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Summary

Relevant properties of verapamil and nicotine in relation to transdermal delivery were defined by studying their transport
behavior as a function of the pH of the reservoir. The partition coefficient and diffusivity in lipid membranes are the main
parameters for the transport, but the flux of drug is very sensitive to solubility when it changes as a function of pH. This shows that
lipophilic drugs with high permeability coefficients are not the only candidates for transdermal delivery: hydrophilic drugs can also

achieve a high permeation flux.

Introduction

Verapamil and nicotine are candidates for
transdermal delivery because of their pharmaco-
kinetic characteristics (Eichelbaum and Somogyi,
1984). Since they are ionizable molecules their
permeability can be increased by iontophoretic
application. Thus, the drug reservoir composition
parameters such as ionic strength, pH and solvent
can play a decisive role in permeation. Moreover,
it is well known that nicotine is capable of for-
ming ion pairs with some acids (Oakley and
Swarbrick, 1987), thus complicating the overall
mechanism of permeation.
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The aim of this work was to define the relevant
properties of the two drugs in relation to transder-
mal delivery, by studying their transport behavior
as a function of pH or the ionic strength of the
reservoir.

The objectives include the identification of the
effect of drug dissociation on the apparent parti-
tion coefficient and on the diffusional characteris-
tics through artificial membranes.

Materials and Methods

The following were used: verapamil hydrochlo-
ride (Prodotti Gianni, Milan, Italy), mol. wt.
491.08, pK, 8.9 (Ritschel and Agrawala, 1988),
m.p. 143.5°C, UV max: 232 nm; (- )-nicotine
(Fluka, Buchs, Switzerland), mol. wt. 163.23, pK, ,
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3.4, pK,, 8.2 (Oakley and Swarbrick, 1987), b.p.,,
123°-125°C, UV max: 261 nm; (- )-nicotine bi-
tartrate (Sigma, St. Louis, MO, U.S.A.), mol. wt.
463.41, m.p. 90°C; polypropylene membranes
(Celgard® 3501, Celanese, Charlotte, NC, U.S.A.),
thickness 0.0025 cm, porosity 45%, pore size 0.04
pm; cellophane membranes (2035-001; P 40 OF,
Viscora, Bagnolet, France), thickness 0.0065 cm,
pore size 0.0025 pm; isopropyl myristate (IPM),
citric acid and disodium phosphate were of ana-
lytical grade.

Determination of apparent partition coefficient

Mcllvaine buffer solutions used for the de-
termination of apparent partition coefficients were
prepared by mixing appropriate volumes of 0.1 M
citric acid and 0.2 M disodium phosphate solu-
tions. The pH of buffer solutions was 4, 5, 6 and 7
( +0.05 units of pH). Before use, IPM and buffers
were saturated overnight at room temperature in a
mechanical shaker and then separated. 5 ml of
buffer solution containing a known concentration
of drug (100 pg/ml of verapamil - HCl, 50 ug/ml
of nicotine, 142 pg/ml of nicotine bitartrate) and
5 ml of IPM were equilibrated in 20 ml sealed
centrifuge tubes. The centrifuge tubes were shaken
mechanically at room temperature (21-22°C) for
1 h. After separating the two phases, the drug
concentration in the aqueous phase was de-
termined spectrophotometrically. The drug con-
centration in the organic phase was calculated
from that found in the aqueous phase.

Determination of permeation parameters through
artificial membranes

For membrane permeation studies, a Resomat
IT apparatus (Dibbern and Scholz, 1969) was em-
ployed (Desaga, Heidelberg, Germany). The donor
compartment contained 50 ml of Mcllvaine buffer
drug solution and the receptor compartment 200
ml of the same buffer. The initial drug concentra-
tion in the donor solution was chosen at 10 or 20%
of its solubility in the buffer. The apparatus was
thermostated at 37°C and two magnetic stirrers
eliminated the boundary layer effects in each com-
partment. The amount of drug which permeated
the membrane was calculated from the drug con-
centration in the receptor phase, by continuously

monitoring with a UV spectrophotometer. As bar-
riers, polypropylene membranes, impregnated with
IPM according to Barthélémy et al. (1986) or
cellophane membranes for donor to receptor sep-
aration were used. At the end of each experiment
the integrity of the impregnated membrane was
tested by evaluating its impermeability to ions. To
this end, 1 g of sodium chloride was added to the
donor compartment and the absence of chloride
ions in the receptor phase compartment was
checked over a period of 30 min.

Determination of solubility

An excess amount of drug was added to phos-
phate-citrate buffer and incubated over 24 h at
37°C. After centrifugation, the concentration of
the drug in the supernatant was determined spec-
trophotometrically. The time (24 h) was sufficient
for equilibration.

Results and Discussion

IPM /water apparent and true partition coefficients

As lipophilic phase in partitioning experiments,
isopropyl myristate (IPM) was chosen because its
polar and non-polar properties can simulate skin
lipids (Barry, 1983). The measured apparent parti-
tion coefficients as a function of pH, for the
examined drugs, are shown in Fig. 1. The profiles
obtained indicate an expected increase in the lipo-
philicity of the two basic drugs by increasing the
pH value. The curves of nicotine and its bitartrate
are practically superposed, indicating no influence
of the tartrate ion on the partitioning of the base.
The values of the apparent partition coefficients in
the range of pH 6-7, where the drugs are mainly
present in undissociated form, show that the lipo-
philicity of verapamil is higher than that of nico-
tine.

The measured partition coefficients were found
to be independent of the ionic strength of the
aqueous solution used, in the range of 0.15-0.45
M. The apparent partition coefficient describes
the partitioning characteristics of a molecule
without separating the effects of drug association
or dissociation. Determination of the true parti-
tion coefficient, which considers only the parti-
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Fig. 1. Apparent partition coefficient (+ SE) as a function of
pH value: (A) verapamil- HCI; (B) nicotine (@) and nicotine
bitartrate (¢).

tioning of the unionized base between the two
phases, also makes it possible to obtain informa-
tion on ion pair formation.

According to the model of Irwin and Li Wan
Po (1979), modified by Oakley and Swarbrick
(1987), the true partition coefficients of nicotine
and verapamil were calculated from the measured
apparent coefficients. The equation used in the
pH range of 4.0-7.5 is:

Ka . Ka
S RS e G

where K is the apparent partition coefficient, K;,
denotes the partition coefficient of the ion pair,
K, represents the true partition coefficient, and
K, is the dissociation constant.

For nicotine the K,, value was used as K,. By
plotting K(1+K,/[H,0%])) vs K,/[H,0"], a
straight line is obtained whose slope corresponds
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TABLE 1

True partition coefficient, K, and ion pair partition coefficient,
K,,, values (mean value + SE; in parentheses the significance
level of the intercept (K, ,))

Drug True partition
coefficient partition coefficient
Verapamil- HCI 2585 +54 0.361 +0.344 (N.S))

Nicotine bitartrate 1.96+ 0.15 0.074+0.014 (95%)
Nicotine 177+ 0.06 0.076+0.016 (95%)

Ion pair

to the true partition coefficient and the intercept
to the ion pair partition coefficient.

The true partition coefficient (K, ) and ion pair
partition coefficient (K;,) values, obtained with
nicotine, nicotine bitartrate and verapamil - HCI,
are listed in Table 1. The true partition coefficient
found for nicotine is evidently lower than the
value of 31.1 reported by Oakley and Swarbrick
(1987). This disparity may be attributed to the
different buffers employed in the partitioning ex-
periments. Phosphate buffer, instead of citric acid
and disodium phosphate buffer, was employed by
those authors.

Comparing the values obtained, the true parti-
tion coefficient of nicotine is approximately three
orders of magnitude smaller than that of verapa-
mil, indicating a higher hydrophilicity of nicotine.
The ion pair partition coefficients are very low in
comparison with the partition coefficient of the
unionized form, and are not statistically different
from zero for verapamil.

In order to confirm this result, the adherence to
the pH-partition theory of IPM/water distribu-
tion of the drugs studied was verified. Again
according to Oakley and Swarbrick (1987), Eqn 2
was employed:

K K,
logru = log(m) (2)

By using Eqn. 2, it is possible to draw the curve
describing the theoretical profile of variation of
log (K/K,) as a function of pH. This profile
expresses the partitioning of molecules adhering to
the pH-partition hypothesis. In Fig. 2 the varia-
tions of log (K/K ) found with nicotine, nicotine
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Fig. 2. Variation of log K/K, as a function of pH: (@)

theoretical, (@) and (¢) observed values. (A) Verapamil - HCI,

(B) nicotine and nicotine bitartrate (the respective values are
practically superposed).

bitartrate and verapamil - HCl, compared with the
theoretical profiles, are presented vs pH. In ‘the
range of pH examined, verapamil strictly follows
the pH-partition theory, whereas nicotine deviates
in both its base and bitartrate form. The experi-
mental profile of nicotine differs from the theoret-
ical one up to pH 7, indicating ion pair formation
at pH values lower than 7 (Fig. 2B). Above this
pH value, the theoretical and experimental curves
superpose. An identical pattern was found by
Oakley and Swarbrick (1987) employing excised
stratum corneum as a lipophilic phase. In con-
trast, they found that nicotine adhered to the
pH-partition hypothesis when IPM was employed
as a lipophilic phase. Again, this disparity must be
attributed to the buffer employed in this study,
which contains citric acid. It effectively means
that citric acid forms ion pairs with nicotine which
distribute in IPM.

The incidence of ion pair formation on the
partitioning of the nicotine can be evaluated by
means of Eqn 3 (Oakley and Swarbrick, 1987),
where the left hand expression is the ratio of the
concentration of the ion pair to the free base in
the organic phase:

[Nic*] _ B
log( Nl ).~ (log K, —log K,,)

—(pH - pK,) (3)

where [Nic™] and [Nic] represent the concentra-
tions of ionized and unionized nicotine in the
organic phase, respectively. The contribution of
ton pair formation to the nicotine concentration in
the organic phase is 99% at pH 5, 87% at pH 6
and 41% at pH 7.

Permeation parameters

In order to verify the influence of partitioning
on the ‘in vitro’ absorption of the drugs studied,
permeability experiments through IPM-impreg-
nated polypropylene and cellophane membranes
were carried out. Fig. 3 shows the amount of
nicotine transported at the examined pH values of
drug solution. According to the model describing
permeation from the donor at nonconstant source
to the receptor compartment containing fluid of
the same composition, the permeation curves ob-
tained at different pH values were analyzed. The
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Fig. 3. Amount of nicotine transported ( + SE) as a function of
time, through polypropylene membranes impregnated with
‘IPM. (0) pH 5; (@) pH 6; (o) pH 7.



equation of the model, which assumes pseudo-
steady state conditions, is (Baker and Londsale,
1974):

MOO
M,

_ y DAK(M+ V) ],
=V, 7| Vaexp — st |+ W

hV1V;
(4)

where M, is the mass of drug in the donor com-
partment at time ¢, M_ is the total mass of drug,
D is the diffusion coefficient, A4 is the area of the
surface available for the permeation, % is the
thickness of the membrane, ¥, is the volume of
the donor solution, ¥, is the volume of the recep-
tor solution, ¢ is the time, and K is the apparent
partition coefficient.

By plotting In{(M,/M,) — (Vi/{Vs + V;))]
against time, in all cases a straight line was ob-
tained (Fig. 4). The slope of this line allows the
calculation of the permeability coefficient (P),
where P = DK/h. From the permeability coeffi-
cient through the membrane (P) and drug solubil-
ity (C,) at the pH value examined, the limiting or
maximal achievable flux from saturated solution,
Jiim» can be determined by means of the relation-
ship Jy;,, = PC,. The drug diffusion coefficient (D)
was also calculated.

The results are presented in Tables 2 and 4; for
the sake of comparison, Jy;,, was reported as flux
normalized to the membrane thickness.

Examining the permeation through impreg-
nated polypropylene membranes as a function of

TABLE 2
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Fig. 4. Nicotine bitartrate permeation data from pH 6 solution
through an TPM impregnated polypropylene membrane, repre-
sented according to Eqn 4.

pH (Table 2), verapamil shows permeability coef-
ficient values increasing with pH. However, its
value levels off in the pH range 6—7. Because the
partition coefficient evidently increases, this result
is determined by a decrease of verapamil diffusion
coefficient in the lipid membrane from pH 5 to 7.
In particular from pH 6 to 7 the diffusion coeffi-
cient decreases significantly. This behavior of per-
meability coefficient as a function of pH, together
with the decrease of verapamil solubility by in-
creasing the pH value of donor solution, de-
termines the highest verapamil flux at pH 6 and
the lowest at pH 7. In the case of nicotine, per-
meability, diffusion coefficients and flux increase
significantly with the pH of the donor solution.
The comparison between nicotine and verapa-
mil transport shows that the flux of verapamil

Permeation parameters through polypropylene membranes impregnated with IPM (mean value + SE)

pH Solubility Partition Permeability Diffusion Limiting
(<) " coefficient (K) coefficient (P) coefficient (D) flux (Jjim)
(gem™?) (cms™ 1) (cm? s~ 1) gem~ls™h
Verapamil - HC1
5 0.165 0.436 026 x10"*+80x1077 1.49 x 1077 1.07 x 108
6 0.025 429 1.92x1074+1.0x10°° 1.12x1077 1.20x1078
7 0.010 31.9 1.99x10"*+6.0%x107° 0.16 x 10~ 0.50 x 1073
Nicotine bitartrate
5 0.240 0.074 030x107°4+3.6x1077 1.02x 1077 018 x 1078
6 0.294 0.119 1.74 107>+ 3.0 x 107° 3.66 x 1077 128 x 108
7 0.288 0.183 524x107°+4.0%x107° 716 %1077 377 %1078
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from a pH 5 donor solution is higher than that of
nicotine. The opposite results are obtained at pH
7.

At all the pH values for nicotine and at pH 5
for verapamil, the solubility of drug compensates
the low permeability coefficient contribution on
overall transport. In the case of nicotine, whose
solubility is practically unaffected by pH value,
the substantial increase of flux is due to the in-
crease of partition and diffusion coefficients with
the pH.

It is interesting to note that the diffusion coeffi-
cient, in relation to the pH value of the donor
solution, behaves in the opposite way for verapamil
and nicotine: in the case of verapamil the re-
markable increase in partition coefficient value, by
increasing the pH of drug solution, reduces the
molecule diffusibility because of the drug accumu-
lation in the lipid membrane. The drug accu-
mulated in the membrane exhibits a concentration
dependent diffusivity. In the case of nicotine, the
contrasting diffusion coefficient behavior with re-
spect to the pH, is due to lower increase of parti-
tion coefficient values and the proven formation
of ion pair in the lipid phase under pH 7 (cf. Fig.
2).

In order to show the dependence of drug trans-
port on ionization, the contribution to the total
flux of the.ionized and unionized species, accord-
ing to Swarbrick et al. (1984), was calculated
(Table 3). The permeability coefficients through
the model membrane of the unionized form is two

TABLE 4

TABLE 3

Limiting fluxes of ionized and unionized species

pH Limiting flux of
unionized form
(gem™'s” h

Verapamil - HCI

Limiting flux of
ionized form
(gem™ 171 )

5 430x1071° 4.09x10°8

6 6.47x10° 6.20x10~°

7 2.69x107° 2.45x10°°
Nicotine bitartrate

5 1.80x10° 1 448%10°°

6 3.03%x107° 5.45x10°

7 6.59x10°° 5.30x107°

Permeability coefficients: unionized form: 8.78 1073 cm s™!

for verapamil, 7.33x10”% ¢cm s~ ! for nicotine; ionized form:
9.93x107% ecm s™! for verapamil, 7.47X107¢ cm s™! for
nicotine.

orders of magnitude higher than the ionized one
for both the drugs; however, the limiting flux
values of the ionized form, in the pH range studied,
are generally higher or equivalent to those of the
unionized form. The presence in the donor solu-
tion of a high concentration of the ionized form
(more than 95 and 90% at pH 7 for verapamil and
nicotine, respectively) compensates for its reduced
permeability contribution to the flux.

The differences existing between the total flux
reported in Table 2 and the sum of the contribu-
tions of the two species (Table 3), show the varia-

Permeation parameters through cellophane membranes (mean value + SE)

pH Solubility Permeability Diffusion Limiting
(C) coefficient (P) coefficient (D) flux (Jjim)
(gem ™) (cms™ 1) (em® s™1) (gem™s™h
Verapamil - HC1
5 0.165 1.63 %107+ 7.6 1077 1.06 x 1077 1.75 x 1078
6 0.025 1.39x107° £ 21 x1077 090x%x 1077 0.23x1078
7 0.010 260%x107°+41x1077 1.69 x 107’ 0.17 x10°8
Nicotine bitartrate
5 0.240 488 x107°+7.6x107° 317%x1077 761 x10°8
6 0.294 419%107°+7.7x 1077 272%x1077 8.00x 108
7 0.288 419%107°+8.0x 107" 272x1077 7.84x 1078




bility in the application of the model applied
(Swarbrick et al., 1984).

With cellophane membranes (Table 4) the flux
of verapamil decreases on increasing the pH value,
whereas permeability and diffusion coefficients do
not vary substantially. In this case, the inert mem-
brane acts as a porous barrier: the solubility, and
thus the concentration gradient through the mem-
brane, is the only factor affecting the flux.

The higher diffusion coefficient of nicotine in
comparison with verapamil found with this mem-
brane must be attributed in this case to the dif-
ference in the molecular weight of the two drugs.

In conclusion, the flux of a drug through lipid
membranes is not totally dependent on the parti-
tioning of the molecule. In our experiments this is
particularly evident with verapamil, where the de-
crease in solubility and in diffusion coefficients, as
the pH values increase, reduces the contribution
of partition coefficient for the flux.

On the other hand, when the solubility is unaf-
fected by the pH value, as in the case of nicotine,
the increase in the partition coefficient value with
pH gives rise to an evident increase in the maxi-
mum flux attainable. In this case, the concentra-
tion of donor solution equalizes the importance of
partitioning for drug transport through the mem-
brane. Therefore, lipophilic drugs with high per-
meability coefficient are not the only candidates
for transdermal delivery; hydrophilic drugs can
also reach high permeation flux.

These results confirm the conclusions obtained
by Okumura et al. (1989), where the authors af-
firmed that ‘some water-soluble drugs with low
molecular weight and high solubility in water
might possess high skin permeation even though
the partition of the drug to skin is low’.
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