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Abstract

Dipivefrine (dipivalyl epinephrine, DPE) is a dipivalic acid ester prodrug of epinephrine. The present study
evaluates the possible use of hydroxypropyl-b-cyclodextrin (HP-b-CD) or sulfobutyl ether b-cyclodextrin ((SBE)7m-
b-CD) in ophthalmic formulations of DPE in order to increase the aqueous stability of DPE. The solubility of DPE
was determined by phase-solubility method at pH 7.4 while the stability of DPE was investigated as a function of
temperature (37–70°C) and CD concentrations at pH 5.0 and 7.4. The effect of HP-b-CD and (SBE)7m-b-CD on the
aqueous phase to organic phase transfer kinetics was studied with an aqueous buffer/n-octanol system, while the
effect of (SBE)7m-b-CD on (in vitro) corneal uptake of DPE was studied with isolated rabbit corneas in order to
predict the ophthalmic bioavailability of DPE in the presence of CD. The negatively charged (SBE)7m-b-CD formed
significantly stronger inclusion complexes with the positively charged DPE (pKa=9.01) and enhanced the aqueous
stability of DPE significantly more compared to the neutral cyclodextrin HP-b-CD. At room temperature and at pH
values of 5.0 and 7.4, 9.2 mM (SBE)7m-b-CD increased the aqueous stability of DPE about 20- and 100-fold,
respectively, while 9.2 mM HP-b-CD increased the stability about four to five times. The phase-transfer and in vitro
corneal uptake studies suggested that the complexation of DPE with both CDs may decrease the ophthalmic
availability of DPE. © 1997 Elsevier Science B.V.
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1. Introduction

The properties of cyclodextrins (CDs) in oph-
thalmic drug delivery have been poorly under-* Corresponding author.
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stood until recently. Some recent reviews summa-
rize the factors which affect corneal penetration of
a drug after administration of the drug in CD
containing ophthalmic formulations (Van
Doorne, 1993; Järvinen et al., 1995a; Rajewski
and Stella, 1996). Coadministered CDs have in-
creased the corneal penetration, ocular absorption
or efficacy of poorly water-soluble drugs like dex-
amethasone (Kristinsson et al., 1996), dexam-
ethasone acetate (Usayapant et al., 1991),
cyclosporin (Kanai et al., 1989), acetazolamide
(Loftsson et al., 1994) and prostaglandins
(Wheeler, 1991). These positive results are at-
tributed to the higher concentrations of drug that
may be administered when aqueous solubility of
the drug is substantially increased with CDs. The
destructive effects of b-CD and dimethyl b-CD
on corneal epithelium may result in enhanced
drug absorption but damaging CDs are obviously
not suitable for ophthalmic preparations (Jansen
et al., 1990).

Still unresolved is whether non-damaging CDs
should alter the penetration of water-soluble
drugs across the cornea. It is reported that hy-
droxypropyl-b-CD (HP-b-CD) significantly in-
creases the miotic intensity of pilocarpine solution
(Freedman et al., 1993), but in another study
coadministration of HP-b-CD did not affect the
miotic activity of pilocarpine solution (Järvinen et
al., 1994). It is generally assumed that CDs and
drug/CD complexes do not penetrate across bio-
logical membranes (Nakanishi et al., 1989; Fri-
jlink et al., 1990). Consequently substantial
complexation of a relatively water-soluble drug
with CDs is expected to decrease ocular absorp-
tion due to a significant reduction in the fraction
of the free drug in precorneal area. Recently
a-CD was reported to increase the miotic effect of
pilocarpine, but possible toxic effects of a-CD on
the corneal epithelium were not evaluated
(Keipert et al., 1996). Non-damaging CDs might
be also suitable adjuvants for decreasing local
irritation of ophthalmic drugs by controlling drug
absorption to the cornea (Järvinen et al., 1995b;
Jarho et al., 1996).

Dipivefrine (dipivalyl epinephrine, DPE) is a
dipivalic acid ester prodrug of epinephrine which
releases epinephrine after corneal absorption

(Hussain and Truelove, 1976). DPE penetrates the
human cornea 17 times better than epinephrine
(Mandell and Stentz, 1978) due to its higher
lipophilicity at pH 7.2. Compared to conventional
2% epinephrine hydrochloride eyedrops, a 0.1%
DPE results in equivalent efficacy in lowering IOP
while side-effects are reduced (Kohn et al., 1979).
Therefore, DPE has currently replaced
epinephrine in glaucoma treatment. The main
pharmaceutical drawback of DPE is its low
aqueous stability which was solved by decreasing
the pH of eyedrops to 2.5–3.5 (USP DI, 1990).
However, acidic eyedrops are irritating and they
may result in decreased ocular bioavailability due
to induced lacrimation (Lee and Robinson, 1986).

The purpose of the present work was to study if
non-damaging CDs, HP-b-CD and a sulfobutyl
ether, b-CD ((SBE)7m-b-CD), can increase the
aqueous solubility and stability of DPE, and to
evaluate effect of CDs on corneal bioavailability
of DPE by in vitro methods.

2. Materials and methods

2.1. Chemicals

Dipivefrine hydrochloride was obtained from
Leiras (Turku, Finland), (SBE)7m-b-CD (Capti-
sol™, Mw=2160) from CyDex LC (Overland
Park, KS) and HP-b-CD (Encapsin™; Mw=
1383, degree of molar substitution 0.61) from
Janssen Biotech (Olen, Belgium). Sodium chloride
and methanol (HPLC grade) were purchased from
J.T. Baker (Denventer, The Netherlands), dis-
odium phosphate dihydrate from Merck (Darm-
stadt, Germany), hydrochloric acid from
Riedel-de Haen (Seelze, Germany), sodium hy-
droxide from Eka Nobel AB (Bohus, Sweden)
and T 61 vet. from Hoechst Veterinair GmbH
(Munich, Germany).

2.2. Apparatus

High performance liquid chromatography
(HPLC) was performed with a system consisting
of a Beckman solvent module 116, Beckman UV
detector (set at 215 nm) and System Gold data
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module (Beckman Instruments, San Ramon, CA),
a Marathon autosampler equipped with column
thermostat (Spark Holland, Emmen, The Nether-
lands) and a Rheodyne loop injector (Rheodyne,
Cotati, CA). A deactivated Supelcosil LC8-DB (15
cm×4.6 mm i.d., 5 mm) reversed-phase column
(Supelco, Bellefonte, PA) was used for the separa-
tions. The chromatographic conditions were as
follows: Injection volume, 20 m l; column tempera-
ture, 40°C; flow rate, isocratic at 1.0 ml/min. The
mobile phase used consisted of a 40% aqueous
monobasic potassium phosphate buffer (0.02 M,
pH 5.0) in methanol (for samples at pH 3.0 or 5.0)
or a 28% aqueous monobasic potassium phos-
phate buffer (0.02 M, pH 7.0) in methanol (for
samples at pH 7.4). An Orion SA 520 pH meter
(Orion Research, Boston, MA) equipped with a
combination pH electrode, was used for pH deter-
minations.

2.3. Solubility studies

The complexation of DPE with HP-b-CD and
(SBE)7m-b-CD was determined by using the
phase-solubility method of Higuchi and Connors
(1965). An excess amount of the DPE was added
to phosphate buffer solutions (0.16 M, pH 7.4,
ionic strength of 0.5) containing various concen-
trations of CDs (0–72.3 mM). The suspensions
were shaken at 25°C for 24 h and pH of the
suspensions was monitored during equilibration.
The pH of suspensions was adjusted to 7.4 with
HCl or NaOH, if necessary. After equilibration,
the suspensions were filtered through 0.45 mm
membrane filters and analysed by HPLC. The
intrinsic solubility (SO) of DPE in CD-free phos-
phate buffer (0.16 M, pH 7.4) was calculated as an
average of three observations.

2.4. Stability studies

The effects of HP-b-CD and (SBE)7m-b-CD on
aqueous stability of DPE were studied at pH 5.0
and 7.4. The studies were performed at elevated
temperatures (37, 50, 60 and 70°C) as a function of
CD concentration (0–9.2 mM). In addition, the
aqueous stability of DPE in the absence of CD
was studied at pH 3.0. The solutions (pH 3.0 and

5.0) were prepared by dissolving 2.0 mg of the
DPE in 10.0 ml of CD-containing aqueous phos-
phate buffer solution (0.16 M, ionic strength 0.5).
At pH 7.4, the solutions were similarly prepared,
except that the inidal concentration of DPE was
100 mg/ml due to solubility limitations. The solu-
tions were placed in a constant temperature and
the samples were taken at the appropriate inter-
vals. The remaining DPE was determined with the
HPLC methods described above. The pseudo-first-
order rate constants (kobs) and shelf-lives (t90%) for
the overall degradation of DPE were determined
from the slopes of the linear semilogarithmic plots
of remaining DPE versus time.

2.5. Interfacial transfer studies

The interfacial transfer studies were performed
by a modification of the method of Dollo et al.
(1996). The present studies were performed at
room temperature to simplify the method and the
volume of the organic phase and aqueous phase
were 100 ml and 200 ml, respectively. The two
phase device consisted of a beaker equipped with
glass-bladed impeller at the upper phase (n-oc-
tanol) and magnetised agitator at the lower phase
(0.16 M phosphate buffer, pH 3.0–7.4, m=0.5).
The rotation (in opposite directions) speed of both
of the agitators was 100 rpm. At the beginning of
the experiment, 50 ml of aqueous buffer contain-
ing 20 mg of DPE (with or without CD) was
added to 150 ml of the aqueous phase equilibrated
2 h with n-octanol. The final concentration of CD
in the aqueous phase was 2.3 mM. Samples of 300
m l were collected from the aqueous phase at ap-
propriate intervals and the remaining DPE was
determined by the HPLC methods described
above. The first order rate constant for the trans-
fer of DPE from aqueous phase to organic phase
and the half-life of the phenomenon were deter-
mined from the slopes of the linear semilogarith-
mic plots of remaining DPE at aqueous phase
versus time.

2.6. In 6itro corneal uptake study

The effect of (SBE)7m-b-CD on in vitro corneal
uptake of DPE was studied using the isolated
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corneas of pigmented rabbits and side-by-side dif-
fusion cells. DPE (5.0 mg) with or without
(SBE)7m-b-CD (250.0 mg) was dissolved in 10.0
ml of glutathione bicarbonated Ringer’s (GBR)
solution (without NaCl). The pH of solutions was
adjusted to 7.65 with NaOH or HCl and the
solutions were made isotonic with NaCl. The
rabbits (adult pigmented rabbits) were euthanased
by a marginal ear-vein injection of lethal dose of
T 61 vet. and (within 20 min) the corneas re-
moved and placed between the two cylindrical
compartments of the perfusion apparatus. It must
be pointed out that the rabbits were not killed
with the sole purpose of taking their corneas for
the present experiments but the corneas were iso-
lated from the rabbits that should have been
sacrificed anyway. The solution containing DPE
(3.2 ml) was added to the epithelial side of the
cornea and a similar solution (3.4 ml), without
DPE and (SBE)7m-b-CD, was placed to the en-
dothelial side. Samples (75 m l) were withdrawn
from the epithelial side for a period of 90 min and
at the same time, an equal volume of GBR solu-
tion was withdrawn from the endothelial side of
the cornea. After the experiment, the samples
were diluted and analysed by HPLC. The method
used in the present study is a modification of a
corneal penetration method which has been previ-
ously described in detail (Suhonen et al., 1991).

2.7. Statistical analysis of the results

For interfacial transfer studies and in vitro
corneal uptake studies, a one-factor analysis of
variance (ANOVA) was used to test the statistical
significance of the results. Significance in differ-
ences in means was tested using Fisher’s protected
least significant difference (PLSD) method at a
95% confidence level.

3. Results and discussion

3.1. Solubility studies

The phase-solubility diagrams (Fig. 1) were
classified as AL-type (Higuchi and Connors, 1965)

and the stability constant for a 1:1 inclusion com-
plex with HP-b-CD were calculated according to
Eq. (1).

K1:1=
Slope

(SO)(1−Slope)
(1)

where K1:1 is the stability constant for the complex
and SO is the solubility of DPE in the absence of
CD. The solubility (SO) of DPE in phosphate
buffer solution (pH 7.4) at 25°C was 4.4490.04
mg/ml (mean9SE, n=3). The stability constant
for the HP-b-CD/DPE complex was 1414 M−1.
The 1:1 stability constant for inclusion complex
formation between DPE and (SBE)7m-b-CD
could not be calculated because slope of the
phase-solubility diagram was not significantly dif-
ferent from unity (slope=1.042).

Based on the values of the slopes of the phase-
solubility diagrams, DPE forms stronger inclusion
complex with (SBE)7m-b-CD than with HP-b-
CD. DPE is an organic base with a pKa-value of
9.01 (Hagers, 1993), and therefore, it is positively
charged in an aqueous solution at pH 7.4. Elec-
trostatic interactions with negatively charged sul-
fobutyl groups may increase the complexation
of DPE with (SBE)7m-b-CD compared to HP-b-
CD, which has no ionizable groups in its struc-
ture (Okimoto et al., 1996). The difference in

Fig. 1. Phase-solubility diagrams of DPE with (SBE)7m-b-CD
(�) and HP-b-CD (�) at pH 7.4.
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Table 1
The observed shelf-lives (t90%) for degradation of DPE at pH
values 3.0, 5.0 and 7.4 at various temperatures and the calcu-
lated t90%-values (from Arrhenius plots) at 25 and 4°C

Temperature (°C) t90% (days)

pH 7.4pH 5.0pH 3.0

1.13 0.57 0.0370
0.050.9360 1.85

3.01 0.1050 5.00
8.63 0.4837 19.93

62.33 28.3925a 1.27
705.00 286.944a 12.33

a Calculated value.

(SBE)7m-b-CD concentrations formed a group
of lines with decreasing slopes with increasing
CD concentration.

The degradation rate of the drug, which
forms 1:1 inclusion complexes with CDs, de-
pends on the CD concentration according to the
following equation (Loftsson et al., 1989)

kobs=
ko+K1:1kc[CD]

1+K1:1[CD]
(2)

where, kobs is the observed rate constant for the
degradation of drug at known CD concentra-
tion, ko and kc are the rate constants for degra-
dation of uncomplexed and complexed drug,
respectively and K1:1 is the stability constant for
the 1:1-complex. The values for K1:1 and kc can
be determined from stability data by nonlinear
regression (Macintosh, KaleidaGraph) fit of data
to Eq. (2).

Eq. (2) assumes that CDfree=CDtotal i.e. CD
is present in excess of DPE concentration. How-
ever, in the present study, the lowest CD con-
centration in each experiment was 0.58 mM and
the initial DPE concentrations at pH 5.0 and
pH 7.4 were 0.52 mM and 0.26 mM, respec-
tively. In the case of (SBE)7m-b-CD, the strong
complexation made this assumption invalid.
Therefore for the (SBE)7m-b-CD study, the ini-
tial DPE concentration was decreased.

The results from curve fitting studies (Table 3)
show that DPE forms significantly more stable
inclusion complexes with (SBE)7m-b-CD than
with HP-b-CD. As discussed earlier, the electro-
static interactions with the negatively charged sul-
fobutyl groups of (SBE)7m-b-CD and positively
charged DPE may increase the complexation of
DPE with (SBE)7m-b-CD (Okimoto et al., 1996).
At both pH values, DPE molecules were mostly in
their ionized form, thus similar complexation ki-
netics were observed at pH 5.0 and 7.4. With
(SBE)7m-b-CD, the complexation of DPE de-
creased at higher temperatures suggesting a strong
enthalpic contribution to the interaction while
with HP-b-CD the complexation of DPE was
found to be relative independent of temperature.
The relative stability of DPE in the complexed
state as indicated by the kc values was also greater
for (SBE)7m-b-CD compared to HP-b-CD.

magnitude of K1:l between (SBE)7m-b-CD and
HP-b-CD was later confirmed from the results
of the stability studies.

3.2. Stability studies

The degradation of DPE followed the first-or-
der kinetics in the presence and absence of CDs
at all pH-values studied. The stability studies
were carried out at elevated temperatures (70,
60, 50, 37°C) and the stability of DPE at lower
temperatures were estimated using the Arrhenius
equation.

As expected the degradation rate of DPE in-
creased with increasing pH (Table 1). The
degradation rate of DPE was decreased by in-
creasing HP-b-CD and (SBE)7m-b-CD concen-
tration at pH values 5.0 and 7.4 for every
temperature studied (Table 2). Fig. 2 shows the
typical effect of HP-b-CD and (SBE)7m-b-CD
concentrations on the aqueous stability of DPE.
(SBE)7m-b-CD (9.2 mM) increased the aqueous
stability of DPE 15–30 times and 20–300 times
at pH 5.0 and 7.4, respectively. HP-b-CD (9.2
mM) increased the aqueous stability of DPE
only four to five times at both pH values stud-
ied. The Arrhenius plots formed parallel lines
with different CD concentrations both with HP-
b-CD and (SBE)7m-b-CD at pH 5.0. However,
at pH 7.4, the Arrhenius plots with different
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Table 2
The observed and calculated shelf-lives (t90%) for overall degradation of DPE (initial DPE concentrations 0.52 and 0.26 mM at pH
5.0 and 7.4, respectively) at various temperatures in aqueous solutions containing HP-b-CD and (SBE)7m-b-CD at pH values 5.0
and 7.4

Temperature t90% (days) relative stabilizationbpH

2.3 mM HP-b-CD 9.2 mM HP-b-CD 2.3 mM (SBE)7m-b-CD 9.2 mM (SBE)7m-b-CD

7.2/12.61.5/2.7 9.5/16.61.3/2.35.0 70
2.5/2.7 3.3/3.6 14.5/15.6 20.6/22.160

9.6/3.2 40.2/13.450 7.1/2.3 50.5/16.8
159.5/18.531.9/3.7 213.7/24.825.6/3.037

88.9/3.1 117.0/4.1 569.3/20.1 729.0/25.725a

1447.4/5.0 7468.0/26.04a 1074.8/3.8 9172.0/32.0

0.1/3.7 0.4/12.0 0.7/18.70.1/3.07.4 70
0.2/3.2 0.9/18.260 1.2/24.40.1/2.2

5.8/57.84.2/42.30.4/3.90.3/2.750
27.6/57.419.7/41.037 1.1/2.3 1.6/3.3

148.1/116.6114.2/89.925a 2.7/2.1 4.4/3.4
22.3/1.8 41.0/3.3 3310.5/268.54a 3971.4/322.1

a Calculated value.
b t90% with CD/t90% without CD.

Therefore the greater stability effect of (SBE)7m-
b-CD derive both from stronger complexation (as
indicated by the K1:1 values) and greater intrinsic
stability in the complexed state.

3.3. Interfacial transfer studies

Interfacial transfer studies were used as a pre-
liminary method to predict the likely effect of

HP-b-CD and (SBE)7m-b-CD on partitioning of
DPE to lipoidal membranes of the eye. The inter-
facial transfer method is based on the fact that
polar CD molecules are not expected to partition-
ing into the organic phase. However, drug
molecules will transfer due to their relative
lipophilic character. In two-phase models, it is
assumed that the transfer of drug from an
aqueous phase to an organic phase may reflect the
ability of the drug to be absorbed into the corneal
tissue. At the beginning of the experiment, both
drug and CD molecules were added to the
aqueous phase and, depending on the extent of
complexation of the drug with the CDs, the trans-
fer rate of drug to organic phase changed.

The ability of DPE to diffuse from an aqueous
phase (0.16 M phosphate buffer) into an organic
phase (n-octanol) was studied at pH 3.0, 5.0 and
7.4. In the presence of CDs, the studies were
performed only at pH 5.0. At all pH-values and
regardless of the presence and absence of CDs,
the diffusion of DPE from aqueous phase into
organic phase followed apparent first-order kinet-
ics. Table 4 shows determined first-order rate
constants (with or without CDs) at the pH-values
studied. In the absence of CDs the increase in pH

Fig. 2. Effect of increasing (SBE)7m-b-CD (�) and HP-b-CD
(�) concentration on shelf-life (t90%) of DPE at pH 5.0 (50°C,
m=0.5).
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Table 3
Pseudo-first-order rate constants for degradation of complexed (kc) and uncomplexed (ko) DPE in aqueous solution (pH 5.0 and 7.4)
containing HP-b-CD or (SBE)7m-b-CD at temperatures studied and calculated stability constants (K1:1) for inclusion complexes

(SBE)7m-b-CDHP-b-CDko×10−3(h−1)Temperature (°C)pH

kc×10−3 (h−1) ko/kckc×10−3 (h−1) ko/kc K1:1 (M−1) K1:1

0.38 1423820.25.0 117170 7.66 2.07 3.7
1991 0.20 23.4 2033660 4.71 1.12 4.2

2871619.70.0750 15341.46 0.39 3.7
0.02 28.237 0.51 0.12 4.3 2406 30384

6.74 21.17.4 70 141.91 33.12 4.3 98022284
2.07 1449945.660 149294.42 21.71 4.4

1261 0.58 76.7 3103350 44.27 7.82 5.7
60.8 6441537 9.18 2.40 3.8 1642 0.15

of the aqueous phase had no effect on measured
first-order interfacial transfer constants for DPE.
However, in the presence of (SBE)7m-b-CD (2.3
mM) or HP-b-CD (2.3 mM) the diffusion rate of
DPE from aqueous phase to organic phase de-
creased significantly (Fig. 3). As expected from
the relative binding constants (SBE)7m-b-CD
(k=2.52 min−1) had a greater negative effect on
the interfacial transfer of DPE compared to HP-
b-CD (k=16.03 min−1).

3.4. In 6itro corneal uptake study

The effect of (SBE)7m-b-CD on the corneal
uptake of DPE was studied in vitro by using the
isolated cornea of pigmented rabbits. (SBE)7m-b-
CD (11.5 mM) significantly decreased the in vitro
corneal uptake of DPE (Fig. 4). The calculated
first-order rate constants for the corneal uptake of

DPE with or without (SBE)7m-b-CD were 3.50×
10−4 min−1 and 2.96×10−3 min−1, respectively.

The concentrations of DPE and (SBE)7m-b-CD
for the in vitro uptake studies were five-times
larger than the concentrations of compounds at
interfacial transfer studies, due to lack of sensitiv-
ity in the analytical method. However, the molar
ratio (drug:CD, 1:9) of DPE and (SBE)7m-b-CD
was the same as in the interfacial transfer studies.

The results show clearly that the complexation
of DPE with (SBE)7m-b-CD decreases signifi-

Fig. 3. First-order plots (interfacial transfer study) for the
decrease of DPE concentration in aqueous phase containing
no CDs (�), 2.3 mM HP-b-CD (
) and 2.3 mM (SBE)7m-b-
CD (�) at pH 5.0. Each point represents the mean (n=3) with
SD smaller than the symbol size. �, Significantly different from
the value of DPE without CDs (PB0.05, by Fisher’s PLSD
test); c , significantly different from the value with HP-b-CD
(PB0.05, by Fisher’s PLSD test).

Table 4
Pseudo-first-order rate constants (k) for interfacial transfer of
0.26 mM DPE from aqueous phase (with or without CD) into
organic phase at pH-values studied (mean9SD, n=3)

k×10−3 (min−1)pH CD

3.0 — 25.4291.64

5.0 25.8791.33—
16.0390.632.3 mM HP-b-CD

2.3 mM (SBE)7m-b-CD 2.5290.23

— 28.4594.877.4
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Fig. 4. First-order plots (in vitro uptake study) for the de-
crease of DPE concentration at the epithelial side of the
cornea in the presence (�) and absence (�) of 11.6 mM
(SBE)7m-b-CD (mean9SD, n=3–4). �, Significantly differ-
ent from the value of DPE without (SBE)7m-b-CD (PB0.05,
by Fisher’s PLSD test).

order to increase the aqueous stability of water
soluble drugs. Complexation of a drug with CDs
may improve the pharmaceutical properties of the
drug but simultaneously may decrease ocular ab-
sorption. By increasing the viscosity of the eye-
drop solutions and therefore increasing the
residence time of solution on the precorneal area
it may be possible to overcome this problem.
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