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Chiral B-blockers for transdermal delivery
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Abstract

An investigation of the role of drug chirality on transport through the skin was conducted. It was shown that the
ratio of enantiomer to racemate flux through the skin can be predicted from thermal analysis data. The melting
temperature-membrane transport (MTMT) concept and an equation for calculating the enantiomer/racemic flux
ratio through the skin, which uses the thermal characteristics of the compound, are presented. The concept predicts
a significant difference in skin transport rates in those cases where there are large differences in melting
temperatures between the pure enantiomers and racemate. Thermal analysis was carried out for three B-blocker
chiral molecules: atenolol, alprenolol and propranolol. Propranolol free base showed a difference between racemate
and enantiomer melting points of 21°C. By using the MTMT model, the predicted ratio of enantiomer /racemic
fluxes through the skin was found to be 3.2. This predicted ratio was confirmed in experiments conducted on
Testskin™ and human cadaver skin with solutions of propranolol base isomers and racemic compound in propylene
glycol. The 3-fold greater skin permeation of the S-(—)-enantiomer vs the racemic compound, along with the 2
orders of magnitude greater pharmacological effect reported for this isomer, make this enantiomer the candidate of
choice for transdermal delivery of propranolol.
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1. Introduction oral or parenteral route (Caldwell, 1992; Nerurkar

et al, 1992; Wechter, 1992). A comprehensive

For more than a decade a large number of review of chirality in drug development was re-
publications have focused on the effect of stereo- cently published by Fassihi (1993).

chemistry on drug action, metabolism, disposition The investigation of skin as a portal of entry

and bioequivalence after administration by the for chiral molecules is an increasingly active and

exciting field. Benezra and colleagues (1985) have

. shown enantiospecificity in allergic contact der-
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mal administration of the active enantiomer of a
dopamine D-2 receptor agonist for prolonged re-
versal of parkinsonian motor deficits in man.

Lawter and Pawelchak (1989) showed that for
nilvadipine, a calcium channel blocker, the flux
through human cadaver skin of the pure enan-
tiomer was about 7-fold higher than that of the
racemate. The authors proposed that, for chiral
substances such as nilvidapine which form racemic
compounds and for which the melting point of
the racemate is higher than that of the pure
enantiomer, the enantiomer has a greater skin
permeation. In this case, the melting point differ-
ence was 34°C,and the solubility of the enan-
tiomers in several vehicles was about 10-fold
greater than that of the racemate. Wearley et al.
(1993) reported that the maximum flux through
human cadaver skin of a new antifungal com-
pound in saturated solution was one order of
magnitude lower for the racemic compound than
that for either of the enantiomers. The melting
temperatures were 212 and 152°C for the racemic
compound and enantiomers, respectively. How-
ever, a minimal difference between racemate and
active enantiomer was observed in topical activity
in a guinea pig dermatophyte model. This finding
was explained by the authors to be due to the fact
that the maximum effect of the drug occurred at
a concentration lower than the saturation concen-
tration of the racemic compound in the vehicle
used. Propranolol is one of several B-adrenergic
blockers which exhibit chirality, This nonselective
B-blocker is a candidate for transdermal delivery,
since it is subject to extensive first-pass hepatic
metabolism (Corbo et al., 1990). The finding that
enantiomers with a lower melting point than that
of the racemate have higher skin permeation may
be of special interest when one isomer is more
potent than the other. Differences in potency of
propranolol enantiomers have been reported. The
(S$)<(—)-enantiomer is 2 orders of magnitude
more potent as a B-blocker than the (R)-(+ )-iso-
mer (Barett and Cullum, 1968; Takahashi et al.,
1988). In the light of these properties, propra-
nolol base (PL) was chosen for investigating the
relationship between the melting characteristics,
solubility and permeation fluxes of enantiomer
and racemate.

2. Theoretical aspects

The flux of a compound across skin is related
to its thermodynamic activity in a vehicle (Higuchi,
1960) by the relationship:

a,D
F=dQ/dt= p =-—CD (1)

m

where F is the flux of drug permeation through
the membrane, dQ /d¢ denotes the flux of drug
permeation through the membrane, a, repre-
sents the drug activity in the vehicle, D is the
diffusion coefficient in the membrane, y,, de-
notes the activity coefficient in the membrane, C
is the effective membrane thickness, k, repre-
sents the partition coefficient and C is the drug
concentration in the vehicle.

The flux, F, is maximum, F_ ., when the vehi-
cle is saturated with drug, i.e., at a concentration
of C..,. If it is assumed that D and k are the
same for each enantiomer and for different mix-
tures of enantiomers, it can be shown from Eq. 1
that the ratio of maximum fluxes equals the ratio
of the solubilities of the enantiomeric mixtures.
These parameters are in fact identical only for
achiral vehicles or membranes. The skin is, of
course, comprised of chiral molecules. However,
any difference in D and k, would be expected
to be small. The solubility, in terms of mole
fraction solute, X, of a compound in a given
solvent can be related to the melting tempera-
ture, 7,, and the enthalpy for fusion, AH, using
the ideal solubility relation:

AH (T, -T
w57

. 2)

where R is the gas constant and T denotes the
temperature of solution. For the pure enan-

tiomer, (S), and the racemic compound, (RS),
Eq. 2 becomes Eq. 2a and 2b, respectively.

nox.o s T T (2a)
g R T T

In Xgs = — —os (Tues 2T (2b)
RS R T T,ps
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where X is the mole fraction of the (§) enan-
tiomer in a saturated solution, AHg represents
the enthalpy of fusion of the (§)-enantiomer, T,
is the melting temperature of the (S)-enantiomer,
Xrs denotes the mole fraction of the racemate in
a saturated solution, AHgs is the enthalpy of
fusion of the racemate, and T, represents the
melting temperature of the racemate.

The relationship between fluxes and solubili-
ties for these two systems can be written

F,

1 max S =1In XmaxS — AHRS(TtRS_ T)
Fmax RS Xmax RS R- TtRS T
AT T)
R- T T

Eq. 3 shows a simple dependence of the per-
meation flux ratio on melting temperatures and
enthalpies of fusion. The dependence of the flux
ratio on the melting behavior of chiral compound
is the basis for the MTMT relationship or the
‘melting temperature-membrane transport’ con-
cept.

3. Experimental

(R)-(+)-Atenolol and (S)-(—)-atenolol were
purchased from Aldrich. Their chemical purities
were 99% and [a]? values were +16 and — 16.
(—=)-Alprenolol d-tartrate salt hydrate and al-
prenolol hydrochloride, chemical purity 99%,
were received from Sigma Chemical Co. The
optically active free bases were prepared from
the salts by precipitation from an aqueous solu-
tion by addition of 1 N NaOH. (R)-(+)-Pro-
pranolol HCI, (S)-(—)-propranolol HCl and bL-
propranolol HCl were purchased from Sigma
Chemical Co. The purity of each of these com-
pounds was > 99% (tested by TLC). Their re-
spective specific rotations, rotational angles, [a]*
measured in ethanol solutions, were + 29, —22
and 0°. The optically active and racemic propra-
nolol bases (R)-(+)-propranolol, (S)-(—)-pro-
pranolol and pr-propranolol were prepared by
precipitation of the base from aqueous solution
with 1 N NaOH. The following designations will

be used for propranolol bases (PL): RPL, SPL,
and RSPL. Mineral oil (MO), propylene glycol
(PG) and PEG 400 were NF grade. All other
reagents were of analytical grade.

3.1. Skin membrane preparation

Testskin™ LSE (Organogenesis, MA, U.S.A))
was used as a model skin in the in vitro perme-
ation studies. A number of experiments have
been duplicated in human cadaver skin in order
to compare the behavior of the two model! skins.

Testskin™

Testskin™ LSE was recently introduced in in
vitro permeation studies (Ernesti et al.,, 1992;
Hager et al., 1992). It is an organotypic coculture
of human dermal fibroblasts in a collagen-con-
taining matrix and a stratified epidermis com-
posed of human epidermal keratinocytes and a
well differentiated stratum corneum. The thick-
ness of this skin varies between 350 and 500 um.
Testskin™ was used on the day of receipt.

Human cadaver skin

Dermatomed ( ~ 300 um) human cadaver thigh
skin (male, age 37 years) pretreated with 50%
w/w glycerol in water was kept frozen at ~70°C
until the day of the experiment. Before mounting
into the diffusion cells the skin was defrosted at
room temperature and rinsed with water.

3.2. Permeation experiments

The experiments were run at 37°C in Bronaugh
flow-through diffusion cells with a diffusional area
of 0.32 cm? at a flow rate of ~ 1.3 ml/h. The
skin was placed in the diffusion cells at 37°C 30
min before the drug was applied to the skin. 100
wul of the test solution was applied to the skin in
the donor compartment of the cell. The circulat-
ing receiver medium, maintained at 37°C, was
composed of a 30% v/v mixture of PEG 400 in
water. This mixture was selected in order to
maintain pseudo-sink conditions. Samples were
collected every 2 h. Drug concentration in the
donor solutions and receiver samples was assayed
by HPLC.
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3.3. Skin permeation data analysis

A total of six replicates were run for each
system. Analysis was performed on data obtained
over a 12 h period. The skin permeation results
were treated using the ‘Transderm’ software
(Touitou and Wartenfeld, 1987). The statistical
significance of the difference between systems
was determined by a double-tailed Wilcoxon test
using the ‘Balance’ (IBM) computer program.

3.4. Assay

PL concentrations were measured by injecting
appropriate volumes of the samples in a Waters
HPLC, equipped with a UV detector (detector,
Waters 991PDA; pump, Waters 600E; injector,
Waters 715 UltraWisp sample processor). The
drug concentration was measured by a modified
USP method (USP XXII, 1992).The assay was
run at 290 nm on a CI18 reverse-phase column
(3 X 0.3 cm, Perkin Elmer Cartridge Pack), using
external standard solutions of propranolol base.
The flow rate of the mobile phase was 1 ml/ min
and its composition: methanol, 33% v /v; acetoni-
trile, 33% v/v; sodium lauryl sulfate, 0.2 w/v;
and 0.15 M phosphoric acid aqueous solution,
33.8% v/v. Linear calibration curves over the
concentration range of 118 ng/ml-47.2 ug/ml
were generated. The standard deviation for repli-
cate injections was not more than 2%.

3.5. Solubility measurements

Excess drug was suspended in the solvent of
interest and shaken in a thermostated oven at
37°C for 24 h. The supernatant solution was
filtered through a 0.45 um Acrodisc (Gelman)
filter preheated to 37°C. Samples were diluted
and analyzed by HPLC.

3.6. Differential scanning calorimetry (DSC)

The melting temperatures of alprenolol and
atenolol were measured in a Perkin Elmer DSC4
+ TADS system. DSC measurements for propra-
nolol were performed on a Seiko DSC 220 com-
puterized system. DSC measurements were car-
ried out in aluminium pans at a heating rate of

10°C/min under a nitrogen stream. The DSC
curves were recorded and analyzed by the Seiko
DSC or Perkin Elmer TADS software. The melt-
ing characteristics measured were the transition
temperature, 7,, the peak temperature or the end
of melting, 7,,, and the enthalpy of fusion, 4H,
as shown in Fig. 1 for (R)-atenolol. The transition
temperature, T, is the point at the intersection of
the baseline and a line drawn tangentially to the
ascending portion of the endotherm. Enthalpies
of fusion, AH, were determined from the area of
the DSC peak divided by the sample weight.
Mixtures of SPL. and RPL of different ratios
containing mole fractions of SPL between 0.17
and 0.83 were prepared by disolving the enan-
tiomers in methanol and evaporating the solvent
under vacuum until a constant weight was at-
tained. The mixture was then annealed at room
temperature for at least 36 h. The total mass of
each compound or mixture (2.2+ 0.1 mg) was
kept constant when T, was measured in order to
avoid mass-related artifacts.

4. Results and discussion

4.1. Melting characteristics of some B-blockers

The first stage in this investigation was the
determination of pure enantiomer and racemate

1533t
137.4 mJ/mg

13 [

22 b

DSC mw

Tm

N 157.2°C

-40 1 1 L
10 60 110 160 210

TEMPC (Heating)

Fig. 1. Thermal characteristics measured on DSC curves: T,,
T,, and 4H shown on the DSC curve for (R)-atenolol.
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Table 1
Melting temperatures (7,) for some chiral B-blocker drugs

Compound T, CO)(+o,.)  AH (cal/mol)
Atenolol
()] 150.2+1.9 8789
(R) 151.14+25 8747
(RS) 147.2+1.6 8523
Propranolol base
(&) 71.5+0.5 8665
(R) 715403 8573
(RS) 923403 10385
Alprenolol base
) 253+2.6 5684
(RS) 58.5+0.9 8512

melting temperatures for alprenolol, atenolol and
propranolol. Their melting transition tempera-
tures are presented in Table 1. As can be seen
from these data, the difference in melting points
between the atenolol enantiomers and racemate
was very small. Larger differences were found for
propranolol and alprenolol, for which the enan-
tiomers had lower melting points. The thermal
data for alprenolol and propranolol base (§)-en-
antiomers and racemates were substituted in Eq.
3 to calculate the ratio of skin permeation fluxes.
Values of 3.2 and 3.5 were found for propranolol

and alprenolol, respectively. Propranolol was cho-
sen for further studies. The rationale for this
choice was the known difference in pharmacolog-
ical effect of the enantiomers.

4.2. Melting behavior and phase diagram for PL
enantiomers and racemate

The melting behavior of SPL, RSPL and mix-
ture M1 containing SPL: RPL (0.17:0.83) can be
seen from the DSC data presented in Fig. 2 and
Table 1. The pure enantiomers and the racemic
compound exhibited single endotherms which are
due to melting. The DSC data in Table 1 show
melting transition temperatures (T,) values of
71.5+0.3, 71.53+ 0.5 and 92.3 + 0.3°C for RPL,
SPL and RSPL, respectively. The difference be-
tween the melting points of the enantiomers and
the racemate is 21°C. The fact that the melting
point of RSPL is greater than that of RPL or SPL
indicates that propranolol free base enantiomer
mixture may form either a racemic compound or
a solid solution in the solid state. Confirmation of
the former case was obtained from the DSC
curves of additional disproportionate mixtures of
the enantiomers. These mixtures exhibited two
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Fig. 2. Representative DSC curves for: (a) SPL: RPL (0.172:0.828); (b) RSPL and (c) SPL.
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Fig. 3. Binary phase diagram for propranolol base enan-
tiomers and mixtures.

endotherms as is shown in Fig. 2 for mixture M1.
The form of the melting point diagram corre-
sponds to that of a racemic compound (Jacques
et al.,, 1991). A phase diagram was constructed
for propranolol by plotting the peak temperatures
(T,)) of pure enantiomers, their racemate and
mixtures of various compositions (Fig. 3). The
liquidus curve (upper solid curve) in Fig. 3 was
computed from the Schroeder-Van Laar and Pri-

gogine-Defay equations (Eq. 4 and 35, respec-
tively) (Jacques et al., 1991).

AH [ 1 1
w7 <“>
In4x(1—x)=%(——l———l—) )

R \Turs Ta

For the Schroeder-Van Laar segments of the
curve (0-0.054 and 0.946-1.0 mole fraction of the
(§)-enantiomer), the enthalpy of fusion, AH,
(Table 1), and peak temperature, 7,5, were taken
from the DSC curve of the (S)-enantiomer. For
the Prigogine-Defay segments (0.054—0.946 mole
fraction), the enthalpy of fusion, A Hgg (Table 1),
and peak temperature, Tz, Were taken from
the DSC curve of the racemate. The solidus line
was drawn through the eutectic points which were
taken as the points of intersection of the Pri-
gogine-Defay and Schroeder-Van Laar curves.

4.3. Solubility data for propranolol in various vehi-
cles

The experimental solubility values for PL
enantiomers and racemate in various vehicles are
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Fig. 4. Permeation profiles of SPL from saturated solution in PG through Testskin™ and human cadaver skin.
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Table 2
Solubility of propranolol base enantiomers and racemate in
various vehicles at 37°C

C, (mg/ml)

SPL RPL RSPL
Vehicle
Saline 0.55 0.44 0.22
Buffer, pH 7.4 0.70 0.73 0.47
Mineral oil 6.22 5.93 2.19
30% v/v PEG 400 in H,O 5.99 436 2.35
Propylene glycol 367.6 371.8 91.2

given in Table 2. These data clearly indicate that
the enantiomers are more soluble than the race-
mate in all the vehicles used in this study. The
(S)-enantiomer / racemate solubility ratios in the
various vehicles were: 2.5, 1.5, 2.8, 2.6 and 4.0, for
saline, buffer pH 7.4, MO, 30% PEG aqueous
solution and PG, respectively. The difference in
solubility in aqueous solvents was expected, tak-
ing into consideration the pK, (9.2) of this
molecule. In the buffer solution the protonated
form of propranolol is predominant while in PG
the drug exists in its free base form. This behav-
ior may change on contact with the skin accord-
ing to the composition of the liquid strata present
on the surface of the membrane.

4.4. Permeation fluxes of S propranolol vs RS pro-
pranolol from saturated solutions in propylene gly-
col through Testskin™ and human cadaver skin

Permeation experiments were first run with
saturated propylene glycol solutions of SPL and
RSPL. The permeation profiles of SPL from sat-
urated solutions in PG through Testskin™ and
cadaver human skin are given in Fig. 4. Although
it appears that a steady-state regime was reached
in the two membranes, the lag time values are
different, namely, zero for Testskin™ and 2.75 h
for human skin. The permeation fluxes of SPL vs
RSPL from saturated solutions of PG were mea-
sured in paired experiments on Testskin™ and
human cadaver skin. The diagrams in Fig. 5 show
that SPL flux through Testskin is significantly
higher (0.01 <P <0.05) than RSPL flux. The
enantiomer flux (335 wg/cm? per h) is 3.1-times
greater than that of the racemate (108 wg/cm?
per h). The human cadaver skin results clearly
indicate that SPL flux is significantly higher (P <
0.001) than the RSPL flux, reaching values of 149
and 45 wg/cm? per h, respectively. Although, in
comparison with Testskin, the absolute values of
the fluxes in human skin are lower, the ratio of
fluxes is 3.3. This value is very close to the flux
ratio measured in Testskin™.

500
400
<
[3Y]
€  300-
k]
jo)]
a0
> 4
X 200
o T
100
o_
TESTSKIN
N rse

HUMAN SKIN

777 sPL

Fig. 5. RSPL vs SPL fluxes from saturated solution in propylene glycol through Testskin™ and human cadaver skin. 0.01 < P < 0.05

Testskin™; P < 0.001 human skin.
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Table 3
Melting temperatures, solubility ratio and flux ratio for S and
RS propranolol base

SPL RSPL
Mol. Wt 259.3 259.3
pK, 9.2 9.2
T, CO*® 71.5 92.3
Ratios Theoretical Experimental €
Cmax SPL / Cmax RSPL 32 4.0
FrnaxspL / Frnax RspL 32 339and3.1¢

2 Data from DSC measurements.
b Calculated by means of Eq. 3.
¢ Propylene glycol systems.

4 Human cadaver skin.

¢ Testskin™.

The experimental data were further compared
with the theoretical values obtained by introduc-
ing into Eq. 3 the experimental values of melting
temperatures and enthalpies of fusion measured
in this study: 7=310 K, T,z =365 K, T, =344
K; AHp;=10385.4 cal/mol and AHg = 8665.3
cal/ mol. For SPL and RSPL, Eq. 3 predicts a
ratio of 3.2 for enantiomer/racemate solubility
and skin permeation fluxes. This value is close to
the experimental value for the solubility ratio in
PG, 4.0 and is similar to the ratio of the experi-

| Slope = 3. 85208183 g-hr-t Joluve = 2.6 nl
[PROP.B. 4+~ 0% C 9\ SI9SHE-0) mghr-t-ont  Co = L Warwl
2 o - 033503583 cnhn-1
599055

g x18 r I, 3
Lag ¢ = Iho 48min
5.@619-{
4, 0488
4
3,8366
2.8244
1.8122
2.0080-ka Linen

) i ] | T (hour)
8@ 22¢ 449 712 9 36’ 2 ¥

Fig. 6. Skin permeation profile of RSPL through Testskin™
from 1 mg/ml solution in mineral oil.

mental fluxes of SPL and RSPL from saturated
solutions (Table 3).

4.5. Permeation fluxes through Testskin™ of (S)-,
(R)-, and (RS)-propranolol from solutions con-
taining 1 mg/ ml drug in mineral oil

Two contradictory reports were recently pub-
lished on the enantioselective rat skin permeation
of propranolol (§)- and (R)-isomers. Heard et al.
(1993) were unable to detect enantioselective
transport of propranolol from PG solutions con-
taining 100 g/ ml drug as was formerly reported

207

FLUX,ug/cm2.hr
=

OJ

H RsrL

777, RPL

V22 seL

Fig. 7. Propranolol base enantiomers and racemic: fluxes through Testskin™ from 1 mg/ml solution in mineral oil (not
significantly different (R) vs (S) and (R) or (S) vs (RS) at the level of 5%).
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(Miyazaki et al., 1992). Heard et al. (1993) showed
that the rate of transport across human skin of
propranolol from aqueous solutions was the same
for both isomers. In the present study we tested
the enantioselectivity of propranolol permeation
through Testskin™ by using solutions of an equal
concentration of (§), (R) or (RS) compound in
mineral oil. The plot of the cummulative amount
of drug permeating the skin as a function of time
and the related kinetic parameters were obtained
with the Transderm program. A typical skin per-
meation profile can be seen (Fig. 6) for these
systems: a lag time followed by a steady-state
regime. The fluxes given in Fig. 7 indicate that
the three compounds permeated the skin at the
same rate. The flux values were statistically ana-
lyzed for (S) vs (R) and (§5) or (R) vs (RS)
differences and none were found at a level of 5%
significance. The fact that the fluxes for SPL,
RPL and RSPL are equal also supports our pre-
vious assumption that & and D are the same for
the two enantiomers and the racemates.

5. Conclusions

The melting temperature-membrane transport
(MTMT) concept and an equation for calculating
the enantiomer/racemic flux ratio through the
skin which uses thermal analysis data have been
presented. This concept predicts significant dif-
ferences in skin transport rates for enantiomers
and racemate having large differences in melting
temperatures. Thermal analysis was carried out
for three B-blocker chiral compounds: atenolol,
alprenolol and propranolol. Propranolol base
shows a racemate and enantiomer melting point
difference of 21°C. By using the MTMT model,
the predicted ratio for enantiomer / racemic fluxes
through the skin is 3.2. This behavior was con-
firmed in experiments on Testskin™ and human
cadaver skin with solutions of propranolol base
isomers and racemic compound in propylene gly-
col;, The 3-fold greater skin permeation of the
(8)-(—)-enantiomer vs the racemic compound,
along with the 2 orders of magnitude larger phar-
macological effect reported for this isomer, make
this enantiomer the candidate of choice for trans-

dermal delivery. The MTMT relationship can be
used as a valuable tool in screening chiral com-
pounds as candidates for transdermal drug deliv-
ery.

6. References

Amin, S., Huie, K., Balanikas, G., Hecht, S.S., Pataki, J. and
Harvey, R.G., High stereoselectivity in mouse skin
metabolic activation of methylchrysenes to tumorigenic
dihydrodiols. Cancer Res., 47 (1987) 3613~3617.

Barett, A M. and Cullum, V.A., The biological properties of
the optical isomers of propranolol and their effects on
cardiac arrhythmias. Br. J. Pharmacol., 34 (1968) 43-55.

Benezra, C., Stampf, J.L., Barbier, P. and Ducombs, G.,
Enantiospecificity in allergic contact dermatitis. Contact
Dermatitis, 13 (1985) 110-114.

Caldwell, J., The importance of stereochemistry in drug action
and disposition. J. Clin. Pharmacol., 32 (1992) 925-929.
Corbo, M., Liu, J.C. and Chien, Y.W., Bioavailability of
propranolol following oral and transdermal administration

in rabbits. J. Pharm. Sci., 79 (1990} 584-587.

Dwivedi, S.K., Sattari, 8., Jamali, F. and Mitchell, A.G.,
Ibuprofen racemate and enantiomers: Phase diagram, sol-
ubility and thermodynamic studies. Int. J. Pharm., 87 (1992)
95-104.

Ernesti, AM., Swiderek, M. and Gay, R., Absorption and
metabolism of topically applied testosterone in an organ-
otypic skin culture. Skin Pharmacol., 5 (1992) 146-153.

Fassihi, A.R., Racemates and enantiomers in drug develop-
ment. Int. J. Pharm., 92 (1993) 1-14.

Hager, D.F., Mancuso, F.A., Nazareno, J.P., Sharkey, J.W.
and Siverley, J.R., Evaluation of Testskin as a model
membrane. Proc. Int. Symp. Controlled Release Bioact.
Mater., 19 (1992) 487-488.

Heard, C.M., Watkinson, A.C,, Brain, K.R. and Hadgraft, 1.,
In vitro skin penetration of propranolo! enantiomers. Int.
I Pharm., 90 (1993) R5-R8.

Higuchi, T., Physical chemical analysis of percutaneous ab-
sorption process from creams and ointments. J. Soc. Cos-
met. Chem., 11 {1960) 85-97.

Jacques, J., Collet, A. and Wilen, S.H., Enantiomers, Race-
mates and Resolutions, Krieger, Malabar, FL, 1991, pp.
32-85.

Lawter, J.R. and Pawelchak, J.M., Transdermal delivery of
pharmaceuticals. US Patent 5,114,946, 1992.

Lawter, J.R. and Pawelchak, J., Transdermal permeation of
chiral compounds. Proc. Int. Symp. Controlled Release
Bioact. Mater., 16 (1989) 308-309.

Loschman, P.A., Chong, P.N., Nomoto, M., Tepper, P.G.,
Horn, A.S., Jenner, P. and Marsden, C.D., Stereoselective
reversal of MPTP-induced parkinsonism in the marmoset
after dermal application of N-0437. Eur. J. Pharmacol.,
166 (1989) 373-380.



28 E. Touitou et al. / International Journal of Pharmaceutics 104 (1994) 19-28

Miyazaki, K., Kaiho, F., Inagaki, A., Dohi, M., Hazemoto, N.,
Haga, M., Hara, H., and Kato, Y., Enantiomeric differ-
ence in percutaneous penetration of propranolo!l through
rat excised skin. Chem. Pharm. Bull., 40 (1992) 1075-1076.

Nerurkar, S.G., Dighe, S.V. and Williams R.L., Bioequiva-
lence of racemic drugs. J. Clin. Pharmacol., 32 (1992)
935-943.

Ogiso, T., Ito, Y., Iwaki, M. and Shintani, A., The percuta-
neous absorption of propranolol and prediction of the
plasma concentration. J. Pharmacobio-Dyn., 11 (1988)
349-355.

Takahashi, H., Kano, S., Ogata, H., Kashiwada, K., Ohira, M.
and Someya, K., Determination of propranolol enan-
tiomers in human plasma and urine and in rat tissues
using chiral stationary-phase liquid chromatography. J.
Pharm. Sci., 77 (1988) 993-995.

Touitou, E. and Wartenfeld, R., Transderm. Life Sci., 40
(1987) 1.

USP XX1I, Suppl., 6 (1992) 2894.

Wearley, L., Antonacci, B., Cacciapuoti, A., Assenza, S.,
Chaudry, 1., Eckhart, C., Levine, N., Loebenberg, D.,
Norris, C., Parmegiani, R., Sequeira, J. and Yarosh-To-
maine, T., Relationship among physicochemical proper-
ties, skin permeability and topical activity of the racemic
compound and pure enantiomers of a new antifungal.
Pharm. Res., 10 (1993) 136-140.

Wechter, W.J., From controversy to resolution: bioequiva-
lency of racemic drugs-a symposium on the dynamics,
kinetics, bioequivalency and analytical aspects of stereo-
chemistry. J. Clin. Pharmacol., 32 (1992) 915-916.



