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Abstract

The purpose of this project is to enhance the trans-membrane penetration of A8-
Tetrahydrocannabinol (A8-THC) and to study the effect of various lipid based systems in
delivering the compound, non-invasively, to anterior and posterior ocular chambers. Solid lipid
nanoparticles (SLNs), fast gelling films were manufactured using high pressure homogenization
and melt cast techniques, respectively. The formulations were characterized for drug content,
entrapment efficiency, particle size and subsequently evaluated /n vitro for trans-corneal
permeation. /n vivo, the drug disposition was tested via topical administration in albino rabbits.
The eye globes were enucleated at the end of experiment and tissues were analyzed for drug
content. All formulations showed favorable physicochemical characteristics in terms of particle
size, entrapment efficiency and drug content. /n vitro, the formulations exhibited a transcorneal
flux that depended on the formulation’s drug load. An increase in drug load from 0.1% — 0.75%
resulted in 12 to16-folds increase in permeation. /n vivo, the film was able to deliver THC to all
the tissues with high accumulations in cornea and sclera. The SLNs showed a greater ability in
delivering THC to all the tissues, at a significantly lower drug load, due to their colloidal size
range, which in turn enhanced corneal epithelial membrane penetration. The topical formulations
evaluated in the present study were able to successfully deliver A8-THC in therapeutically
meaningful concentrations (ECsq values for CB1: 6nM and CB»: 0.4nM) to all ocular tissues
except the vitreous humor, with pronounced tissue penetration achieved using SLNs as a A8-THC
delivery vehicle.
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Introduction

Glaucoma is a significant cause of irreversible vision loss globally. The onset of this
condition can be multifactorial, most often involving an increase in intraocular pressure
(IOP) leading to loss of retinal ganglion cells (RGC) secondary to crush injury, ischemia,
and apoptosis (1, 2). Studies have shown that this condition is widely prevalent globally with
an estimated prevalence of two million people in the United States, and accounts for 17.8%
of the medical costs attributed to major eye diseases. These humbers are expected to
increase, with more than three million of the populace being afflicted by this disease by the
year 2020 (1, 3). Internationally, the prevalence of glaucoma is expected to reach a
staggering 79.3 million by 2020, with more than 11 million transitioning into a state of
“complete loss of vision” (4).

Elevation of IOP, an important clinical factor in glaucoma, can be a result of altered aqueous
humor flow and drainage dynamics caused by a change in the trabecular meshwork
structure. Death of RGC has also been shown to have an effect along with elevated IOP on
the ultimate loss of vision in glaucoma patients (5, 6). It has also been shown that a segment
of patients, mostly of Asian ancestry, have been diagnosed with glaucoma with no elevated
IOP or normo-pressure glaucoma (7). This shows that elevated 10P is a determining but not
the only factor causing this condition. More recent studies focus on the loss of RGC due to
apoptosis, a mechanism of programmed cell death, which is believed to be the main reason
for neuronal damage, ultimately leading to RGC death (8, 9).

A9-Tetrahydrocannabinol (A%-THC) is the primary active constituents of Cannabis sativa,
with its isomer A8-Tetrahydrocannabinol (A8-THC) being a very minor component. A%-THC
has shown potential in the treatment of glaucoma through its IOP lowering and
neuroprotective effects (10, 11). The mechanism of action is not completely understood,
though it has been said to have an agonistic action on the cannabinoid receptors (CB; and
CB») (12, 13). These receptors are expressed on the iris-ciliary, retina-choroid and the
trabecular meshwork (14). AS-THC, through these receptors, causes relaxation of the
trabecular meshwork which results in increased aqueous humor drainage and subsequent
IOP reduction (11). Neuroprotective action of A%-THC was also recently studied by El-
Remessy et al. in N-methyl-D-aspartate (NMDA) induced retinal toxicity (11), making A°-
THC a promising candidate in glaucoma therapy. Previous reports from our group have
demonstrated the physicochemical characteristics and permeability and /77 vivo disposition
of AS-THC and it’s relatively water soluble prodrugs in the eye. The effects of ion pairing
and micellar solutions on the disposition of A%-THC in the eye were studied in these
previous reports (15, 16).

While all the above literature focuses completely on A%-THC, little has been said and
reported about the potential of its isomer, A8-THC. This compound exhibits a
stereochemistry similar to A%-THC and is also chemically more stable than the latter (17). In
addition, the efficacy of AB-THC in reducing IOP has been demonstrated previously in
rabbits with a long lasting 10P reducing effect evident even at the end of 8 hours(18).
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Although A8-THC is chemically more stable than AS-THC, delivery of this compound to the
deeper ocular tissues is challenging. Like A%-THC, this compound is also highly lipophilic
and poorly soluble and resinous in nature. Table | compares the properties of these two
isomers.

Solid lipid nanoparticles (SLNs) have been studied over the years as a platform for
enhancing topical administration (19, 20). Ease of fabrication, stability, targeted delivery,
non-toxicity, small size, prolonged release are some of the advantages of this delivery
system. Additionally, the small size of the SLNs can enhance ocular delivery by increasing
the corneal residence time and penetration (21-23). Ibrahim et al reported increased
bioavailability of gatifloxacin using mucoadhesive nanoparticles synthesized using Eudargit
RS 100 and hyaluronic acid (24). Cavalli et al. reported that ocular bioavailability of
tobramycin increased 4-fold with incorporation of the drug into an SLN formulation. The
authors attributed the increased bioavailability to the trapping of the nanoparticles in the
epithelial mucus layer, thus, resulting in prolonged release of the drug into the aqueous
humor for up to 6 hours (22). Although the utility of SLNSs in ocular therapy in conditions
pertaining to the anterior chamber has been investigated and reported, the same cannot be
said for delivery to the posterior segment.

Another ocular delivery platform that has promise is drug loaded films. These systems, have
the advantage of providing increased contact time with the ocular surface and prolonged
release, which reduces the dosing frequency. Depending on the mechanism of drug release
post application, the films are classified as either soluble or insoluble. Soluble films are
generally made of soluble or erodible polymers and therefore circumvent the need of
removal from the eye. The polymer can be either natural or synthetic and release from these
kinds of delivery systems is mainly by diffusion as the polymer undergoes gradual gelling
followed by dissolution in the tear fluid. Hermans et al reported the improved bioavailability
of cyclosporin A using chitosan films (25), while Attia et al used erodible gelatin films for
improving the bioavilability of dexamethasone (26).

In this study we evaluate the efficacy of topically administered SLNs in delivering A8-THC
to the posterior ocular tissues. Further, we also study the utility of a melt-cast film
formulation. This film formulation technique, unlike previous reports, avoids the use of
solvents, thereby eliminating the risks posed by residual solvents to the ocular tissues.

A comparative evaluation of the SLNs, films, in terms of their ability to deliver the drug to
various ocular tissues, has been undertaken both at /n vitroand /n vivo levels.

Materials & Methods

Materials

Compritol® ATO 888 and Precirol® ATO 5 were gift samples from Gattefosse, France.
Poloxamer® 188 was obtained from BASF, Chattanoga, TN. Lipoid® E 80 (Lipoid,
Ludwigshafen, Germany) was a gift sample. Propofol, randomly methylated beta
cyclodextrin, hydroxypropyl methyl cellulose (4000 cps), Polyethylene Oxide N10 were
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purchased from Sigma (St. Louis, MO). All other chemicals were purchased from Fisher
Scientific (St. Louis, MO). Solvents used for analysis were of HPLC grade.

Animal Tissues

Animals

Whole eye globes of New Zealand Albino rabbits were purchased from Pel Freez
Biologicals (Rogers, AK). Eyes were shipped overnight in Hanks Balanced Salt Solution
(HBSS) over wet ice. Corneas were isolated and used immediately on receipt.

Male New Zealand White Albino Rabbits were procured from Harlan Labs (Indianapolis,
IN). Animal experiments conformed to the tenets of the Association for Research in Vision
and Ophthalmology statement on the Use of Animals in Ophthalmic and Vision Research
and followed the University of Mississippi Institutional Animal Care and Use committee
approved protocols.

Formulations

Solid Lipid Nanoparticles Containing A8-THC

SLNs were prepared as per previously established protocols (27), using a high speed & high
pressure homogenization method. AB-THC was accurately weighed and melted along with
Compritol® 888 ATO or Precirol® ATO 5 (Gattefosse, France) to obtain a clear lipid phase.
An aqueous phase containing 0.25% Poloxamer® 188, 0.75% Tween® 80 and 2.25%
Glycerin (w/v) in distilled water, was heated and added to the melted lipid phase under
stirring. A coarse emulsion from this pre-mix was formed using an Ultra-Turrax®, followed
by high pressure homogenization. The temperature during this entire process was
maintained at 70°C. The hot emulsion was slowly cooled to room temperature to form AS-
THC SLNs.

SLNs with randomly-methylated beta cyclodextrins (RMBCD) in the lipid phase were
prepared by dissolving A8-THC & RMBCD in acetonitrile and keeping in a water bath for
24h at 25°C for complex formation. At the end of 24h, the organic solvent was evaporated
under nitrogen and molten lipid was added to this A-THC-RMBCD complex and the above
procedure was repeated for SLN production. Alternately, A8-THC-RMBCD SLN
formulation was prepared without the A8-THC -RMBCD complexation step. Instead,
RMPBCD was dissolved in the aqueous phase along with Poloxamer 188®, Glycerin, Tween®
80 and the procedure described above was followed for SLN production.

Film Formulation Containing A8-THC

Hot melt cast method was utilized to prepare the polymeric film. Polyethylene oxide (PEO
N10: MW 100000 Daltons) was used as the matrix forming material. AS-THC (20% w/w)
was dissolved in acetonitrile and dispersed in PEO N10 with adequate mixing. The mixture
was placed in a vacuum chamber to evaporate the organic solvent. A 13 mm die was placed
over a brass plate and the brass plate was heated to 70 °C using a hot plate. The drug-
polymer mixture was placed in the center of the die, compressed and further heated for 2-3
min. Following cooling, 4 mm x 2 mm film segments were cut from the film.
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The formulation compositions are presented in Table I1

Determination of Particle Size and Polydispersity Index

Particle size and Polydispersity Index (PDI) of the SLNs were measured using a dynamic
light scattering instrument, Zetasizer Nano ZS (Malvern Instruments Inc., Westbrough,
MA), at 25 °C. A high concentration zeta cell was used to measure both mean particle size
(z averaged) and PDI.

Drug Content Estimation Procedure for the Formulations

AB-THC content in the SLNs was measured according to the following procedure. An
accurately measured amount of the formulation was extracted in 1 mL of ethanol and the
suspension was centrifuged for 10 minutes at 13000 rpm. The supernatant was diluted in
mobile phase and was analyzed for A8-THC content.

AB-THC content in the film was determined by placing the film in 10 mL of acetonitrile and
sonicating for 15 min. The film dissolves completely in acetonitrile. This mixture was
centrifuged at 13000 rpm for 10 min to separate the PEO N10 and supernatant with A8-THC
was collected. The supernatant was then analyzed by HPLC. To determine the content
uniformity of the film three separate sections from the same film were analyzed following
the same procedure as described above.

Entrapment Efficiency for Solid Lipid Nanoparticles

Entrapment efficiency was determined using AMICON® Ultra centrifugal filters with a
10000 KDa membrane. A measured amount of formulation was taken and placed in the
centrifugal filter and the sample was spun at 13000 rpm for 30 min, following which the
filtrate was collected and analyzed for free AB-THC content. Percentage A8-THC entrapped
was calculated using the formula.

Total Amount of Drug — Free Drug
Total Amount of Drug

% Entrapped= x 100

In vitro Release from Solid Lipid Nanoparticles

Slide-A-Lyzer® mini dialysis cassettes (0.5mL; 10k membranes) were used for studying
release. The receiver medium, 18mL in volume, contained a solution of isotonic phosphate
buffered saline (IPBS) with 2.5% w/v RMBCD at 37°C. A volume of 500 pL of the
formulation was placed in the cassette. Samples, 1 mL aliquots, were drawn at regular
intervals from the receiver which was then immediately replaced with an equal volume of
fresh receiver solution. The samples were analyzed and the percentage drug released was
determined. Experiments were carried out in triplicates.

In vitro Transcorneal Transport Studies

Corneas were excised from whole rabbit eye globes (Pel-Freez Biologicals; Rogers, AK).
Briefly an incision was made about 2mm from the corneal-scleral junction and the cornea
was excised by cutting radially along the sclera. The excised corneas were immediately
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mounted on side by side permeation cells (Permgear Inc, Hellertown, PA) (Fig. 1). A
circulating water bath was used to maintain the temperature at 34°C during the transport
studies. Receiver solution for all permeability studies consisted of 2.5% RMBCD solution in
IPBS with pH adjusted to 7.4. The volume of the receiver solution was 3.2 mL, 0.2 mL more
than the donor to maintain the natural curvature of the corneas, and the solution in the
chamber was stirred continuously using magnetic stirrers. SLNs formulations were diluted
in a 2:1 ratio with IPBS to yield donor solution for these studies. The initial donor
concentrations were 0.66mg/mL in the case of F-0, 5mg/mL in the case of F-1, F-2, F-3, and
F-4. Aliquots, 600uL, were withdrawn from the receiver chamber every thirty minutes for
three hours and immediately replaced with an equal volume of the receiver solution.
Samples were analyzed following the method described in the analytical methods section.
All experiments were carried out in triplicate.

In vitrotranscorneal flux of A8-THC from the matrix film was evaluated by sandwiching the
film (4 mm x 2 mm x 2mm) in between a Spectra/Por® membrane (MWCO: 10,000 2
Daltons) and isolated rabbit cornea (Pel-Freez Biologicals; Rogers, AK). Corneas were
excised from whole eye globes, with approximately 1 mm scleral portions remaining for
ease of mounting. The membrane-film-cornea sandwich was then placed in between the
side-by-side diffusion cells with the chamber towards the Spectra/Por® membrane
representing the periocular surface and the chamber towards the cornea representing the
aqueous humor (Fig. 2). The side-by-side diffusion cells were maintained at 34 °C using a
circulating water bath. 2.5% RMBCD in IPBS (pH 7.4) was used as the receiver medium on
both sides. The initial THC amount in this film section at the start of the experiment was 1.6
mg and weight of the film was 8 mg (original formulation has composition of 20% w/w
THC and 80% w/w PEO N10) and aliquots, 600uL, were drawn every thirty minutes for
three hours and replaced with an equal volume of receiver solution. Samples were analyzed
following the method described in the analytical methods section. The experiment was
carried out in triplicate.

In vivo Ocular Bioavailability Studies

Ocular bioavailability of A~THC was evaluated from the SLN and film formulations, in
male New Zealand albino rabbits weighing 2-2.5 Kg. Rabbits were anesthetized at the start
of the experiment using a combination of ketamine (35 mg/kg) and xylazine (3.5 mg/kg)
injected intramuscularly and were maintained under anesthesia throughout the experiment.
Fifty microliters (375 ug dose) of the SLNs formulation or a 4x2x2 mm (1.6 mg dose) melt-
cast film was instilled/placed topically into the conjunctival cul-de-sac of the rabbits. At the
end of one hour after topical application, the rabbits were euthanized with an overdose of
pentobarbital injected through the marginal ear vein under deep anesthesia. The eye was
washed with ice cold IPBS and immediately enucleated and washed again. The ocular
tissues were separated, weighed and stored at —80°C until further analysis. All experiments
were carried out in triplicate.
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Sample Preparation for Analysis

Standard Solutions

Stock solutions of A8 —~THC were prepared in acetonitrile. Known quantities of A8-THC
from these stock solutions were spiked in blank ocular tissues and allowed to stand for 10
minutes before protein precipitation using ice cold acetonitrile (1:1 ratio for aqueous,
vitreous humor and 1 mL for all the other tissues). The samples were then centrifuged for 15
minutes at 4°C and 13000 rpm and the supernatant was collected. Standard curves were
prepared in aqueous humor (10ng—200ng), vitreous humor (20ng—-200ng), cornea (20ng—
200ng), iris ciliary body (10ng—200ng), retina-choroid (10-200ng) and sclera (20-200ng).
Propofol was used as the internal standard during the analysis.

Sample Preparation

One hundred microliters of aqueous humor and 500 microliters of vitreous humor were
collected from each test eye into individual centrifugal tubes. All other tissues, retina-
choroid, iris-ciliary, cornea & sclera, from each test eye were cut into very small pieces and
placed into individual vials. Protein precipitation was carried out similar to the standard
solution preparation and analyzed using the method described below.

Analytical Methods

Bio-analytical Method for in vivo Samples

A previously published bio-analytical method (16) using fluorescence detection was
modified and used for analyzing THC content in the ocular tissues. HPLC system comprised
of a Waters 600 pump, Waters 717 plus refrigerated autosampler and Waters 2475
fluorescence detector, set at an excitation wavelength of 220 nm and A8-THC was detected
at emission wavelength of 305 nm. Emission units full scale (EUFS) was set at 150 and gain
was set at 30. Phenomenex PFP(2) (5uM, 4.6 x 250 mM) column was used. The mobile
phase consisted of 30% water containing 0.5% o-phosphoric acid and 70% acetonitrile, with
a flow of ImL/min. Injection volume was 50 uL. Retention time for propofol and THC were
7.0 min and 11.9 min, respectively.

The standard calibration curve was derived and the parameters such as coefficient of
determination (r2), slope and Y-intercept were noted to establish the linearity of the method.
The analytical method was also validated with respect to precision, accuracy, recovery and
specificity. Limit of detection for AB-THC in various ocular tissues was, aqueous humor (5
ng), vitreous humor (10 ng), cornea (10 ng), iris ciliary body (5 ng), retina-choroid (5 ng)
and sclera (10 ng) in the fluorescence method.

HPLC-UV Method for in vitro Samples

A Previously published Waters HPLC-UV system with a Phenomenex PFP(2) (5 uM, 4.6 x
250 mm) column was used for analysis (28). The mobile phase consisted of 18% v/v water,
0.75% v/v acetic acid, 30% v/v acetonitrile and 52% v/v methanol at a flow rate of 1.2 mL/
min. The UV detector wavelength was set at 226 nm. Injection volume was 25 pl.

AAPS PharmSciTech. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Punyamurthula et al. Page 8

The standard calibration curve was derived and the parameters such as coefficient of
determination (r2), slope and Y-intercept were noted to establish the linearity of the method.
The analytical method was also validated with respect to precision, accuracy, recovery and
specificity. Limit of detection and limit of quantification were found to be 10 ng/mL and 30
ng/mL, respectively, and the retention time for THC was about 13.1 min. The method was
observed to be specific, precise and reproducible.

Results

Particle Size and Polydispersity Index of the Formulations

The particle size and PDI of the SLN formulations are as described in Table IlI.

Drug Content of the Various Formulations
AB-THC content in all the formulations ranged between 95 to 104%.

Entrapment Efficiency (EE) of the Solid Lipid Nanoparticles

The degree of entrapment varied in each formulation with highest EE shown by F-2,
(92.5%), followed by F-1 (89.6%), F-4 (85.7%) and F-3 (82.4%).

In vitro Release from the Solid Lipid Nanoparticles

AB-THC release was studied from F-1 and F-2 formulations /n vitro. Similar release profiles
were observed from both formulations till the end of 12 hours (f, > 50), as shown in Fig. 3.

In vitro Transcorneal Transport
Flux values across corneas were calculated for all the formulations (Table I11) using the
following formula:

Flux(J):(%)/A

where,dM/dt = Cumulative amount of drug in receiver solution with respect to timeA =
Corneal surface available for permeation (0.636 cm?)

The film (F-5) formulation depicted higher flux in comparison to and SLN (F-0)
formulations. Increasing the drug load from 0.1% to 0.75% in F-2, F-3 & F-4 resulted in
several folds increase in the flux.

In vivo Ocular Bioavailability

The AB-THC levels in various ocular tissues, from the above formulations, one hour post
topical administration, are illustrated in Table IV.

With the SLN and film formulations, AB-THC was observed in all the ocular tissues except
the vitreous humor. Comparatively, the SLNs were able to deliver higher concentrations of
the drug to aqueous humor, iris-ciliary, retina choroid, while higher accumulations were
observed in cornea and sclera with the film.
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Discussion

Evidence of reduction in IOP through marijuana smoking was studied and reported as early
as in the 70s (29). Over the years, there have been studies which portrayed the IOP reducing
effect of AS-THC when given systemically (30). But, the same efficacy was not seen in
studies, post topical administration, when A%-THC was administered as a mineral oil
solution (31, 32). It was seen that even though there were sustained levels of AS-THC in the
plasma for several hours, the I0OP reducing effect was not marked and inconsistent. The
authors in these studies, therefore concluded that to achieve a desired therapeutic effect, a
substantial amount of the drug should be absorbed and maintained at the administration site,
as the 10P reducing effect might be both localized and systemic. Another setback in these
studies was the mineral oil solution, which had poor penetrating properties and therefore
could not get past the corneal membrane (33). Previous reports have shown the ability of the
relatively hydrophilic prodrug of AS-THC to reach into the iris-ciliary bodies, though no
drug was seen to reach the retina-choroid (15, 16). The micellar solutions of the parent A°-
THC on the other hand could not penetrate the surface tissues such as the cornea and sclera,
highlighting the innate inability of the highly lipophilic molecule to permeate across the
surface layers. Thus, either hydrophilic prodrug derivatization or design of formulation
approaches which enhance ocular penetration will be needed for lipophilic therapeutic
agents intended for topical ophthalmic application.

AB-THC, being a highly lipophilic, poorly soluble and premeable compound (34), like A®-
THC, poses significant challenges in its delivery across the eye into the deeper ocular
tissues. Therefore, in this study we have utilized SLNs and films for improving the ocular
penetration of A8-THC through the topical route. Initial /n vitro transcorneal transport
studies of the formulations was a comparison between F-0 (SLNs with Compritol®), F-5
(Film). The film formulation showed the highest flux in this study. SLNs on the other hand
were not as good comparatively. The lower ability of the lipid based system, in particular the
SLNSs, to deliver more drug across the cornea could be because of the preference of A8-THC
for the lipids, lack of lipases in the experimental set-up, decreased or absence of phagocytic
uptake by the epithelial cells, low drug content in the SLNs (low A8-THC to lipid ratio).
Moreover, the side-bi-side diffusion apparatus may not be a good system to study
transcorneal flux from particulate systems because contact profile /7 vivoin the conjunctival
sac would be different from the side-bi-side apparatus. A vertical diffusion apparatus may be
more appropriate. Formulations F-2 (SLNs with Compritol®), F-3 (SLNs with RMBCD in
the aqueous phase) and F-4 (SLNs with RMBCD complexed with the drug) had a drug load
of 0.75%, as opposed to 0.1% in F-0. Significant improvement in flux, 12 to 16-folds
increase, was observed. Permeability study was not performed on F-1. Since the entrapment
efficiency was higher with Compritol®, it was decided that further formulations would be
made using this lipid. Therefore, after F-3 and F-4 were fabricated, we made a comparative
permeability evaluation of only the Compritol® based SLNs.

In order to test the effect of lipid on SLN release characteristics, two formulations were
studied - one with Precirol® as the lipid (F-1) and the other with Compritrol® (F-2). The
formulations were similar in all other aspects. /n vitro drug release profiles of both these
formulations were not very different, with the drug being released at almost similar rates (f,

AAPS PharmSciTech. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Punyamurthula et al.

Page 10

> 50) from both formulations. Both formulations showed good characteristics in terms of
their size, PDI and entrapment efficiencies (Table I11).

Ocular inserts were reported as early as 1978 when Bloomfield et al suggested the use of
collagen shields for delivery of gentamycin (35). Since then, a number of reports using these
invasive techniques have appeared for various other drugs such as diclofenac sodium,
cyclosporin A, dexamethasone, pilocarpine etc (36—-40). While ocular inserts were effective
in improving the bioavailability of the tested drugs, the fact they are required to be either
surgically implanted or removed after a certain period of time makes them unattractive. In
contrast, a topical film which gels on application, thereby providing a prolonged release
platform and then ultimately dissolving in the tear fluid appears to be a more convenient
system. Moreover, the melt cast method eliminates any concerns regarding the toxic effects
of residual solvents associated with solvent cast films preparation technique and was found
to be successful in producing films that had good physical characteristics. The process was
fast and reproducible and the films produced were able to deliver the drug to the deeper
ocular tissues. The formulation gelled in the tear fluid within 30-40 seconds on application
and stayed in contact with the corneal surface. No irritation of ocular surface was observed
and due to the higher residence time, it allowed the drug to permeate through cornea and
was also able to deliver the drug into the retina-choroid. The ocular tissue concentrations
obtained suggest involvement of the conjunctival-scleral diffusional pathway. Although
conceptually very attractive, the observed ocular A8-THC levels from the film were much
lower compared to that observed with the SLNSs. This can be attributed to the fact that even
though the film was able to achieve a longer residence time and sustained release, it had no
effect on the inherent transmembrane permeability characteristics of A8-THC. As a result,
AB-THC efficiently partitioned from the formulation into the corneal and scleral membranes
but could not diffuse any further.

The SLNSs, in contrast, were able to deliver a higher amount of A8-THC to all ocular tissues,
except vitreous humor. Formulations F-1 & F-2, made with Precirol® and Compritol®,
respectively, were very similar to each other. The observed A8-THC levels in the ocular
tissues, particularly the retina-choroid, may be due to an uptake of these nanoparticles by the
conjunctival and corneal membranes, as suggested in earlier studies(22). The advantages of
SLNs and their utility in delivering a host of drugs such as ibuprofen, flurbiprofen,
cyclosporine A, rapamycin, gatifloxacin, indomethacin etc. has been tested and published
before (21, 23, 24, 27, 41-48). While most of the observations in these earlier reports have
been made at /n7 vitroand ex vivo studies, only a handful of the studies reported improved /in
vivo bioavailability and that too only to the anterior chamber delivery.

The efficacy of SLNs in posterior segment delivery, post topical administration, to our
knowledge, has not been reported elsewhere and the results from this study are very
encouraging. At almost a fifth of the dose, compared to the matrix film formulation, the
SLNs were able to generate concentrations significantly greater than that obtained with the
film formulation in the aqueous humor, retina-choroid and iris-ciliary bodies, of the
anesthetized rabbits. Moreover, these concentrations are greater than the reported ECg
values for CB1 (6nM) and CB, (0.4nM) receptors expressed on the iris-ciliary and retinal
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tissues, on which THC has an agonistic activity (49). The low dose also has the advantage of
shielding the patient from any adverse systemic effects of THC.

Cyclodextrins were tested next in these formulations to investigate whether they would exert
a permeability enhancing effect by virtue of its effect on the cell membrane, or whether
cyclodextrin would entrap the delta-8 THC which could result in decreased release and
ocular tissue levels but prolong the absorption phase. Therefore, RMBCD was added to the
formulation by complexing with the API or by incorporating it into the aqueous phase.
Cyclodextrin, however, did not have any effect in either case. It appears that the permeation
enhancing or release control effect of the cyclodextrin, at the concentrations used (3% which
is low), was minor in comparison to the phagocytosis supported uptake of the SLNs by the
corneal epithelial cells. The presence of the surfactants could also have overshadowed the
membrane permeabilization / inclusion complex formation. For some reason, however, the
formulations containing cyclodextrins produced higher concentrations of THC in the iris-
ciliary bodies. This needs to be investigated further.

The in vitro release and permeability data correlated well with the in vivo data. As predicted
by the in vitro release studies both SLN formulations showed similar in vivo disposition
profiles. The in vitro side-bi-side permeability set-up for the SLN formulations is good for
comparison between SLN formulations but not to predict the permeability efficiency against
a solution or film formulation. This is because the SLNs are not in constant contact with the
corneal membrane, as would be the situation in vivo, and thus this in vitro set-up
underestimates the transcorneal flux/permeability. The film on the other hand, in the
modified permeability set-up, is juxtaposed to the corneal membrane and will thus be closer
to the in vivo situation. The in vivo ocular disposition studies corroborate this concept as we
see that the SLNs are superior to the films in terms of intraocular delivery of delta-8 THC.
As mentioned above the film formulation is efficient in delivering the drug load to the outer
tunic of the eye but the poor permeation characteristics of the delta-8 THC limited delivery
into the inner ocular tissues. This is supported by results from an earlier study wherein
transcorneal permeability of A8-THC had been observed to be negligible (34). The active
uptake of the SLNs by the corneal and conjunctival epithelial cells, and lipase mediated
release, helped improve the ocular distribution of delta-8 THC from these particulate
formulations in vivo.

Conclusion

The SLN formulations hold great potential in the delivery of lipophilic compounds, such as
AB-THC, to the deeper ocular tissues. Delivery from the film formulation, while achieving a
sustained form that can be tailored with further optimization, depends on the
physicochemical characteristics of the agent to diffuse across the tissues. The SLNs on the
other hand penetrate the tissues on their own due to their size and deliver the drug into the
deeper ocular tissues (anterior and posterior) at a significantly lower dose.
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Fig. 1.
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Side-by-side diffusion apparatus setup for studying /n vitro trans-corneal transport of A8-
Tetrahydrocannabinol from solid lipid nanoparticles, nanoemulsion formulations.
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Side-by-side diffusion apparatus setup for studying /n vitro trans-corneal transport of A8-

Tetrahydrocannabinol from film formulation
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Release profiles of A8-Tetrahydrocannabinol from solid lipid nanoparticles (F1 and F2)
using Slide-A-Lyzer® mini dialysis cassettes Data represents mean+SD (n=3).
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Table |

Physicochemical Properties of A% & A8-Tetrahydrocannabinol®

Property A8-Tetrahydrocannabinol  A°-Tetrahydrocannabinol
Molecular Weight 314.4 314.4
Log P 7.53+0.36 7.68 +0.35
mLog P 3.96 3.96
Log D 7.07 7.07
pKa 9.6 9.6
Polar surface area 29.46 29.46
Solubility (ug/mL) 0.26 +0.03 1-2

1Dpata obtained from ACD/Structure Elucidator, version 12.01, Advanced Chemistry Development, Inc., Toronto, ON, Canada,
www.acdlabs.com, 2014
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