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Abstract

Hypothesis—Topical and systemic methods are not able to deliver ophthalmic drugs for
treatment of retinal diseases. Consequently, invasive monthly intravitreal injections through the
eyeball are required to deliver retinal drugs. A reduction in the frequency of the injection through
extended release of the drugs could have significant clinical benefits.

Experiments—Oleogels containing ethyl cellulose as the gelator at 10% (wt%) in soybean oil
were loaded with dexamethasone above the solubility limit and expunged from a syringe to create
cylindrical rods for extended drug delivery. The devices were imaged to explore particle
distribution and drug release was measured under sink conditions in buffer. A model was
developed and fitted to data to determine effective drug diffusivity.

Findings—Dexamethasone is released slowly due to the presence of the drug particles that serve
as drug depots. The release increases from 600 to 3000 hours as the drug loading is increased from
3% to 28%. The release profiles can be modeled by considering drug dissolution and diffusion, as
well as the tortuosity of the matrix due to the presence of the voids formed after the drug particles
have dissolved. The proposed approach is promising as the release profiles of the drug are
comparable to commercial devices.
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[l. Introduction

Ophthalmic drug delivery for treatment of retinal diseases represents a very large untapped
market. According to a recent report from Allied Market Research, the global ocular drug
technology market was worth $29.2 billion in 2016 and is predicted to increase to $42.7
billion by 2023. Retinal disorders including age-related macular degeneration (AMD) and
diabetic macular edema (DME) are projected to be the major growth drivers in this segment
[1]. A recent systematic review and meta-analysis predicts that approximately 196 million
people worldwide will be afflicted by AMD by 2020 [2] and about 21 million people
suffered from DME in 2014. The prevalence of DME is expected to increase to about 100
million by 2030 [3]. Furthermore, due to aging of the US population and in the majority of
the world, posterior segment ophthalmic diseases will only become more prevalent. The
prescribed drugs for these diseases include Kenalog; (Bristol Myers Squibb, New York,
NY), pegaptanib (Macugen; OSI/Eyetech and Pfizer, New York, NY), bevacizumab
(Avastin; Genentech, San Francisco); and ranibizumab (Lucentis; Genentech). Vascular
endothelial growth factor (VEGF) trap (Regeneron; Tarrytown, NY) is currently under
exploration for treatment of macular degeneration.

One of the major obstacles in treatment of posterior segment diseases is the barrier for
delivery of drugs to the back of the eye. Systemic delivery is ineffective because of the large
retina-blood barrier and topical delivery through eye drops is ineffective due to rapid
clearance from tears and large barrier offered by the conjunctiva-sclera layers [4-7].
Currently most treatments for retinal diseases are based on intravitreal injections, which are
invasive, and could lead to serious complications such as retinal detachment [8-11]. A
number of approaches are under investigation for delivering drugs for retinal diseases
including ocular inserts, sub-tenon injections, ionotophoresis, microneedles, sclera implants,
etc. [12-14]. Eye drops are still considered a possibility even through the bioavailability is
extremely low because of rapid clearance from the tears [15-17]. While each of these
approaches is promising, there are problems associated with each including clinical
complications, difficulty of device insertion, efficacy, costs, etc. [18-21].
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Due to the bottlenecks of all these approaches, intravitreal injections are most commonly
utilized for delivery drugs to retina [22]. The intravitreal injections are typically given once a
month and usually require follow up visits a few weeks after the injection [23-25]. Such
frequent injections increase patient discomfort, while also increasing cost and the possibility
of infection or other more serious complications such as retinal detachment [26-29]. The
monthly injections are necessary because the drugs delivered through the injection are
cleared from the vitreous by multiple pathways including flow from the vitreous to the
aqueous, and uptake by the cells lining the retina followed by degradation or clearance
through the flow in the choroid [30]. The potential for side effects from injections has driven
considerable research towards designing devices that can either be implanted in the eye or
injected through an intravitreal injection. These devices are designed to release drugs for
extended periods resulting in a significant decrease in the frequency of the injectio ns [31].

Current Drug Delivery Devices

RETISERT® is a commercially available implant loaded with 0.59 mg fluocinolone
acetonide, and inert microcrystalline cellulose, polyvinyl alcohol (PVA), and magnesium
stearate [32]. The device releases drug for about 30 months with an initial release of 0.6ug/
day, which decreases to 0.3-0.4ug/day after the first month [33,34]. The device is 3 mm by 2
mm by 5 mm in size and structurally contains a fluocinolone acetonide tablet inside of a
silicone elastomer cup [33,35]. The silicone cup contains a release orifice and also holds a
polyvinyl alcohol membrane between the tablet and the orifice. When the device is
surgically implanted into the vitreous, the high-water content of the vitreous hydrates the
tablet, releasing some drug into the PVA solution, which then crosses the release orifice [36].
This device is non-biodegradable and therefore it must be either surgically removed, or left
in the eye indefinitely. Patients who still require medication after all the drug is released
from the device undergo a replacement procedure, in which the doctor can remove the old
device, or simply implant a new device in another location in the eye. The doctor may
choose to leave behind the used device to avoid trauma of surgery [37]. RETISERT® is
priced at about 20,000 USD [38].

lluvien® is another intravitreal device used to treat diabetic macular edema. lluvien® is a
3.5mm length cylindrical tube with a 0.37mm diameter [32], containing 190pg of
fluocinolone acetonide, which is released at a rate of about releases 0.23-0.45 pg/day 18 or
36 months [33]. lluvien® is administered using an injection procedure with a 25-guage
needle which can be done in an office-visit without stiches, similar to a regular intravitreal
injection. The price for this device is about 8000 USD [38]. Iluvien® like RETISERT® is
non-erodible and so must be removed via surgery or left in the vitreous indefinitely.

Ozurdex® is a cylindrical implant 6 mm in length and 0.46 mm in diameter [39] containing
0.7 mg of the active ingredient dexamethasone which is released over the course of 6 months
[34,40] with maximum efficacy in the first three months [33]. The dexamethasone implant is
preloaded into the applicator that has a 22 gauge needle tip for injection into the vitreous in
an office visit using the shelved injection technique. The implant has been used in trials to
treat central retinal vein occlusion (CRVO) macular edema, diabetic macular edema, and
uveitis. The drug is contained in a NOVADUR® solid polymer drug delivery system
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comprising of poly(lactic-coglycolic acid) (PLGA) polymer matrix [33], which renders it
biodegradable [41, 42]. The price for this intravitreal implant is about 2000 USD [38].

Our proposed Drug Delivery Method

Gels are increasingly becoming the preferred formulation in many pharmaceutical, cosmetic,
and food applications [43]. Gels are viscoelastic complex fluids [44] typically composed
primarily of a liquid component and an added gelator that results in formation of a stabilized
three-dimensional matrix [43, 45]. Gels are classified into hydrogels or organogels based on
whether the liquid component is water or a non-polar liquid. Organogels can be further
classified into amphiphilogels and oleogels. Amphiphilogels are created using surfactants,
such as span 40 and tween 80, as both the solid and liquid components, and oleogels are
formed using vegetable oils as the liquid phase [44,45].

Organogels are increasingly being used in the pharmaceutical industry as a vehicle for drug
delivery [45]. Organogels have several key advantages over conventional delivery methods.
They are relatively inexpensive and easy to prepare, can offer stability to emulsions and
other liquid-based drug systems, are often thermoreversible, and are resistant to microbial
contaminates [43,44]. Oleogel devices can also accommodate both hydrophilic or
hydrophobic drugs. The shear-thinning properties allow the quasisolid oleogels to be easily
applied topically, or by medical syringes [44]. Currently, use of gels commercially is limited
to oral, nasal, dermal, and transdermal delivery, or parenteral injection [44]. We propose that
these formulations are very promising for controlled release of ophthalmic formulations,
both for the front and the back of the eye. Here we specifically focus on designing oleogel
based formulations for delivery of drugs to the back of the eye by injecting the drug loaded
oleogel into the vitreous. The high viscosity of the gel will help in retaining the shape, while
also releasing the drug slowly. The slow dissolution of the oil itself will eventually lead to
degradation of the injected oleogel-device. The designed oleogel is expected to be
biocompatible because all components including oil and gelator have been previously used
for biomedical applications.

In addition to using these formulations for intravitreal injections, it is also possible to use
these for delivering medications to eyes through other routes including subconjunctiva
injections, sub retinal injections, sub-tenon injections, retrobulbar injection, and
suprachoroidal injection. It is also possible to use this approach for creating a device as a
fornix implant that resides in the tears near the lower fornix continuously delivering drugs to
the tears. Another possible use of this formulation is to create a punctum plug by injecting
the formulation into the canaliculi through the puncta. Furthermore, oleogel formulations are
not limited to use in the eye [46]. It is possible to use these formulations to give
subcutaneous injections for delivering drugs to other parts of the body.

Design constraints for the oleogel based device

The design of the devices will eventually be dictated by a balance between safety and
efficacy, which in turn will depend on the specific indications. As a starting point, we set the
design targets based on currently commercialized devices Ozurdex® and lluvien®. These
devices are administered from 22 or 25 gauge needles and can create implants of different
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masses. The oleogels themselves can be loaded with a variety of medication types, from
hydrophobic to hydrophilic drugs, at a large range of desired concentrations. Here, we
explore hydrophobic drug loading. The ease of changing the drug in the oleogel device
promises for a myriad of uses commercially. In this study, the corticosteroid dexamethasone
was used as a model hydrophobic drug.

There are many possibilities for the gelator molecule. Here we present results using ethyl
cellulose as the gelator. Ethyl cellulose is biocompatible and suitable for use in
pharmaceutics due to its inert character [47]. The vitreous humor lacks enzymes that can
degrade ethyl cellulose, and so it may be cleared slowly via uptake into the retina cells or
transport into the aqueous humor. There are other biocompatible gelators including proteins,
phytosterols, waxes, sugar alcohols, and fatty acids that may be suitable alternatives [48-51].

There are many options for the liquid oily phase of the gel as well. Here, soybean oil was
arbitrarily chosen amongst other edible oils for test formulations. The oils that are used have
a very low solubility in vitreous humor. By adjusting the solubility, it is possible to obtain
varying durations for which the devices remain in the vitreous. The duration can also be
controlled by varying the concentration of gelator and/or drug concentration.

Based on the components used, the oleogel prepared here is expected to be biocompatible,
though our specific formulation has not yet been approved for human use. Similar
biocompatible drug loaded oleogels have been extensively researched [43.52,53] such as a
canola oil/ ethyl cellulose oleogel explored for oral drug delivery applications [54].

[Il. Materials and Methods

a. Materials Used in Experiments

Soybean oil USP (Spectrum Chemical) was used as the oil phase for the oleogel
formulations. Soybean oil used in experiments met United States Pharmacopeia standards
for chemical purity. Ethyl cellulose used as the gelator was purchased from Sigma-Aldrich.
Ethyl cellulose used was viscosity 90 cP in a 5% (w/w%) in an 80:20 solution of toluene/
ethanol, with 48.9% ethoxy content. Medical grade Gibco™ Phosphate Buffered Saline
(PBS 1X) was obtained from Fisher Scientific. The drug dexamethasone (9a-fluoro- 16a-
methyl- 118, 17a, 21-trihydroxy-1,4-pregnadiene-3,20-dione), (purity: 99%) was obtained
from Carbosynth Limited.

b. Preparing Dexamethasone Loaded Oleogels

Oleogels were made by gelling soybean oil by addition of ethyl cellulose using methods that
have been used previously for similar applications [55-57]. Ethyl cellulose powder was
added to soybean oil at room temperature to a loading of 10% (w/w) which is within the
range at which oleogels form. A minimum 5% loading of ethyl cellulose is required in order
to form a semisolid formulation, and a greater than 33% ethyl cellulose loading will create a
solid [55]. The mixture was stirred to disperse the powder. The vial was then heated to

160 °C, which is the melting point of ethyl cellulose for 10 minutes or until the oil became
darker and ethyl cellulose particles were no longer visible. For control experiments with no
drug, this mixture with oil and melted ethyl cellulose was set aside to gel at room
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temperature. To achieve dexamethasone loaded gels, the vials were immediately placed on a
hot plate set to 90 °C at which the mixture remains liquid. While continuing to stir the
mixture, dexamethasone particles were slowly added to achieve the desired drug loadings of
30, 50, 100, 150, 280 or 400 mg/mL. After stirring, some of the dexamethasone has
dissolved into the oil, while the excess drug remains in particle form dispersed throughout
the ethyl cellulose/oil mixture. After sufficient stirring to ensure the drug was well-mixed,
the formulation was poured into a syringe and cooled at room temperature to form an
oleogel.

c. Drug Release Experiment

Oleogels with dexamethasone were loaded into 1 mL syringes fitted with 22 gauge needles
(0.4 mm inner diameter). Drug devices of required mass were injected into a 20 mL vial
filled with PBS 1X. Saline has been used by ophthalmologists as a biocompatible aqueous
humor and vitreous substitute in vitreoretinal surgeries as well as by scientists in animal
trials [58,59]. Samples were taken from vials periodically and analyzed using a
ThermoSpectronic GENESYS ultraviolet—visible (UV-Vis) spectrometer to determine the
drug concentration. Because standard solutions of dexamethasone in PBS 1X have a max
absorbance peak at 241 nm [60,61], the spectra were obtained over the range of wavelengths
210 nm to 400 nm to ensure that the measured spectra reflected the spectra of the drug.
Figure 1 shows the spectra of a 0.05 mg/mL standard dexamethasone in PBS 1X solution
used for measurements. After measurement, the sample was returned to the vial. Each
experiment was conducted in triplicates.

d. Imaging
The oleogel devices were imaged periodically at 2x magnification to visualize the overall
appearance of the device and to visually observe whether the device degraded. To
microscopically image a section of the formulation, a thin slice was cut perpendicular to the
length of the expunged oleogel rod and placed on a microscope slide. The oleogel was also
imaged in a light microscope to determine whether the drug added to the formulation
dissolved completely or resulted in a dispersion of the drug particles. The solubility limit of
the drug was determined as the concentration above which the added drug did not
completely dissolve. The expunged oleogel devices were imaged periodically with a camera
placed 10 cm above the vial to determine changes in the device over time.

e. Model

The drug concentration in the oleogels is chosen to be higher than the solubility limit and so
it is expected that the cylindrical devices expunged from the syringe will contain
undissolved drug particles. These systems can be modeled as cylinders containing
undissolved drug particles which is the same configuration as explored previously for
designing cylindrical conjunctival inserts of cyclosporin A [62]. Although the oil phase
slowly dissolves into the fluid, this effect is neglected here for simplicity. Also, the external
fluid is considered to be a sink due to the very large volume compared to the gel volume.

The dexamethasone dissolved in the inserts first diffuses out into the surrounding medium to
lower the concentration of drug in the gel below the solubility limit. As oil phase drug
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dissolves into the PBS 1X, large drug particles suspended in the gel begin to dissolve into
the oil phase of the gel. These phenomena cause a depletion zone near the surface of the gel,
which is an area within the device that is devoid of dexamethasone particles, as illustrated in
Figure 2. We can assume that the concentration profile within the depletion zone follows the
pseudo-steady state hypothesis because the high drug concertation results in slow dissolution
compared to the time scale of diffusion in the shell.

The depletion zone, of thickness &, is located at a distance (~/-6) from r= 0, where R is the
total radius of the oleogel device. We hypothesize that the radial diffusive flux of dissolved
drug causes the depletion zone thickness to increase by 46. If the time scale of dissolution is
slower compared to the time scale for achieving steady state concentration profile in the
annulus, the diffusion of drug in the shell can be modeled as steady state diffusion, i.e.,

d( dC
which has the general solution
C=A+Blnr (2

where Cis the concentration of drug in the shell of the device, and A and B are constants
which can be determined using the boundary conditions

atr=[R-0), C=C* (3)

atr=R, C=0 (4)

where C* is the solubility limit of drug in oil. Based on the data, the overall transport is
limited by diffusion in the oleogel and so the boundary layer thickness in the PBS, &7, is
assumed to be zero. Therefore, at the interface 7= R, the concentration is equal to that in the
bulk aqueous phase, which is zero in our experiments due to the sink conditions. Using these
boundary conditions yields the following,

In(%)
Cocr—m R (5)

In(*2%)

and
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dc _ C* 1
dar r ()
In ( R )
The mass balance at /=R-8 gives
ds dc
CPE = DW 7

which implies that the diffusive flux is generated by dissolution of the particles. Combining
the mass balance from dissolution with equation (6), we get the following equation for
determining the depletion zone thickness as a function of time

do C* 1

ln( Lt

where C, is the initial concentration of drug in the gel and D s the effective diffusivity of
drug in the oleogel. Equation (8) is subject to the following initial condition

St=0)=0 (9)

The rate of drug transport from the oleogel to the fluid is given by

dM
T _pdc _
7 Dd 2zRL atr=R (10)

where MFis mass of drug and L is the length of the cylindrical device. The mass of drug in
the fluid is the product of the fluid volume and the time dependent concentration CP to yield
the following,

de,  _pc* 2L

T‘I(R 5V, (1)

where P is the total volume of PBS, the release medium used in the experiment. The
ordinary differential equations (8) and (11) are solved simultaneously using MatLab solver
ODEA45. The theoretical data modeled with these equations is fitted against experimental
concentration versus time data to estimate effective diffusivity.

However, at short times, the depletion zone, 6, is significantly less than the radius R, so the
Eq. (7) can be simplified to yield
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dé c*1
p
which can be reduced to
C*

This value for & can be combined with equation (5) to model concentration of drug in the
release medium at short time as

dc .
b_ _DPC ot (14)

Vb dr c*
2Dc—t
p
Dividing equation (14) by the initial mass of the drug in the gel

My =zR’LC, (15)

where M, is the initial mass of drug in the gel, gives the fractional release of drug at any
short time

2D C*t
f=2 R2C (16)

where fis the fractional release of drug. Equation (16) can be fitted against short time
experimental data to estimate the effective diffusivity D.

In the gel formulations in which the loading was below the solubility limit, drug completely
dissolved into the oil phase, and therefore no particles were present. For these formulations,
drug release follows a simple cylindrical diffusion model. It can be assumed that the
diffusion is one directional because the length of the device is much longer than the radius.

0’C DoC acC
b+ Ter=ar W

where (1, 9 is the total drug concentration in the oleogel at position rand time £ Using a
separation of variables method, this equation reduces to
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d’u | 1du

2
F rdr+0( u=0 (18)

which is a Bessel’s equation of order zero. Solutions for equation (18) can be obtained in
terms of Bessel’s equations which satisfy boundary conditions. Concentration profiles can
be solved given the boundary conditions

C=0 atr=Randt>0 (19)

C:Cp at0<r<Randt=0 (20)

where Cy, is the initial loading concentration of drug in the gel. The boundary condition (19)
is satisfied by

C= ) AJyx,rexp(-D o) (21)

n=1

where a., are the roots to

J(Rx,)=0 (22)

With an initial uniform concentration Cp, the solution to equation (17) is

X exp(—D ocrzl DI o(r )

c-C
)4 =1-
o, J (R, )

—— 2
Co-C, R

(23)
=1

for all cases in which the drug loading is lower than solubility limit.

V. Results and Discussion

Gel Properties

The solubility of dexamethasone in the oil phase was determined by preparing oleogels with
different concentrations of drug and observing the samples under a microscope to determine
the concentration above which particles were observed. The solubility of dexamethasone in
soybean oil was determined to be 30 mg/mL (Table 1). For comparison, solubility of
dexamethasone in saline is also included in the table.
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The density of the drug loaded oleogels is important because it will impact the settling of the
device after injection into the vitreous. The density of the devices loaded with 3, 5, 10, 15,
28 and 40% (w/w) drug were 0.950, 0.957, 0.975, 0.993, 1.04, and 1.083 g/mL, respectively.
Once expunged, the devices dissolve very slowly, limited by the minute solubility of oil in
aqueous solution. The ethyl cellulose backbone of the oleogel does not degrade, and devices
have been observed to remain stable in solution for 30 months. During the gelation process,
the ethyl cellulose remains stable at the 160 °C temperature required to induce melting.
Thermogravimetric profiles show that substantial mass loss and degradation does not occur
until well above 300 °C for soybean oil [65] and 200 °C for ethyl cellulose [66].

Figure 3A-C show snapshots of the drug-loaded oleogel device at various times after
expunging into a fluid reservoir. The devices maintain the cylindrical shape for the entire
duration due to the high viscosity. Figure 3D is the 2X magnified image of the formulation
showing a high concentration of rod like particles in the gel. Arrows in Figure 3(A, B, C)
point to the oleogel devices and that in 3D point to the particles.

To illustrate the size of our device in comparison with the existing devices, Figure 4 shows a
dexamethasone oleogel which has been expunged on a human thumb. The oleogel device’s
size can change depending on needle gauge and total mass of the injected formulation. In
our experiments, a 22 gauge needle (0.413 mm diameter) was chosen and the length of the
rod was set by the total volume required (3 mm — 22 mm). The RETISERT® implant is
rectangular in shape, and is 3 mm by 2 mm by 5 mm in size [35]. lluvien® is a 3.5 mm
length cylindrical tube with a 0.37mm diameter [32]. The cylindrical biodegradable implant
Ozurdex® is 6 mm in length with a 0.46 mm diameter [39].

Drug release profiles

The rate of drug release from the oleogels expunged into the phosphate buffered saline
(PBS) was measured by taking samples periodically and determining the drug concentration
by UV-Vis spectroscopy. The volume of the fluid (3-15 mL) was significantly larger than the
volume of the oleogel device (0.0009 - 0.0038 mL) so the release medium can be considered
to be a sink even for the very hydrophobic drugs. The mass of drug in the devices varied
with the loadings with 700 pg of drug loaded in the device with 28% loading. The dynamic
concentrations were used to calculate the fraction of the drug that is released. To explore the
effect of particle loading on release profiles of dexamethasone, multiple loading
concentrations including at or near solubility limit (3% and 5% dexamethasone loading) and
well above solubility limit (10%, 15%, and 28% dexamethasone loading) were examined.
The release profiles and release rates per day are plotted in Figure 5. Figure 5A shows a
profile of a loading below solubility limit and Figures 5 (B, C, D, E, F) show loadings above
the solubility limit. The error bars in the data are standard deviation of three independent
experiments.

The final measured concentration of drug in solution was 6.7 ug/mL for the 3% drug loading
device, 14.6 pg/mL for the 5% drug loading device, 38 pg/mL for the 10% drug loading
device, 38.4 pg/mL for 15% drug loading device, 58.5 pg/mL for the 28% drug loading

J Colloid Interface Sci. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Macoon et al.

Page 12

device, and 20 pg/mL for the 40% drug loading device. For all studies, the final measured
concentration of dexamethasone in solution is much higher than the maximum 1.11 + 0.294
pg/mL concentration in vitreous observed in Ozurdex® animal trials [67]. Although
Ozurdex® has been accepted for patient use by the FDA [68], dexamethasone at these
concentrations may cause some side effects, including ocular hypertension, cataract, vitreous
hemorrhage, and exacerbation or reoccurrence of ocular infections [69]. The toxicity of the
dexamethasone oleogel formulations /in vivo must be studied to determine the therapeutic
window of our devices. Further optimization of drug loading concentration as well as device
size can ensure that we balance efficacy with safety.

The devices with drug loading of 3% and 5% release drug for about 600 and 1400 hours
respectively, which is substantially less than the release durations from the devices with
higher drug loadings. For example, the 28% dexamethasone device released 85% after about
3000 hours and 40% device released 47.6% after 2660 hours. The long release duration
suggests a low solubility of dexamethasone in the oil phase, which is supported by the
microscopic images showing a high fraction of particles. The drug particles act as depots
that dissolve as the drug concentration decreases below the solubility limit due to diffusion
into the surrounding medium. The release can thus be described by Higuchi model for drug
particles dispersed in an ointment, which suggests that the release duration should depend on
the ratio of the drug loading and the solubility limit. The figures also include theoretical fits
based on the diffusion equation for the system in which the initial loading is below the
solubility limit and the Higuchi model developed earlier for the cases in which the initial
loading is above the solubility limit (Eg. 11). The values of diffusivities obtained for each
case are included in the figures. The diffusivity obtained from the gels below the solubility
limit are within the margins of experimental error. However, the diffusivities obtained from
the gels with higher drug loadings are lower significantly by more than an order of
magnitude, which suggests that the model does not accurately represent the system
developed here. We hypothesize that voids which form in the gel as particles solubulize into
the oil phase act as additional mass transport barriers. These voids are not considered in the
modeling equations, but may have an integral role in governing release duration. This role
may become increasingly apparent as the initial loading concentration of drugs is increased
because the number of voids will also increase.

Void Formation

Deviation from a purely Higuchi modeled drug release may be due to the formation of voids
within the oleogel device. As the drug solubilizes into the oil phase and releases from the
device, cavities form in the spaces which were once occupied by particles. Because of the
high viscosity of the formulation, the oil phase cannot conform to fill these voids. The voids
are likely filled with air or water. Transport of water through the oleogel is very slow due to
low solubility so the voids likely contain air. Figure 6 shows microscopic images of a
dexamethasone drug loaded gel before (6A) and after (6B) void formation. As a simple
means of establishing that the dark regions in Figure 6B are voids, we melted the gel in 6B
and then allowed it to solidify to form the gel. It was hypothesized that as the gel melts, it
becomes less viscous allowing air voids (bubbles) to aggregate and rise out of the
formulation to yield a clear gel, which is consistent with the image in Figure 6C. It is noted
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that we did not observe any water drops when the oleogel with voids was melted further
suggesting that the voids contain air.

Voids in the gel act as an additional transport barrier for drug release reducing the total area
available for transport and increasing the tortuosity. Transport barriers which increase
tortuosity in drug release has been previously discussed [70]. Additionally, as voids form
around imbedded particles, the surface contact area between the particles and the oil phase
of the gel diminishes, which could lead to additional decrease in release rates, but only if the
release rates are controlled by particle dissolution and not by diffusion through the gel. At
very high drug loadings, these factors could potentially even lead to particles which remain
trapped in the gel resulting is only a partial release of the drug. The effects of the voids could
be incorporated into the model by defining an effective diffusivity,

. 1-0-0

S
D,;;=D-=D—0——"" (24)

where D is the molecular diffusivity in the gel, ¢ is the particle loading, Js is the solubility
limit, e (=1- 9-) is the porosity and < is the tortuosity [71,72]. With increasing particle
loading, the porosity decreases and the tortuosity increases, which leads to a significant
decrease in the effective diffusivity [73,74]. The molecular diffusivity in the gel is the fitted
value from the loading below the solubility limit, and Dggis the fitted diffusivity from the
gels loaded with drug above the solubility limit. The data for the Dggcan be utilized to
calculate the tortuosity for each particle loading by using Eq. (24). The dependency of the
tortuosity on the porosity is shown in Figure 7. The dependency of tortuosity on porosity
have been extensively explored in the context of effective mass transfer in packed beds, It is
expected that the tortuosity should approach as the particle fraction reaches zero, i.e., the
porosity reaches one. The data in Figure 8 shows a decreasing trend in tortuosity as the
particle fraction decreases but does not appear to reach a limit of zero as porosity approaches
one. The most likely reason is potential underestimation of the diffusivity for the lower
particle loadings as evident from the poorer fits of the data in Figure 5 B-C compared to D-
F.

Comparison of dexamethasone release at different initial loading

We explored many different drug loadings of dexamethasone and their effect on release
duration. In order to easily compare these releases, the data from various experiments are
compared in Figure 8 for all formulations that contain dexamethasone. This is the same data
as shown in the previous sections but it is plotted as fractional drug release as a function of
time to clearly illustrate the dependency of the release duration on the drug loading. The data
for 40% loading is shown for longer duration compared to that in Figure 5 to show that the
release rates decrease considerably after about 1600 hrs. We hypothesize that the high
particle loading creates close to a percolating network of voids that leads to significant
slowdown in the drug release. Thus, a loading of 28% may be most appropriate for this
system.
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The results reported above are very encouraging particularly for high loadings of
dexamethasone, exhibiting release durations of a few months. The drug loading for
dexamethasone is comparable to that for currently commercialized devices. The release rate
could possibly be slowed down more by identifying an oil into which the drug dissolves to a
lesser extent such as medium-chain triglycerides. In fact, solubility limit of drugs in the oil is
the most important parameter for the drug release, so choosing a suitable oil can lead to
extended release for other drugs as well. If the oil with the low solubility is not a good
choice for gelation, a mixture of oils can be used, with one oil chosen based on solubility
criterion and the other chosen to achieve gelation. The choice of oil is critical also to achieve
controlled dissolution of the device. Ultimately it is preferable if the device disintegrates
through dissolution of the oil and clearance from the vitreous. It is preferable thus to choose
oil with a low but finite solubility in vitreous such as ethyl butyrate. The choice and
concentration of the gelator is important to ensure biocompatibility and also maintain the gel
after injection into the eye.

V. Conclusion

The results show that oleogels are promising for delivering ophthalmic drugs particularly to
the back of the eye. The oleogel based devices can achieve similar release performance as
commercial devices such as Ozurdex® and lluvien® [11, 33, 34, 38,40, 42]. Some of the
oleogel devices examined provided extended drug release of several months. These
formulations, when optimized for patient use, would significantly reduce the frequency of
injections from monthly [75, 76] to quarterly, or even bi-annually, reducing the potential for
retinal damage as well as costs. Using several different drug loadings, we have shown that
the release profile of dexamethasone is largely dependent on initial drug loading. The release
of drugs from the oleogel devices can be modeled accurately if the effect of the voids created
by dissolution of the particles are accounted through a tortuosity factor. The tortuosity is
useful in further increasing the release duration. Though the proposed oleogel devices
achieve similar release durations to current sustained-release steroid implants, the proposed
method is encouraging because of its flexibility to easily accommodate a host of different
drug particles. Thus, this work is an exciting improvement on existing devices, which are
often only manufactured for specific drugs [77]. Another advantage to this formulation is its
ability to be administered as an intravitreal injection. The procedure could be performed by a
retina specialist in a clinic setting using only topical anesthetics and a sterile technique
[78,79]. In this work we used the biocompatible gelator ethyl cellulose. While it may be
cleared slowly via uptake into retina cells or transport into the aqueous humor, future studies
may explore other biocompatible oleogel gelators including proteins, phytosterols, waxes,
sugar alcohols, and fatty acids [48-51] and their effect on dissolution. A controlled, complete
dissolution of the oleogel formulation after injection may be preferable to commercially
available RETISERT® and lluvien®, which are non-biodegradable, and may remain in the
eye indefinitely [80]. It is noted that the release profile from the device developed here is not
linear. While zero order release is desirable, it is not a requirement as long as the
concentration can be maintained within the therapeutic window. While these systems are
promising, considerable future work is needed to optimize the oleogel formulations for
specific indications, and testing safety and efficacy in animal models.
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Figure 1:
Absorbance spectra of dexamethasone at 0.05 mg/mL in PBS 1X.
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3.5 mlof PBS

C(r,t)=Concentration of drug inside the
depletion zone in insert.
D=Diffusivity of drug in the depletion zone
C, =Drug loading

C» = Concentration of dexamethasone in bulk
(release medium)
R = Radius of insert

8 = Thickness of depletion zone in the insert
8; = Boundary layer thickness in the fluid

Figure 2:
Model geometry illustrating drug diffusion from the particle loaded cylindrical oleogel

device to the surrounding fluid. Diffusion of dissolved drug into the fluid results in
dissolution of particles creating a shell of depletion zone with a core of particle-containing

gel.
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(A) (B) 79 days

(C) 124 days

D)

Figure 3(A, B, C, D):

Snapshots of the dexamethasone loaded (28% w/w) device expunged through a 22 gauge
needle at various times. (A) t = 0, (B) 79 days, (C) 124 days. (D) Microscopic image of the
dexamethasone drug gel formulation at 28% loading under 2x magnification.

J Colloid Interface Sci. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Macoon et al.

Page 22

Figure 4:
Photograph of the dexamethasone device on human thumb. Size of the device is set by

needle gauge size and desired mass of oleogel. The devices appear white due to the presence
of the dexamethasone particles.
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Release profiles and release rates per day for (A) 3% (= 70 pg) (B) 5% (= 160 pg) (C) 10%
(=400 ug), (D) 15% (= 450 pg), (E) 28% (= 700 ug), and (F) 40% (= 360 ug)
dexamethasone loading. The mass of drug loaded can be controlled without impacting the
release duration by changing the length of the device. The error bars are calculated from the

standard deviation of three independent experiments.
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Figure 6 (A, B, C):

All images are shown at 2x magnification. (A) Freshly formulated 5% drug loading
dexamethasone oleogel showing presence of particles (blue arrow) (B) Gel in (A) after 4
months drug release. Particles are no longer visible, but have been replaced by small circular
voids that are smaller in size and more uniformity in shape. The red arrow points to one of
the many voids located throughout the gel. (C) Gel in (B) after melting and solidification.
\Voids are no longer visible because the oil phase filled the spaces during the melting
process.
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Figure 7:
Dependency of the tortuosity on porosity in the particle loaded oleogels. Error bars are

calculated from the standard deviation of three independent experiments.
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Figure 8:
Effect of drug loading on dexamethasone release profiles. Error for each drug loading is

estimated from the standard deviation of three independent experiments.
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Table 1:

Solubility of Drug tested in Water and in the Oil Phase of the Oleogel

Page 29

Name of Drug

Dexamethasone

Indications

Central Retinal Vein Occlusion, Macular Edema, Diabetic Macular Edema,
Uveitis [63,64]

Solubility Limit
in PBS @ 25°C

89 ug/mL

Solubility Limit in
Oil Phase of Oleogel

30 mg/mL
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