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Abstract Due to anatomic barriers and lacrimal
drainage it is difficult to obtain therapeutic drug con-
centrations in the posterior part of the eye after topical
drug administrations. Lipophilic cyclodextrins, such as
randomly methylated f-cyclodextrin (RMpCD), are
known to act both as solubilizers of water-insoluble
drugs in aqueous solutions and as penetration enh-
ancers that reduce the barrier function of lipophilic
membranes. The purpose of this study was to investi-
gate the effects of RMBCD on dexamethasone delivery
from aqueous eye drop solution into rabbit eyes.
Dexamethasone (0.5 and 1.5% w/v) drops (50 pl) were
administered to the left eye of rabbits (n = 6) and the
drug levels measured in different eye tissues 2 h after
administration. In aqueous humor dexamethasone
levels were 1,190 +£ 110 and 1,670 + 630 ng/g
(mean = SD) after administration of the 0.5 and 1.5%
dexamethasone eye drops, respectively. In the retina
the levels were 33 + 7 and 66 + 49 ng/g, and in optic
nerve 41 +12 and 130 + 50 ng/g, respectively. In a
previous study the dexamethasone concentration in
aqueous humor after topical administration of 1.3%
(w/v) dexamethasone eye drops in aqueous 2-hy-
droxypropyl-fS-cyclodextrin (HPBCD) solution was
determined to be 320 + 230 ng/g and 66 + 20 ng/g
after administration of Maxidex® eye drops. Both the
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hydrophilic HPSCD and the lipophilic RMSCD en-
hance topical dexamethasone delivery into the eye, but
of the two, the lipophilic RMBCD results in higher
dexamethasone concentrations.
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Introduction

Drug delivery to the posterior part of the eye (e.g. to
retina, choroid, vitreous and optic nerve) is vital for
treatment of some of the most common blinding dis-
orders such as age-related macular degeneration, dia-
betic retinopathy, retinal vessel occlusion and
glaucoma. Due to anatomic barriers (i.e. cornea, con-
junctiva and sclera) and lacrimal drainage it is chal-
lenging to obtain therapeutic drug concentrations in
the posterior part of the eye after topical drug
administration. Topically applied drugs must be, at
least to some degree, soluble in the aqueous tear fluid
and at the same time they must be somewhat lipid-
soluble to be able to penetrate through the lipophilic
membrane barriers [1, 2]. In other words, for successful
formulation in aqueous eye drop solution the drug
must both be water-soluble (i.e. hydrophilic) and at the
same time lipid-soluble (i.e. hydrophobic) [3, 4]. The
continuous secretion of tear fluid adds to this difficulty
by limiting the contact time of topically applied drugs
with the eye surface which again reduces their ocular
bioavailability, especially from low viscosity aqueous
eye drop solutions [5]. Consequently, less than 5% of a
topically applied drug is absorbed through cornea into
the eye [6-8], or more specifically, into the anterior
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part of the eye. Drug delivery to the posterior part of
the eye is even more challenging due to the anatomical
and physiological barriers that separate the anterior
and posterior parts of the eye. Consequently, it is
generally thought that eye drops cannot deliver ther-
apeutic levels of drugs to the posterior segment of the
eye [9-11]. Therefore various approaches have been
developed where drugs are injected into the vitreous
cavity [12] or under the conjunctiva and various de-
vices have been invented that may be implanted into
the eye [11]. All of these approaches are based on the
premise that non-invasive topical methods to effec-
tively deliver drugs, such as corticosteroids, to the
posterior segment of the eye are not available, and
invasive methods are the only alternative [9-12].

The chemical structure of hydrophilic cyclodextrins
(i.e. the large number of hydrogen donors and accep-
tors), their molecular weight (i.e. greater than 970
Dalton) and their very low octanol/water partition
coefficient (log K, less than —3) are all characteristics
of compounds that do not readily permeate biological
membranes [13, 14]. Based on these observations it has
been suggested that hydrophilic cyclodextrin enhance
drug delivery through biological membranes by
increasing the availability of dissolved drug molecules
in an aqueous layer immediate to the lipophilic mem-
brane surface [15-17]. According to this model cyclo-
dextrins solubilize the lipophilic water-insoluble drug
molecules in the aqueous vehicle and enhance their
permeation through an aqueous diffusion layer at the
membrane surface. Cyclodextrins can only act as pen-
etration enhancers if permeation through an unstirred
water layer at the membrane surface, such as the
aqueous tear film, contributes to the overall barrier
function of the biological membrane [17]. Furthermore,
the physicochemical properties of the drug (e.g. its
solubility in water), the drug cyclodextrin concentration
ratio and the composition of the drug formulation (e.g.
aqueous or non-aqueous) will also determine whether
cyclodextrins will enhance or hamper drug delivery
through a biological membrane. Cyclodextrins are in
most cases unable to enhance drug permeation through
a lipophilic membrane barrier, and excess cyclodextrin
(more than is needed to dissolve the drug) will hamper
drug permeation through the membrane [18]. However,
there is one exception. The somewhat lipophilic and
surface active methylated cyclodextrins, such as ran-
domly methylated f-cyclodextrin (RMpCD), are
known, under certain conditions, to act as conventional
penetration enhancers, increasing drug permeability
through biological membranes by decreasing their
barrier function [19, 20]. Thus, since the somewhat
lipophilic and surface active RMfCD is both able to
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enhance drug delivery through the aqueous diffusion
layer as well as reducing the barrier function of the
membrane, this cyclodextrin derivative frequently
exhibits greater penetration-enhancing properties than
the more hydrophilic derivatives such as 2-hydroxy-
propyl-p-cyclodextrin (HPSCD). Since cyclodextrins
can both enhance and hamper drug delivery through
biological membranes it is of uttermost importance to
optimize cyclodextrin containing drug formulations
with regard to drug delivery from the formulations [15].
Too much or too little cyclodextrin can result in less
than optimum drug bioavailability.

The purpose of this study was to investigate the
effects of RMSCD on delivery of dexamethasone from
aqueous eye drop solution into the eye and to compare
the effects of this cyclodextrin with previous results
obtained with the more hydrophilic HPSCD [21].

Experimental
Materials

[1,2,4,6,7—3H]-dexamethasone in ethanol solution with
specific activity of 88 Ci/mmol was purchased from
Amersham Biosciences. Dexamethasone was pur-
chased form Sigma (Germany) and Bufa (Nether-
lands). Randomly methylated f-cyclodextrin with
degree of substitution 1.8 (RMSCD) was purchased
from Wacker-Chemie GmbH (Germany). Analytical
grade of disodium edetate dihydrate (EDTA) was
purchased from Merck (Germany). Hydroxypropyl
methylcellulose (HPMC) and benzalkonium chloride
were purchased from Sigma (USA). Soluene®-350
solubilizer, and liquid scintillation cocktails Hionic
Fluor™ and Ultima Gold™ were purchased from
Perkin Elmer (UK). All other chemicals used in this
study were commercially available compounds of spe-
cial reagent or analytical grade.

Methods
Solubility studies

A phase-solubility study was performed to determine
the exact amount of RMBCD needed to solubilize
dexamethasone in the eye drop medium. An excess
amount of dexamethasone was added to aqueous solu-
tion containing from 0 to 25% (w/v) RMpSCD,
benzalkonium chloride (0.02% w/v), EDTA (0.1% w/v),
sodium chloride (0.00-0.72% w/v) and HPMC (0.1%).
The suspensions formed were heated in an autoclave
(Midmark M7 SpeedClave, USA) in sealed containers
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to 121°C for 20 min. The suspensions were allowed to
cool to room temperature (22-23°C) and equilibrate
under constant agitation for 7 days. After equilibrium
was attained, the suspension was filtered through a
0.45 pm membrane filter, diluted and analyzed by
HPLC [22]. The phase-solubility diagram obtained in
the aqueous eye drop formulation was determined to be
of Ay -type [23].

Formulation of the eye drops

Cold solution: Aqueous 0.5 and 1.5% (w/v) dexa-
methasone eye drop solution was prepared by dis-
solving 250 or 750 mg of dexamethasone in 45 ml of
aqueous solution containing benzalkonium chloride
(10 mg), EDTA (50 mg), HPMC (50 mg), sodium
chloride (360 or 0 mg) and RMBCD (2.65 or 9.0 g) and
then filled up to 50 ml. The solution was heated in an
autoclave in sealed container to 121°C for 20 min. The
solution was allowed to cool to room temperature (22—
23°C) and equilibrate for 7 days. To prevent drug
precipitation during storage 10% excess RMBCD was
included in the aqueous eye drop formulation. The
osmolarity of the solutions was measured by the
freezing point depression method using a Knauer
Osmometer Automatic (Netherlands). The viscosity
was determined by a Brookfield digital viscometer
model DV-1+ (U.S.A.) operated at room temperature.
The osmolarity of the eye drops was determined to be
284 mOsm/kg. The viscosity was about 2.5 cps.

Dosing solution (labeled): The required volume of
radioactive dexamethasone ethanolic solution was
pipetted in a vial and ethanol allowed to evaporate
almost to dryness without precipitating the dexameth-
asone. Then, a required amount of dexamethasone eye
drop solution was added and that solution was shaken
for at least 2 h.

In vivo studies

Young, unanaesthetized female albino rabbits (HB
Lidkobings Kaninfarm, Sweden) were used. The rab-
bits were fed on a regular diet and weighed about 3 kg.
The study adhered to the ARVO declaration for the
use of laboratory animals in research. Eye drops
(50 pl) were instilled using a micropipette inside the
center of the lower cul-de sac of the left eye in six
rabbits. During instillation, the lower eyelid was pulled
slightly away from the globe and was returned to its
normal position immediately after instillation. Great
care was taken not to irritate the eye or to touch the
corneal surface. Blood samples were taken at 30 min
intervals. After two hours, the rabbits were sacrificed

by intravenous injection of sodium pentobarbital and
the left eye was proptosed and enucleated immediately
and rinsed with an isotonic saline solution. All solu-
tions were well tolerated by the rabbits and no mac-
roscopic signs of irritation, redness or other toxic effect
were observed.

Sample preparation

The aqueous humor was removed from the eye using
1 ml syringe attached to a 26-gauge needle and placed
in a polyethylene (scintillation) vial. One lateral inci-
sion was performed in the sclera (center of the eyeball)
and the eye was totally opened (anterior part and
posterior part). From the anterior part, the lens and the
iris-ciliary body were removed and the cornea was
separated from the remaining anterior sclera. From the
posterior part, the vitreous humor was emptied into a
vial, the retina was gently scraped away and the optic
nerve (about 2 mm) was cut off. While dissecting the
eyes, all the samples were immediately put in a dry
scintillation vials and weighed. Great care was taken to
prevent cross-contamination between individual tissue
samples and eye fluids. The entire procedure took less
than 15 min per eye so that any errors due to redis-
tribution of drug were minimized.

Quantitative determination of dexamethasone

Aqueous humor: About 10 ml of Ultima gold was ad-
ded to aqueous humor samples (about 0.2 g), the vials
were stoppered, shaken and kept in the dark for at
least 12 h prior to counting in a liquid scintillation
counter.

Blood samples: Blood samples were prepared by
adding 1 ml mixture of Soluene®-350:isopropanol to
0.1-0.2 ml of the blood and incubated at 50°C for
60 min. The vials were then allowed to cool down to
room temperature and 0.5 ml of 30% hydrogen per-
oxide solution was then added drop wise with swirling
to each vial for decolorization. The solutions were
allowed to stand at room temperature for 10 min. The
vials were then incubated again at 50°C for 30 min to
remove excess hydrogen peroxide. After cooling down
to room temperature, 10 ml of Hionic fluor™ was
added to each vial which were stoppered, shaken and
kept in the dark for at least 12 h prior to counting in a
liquid scintillation counter.

Other ocular tissue samples: Other tissue samples
were handled in the same way as the blood samples
except 0.5-2.0 ml of Soluene®-350 was added to the
samples depending on the size of the tissue sample. No
isopropanol or hydrogen peroxide was used and the

@ Springer



588

J Incl Phenom Macrocycl Chem (2007) 57:585-589

samples were incubated for 240 min at 50°C before
adding the Hionic Fluor™ (5-20 ml depending on
sample size). Dexamethasone was detected in all blood
samples and in all tissue samples from the eyes after all
three different routes of administration. Blank tissue
samples were spiked with various amounts of labeled
dexamethasone from the dosing solution and used as a
standard.

Results and discussion

During formulation of the dexamethasone eye drop
solution the exact amount of cyclodextrin needed to
solubilize 0.5 and 1.5% (w/v) dexamethasone in the
aqueous eye drop vehicle was determined from a phase-
solubility profile obtained in the same vehicle contain-
ing the preservative, polymer and all other additives.
Then about 10% excess cyclodextrin was included in
the vehicle to prevent drug precipitation during storage
and handling. Thus the 0.5 and 1.5% (w/v) dexameth-
asone eye drop solutions contained 5.3 and 18% (w/v)
RMpBCD and 0.72 and 0.0% (w/v) sodium chloride,
respectively. The eye drops were nonirritating isotonic
clear solutions. The viscosity of the solutions was
almost the same as water or about 2.5 cps (the viscosity
of water is 1.0 cps at room temperature). Table 1 lists
the concentration of dexamethasone after topical
application of 0.5 and 1.5% (w/v) dexamethasone eye
drop solution containing RMSCD. Significant amounts
of dexamethasone reached aqueous humour after top-
ical administration of the aqueous eye drop solutions
resulting in dexamethasone concentrations that were
2.5- to almost 9-times higher than after administration
of the commercially available product Maxidex® that
contains 0.1% dexamethasone as an alcoholic suspen-
sion and 0.01% (w/v) benzalkonium chloride (Table 2).
Notable are also the relatively high dexamethasone

Table 1 Concentration (ng/g) of dexamethasone in blood and
various ocular tissues 2.0 h after administration of 0.5 or 1.5%
(w/v) dexamethasone eye drop solutions in the rabbit
(mean + standard deviation; n = 6)

Tissue 0.5% Dexamethasone 1.5% Dexamethasone
Cornea 1,190 + 110 1,670 + 630

Sclera 450 = 140 230 = 120

Aqueous humour 170 = 80 580 + 230
Iris-ciliary body 140 + 40 550 + 290

Lens 11«3 19+9

Vitreous 11«3 22+9

Retina 33+7 66 + 49

Optic nerve 41 £ 12 130 + 50

Blood 265 45 £ 24

@ Springer

Table 2 Concentration (ng/g) of dexamethasone in aqueous
humor 2 h after administration of aqueous dexamethasone eye
drop solutions containing either randomly methylated fS-cyclo-
dextrin (RMBCD) or 2-hydroxypropyl-f-cyclodextrin (HPSCD)
in rabbits (mean + standard deviation; n = 4-6). The values for
1.3% dexamethasone/HPSCD eye drop solution and Maxidex®
were obtained from [21]

Dexamethasone conc.
Mean + standard
deviation (ng/ml)

Aqueous eye drop solution

0.5% Dexamethasone in RMfCD 170 = 76
1.5% Dexamethasone in RMSCD 580 + 230
1.3% Dexamethasone in HPSCD 320 + 230
Maxidex® (0.1% Dexamethasone) 66 + 20

concentrations in the posterior segment of the eye, i.e.
vitreous, retina and optic nerve, where the obtained
concentrations after topical administration of the 1.5%
dexamethasone solution are close to the estimated
therapeutic dexamethasone concentrations obtained
after subconjunctival injection or ocular implants [24,
25].

The dexamethasone concentration in aqueous hu-
mour was somewhat higher after topical administration
of the drug in a RMBCD containing vehicle compared
to a HPSCD containing vehicle and significantly higher
than after administration of the commercial eye drops,
Maxidex®, that contains 0.1% (w/v) dexamethasone as
an alcoholic suspension (Table 2). This was expected
since the lipophilic RMSCD does not only enhance
drug delivery through the aqueous tear film to the
lipophilic cornea and sclera but also reduces their
barrier function by penetrating into the membranes.
As a continuation of this project we are currently
developing aqueous eye drop solutions, containing
hydrophilic cyclodextrins that yield higher dexameth-
asone concentrations in vitreous, retina and optic nerve
than the RMPCD containing aqueous eye drop
formulations.
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