
Research paper

Considerations in the use of hydroxypropyl-b-cyclodextrin in the
formulation of aqueous ophthalmic solutions of hydrocortisone

Andrew R. Bary*, Ian G. Tucker, Nigel M. Davies

Formulation and Drug Delivery Group, School of Pharmacy, University of Otago, Dunedin, New Zealand

Received 23 February 2000; accepted in revised form 5 May 2000

Abstract

The in vivo ocular bioavailability of hydrocortisone (HC) in the NZW rabbit was determined following topical administration of solutions

containing HC (1%) with hydroxypropyl-b-cyclodextrin (HP-b-CD) alone, or containing the mucoadhesive, viscosity enhancing polymers

sodium hyaluronate (0.2 and 0.5% w/v) or Carbopol 934P (0.1% w/v). A 1% HC suspension was used as control. Formulation of HC as a

solution with HP-b-CD in the absence of polymer increased the bioavailability of HC in the aqueous humour by approximately 55% and

cornea by 75% when compared to suspension. Inclusion of either polymer did not result in any further increase in ocular bioavailability over

that noted for the polymer-free solution. The in vitro corneal permeability of HC was also evaluated. A linear relationship (r2 � 0:999) was

noted between corneal permeability and the concentration of free (uncomplexed) HC in solution. Permeability was greatest when formulated

either as a suspension, or as an HP-b-CD solution in which the concentration of free (uncomplexed) HC is equivalent to that of a saturated

solution. Thus, when using cyclodextrins in the reformulation of ophthalmic suspensions as solutions, consideration must be given to the

concentration of cyclodextrin used and to the bene®ts of including viscosity enhancing polymers. q 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Topically administered corticosteroids are used to treat

various ocular in¯ammatory disorders. Owing to their poor

aqueous solubility, they are formulated either as ophthalmic

suspensions of the lipophilic parent compound or as

aqueous solutions of a water-soluble derivative such as the

sodium phosphate salt. Steroids formulated as suspensions

or solutions have low corneal permeability due, in part, to

either low aqueous solubility of the steroid in the case of

suspension or poor partitioning of the hydrophilic steroid

derivative into the lipophilic epithelium in the case of the

water-soluble salt [1,2]. Consequently, the ocular bioavail-

ability of topically administered steroids has been estimated

at less than 0.5% [3±5]. Formulation of steroids as ophthal-

mic solutions, however, offers a number of advantages over

suspensions. Solutions are physically stable, free from

potentially irritating particles, can be readily sterilized

and, being homogeneous molecular dispersions, do not

suffer from variability in the administered dose [6].

To exploit the advantages of solution formulation and

retain the partitioning characteristics of the lipophilic parent

steroid, cyclodextrins (CDs) have received attention as

potential solubilizing agents for topical ophthalmic delivery

[7±10]. CDs are capable of forming water-soluble inclusion

complexes with many poorly water-soluble compounds

such as steroids by taking up the molecule in part or in its

entirety into its relatively hydrophobic cavity [11]. No cova-

lent bonds are formed between the drug guest and CD host

and the complex is in rapid equilibrium with free drug in

solution [12]. The size and hydrophilicity of CDs hinder

their absorption across biological membranes [13,14].

Consequently, they can potentially serve as a drug reservoir,

replenishing the free drug concentration at a membrane

surface by rapid dissociation as equilibrium is disturbed

following drug absorption. The driving concentration for

drug absorption can thus be maintained, provided the

formulation is retained at the membrane surface.

Literature reports concerning the effect of reformulating

ophthalmic suspensions as solutions using CDs are,

however, con¯icting. Papers have reported both an increase

in ocular bioavailability [7,15] and a decrease [10,16±18]
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when compared to suspension having the same total drug

concentration. The reason for these con¯icting reports is

presently unclear. Previously we have reported that a 1%

solution of hydrocortisone (HC), equivalent to that used

clinically, can be prepared at 308C by the addition of a

minimum of 69.7 mM hydroxypropyl-b-CD (HP-b-CD),

based on an association constant (Ka) of 0.636 mM21 [10].

When only the minimum amount of CD is added, the

concentration of free HC in solution ([HCf]) is equivalent

to that of a saturated solution ([S0]), being 0.972 mM (or

0.035% w/v). The aim of the present study was to assess the

ocular bioavailability of this HC/HP-b-CD solution

compared to a suspension and to further understand some

of the factors which in¯uence the ocular bioavailability of

steroid-CD systems including the effect of incorporating

viscosity enhancing polymers in the HC/HP-b-CD solution

formulations.

2. Materials and methods

2.1. Materials

Hydrocortisone was purchased from Sigma (MO) and

1,2,6,7-tritiated hydrocortisone (1 mCi/ml), tissue solubili-

zer (NCS-II) and aqueous and non-aqueous scintillation

¯uids (BCS and BCS-NA, respectively) were purchased

from Amersham (Buckinghamshire, UK). HP-b-CD (aver-

age molar substitution 1 and MW 1541) was a gift from

Cerestar Inc. (IN) and Carbopol 934P was from BF Good-

rich (OH). Sodium hyaluronate was purchased from Acros

Organics (NJ). All other materials were of at least reagent

grade. Distilled, deionized water was used in the preparation

of all aqueous solutions (Milli-Qw reagent water system,

Millipore, MA). Corneas used in the in vitro permeability

study were obtained from Large White/Duroc pigs 16±18

weeks of age and weighing approximately 50 kg. NZW

rabbits of either sex, weighing between 3.5 and 5.0 kg,

were used for the in vivo ocular bioavailability study.

2.2. Method

2.2.1. Effect of sodium hyaluronate and Carbopol 934P on

HC/HP-b -CD complexation

The effect of sodium hyaluronate (SH) and Carbopol

934P (CP) on the complexation of HC with HP-b-CD was

examined by phase-solubility analysis as described

previously [10]. Brie¯y, excess HC (80 mg) was added to

5.0 ml of isotonic phosphate buffered saline (pH 7.4) (PBS)

alone or containing 0.2 or 0.5% w/v SH, or 0.1% w/v CP and

increasing quantities of HP-b-CD (0±100 mM). The result-

ing systems were ultrasonicated in a bath for 5 min and then

mixed by rotating end-over-end (approximately 50 rev./

min) at 308C for 24 h. Following equilibration, the systems

were ®ltered through 0.45 mm cellulose acetate ®lters

(Millipore). The supernatants were immediately diluted

with water and total HC analyzed by stability indicating

HPLC assay. The HPLC system consisted of a 5 mm,

250 £ 4.6 mm CN Econosphere column (Alltech Associ-

ates, IL, USA) and mobile phase of 40% v/v acetonitrile

in water run at a ¯ow rate of 1 ml min21. A sample of

50 ml was injected and the ef¯uent was monitored at 254

nm. The retention time of HC under these conditions was

4.0 min, which was completely resolved from its degrada-

tion products. The intra-day and inter-day coef®cients of

variation for the assay were less than 1% in all cases and

were not affected by the presence of HP-b-CD. The associa-

tion constant (Ka) for the complex formed was estimated

from the slope of the linear, ascending portion of the

phase-solubility curve and the determined aqueous solubi-

lity of HC (n � 6).

2.2.2. Preparation and characterization of HC formulations

for in vivo ocular bioavailability and in vitro corneal

permeability studies

For the in vivo bioavailability study, 1.0% w/v HC in PBS

was formulated either as a suspension (all particles ,50 mm,

as con®rmed by light microscopy) or as a solution with HP-b-

CD (69.7 mM), with or without polymer. Tritiated hydrocor-

tisone ([3H]HC) was used to estimate the concentration of

HC in ocular tissues and ¯uids. Tritium labelling was accom-

plished by the addition of 0.6 ml of [3H]HC (equivalent to

600 mCi) to 2 ml of 10 mg/ml non-tritiated HC in ethanol,

mixed and evaporated to dryness under nitrogen. For suspen-

sion preparation, the dried residue was ground to a ®ne

powder using a glass rod, and suspended with the aid of

ultrasonication in 2.0 ml of PBS. For the HC/HP-b-CD solu-

tions, 2.0 ml of PBS containing 69.7 mM HP-b-CD alone or

with either 0.2 or 0.5% w/v SH or 0.1% w/v CP was added to

the dried residue and ultrasonicated for 5 min to facilitate

complete dissolution. The viscosity of each solution was

determined using a Brook®eld model DVIII rheometer

(MA) operated at 30.0 ^ 0.18C, ®tted with a small volume

CP-42 cone and plate.

For the in vitro corneal permeability study, 0.2% w/v HC

was formulated in PBS either as a suspension (all particles

,50 mm) or its complex with HP-b-CD containing either

11.9, 21.3 or 39.4 mM CD. The concentration of free HC in

solution ([HCf]) was therefore 0.035% w/v for the suspen-

sion and 0.035, 0.018, and 0.009% w/v, respectively, for the

three solutions based on the estimated Ka. Tritium labelling

and preparation were performed as described above, by

adding 0.2 ml of [3H]HC (equivalent to 200 mCi) to 5 ml

of 2 mg/ml HC in ethanol.

The concentration, chemical stability, speci®c activity

and radiochemical purity of each formulation for both in

vivo and in vitro studies was con®rmed by HPLC and liquid

scintillation counting (Beckman LS3801, CA). In all cases,

the radiochemical purity of [3H]HC was greater than 97%

and the chemical purity was greater than 99%. The speci®c

activities of HC used in the in vivo and in vitro studies were

30 and 20 mCi mg21, respectively.
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2.2.3. In vivo ocular bioavailability study

The study was approved by the University of Otago

Animal Ethics Committee in compliance with the Institu-

tional Code of Ethical Conduct, as required by The Animals

Protection Regulations 1987 which regulate the use of

animals in research, testing and teaching in New Zealand.

Twenty-®ve microlitres of one formulation was instilled

into the lower conjunctival cul-de-sac of both eyes of each

rabbit after gently pulling the lower eyelid away from the

globe to form a pocket. The eyelid was then gently returned

and held against the upper lid for 30 s following instillation.

Both eyes were dosed within 1 min. At 20, 40, 60, 90, 120 or

180 min post-instillation, an anaesthetic dose of sodium

pentobarbitone was administered via the marginal ear

vein. Tears were sampled by soaking a paper strip (Perio-

paperw, IDE Interstate, NY) in the lower conjunctival sac of

each eye. A sample of blood was collected from the heart.

Rabbits were then sacri®ced by a lethal dose of sodium

pentobarbitone and samples of various ocular tissues and

¯uids were collected. The [3H]HC level in the various ¯uids

and digested tissues was estimated by liquid scintillation

counting and converted to total HC per gram of wet tissue

or ¯uid.

The AUC0±3 h (mg min g21) of the mean HC concentration

(n � 6) versus time curve for each wet tissue or ¯uid was

calculated according to the method of Yuan [19] and

compared by multiple comparisons t-test with a Bonferroni

adjusted level of signi®cance of 0.017. The mean residence

time for HC in each tissue or ¯uid was estimated by dividing

the area of the ®rst moment pro®le (AUMC0±3 h) by the

AUC0±3 h for each formulation. The ocular bioavailability

of the HC/HP-b-CD solution containing CP was determined

on a separate occasion to those containing SH. A 1% w/v

suspension was included in both studies. No signi®cant

difference in bioavailability was observed between studies

for the two suspension formulations and therefore the data

was pooled and used for statistical comparison with the HC/

HP-b-CD formulations.

2.2.4. In vitro corneal permeability studies

The diffusion of HC through porcine cornea in vitro was

monitored using acrylic side-by-side diffusion cells based

on those described by Camber [20]. The apparatus consisted

of a donor compartment (epithelial side, 1.0 ml formulation)

and receptor compartment (endothelial side, 3.0 ml

glutathione bicarbonate Ringer (GBR)) maintained at

308C. Corneas were clamped between each compartment

exposing 0.785 cm2 of the corneal surface to formulation

and receptor medium. A gas mixture of 95% O2 and 5% CO2

was passed through both donor and receptor compartments

to facilitate stirring and oxygenation. On the day of study,

corneas were excised, rinsed with GBR and mounted into

the cells within half an hour of sacri®ce of the animal, taking

care to avoid damage to the corneal surface. Test formula-

tion and GBR were placed in the donor and receptor

compartments, respectively, and at various time intervals

up to 6 h, 400 ml of receptor ¯uid was removed with repla-

cement and analyzed for [3H]HC by scintillation counting.

Corneas showed no visible signs of change over this period,

which is in agreement with Camber et al. [21] who demon-

strated that under the conditions described, corneas did not

change and remained viable for at least 4 h. The apparent

permeability coef®cient of HC was estimated by non-linear

regression of the cumulative mass of HC in the receptor

¯uid versus time pro®les for each formulation during non-

steady and steady state conditions using Eq. (1) modi®ed

from Crank [22]

Qt � k1A�HCf� k2t 2
1

6
2
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n�1
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where Qt is the cumulative mass of HC diffusing across the

cornea into the receptor compartment under sink conditions

at time t, [HCf] is the concentration of free HC, A is the area

of cornea exposed to the donor compartment and k1 and k2

are given by Eq. (2) enabling the calculation of Papp

Papp � k1k2 �
DKp

L
�2�

This avoids the necessity for the independent determination

of the partition coef®cient (Kp), diffusion coef®cient (D) and

the diffusion path-length (L) [23]. Implicit in this model is

the assumptions that the cornea and aqueous diffusion layers

are a homogeneous plane sheet, [HCf] in the donor compart-

ment is not depleted and diffusion occurs under sink condi-

tions.

Upon completion of the permeability studies, the cornea

was removed from the cell, rinsed with GBR and blotted dry

with lint-free tissue. Samples of intact cornea, cornea minus

epithelium and epithelial cells (collected by gentle scraping

of the corneal surface with a scalpel) were collected. The

[3H]HC level in the digested tissue was estimated by liquid

scintillation counting and converted to total HC per gram of

wet tissue. The radiochemical purity and chemical stability

of the HC in the receptor phase was again con®rmed as

described (see Section 2.2.2).

3. Results and discussion

3.1. Effect of SH and CP on HC/HP-b-CD complexation

HC has an aqueous solubility ([S0]) of 0.972 mM in PBS

at 308C and forms a 1:1 inclusion complex with HP-b-CD

having a Ka of 0.636 mM21 [10]. These values were

con®rmed in the present investigation. The slope of the

phase-solubility pro®le, representing complexation of HC

with HP-b-CD, was not affected by addition of SH at

concentrations of 0.2 or 0.5% w/v, or CP at a concentration

of 0.1% w/v (P . 0:05) although slight increases in [S0]

were observed (Table 1). The observed lack of effect of

these two polymers on complexation of HC with HP-b-

CD at the concentrations investigated is in contrast to that
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noted for a number of CDs, guest compounds and polymers

[8,24±26]. However, an optimum polymer concentration

seems to be necessary to achieve such effects, with little

effect being observed above or below this concentration

[24]. Thus, the lack of effect noted in the present study

may be a result of the polymer or concentration used.

At the polymer concentrations used, both SH and CP

appeared to exhibit Newtonian ¯ow behaviour over the

shear rates studied. The viscosities of the resulting solutions,

which were used in the in vivo bioavailability study, are

listed in Table 1.

3.2. In vivo ocular bioavailability study

Fig. 1 illustrates the relative bioavailability (AUC0±3 h) of

the formulations investigated in the various ocular tissues,

¯uids and blood when compared to a 1% w/v suspension

formulation. The relative bioavailabilities and the mean

residence times in the cornea and aqueous humour are docu-

mented in Table 2.

Formulation of HC as a solution with HP-b-CD in the

absence of polymer signi®cantly increases the bioavailabil-

ity of HC in aqueous humour, cornea, iris and sclera

compared to suspension (Fig. 2). An increase of approxi-

mately 75% is noted in the HC levels of the cornea, often the

target tissue for corticosteroids, and 55% in the aqueous

humour, which is traditionally used as a measure of the

ocular bioavailability of ophthalmic formulations.

The increase in ocular bioavailability resulting from

reformulation of HC as a solution with HP-b-CD is in

contrast to that previously reported for an HC/HP-b-CD

solution formulation [10]. In the present study, only 69.7

mM HP-b-CD was used to solubilize the HC as compared to

90 mM used by Davies et al. [10]. The addition of 69.7 mM

HP-b-CD to a system containing 1% w/v HC is suf®cient to

complex only the amount of HC which is in excess of [S0].

Thus, when HC is formulated with 69.7 mM HP-b-CD,

[HCf] is equal to [S0], being 0.972 mM. Under these condi-

tions, [HCf] is equivalent for both the solution and suspen-

sion formulations. The addition of more CD results in a

reduction of [HCf] as the equilibrium between free and

complexed guest depends on the concentration of both

CD and the guest. Using a [S0] of 0.972 mM and a Ka of

0.636 mM21, it can be calculated that [HCf] following addi-

tion of 90 mM HP-b-CD is 0.668 mM, which represents a

31% reduction in the free concentration of HC in the system.
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Fig. 1. Relative bioavailability of HC in various ocular tissues and ¯uids and serum following instillation of a 25 ml dose of HC/HP-b-CD solution containing

no polymer (A), 0.2% w/v SH (p), 0.5% w/v SH (o) and 0.1% CP ( ) compared to suspension. Values represent mean, n $ 6.

Table 1

Physicochemical properties of HC/HP-b-CD/polymer systems determined at 308C

Polymer Concentration (% w/v) [S0] (mM)a Ka (mM21)a h (mPa s)

± ± 0.972 ^ 0.108 0.636 ^ 0.011 1.13

CP 0.1 0.978 ^ 0.056 0.619 ^ 0.023 1.54

SH 0.2 0.983 ^ 0.117 0.644 ^ 0.074 3.63

SH 0.5 0.992 ^ 0.109 0.635 ^ 0.055 11.17

a Mean ^ SD, n � 6.



Thus, to exploit the bene®cial effect of CDs in ocular drug

delivery, it would appear that the amount of CD used must

be optimized so that only the drug that is in excess of its

solubility is complexed. Over-complexation by addition of

excess CD appears to reduce ocular bioavailability.

Both SH and CP have received attention in ophthalmic

drug delivery as a means of increasing the pre-corneal reten-

tion of solution formulations. Both are anionic polymers

capable of interacting with the mucous overlying an absorb-

ing membrane, which can lead to an increase in the retention

of the formulation at that site. Consequently, the pre-ocular

retention of solution formulations containing either polymer

is prolonged to a greater extent than would be expected from

viscosity effects alone [27,28]. The mucoadhesive property

of these two polymers has been used with some success to

increase the ocular bioavailability of a number of

compounds formulated as solutions [28±35]. In the present

study, no signi®cant increase in relative bioavailability of

HC was noted following inclusion of either CP or SH when

compared to the polymer-free solution formulations.

Further, no signi®cant increase was noted in the MRT

values in either the cornea or aqueous humour for the poly-

mer formulations, despite obvious visual signs of the

presence of a polymer ®lm in the pre-corneal area for a

prolonged period commensurate with the slight increase in

the AUC0±3 h of HC in the tears.

A possible explanation for this lack of effect may reside

in the physicochemical properties of HC, which has an octa-

nol/water partition coef®cient of 35.7 [36]. Grass and

Robinson [37] proposed that increasing the pre-corneal

retention of lipophilic compounds having log partition coef-

®cients ranging from 1 to 4 did not increase their ocular

bioavailability as these compounds quickly partitioned

into the corneal epithelium. Therefore, incorporation of

viscosity enhancing polymers in solutions of poorly water-

soluble drugs formulated with cyclodextrins may not yield

the bene®ts reported for hydrophilic compounds. The results

of Jarho et al. [17] for the limited effect of poly(vinyl alco-

hol) on the ocular bioavailability of the lipophilic prodrug

O 0,O-dipropionyl-(1,4-xylylene) bispilocarpate formulated

with a modi®ed b-cyclodextrin are in agreement with that

observed in the present investigation.

Of note is that the AUC0±3 h of HC in the tears was signif-

icantly higher (P , 0:05) following administration of the

suspension compared to solution (8173 and 1279 mg min

g21, respectively) suggesting that HC particles may be

retained in the pre-corneal area for an extended period

following instillation. This is supported by the ®ndings of

Sieg and Robinson [3] who demonstrated that signi®cant

levels of ¯uorometholone exist in the conjunctival sac for

an extended period following ocular administration of a

suspension when compared to a saturated solution.

Increased pre-corneal retention of HC suspension in the

pre-corneal area, however, is not translated to an enhanced

bioavailability in the aqueous humour or cornea when
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Fig. 2. AUC0±3 h (mg min g21) of HC in ocular tissues following instillation of a 25 ml dose of HC/HP-b-CD solution containing no polymer (A), 0.2% w/v SH

(p), 0.5% w/v SH (o) and 0.1% CP ( ) or suspension (B). Values represent mean ^ SD, n $ 6.

Table 2

Effect of SH and CP on the AUC0±3 h (mg min g21) and MRT (min) of HC in

aqueous humour and cornea when formulated as a solution with HP-b-CD

relative to suspension

Formulation AUC0±3 h and (MRT) relative to

suspension

Aqueous humour Cornea

No polymer 1.49 (0.89) 1.74 (0.81)

SH 0.2% w/v 1.64 (0.88) 1.70 (0.95)

SH 0.5% w/v 1.51 (0.97) 1.79 (0.89)

CP 0.1% w/v 1.57 (0.99) 1.68 (1.03)



compared to an HC/HP-b-CD solution of equal concentra-

tion.

3.3. In vitro corneal permeability studies

The permeability of HC through porcine cornea formu-

lated as a 0.2% w/v suspension and solution formulation

containing various concentrations of HP-b-CD is reported

in Table 3. The addition of 11.90 mM HP-b-CD to a 0.2%

w/v suspension is suf®cient to complex only the fraction of

HC which is in excess of [S0]. Thus, [HCf] in both solution

and suspension formulations is equal, being 0.972 mM.

Under these conditions, the corneal permeability of HC

from both formulations is equivalent. The addition of

greater than 11.90 mM HP-b-CD to a system containing

0.2% w/v HC results in a reduction of [HCf]. The addition

of 21.30 and 39.37 mM HP-b-CD results in a 50 and 75%

reduction of [HCf], respectively (Table 3). Thus, a linear

relationship exists between corneal permeability and [HCf]

(r2 � 0:999). The y-intercept of the plot of corneal perme-

ability versus [HCf] is not signi®cantly different from zero

(P . 0:05), suggesting that complexed HC does not perme-

ate the cornea and that CD does not perturb the membrane

resulting in enhanced absorption. The ocular biocompatibil-

ity and apparent inability of the CD/drug complex to perme-

ate the cornea is in agreement with previous reports [38±40].

The observed reduction of the in vitro corneal permeability

of HC by decreasing [HCf] may explain the observation of

Davies et al. [10] where a decrease in the ocular bioavail-

ability of a 1% HC formulation solubilized with 90 mM HP-

b-CD was observed. The addition of excess HP-b-CD in the

study resulted in a reduction of [HCf] by 31%.

Table 4 summarizes the concentration of HC in the intact

cornea, epithelium and combined stroma and endothelium

following completion of the in vitro permeability study (6

h). The distribution of HC in the cornea is the same for both

suspension and HP-b-CD solution containing 11.90 mM CD

with the lipophilic epithelium having an approximately six

times higher concentration of HC than the hydrophilic

stroma and endothelium. Thus, addition of HP-b-CD does

not alter the distribution of HC in the cornea. In all cases the

total amount of HC in the cornea and receptor compartment

after 6 h was less than 1.8% of [HCf], which is equivalent to

0.3% of the total HC in the donor compartment at t � 0.

4. Conclusion

Formulation of 1% w/v HC as an HC/HP-b-CD solution

containing 69.7 mM CD results in an approximately 60%

increase in ocular bioavailability compared to suspension in

the NZW rabbit. In vitro, the corneal permeability of HC is

directly proportional to [HCf] and is the same whether it is

formulated as a suspension or HC/HP-b-CD solution,

provided that �HCf� � �S0�. This suggests that the increase

in ocular bioavailability in vivo is not a result of enhance-

ment of corneal permeability. The linear relationship

between permeability and [HCf] may explain the reduced

in vivo ocular bioavailability of HC when formulated with

90 mM HP-b-CD compared to suspension noted by Davies

et al. [10]. Thus, it is critical when formulating ophthalmic

solutions of poorly water-soluble compounds using CDs

that the amount of CD used in the formulation is limited

to that required to complex only the fraction of drug which

is in excess of [S0]. As such, the free concentration, and

hence driving concentration, of the drug is maintained at

its maximum. The amount of CD required can be calculated

knowing both the aqueous solubility of the drug and Ka, but

the values should be accurately determined otherwise errors

may result which can translate to reduced ocular bioavail-

abilities.

In the present study, the mucoadhesive, viscosity enhan-

cing polymers SH and CP were used to increase the pre-

corneal residence of HC/HP-b-CD solution formulations.

Despite visual evidence of a prolonged pre-corneal resi-

dence of the polymer solutions compared to a polymer-

free solution, supported by slight increases in the AUC0±3 h

of HC in the tear ®lm, the inclusion of polymer did not result

in any further increase in ocular bioavailability over that

observed for the polymer-free solution formulation. The

pre-corneal retention of drug is also enhanced by formula-

tion as a suspension compared to a solution. However,

prolonged retention of particulates in the cul-de-sac and

inner canthal region does not translate to an enhanced ocular
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Table 3

In vitro corneal permeability of HC at 308C formulated as suspension or

HC/HP-b-CD solution containing different concentrations of HP-b-CD

Formulation (HC

0.2% w/v) (mM)

[HCf] (% w/v)a Apparent

permeability

coef®cient

(Papp £ 1026 cm

s21) (n)

Suspension 0.035 2.97 ^ 0.6 (10)

HP-b-CD (11.90) 0.035 3.12 ^ 0.8 (10)

HP-b-CD (21.30) 0.018 1.57 ^ 0.2 (4)

HP-b-CD (39.37) 0.009 0.72 ^ 0.4 (4)

a Calculated based on Ka � 0:636 mM21 and �S0� � 0:972 mM.

Table 4

Concentration of HC (mg/g ^ SD, n � 8) in the cornea following completion of permeability studies

Formulation (HC 0.2% w/v) Intact cornea Cornea minus epithelium Epithelium

Suspension 97.8 ^ 11.0 65.9 ^ 9.5 398.4 ^ 48.7

HC/HP-b-CD solution (11.90 mM CD) 106.9 ^ 9.80 66.8 ^ 10.1 388.6 ^ 35.2



bioavailability when compared to an HC/HP-b-CD solution

where �HCf� � �S0�. In conclusion, HP-b-CD can be useful

in the reformulation of suspensions of poorly soluble

compounds as solutions for ocular drug delivery with asso-

ciated enhancement of ocular bioavailability. The mechan-

ism for this increase in bioavailability remains to be fully

elucidated.
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