the
administration of cannabinoid compounds affects a number of physiological functions,
both in the central and peripheral nervous systems and in peripheral organs (1, 2).

In this respect, the pharmacological manipulation of the endocannabinoid signaling
could represent a therapeutic opportunity to treat many diseases and pathological
conditions, spanning from, movement disorders (i.e. Parkinson’s and Huntington’s
diseases), cognitive dysfunction, anxiety disorders, social disabilities, alcohol addiction,
neuropathic pain, multiple sclerosis and spinal cord injury, to cancer, atherosclerosis,
myocardial infarction, stroke, hypertension, glaucoma and obesity/metabolic syndrome
(3-8).

Many preclinical studies and clinical trials with compounds able to modulate the
endocannabinoid system are in progress, possibly resulting in novel or ameliorated
therapeutic approaches (9, 10). Nevertheless it should be considered that due to the
scarce solubility of cannabinoids drugs in aqueous media, their handling and dosing is
arduous. This difficulty in administering cannabinoids drugs in an efficient way not only
restricts their use in medicines but also limits their preclinical investigations in animal
models, requiring the use of non-aqueous solution or unstable suspensions (11).

In order to solubilize cannabinoid drugs in a physiologic stable medium and possibly to
improve their brain target, a nanoparticulate system appears as the optimal solution.
Lipid-based nanopatrticles can be considered as a versatile tool with a high potential of
applications; in fact they can solubilize a number of molecules with different chemico-

physical properties in a biocompatible and biodegradable matrix with well-established



safety profiles (12, 13). The matrix of solid lipid nanoparticles (SLN) can improve the
stability of labile molecules, improving their bioavailability and assuring restrained
release profile (14, 15).

A particular kind of SLN is typified by nanostructured lipid carriers (NLC), whose
components are lipids in solid state at room and body temperatures, mixed with lipids in
liquid state (16). Production of NLC by blends of lipids results in the formation of an
imperfect and disordered lipid matrix which can accommodate poor soluble drugs (17).
Given their characteristics, NLC can be considered as preferable nanovectors with
respect to SLN since they can increase drug loading and longer assure molecule
stability (18). Moreover NLC maintain their physical stability for long periods of time
(usually more than 1 year) and can be administered by different routes, including oral to
intranasal, achieving prolonged therapeutic blood levels for the included drug (19).

The goal of this study was the design and production of NLC containing cannabinoid
drugs. To this aim rimonabant (RMN) was employed as model cannabinoid antagonist
in reason of its physico-chemical characteristics that are very similar to many other
cannabinoid molecules (20, 21).

Particularly, alternative production strategies have been investigated and the influence
of the various experimental protocols on NLC morphology, dimensional distribution and
inner structure has been investigated by mean of Cryogenic Transmission Electron
Microscopy (cryo-TEM), Photon Correlation Spectroscopy (PCS), x-ray and
Sedimentation Field Flow Fractionation (SAdFFF) (22). Moreover RMN release kinetics
from NLC were studied by in vitro experiments.

Finally a preliminary in vivo study has been performed in rats administering RMN-NLC by
intranasal (i.n.) route and measuring plasma and brain RMN concentration 6 hours after

administration.



MATERIALS AND METHODS

Materials

The copolymer poly (ethylene oxide) (PEO, a) —poly (propylene oxide) (PPO, b) (a=80,
b=27) (poloxamer 188) was a gift of BASF ChemTrade GmbH (Burgbernheim, Germany).
Tristearin, stearic triglyceride (tristearin) and polysorbate 80 were provided by Fluka
(Buchs-Swiss). Miglyol 812 N, caprylic/capric triglycerides (miglyol) was a gift of Cremer
Oleo Division (Witten, Germany). All other chemicals were from Sigma-Aldrich (Milano,
Italy). The cannabinoid antagonist SR1417165; (4-Chlorophenyl)-1-(2,4-dichloro-phenyl)-
4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide (rimonabant) was a kind gift of RTI

International, Durham, NC, USA.

Preformulation study

NLC were prepared by melt and ultrasonication method (23). Briefly, 0.25 g of lipid mixture
was melted at 80°C. The lipid mixture was constituted of tristearin/miglyol 2:1 w/w. NLC
were obtained by two alternative approaches, depending on the mixing modality of oil
phase (OP) and water phase (WP), adopted to form the O/W emulsion that constitutes the
crucial step for the preparation of the NLC. In one case, named "direct method" the melted
OP is added to the WP, while in the other, named "reverse method" the WP is added to
the OP.

Direct method

The OP was molten in a beaker and then poured in a vial containing 4.75 ml of an
aqueous poloxamer 188 solution (WP) (2.5 % w/w) heated at 80°C. The mixture was then
emulsified at 15000 rpm, 80°C for 1 min, using a high-speed stirrer (Ultra Turrax T25, IKA-

Werke GmbH & Co. KG, Staufen, Germany). The emulsion was subjected to



ultrasonication (Microson TM, Ultrasonic cell Disruptor) at 6.75 kHz for 15 min and then
cooled down to room temperature by placing it in a water bath at 25 °C.

Reverse method

NLC were prepared by pouring the WP (80°C) into the vial containing the molten OP. The
mixture was then emulsified with the same modalities above reported (stirring at 15000
rpm, 80°C for 1 min, followed by ultrasonication at 6.75 kHz for 15 min). In the case of
RMN containing NLC (RMN-NLC), produced by the "direct" or the "reverse" methods,
RMN (0.2% w/w with respect to total weight of dispersion) was added to the lipid mixture
and dissolved before addition to the aqueous solution. The emulsion was then cooled
down to room temperature by placing it in a water bath at 25 °C. After cooling, empty NLC
and RMN-NLC were filtered through a mixed esters cellulose membrane (1.2 ym pore
size) in order to remove the possibly presence of lipid aggregates. All glassware and filter
employed for the NLC production were accurately weighted before and after preparation of
NLC. The NLC dispersions were stored at room temperature. In the case of NLC prepared
by "reverse method", polysorbate 1% w/w was added to the dispersion after

ultrasonication and left under stirring (250 rpm) for 30 min.

Characterization of NLC

Cryo-TEM analysis

Samples were vitrified as described in a previous study by Esposito et al. (23). The vitrified
specimen was transferred to a Zeiss EM9220mega transmission electron microscope for
imaging using a cryoholder (CT3500, Gatan). The temperature of the sample was kept
below -175 °C throughout the examination. Specimens were examined with doses of about
1000-2000 e/nm? at 200 kV. Images were recorded digitally by a CCD camera (Ultrascan

1000, Gatan) using an image processing system (GMS 1.9 software, Gatan).



X-ray diffraction measurements

X-ray diffraction experiments were performed using a 3.5 kW Philips PW 1830 X-ray
generator (Amsterdam, Netherlands) equipped with a Guinier-type focusing camera
(homemade design and construction, Ancona, lItaly) operating with a bent quartz crystal
monochromator (A= 1.54 A). Diffraction patterns were recorded on GNR Analytical
Instruments Imaging Plate system (Novara, Italy). Samples were held in a tight vacuum
cylindrical cell provided with thin mylar windows. Diffraction data were collected at 37° and
45°C. In each experiment, a number of Bragg peaks was detected in the low-angle region
and the peak indexing was performed considering the different symmetries commonly
observed in lipidic phases (24). Once derived the lattice symmetry, the unit cell dimension,

a, was calculated from the averaged spacing of the observed peaks.

Photon Correlation Spectroscopy (PCS)

Submicron particle size analysis was performed using a Zetasizer 3000 PCS (Malvern
Instr., Malvern, England) equipped with a 5 mW helium neon laser with a wavelength
output of 633 nm. Glassware was cleaned of dust by washing with detergent and rinsing
twice with water for injections. Measurements were made at 25 °C at an angle of 90°. Data

were interpreted using the “method of cumulants” (25).

Sedimentation Field Flow Fractionation Analysis

A sedimentation field flow fractionation analysis (SdFFF) system (Model S101,
FFFractionation, Inc., Salt Lake City, UT, USA), described elsewhere (26), was employed
to determine the size distribution of particles by converting the fractograms, i.e. the

graphical results, assuming that the particle density is known (27). The mobile phase was



demineralized water pumped at 2.0 ml/min and monitored in each run. Fifty microliter
samples were injected as they were through a 50 pl Rheodyne loop valve. The fractions
were automatically collected after the SAFFF system by a Model 2110 fraction collector
(Bio Rad laboratories, UK) with a collecting time of 90 sec. The volume of each fraction

was 3 ml.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements of NLC, RMN-NLC, the bulk
mixture of tristearin and miglyol or the bulk mixture of tristearin and miglyol plus RMN were
carried out on a Mettler Toledo Star DSC 821. Samples (4-5 mg) were placed in an
aluminum pan and heated up to 120°C under nitrogen atmosphere. In a first heating scan
the heating rate was 20°C/min and in all other scans heating and cooling rate of 10°C/min
was used. Then samples were cooled -10°C and second heating scan was carried out by
heating up to 120 °C at the same heating rates. Moreover in the case of RMN-NLC and
the bulk lipid mixture plus RMN the measurements were also performed between 25°-

310°C heating range.

RMN content of NLC

The encapsulation efficiency (EE) of RMN and the loading capacity (LC) of NLC were
determined by centrifugation followed by dissolution of NLC in methanol, as previously
described (28, 29). 100 ul of each NLC batch was loaded in a centrifugal filter (Microcon
centrifugal filter unit YM-10 membrane, NMWCO 10 kDa, Sigma Aldrich, St Louis, MO,
USA) and centrifuged (Spectrafuge™ 24D Digital Microcentrifuge, Woodbridge NJ, USA)

at 8,000 rpm for 20 min. The amount of RMN in the lipid and in the aqueous phase was



determined by high performance liquid chromatography (HPLC), as below reported. The
encapsulation parameters were determined as follows.

EE = Lrwn / Trvn X 100 1)

LC = Lrmn/ Tupip X 100 (2)
where Lrun IS the amount of drug encapsulated in NLC; Trun and Ty pip are the total weight
of RMN and of lipid used for the NLC preparation, respectively. In the case of NLC
produced by "direct method", the amount of RMN was also determined in the OP lost due
to: (a) the adhesion (literally, "sticking") between the melted OP and the walls of the
glassware and (b) in the floating lipid aggregates present at the surface of the NLC
dispersion. In the latest cases, RMN was quantitated by HPLC after dissolution of the

collected and weigthed OP in 2 ml of methanol under magnetic stirring.

In vitro release kinetics

In vitro release studies were performed using the dialysis method. Typically, 2 ml of RMN-
NLC dispersion was placed into a dialysis tube (6 cm) (molecular weight cut off 10,000-
12,000; Medi Cell International, England), then placed into 30 ml of receiving phase
constituted of phosphate buffer (100 mM, pH 7.4) and ethanol (70:30, v/v) and shaken in a
horizontal shaker (MS1, Minishaker, IKA) at 175 rpm at 37 °C. Samples of receiving phase
were withdrawn at regular time intervals, and analyzed by HPLC method as described
below. Fresh receiving mixture was added to maintain constant volume. The RMN
concentrations were determined four times in independent experiments and the mean

values * standard deviations were calculated.

Drug release data analysis
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The experimental release data obtained by the release experiments were fitted to the
following semiempirical equations respectively describing Fickian dissolutive and
diffusional release mechanisms (30).

Mt / Mo = Kpiss > + C (3)

1 - Mt/ Mo =™t +c 4)
where Mt / M is the drug fraction released at the time t, (M= is the total drug content of
the analyzed amount of NLC), K and c are coefficients calculated by plotting the linear
forms of the indicated equations. The release data up to the plateau of percent of released

drug were used to produce theoretical release curves.

Animal studies

Male adult Sprague-Dawley rats (320-370 g at the time of the experiments; Charles River
Laboratories, Calco, Italy) were housed in groups of two in a temperature-controlled
(20+1°C) vivarium and maintained under a 12 h light/dark cycle (07:00 AM-07:00 PM h
lights on). Food and water were available ad libitum. All experiments were approved by the
Italian Ministry of Health (Rome, Italy) and performed in agreement with the guidelines
released by the Italian Ministry of Health (D.L. 116/92 and 26/14) and the European
Community Directive 2010/63/EU of 22 September 2010. Rats were treated with RMN

suspension, RMN-NLC or empty NLC (produced in absence of RMN) and sacrificed 6

hours after administration. lr-particulareach-group{(h=4)was--h—administered-(200-ub-as

90%wiw B RMN-NLC (2347 mglmb-or{e)-empty NEC—In particular each group (n=4)

was i.n. administered (200 ul) as following:(a) RMN solution (2.147 mg/ml in PEG 5%,

polysorbate 80 5%, saline solution 90%,w/w), (b) reverse RMN-NLC (2.147 mg/ml) or (c)

empty reverse NLC. The dose of RMN for intranasal administration has been selected on

11



the basis of our own previous studies and literature data. In particular, we administered a
dose of the drug that has been proven to antagonize the effects of cannabinoid receptor
agonists on different behavioral endpoints, without inducing effects by its own (31-33).

Brain and plasma samples were subjected to a lipid extraction process in accordance with
Bhaumik’s protocol (34), and the RMN content of the lipid extracts was determined using
HPLC as described below. Brains were collected and stored at -80°C until extraction.
Before the extraction process, tissues were weighted, diluted with saline solution (1:10
w/v) and homogenized in polypropylene tubes (Sarstedt, Numbrecht, Germany). An aliquot
guantity of 0.9 ml plasma sample or homogenized brain was taken in a 10 ml stopper test
tube, 8 ml mixed solvent (ethylacetate:n-hexane 70:30, v/v) was then added. Afterwards
the mixture was mixed for 15 min and centrifuged at 5000 rpm for 20 min. The organic
layer was separated and evaporated to dryness at 40° C under N, atmosphere. The
residue of all evaporated samples was reconstituted in 300 ul acetonitrile, vortexed for 3
min, and sonicated in 4°C water for 15min. A 50ul aliquot of the clear solution was used for

HPLC analysis. All samples were injected in duplicates.

HPLC Procedure

The HPLC apparatus consisted of a two-plungers alternative pump (Jasco, Japan), an UV-
detector operating at 260 nm, and a 7125 Rheodyne injection valve. RP-HPLC analysis
was performed using a stainless steel C-18 reverse-phase column (15x0.46 cm) packed
with 5 ym particles (Grace® - Alltima, Alltech, USA). A pre-column filter Alltima C18 5um
(7.5x0.46 cm) was mounted above the column. Samples of 50 ul were injected through the
rheodyne injector system fitted with 50 pl fixed loop. For in vitro studies the elution was
performed with a mobile phase containing water and methanol (10:90, v/v) at a flow rate of

0.5 ml/min. Retention time of RMN was 5.0 min. Instead for in vivo experiments, the

12



mobile phase was constituted of 10 mM phosphate buffer and acetonitrile (30:70, v/v) and

the flow rate was 0.5 ml/min. In these conditions the RMN retention time was 16.0 min.

Statistical Analysis
Statistical differences of in vivo data were determined using the Student's t test. The

employed software was Prism 4.0, Graph Pad Software Inc. (La Jolla, CA - USA). P values

of less than 0.05 were considered statistically significant.
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RESULTS

Preparation of NLC

In order to nano-encapsulate RMN in NLC, a production study was conducted. In particular
the step involving the formation of the O/W emulsion has been thoroughly analysed by
studying different experimental setup. Notably a weighed amount of RMN in powder form
was added at the concentration of 2 mg/ml to the melted lipids (constituting the NLC
matrix). After few minutes from the addition of the RMN powder, we observed the
complete solubilization of the drug and the formation of an uniform solution.

Regarding the formation of the O/W emulsion, the "direct method", that resulted in the
formation a milky dispersion, was characterized by low recovery efficiency; the main loss
of lipid phase was due to adhesion phenomena of the lipids to the glassware walls, a
further loss was associated to the formation of floating lipid aggregates present at the
surface of the NLC dispersion (Table 1). The presence of RMN in NLC involved a 6%
decrease of both the loss of lipid phase in the beaker and the floating aggregate. It could
be supposed that RMN molecule acts in some extent as a surfactant able to stabilize the
nanoemulsion, probably placing at the W/O interface. According to this theory RMN should
improve nanodroplets generation and then nanoparticles production, preventing in this way
the aggregate formation.

To prevent the loss of lipid phase on the walls of the beaker, ascribable to the cooling of
the molten lipid phase during its pouring into the vial containing the WP, the use of a
reverse modality was proposed. By the reverse method, the loss of lipid phase was indeed
limited to the sole presence of a 6% floating aggregate. Moreover the presence of RMN
led to a dispersion without aggregates. Taken together these results, on the basis of many

studies (35-39), reverse RMN-NLC were treated with polysorbate 80 1% wi/w in order to
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obtain NLC suitable for targeting to the brain. After polysorbate 80 addition, NLC
maintained their milky aspect.

It is to be underlined that the physical stability of NLC (both direct and reverse) was
maintained for almost 6 months. Whereas the RMN micellar solution (PEG 5%,
polysorbate 80 5%, saline solution 90%, w/w), used as "reference solution”, showed drug

precipitation after seven days.

Characterization of dispersions

Cryo-TEM

Cryo-TEM analyses were performed with the aim to visualize the structure of NLC within
the dispersions.

Figure 1 shows cryo-TEM images of NLC dispersions produced by the direct protocol in
absence (1A, 1C) and in presence (1B, 1D) of RMN.

As clearly evident, nanoparticles appear as ovoidal and ellipsoidal platelet-like structures
or as dark “needles” when edge-on viewed (23).

The higher magnification (Fig 1 C and 1D) evidences (a) the inner lamellar morphology of
nanoparticles, probably due to tristearin presence, and (b) the caps possibly due to
mygliol, resulting in the typical "ufo-like" or "sandwich-like" appearance.

Figure 2 reports images of NLC produced by the reverse protocol in absence (2A, 2C) and
in presence of RMN (2B, 2D). In these images one can observe the presence of platelet
structures while the inner lamellar morphology is not detectable. In the case of empty NLC
no significant differences are appreciable with respect to Figure 1, indicating that
production modalities do not affect the NLC aspect.

In Figures 2B and 2D the presence of RMN resulted in more roundish structures with

respect to empty NLC, possible suggesting the role of RMN as surfactant agent.
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X-ray diffraction measurements

X-ray diffraction was used to investigate the inner structural organization of RMN-NLC.
Experiments were performed as a function of temperature on different types of NLC,
namely direct and reverse NLC, produced both in absence or in presence of RMN. As a
result, very similar X-ray diffraction profiles were obtained, confirming that the inner
structure of the NLC is not affected by the presence of RMN or by the production protocol.
As an example, Fig. 3 shows the low-angle diffraction observed for RMN-NLC produced by
the reverse protocol. In any investigated condition, the observed Bragg peaks indicate that
the inner order is lamellar, with a repeat unit cell of 44.2 + 0.2 A, as already detected in
NLC dispersions used for bromocriptine delivery (40). Finally, Fig. 3 also shows that the
diffraction pattern does not depend on the investigated temperature, confirming the strong

inner structural stability of such kind of lipid carriers.

PCS analyses

Tables Il summarizes the results of PCS studies conducted to determine the dimensional
distribution of NLC dispersions. In general all NLC mean diameters were ~200 nm with
polydispersity indexes (P.l.) ranging between 0.22 and 0.36. The analyses by intensity,
volume and number revealed two populations: the main one with diameter comprised
between 84 and 125 nm and the secondary one between 286 and 422 nm.

In particular in the case of NLC produced by the reverse protocol, it can be noted an
increase in mean diameters of both populations with respect to direct NLC, analysed by
intensity and by volume. Pl passed from 0.28 to 0.36.

Analysing dimensional parameters of reverse NLC treated with polysorbate 80, one can

observe a mean diameter reduction with respect to untreated reverse NLC. In particular
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the analyses by volume and by number reveal a more representative particle population

with a mean diameter of ~84 nm.

SdFFF Analysis

NLC size distribution was also determined by SdFFF analysis. The fractograms were
converted into PSD plots, as elsewhere described (26, 27).

Figure 4 reports PSD plots of NLC dispersions produced by different protocols. In
particular panels A-C report the PSD plots obtained by direct RMN-NLC and reverse RMN-
NLC. In Fig. 4A one main peak is followed by a secondary broader peak, indicating two
populations of particles: the first one more represented with mean diameter of 82 nm and a
second less represented one with a larger diameter (peaking at 170 nm).

In Fig 4B one can observe a negligible first population of particles having a diameter of 70
nm, a broader particle population peaking at 125 nm, whose peak ends with a long tail,
which could hide a third population having sizes of about 400 nm, as confirmed by PCS
data obtained by intensity and by volume.

SdFFF analysis of reverse RMN-NLC plus polysorbate 80 resulted in a PSD plot analogue
to that reported in Fig 4B but lacking of the long tail (data not shown), suggesting that the

presence of polysorbate 80 promoted the formation of NLC with smaller mean diameter.

DSC analyses

Figure 5 shows the results of the DSC analysis of NLC (A), RMN-NLC (B) and the bulk
mixture of tristearin and miglyol plus RMN (C).

The DSC curve of the bulk mixture of tristearin and miglyol in the absence of the drug is
not shown, being superposable to the curve of the bulk lipid mixture in the presence of

RMN.
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From the DSC thermograms of NLC and RMN-NLC, a double melting point depression
peaking at 48.86° and 57.52°C can be noted, due to the melting of lipids. Moreover, only
in the case of RMN-NLC, a glass transition (Tg) is observed at 215°C, attributable to the
presence of the drug. Instead the Tg was not found nor in NLC, neither in the bulk mixture
of lipids plus RMN. In the case of RMN-NLC the Tg presence could suggest that the drug

was in amorphous state and homogeneously dispersed within the nanopatrticles.

RMN content in NLC

In this study the ultracentrifugation was employed as a method to evaluate RMN content
associated to NLC matrix (disperse phase) and in the agueous phase (dispersing phase).
In the aqueous phase the concentration of RMN was negligible (Table IlI).

The EE data have been directly obtained evaluating RMN associated to the disperse
phase. The reverse protocol led to almost quantitative EE, with a 31.3% increase with
respect to the direct protocol (Table III).

It should be noted that only in the case of direct NLC, an amount of RMN was detected
also in the lipid phase lost in the beaker and in the floating aggregate.

EE differences between direct RMN-NLC and reverse RMN-NLC were extremely

significant.

In vitro release kinetics of RMN from NLC

In order to obtain quantitative and qualitative information on RMN release from NLC, the
complete release profile of RMN-NLC was determined in vitro by a dialysis method.

Figure 6A shows that the release kinetic of RMN encapsulated in NLC obtained by reverse
protocol and treated with polysorbate 80 was almost linear up to 20 hours, afterwards the

amount of RMN released reached a plateau.
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RMN release kinetics from direct RMN-NLC (data not shown) were superposable to that
from reverse RMN-NLC, indicating that the production protocol doesn't affect the drug
release modalities.

Since RMN is scarcely soluble in water, its diffusion kinetic in agueous physiological
receptor phases was undetectable. Therefore a non-physiological receptor phase with
30% v/v of ethanol was used in order to allow the establishment of the sink conditions and
to sustain permeant solubilization (41, 42).

The theoretical release curves were determined according to the linear form of Eq.(3) and
Eq.(4), mimicking a dissolutive and a diffusive model respectively (40). In Figure 6B the
comparison between the theoretical curves calculated from equations (3) and (4) and the
experimental curves obtained for NLC are reported. The parameters (K, ¢ and R)
determined by linearization of release rate data are reported in the bottom of Figure 6.

The experimental curves reported in Figures 6B are superposable to the theoretical curves
calculated from equation (3), referring to dissolutive kinetics.

From the determined values, it is confirmed that RMN release is more consistent with
kinetics of the dissolution rather than of the diffusion type, depending on the higher value

of R found in the case of linearization of Eq.(3).

Biodistribution studies of RMN-NLC in rats

A preliminary biodistribution study was performed in order to assess the RMN
concentration in brain and in plasma 6 hours after i.n. administration. NLC obtained by the
WP/OP protocol and treated with polysorbate 80 were employed.

The concentration of RMN in brain and plasma 6h after RMN i.n. administration in rats

(n=4) are reported in Table IV and represented by histograms in Figure 7.
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The ratio of RMN concentration between brain and plasma ([RMNprain] / [RMNpiasma]) Was
calculated.
In the case of NLC administration, ([RMNpyain] / [RMNpiasma]) was 17.11, while, in the case

of the drug administered by the reference solution, the ratio was 11.74, p<0.05.
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Discussion

The formulation study enabled to select the protocol for NLC production. Indeed the
reverse protocol was chosen since it allowed to prevent loss of lipid phase and
consequently to improve EE with respect to the direct protocol.

The nano-encapsulation of RMN allowed to improve its solubility in a stable physiologic
aqueous formulation, solving the drawbacks associated with conventional cannabinoid
drug administration.

The in vitro release modality of RMN from NLC suggested that the controlling release
factor is dissolution rate rather than diffusion rate, as found in another study regarding
poor soluble molecules encapsulated in lipid based nanosystems (44).

In vivo data indicate that the concentration of RMN administered by i.n. route was higher in
the brain with respect to the plasma and, more importantly, the administration of NLC
increased RMN concentration in the brain with respect to the reference solution of RMN.
The i.n. route was chosen since it has been demonstrated to possess a number of
advantages (45, 46). In fact drugs administered by this route can bypass the BBB and
target the CNS, reducing systemic side effects (47, 48). For this reason delivery may
facilitate the treatment and prevention of many different neurologic and psychiatric
disorders (49). Finally the i.n. route can be considered as rapid and non-invasive (45, 47).
It is supposed that by i.n. delivery, nanoparticles can bypass the BBB by two ways: the
direct olfactory transport and the systemic pathway (50, 51). NLC indeed could be
delivered to the central nervous system along both the olfactory and trigeminal nerves
pathways or can reach the BBB through systemic circulation (50, 52).

NLC treated with polysorbate 80 were chosen for in vivo studies since it is has been
reported that nanoparticles with this surfactant extend circulation time in the blood,

decreasing the uptake by the reticulo-endothelial system (53).
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Moreover other authors have found that the surfactant would play a specific role in brain
targeting, being essential for the delivery of drug-loaded nanoparticles into the brain (35,
36, 54).

It is supposed that polysorbate 80 should be able to inhibit the transporter P-glycoprotein
that plays a role in the efflux of a wide range of endogenous and exogenous compounds
across biological membranes (55). P-glycoprotein is present also in the apical area of
ciliated epithelial cells and in the submucosal vessels of the human olfactory region (49,
56, 57) where it exerts an important role in preventing actively the influx of drugs from
nasal membrane.

Thus the impediment of the efflux system in the nasal cavity and in the BBB by
polysorbate 80 could enhance the NLC delivery of drugs to the brain.

Nevertheless it should be underlined that at present the mechanism of the inhibition of the
P-glycoprotein by polysorbate 80 and the exact process of nanoparticle drug delivery
through the BBB have not been explained.

It could be suggested that, after i.n. administration of RMN-NLC, the presence of
polysorbate 80 on the solid matrix of nanoparticles could exert an inhibitory effect on the
efflux transporter P-glycoprotein, resulting in higher amount of RMN in the brain with

respect to the RMN solution.

CONCLUSIONS

The present study demonstrates that a simple adaptation in the production protocol of NLC
enables to efficiently nano-encapsulate a cannabinoid drug, obtaining a final stable
aqueous physiologic formulation suitable for i.n. administration.

Further studies will be performed in order to investigate kinetics of RMN biodistribution

after NLC administration in rats.
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LEGENDS TO FIGURES

Figure 1. Cryo-transmission electron microscopy images (cryo-TEM) of NLC samples
produced by the direct protocol. A, C: empty NLC, B, D: RMN-NLC.

Figure 2. Cryo-TEM images of NLC samples produced by the reverse protocol. A, C:
empty NLC, B, D: RMN-NLC.

Figure 3. X-ray diffraction profiles for NLC samples produced by the reverse protocol in
absence (empty NLC) and in presence of RMN (RMN-NLC). In the last case, profiles
observed at different temperatures (37 and 45°C) are reported. The dotted lines indicate
the position of the (100) and (200) lamellar Bragg peaks

Figure 4. PSD plots of RMN-NLC obtained by the direct method (A) and RMN-NLC
obtained by the reverse method (B).

Figure 5. DSC analysis of NLC (A) and RMN-NLC (B) and the bulk mixture of tristearin
and mygliol plus RMN (C).

Figure 6. (A) In vitro release kinetics of RMN encapsulated in NLC obtained by the
reverse protocol plus polysorbate 80. Experiments were performed by dialysis method.
Data were the mean of 4 experiments.

(B) Comparison of the theoretical (dotted lines) and experimental (e, solid lines) RMN
profiles from NLC. The theoretical curves were obtained using the coefficient calculated by
linear regression of the linearized form of equation (3) (crosses) and equation (4) (circles).
The bottom frame reports the kinetic parameters of RMN release from reverse NLC.
Figure 7. RMN concentration in brain (b) and in plasma (p) 6 h after intranasal
administration of RMN by reverse NLC (RMN-NLC) or by solution (RMN-sol) in rats. Error

bars represent the standard deviations, n=4, *p<0.05 by paired Student's t test.
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Table

Table | Effect of preparation method on the recovery of NLC

preparation procedure

"direct method" "reverse method"

empty NLC | RMN-NLC | empty NLC | RMN-NLC
% recovery 73.1 75.8 93.7 92.5
loss due to adhesion® | 20.5(0.5) |14.1(0.2) |n.d. n.d.
fj;:sucee;%eb 16.4(0.1) |10.1(03) |6.3(03) |75

Percent of recovery was calculated as follows:
% recovery = amount of NLC recovered (g) / amount of lipid used (g) x 100.

Data represent the mean + SD (reported in parentheses) of 6 independent experiments-
®Loss of lipids (OP) due to the adhesion (literally, "sticking") between the melted OP and the
walls of the glassware employed for its melting and pouring into the WP.

®Loss of lipids (OP) due to the partial coalescence of the OP during the formation of the O/W
emulsion. After cooling the coalesced OP appeared as a small flake floating on the surface of
the NLC dispersion. n.d. = not detectable.



Table II: Dimensional characteristics of the produced NLC

"direct method"

"reverse method"

RMN-NLC
RMN-NLC RMN-NLC
+ polysorbate 80
Z average (nm) 206 204 204
Mean diameter 98 (48%) 126 (71%) 85 (44%)

by intensity (nm)

295 (52%)

377 (29%)

356 (56%)

Mean diameter

by volume (nm)

95 (76%)

335 (24%)

106 (63%)

422 (37%)

85 (86%)

286 (14%)

Mean diameter

by number (nm)

93

92

84




Table IlI: Encapsulation efficiency of RMN in NLC

Formulation RMN distribution (% of Trun)
_ in lipids sticking | in the floating | In the
iNNLC | to the lipid dispersing
glassware aggregate phase
"direct method" | 67 +1.3 |13 +1.4 18+ 0.4 2+0.2
reverse 98 +0.4 | n.d. n.d. 2402
method

Trun is the total weight of RMN used for the NLC preparation,
n = 6, p<0.0001 by paired Student's t test. n.d. = not detectable.




Table 1V: Plasma and brain distributions of RMN after intranasal

administration

Formulation Plasma (ng/ml) Brain (ug/g)
RMN-NLC® 340.2 +33.7 58+0.2
RMN-sol* 435.1+42.2 5.1+0.2

°RMN encapsulated in NLC + polysorbate 80 produced by the "reverse

method"

*RMN solubilized in saline/PEG/ polysorbate 80 (90:5:5, v/v/v)
Data represent the average of the determinations carried on 4 animals,
p<0.05 by paired Student's t test.




