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Epidermal Iontophoresis: II.
Application of the Ionic Mobility-
Pore Model to the Transport of
Local Anesthetics
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Purpose. An in vitro study was carried out to determine the iontopho-
retic permeability of local anesthetics through human epidermis. The
relationship between physicochemical structure and the permeability
of these solutes was then examined using an ionic mobility-pore model
developed to define quantitative relationships.

Methods. The iontophoretic permeability of both ester-type anesthetics
(procaine, butacaine, tetracaine) and amide-type anesthetics (prilocaine,
mepivacaine, lidocaine, bupivacaine, etidocaine, cinchocaine) were
determined through excised human epidermis over 2 hrs using a con-
stant d.c. current and Ag/AgCl electrodes. Individual ion mobilities
were determined from conductivity measurements in aqueous solutions.
Multiple stepwise regression was applied to interrelate the iontophoretic
permeability of the solutes with their physical properties to examine
the appropriateness of the ionic mobility-pore model and to determine
the best predictor of iontophoretic permeability of the local anesthetics.
Results. The logarithm of the iontophoretic permeability coefficient
(log PC;,on) for local anesthetics was directly related to the log ionic
mobility and MW for the free volume form of the model when other
conditions are held constant. Multiple linear regressions confirmed that
log PC; ;.. was best defined by ionic mobility (and its determinants:
conductivity, pK, and MW) and MW,

Conclusions. Our results suggest that of the properties studied, the
best predictors of iontophoretic transport of local anesthetics are ionic
mobility (or pK,) and molecular size. These predictions are consistent
with the ionic mobility pore model determined by the mobility of ions
in the aqueous solution, the total current, epidermal permselectivity
and other factors as defined by the model.

KEY WORDS: iontophoresis; local anesthetics; ionic mobility;
pore; model.

INTRODUCTION

There have been several models derived to describe the
movement of solutes during iontophoresis (1,2,3). We recently
developed an ionic mobility—pore model to integrate solute
size and solution composition as determinants of iontophoretic
transport (4). The overall determinants described in the model
were ion mobility, solute size, total current applied, presence
of extraneous ions, epidermal permselectivity in the prediction
of iontophoretic flux and interaction between the solute and
organic components of the pore (4).

The purpose of the present study was to apply the ionic
mobility-pore model developed earlier (4) to the iontophoresis
of a group of similar solutes, the local anesthetics, and to
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examine chemical properties such as conductivity, MW and pK,
as determinants of iontophoretic transport through human skin.

Theoretical Considerations

Previously, we have derived an equation for the overall
iontophoretic transport of a solute j, J; jonoveran through skin (4):

Jj‘ joint,overall —
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where p; is the mobility of the solute, fi; and fu; are the fraction
of the solute ionized and unionized, respectively, F is Faraday’s
number, z; is the charge, I7 is the total current density, € is the
permselectivity term, k,, and k;, are the conductivity of the
donor and receptor compartment, respectively, 8, is the interac-
tion of the unionized solute with the pore walls, 6; is the
interaction of the ionized solute with the pore walls, PRT; is
the pathway restriction term, o; is the reflection coefficient,
V., is the average velocity of convective flow and C; is the
concentration in solution, Equation 1 can also be expressed in
terms of the overall iontophoretic permeability coefficient
Pq,i()m,nverall:
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When the solute in solution is completely ionized (when
fu; = 0), then equation 2 reduces to:
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We define the electromigration component in equation 3 as an
iontophoretic permeability coefficient, PC; s

(k.c.d + kvr)(l + eji)

PCiom = )

Membrane Pathway Restriction of lontophoretic Transport

In equations 14, two forms of the pathway restriction
term are proposed (4), free volume and the pore-restriction. In
the free volume form, the pathway restriction term (PRTJ'-7 Yis
defined by the negative exponent of the ratio of the solute
molecular volume MV to an effective average “cage” volume
(Va):

PRTFV = exp<—MV> 4)

i
Vav

When the electroosmotic component is negligible, and approxi-
mating MV by MW (5), expressing equation 5 in logarithmic
form allows log PC;,,, (the electromigration component only)
to be related to MW using the free volume form of PRT!Y
(equation 6):
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10g PCjion = A + B log p; — C MW (6)

where A is a constant defined by total current, epidermal cation
permselectivity and solution conductivity, B is a correction
factor associated with the use of deionized distilled water and
conductivity for estimation of mobility (value should theoreti-
cally be unity) and C is the reciprocal of the average molecular
weight associated with iontophoretic transport through a “free
volume” determined restricted pathway in the epidermis.

In the pore-restriction model, we defined PRT /¥ terms of
A, the ratio of solute radius and pore radius, using either the
approximate (equation 7), or the full expression (equation 8) (4):

PRTPR = (1 — N)A(1 — 2.10\; + 2.090) — 0.95\) (7)
for 0 = \; < 0.4, or
PRT®R =
6m(l — \)?

2 4
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n=1 n=0
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for 0 = A; < | where the coefficients are a; = —1.22, a, =
1.53, a3 = —22.51,a, = —5.61, a5 = —0.34, ag = —1.22 and
a; = 1.65.

Convective Flow

Electroosmotic flow is defined as the bulk fluid flow which
occurs when a potential difference is applied across a charged
membrane (6). Whilst iontophoretic transport is dominant for
small charged solutes, convective flow or electroosmotic flow
is likely to be more significant for macromolecules (6).

The convective component of iontophoretic transport is
also affected by pathway restriction, (1 — o). The electroos-
motic reflection coefficient o for a membrane is defined as
the fraction of solute “reflected” or rejected by the membrane
relative to water (7). For the free volume model, this pathway
restriction term is also expressed as exp(—MV/V,). It is most
likely that this Vg, would be shown to differ from that for
iontophoresis Vi,. The electroosmotic transport equations cor-
responding to equations 7 and 8 are (4,7):
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)
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for 0 = \; < 1, where b; = 0.12, b, = —0.04, by = 4.02,

b, = —3.97,bs = —1.92, bg = 4.39, b; = 5.01.
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Membrane and Solute Charge Effects on Transport

The charge of the solute and on the pore wall will affect
the pathway restriction term. This influence can be modelled
as a Debye layer I, effect associated with charged surfaces on
the effective radius of the moving charged solute and on the
pore radius (8):

N )

J

11
r,, - lD ( )
where A} is the effective solute to effective pore radius ratio
and [p is defined by (8):

b= [ (12)
81TZ s€ NACS‘
where ¢ is the solution dielectric constant, k£ is Boltzmann’s
constant, T is the absolute temperature, z; is the charge of the
supporting solute, e is the fundamental charge of a proton,
N, is Avogadro’s number, and C, is the concentration of the
supporting solute.

METHODS

Materials

Local anesthetics (lidocaine HCI, prilocaine HCI, mepiva-
caine HCI, cinchocaine HCI, tetracaine HCI, etidocaine HCI,
bupivacaine HCI, butacaine, procaine HCl) were either pur-
chased from Sigma Chemical Co. (Sydney), or a gift from Astra
Sweden. HEPES (N-2-hydroxyethylpiperazine-N '-2-ethanesul-
phonic acid) buffer was purchased from Sigma Chemical Co.

Transport studies were carried out using 50 mM HEPES
buffer as the donor solution. 10 mM of the appropriate local
anesthetic and *H,O was dissolved into the donor solution and
pH adjusted to 4.5. Isotonic (based on SCE (9)) 20 mM HEPES
buffer (pH 7.4 or 4.5) with 147 mM NaCl was used as the
receptor solution. All buffers were prepared with deionized
distilled water and adjusted to the appropriate pH with NaOH
or HCI. Tritiated water was included to estimate water flow.

Skin

Full-thickness human, female abdominal skin was obtained
from abdominoplasty at the Wesley Hospital, Brisbane, Queens-
land with approval by the Hospital’s Ethics Committee. The
epidermis was separated from these skin samples by the method
of Kligman and Christophers (10). Briefly, the full-thickness
skin was placed in a 60°C water-bath for 1 min. The epidermal
membrane, which includes the stratum corneum and part of the
epidermis, was then peeled away from the underlying dermis,
the thickness of the epidermal membrane being about 100 pwm.
The transparent sheet of the epidermal membrane was then
washed with water, excess moisture was removed by leaving
the skin exposed to air at room temperature, and stored at
—20°C. Membranes were thawed prior to use by immersing
in deionized distilled water at room temperature followed by
equilibration in isotonic 20 mM HEPES buffer for 1 hour at
37°C.

The epidermal membranes were mounted between two
glass half-cells with the stratum corneum facing the donor
compartment. The surface area of epidermis exposed to the
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solution was 0.95 cm? The diffusion cells were then firmly
clamped and immersed in a water bath maintained at 37 *
0.5°C by a constant temperature bath heating system. The half-
cell volume was 1.0 ml and both compartments were stirred with
Teflon coated fleas using external magnets. Each experiment,
carried at least in triplicate, used a fresh piece of epidermal
membrane from one subject’s abdominoplasty skin specimen
each time. The experiments were carried out by anodal
iontophoresis.

Anodal Iontophoresis

Constant current devices (custom made by the Department
of Physical Sciences, Princess Alexandra Hospital) were used
in the iontophoretic studies. Ag/AgCl electrodes were used with
the anode was positioned in the donor compartment, and the
cathode in the receptor compartment, 1 cm from the membrane.
Current was passed at a density of 0.38 mA/cm?.

The receptor volume (1.0 ml) was removed at designated
times over the duration of the experiment (0, 15, 30, 45, 60
min) and immediately replaced with an equal volume of fresh
receptor solution. At the completion of each study, samples were
withdrawn from the donor solution. All studies were carried out
at least in triplicate. Epidermal transport of these compounds
under exactly the same conditions but without current, was
also determined.

The specific conductance of the donor solutions was mea-
sured using a conductivity meter (Radiometer, Copenhagen,
model CDMB80). The intrinsic conductivity of solutes was mea-
sured in deionized distilled water at concentrations ranging
from 1 mM to 10 mM to estimate the contribution of solute
conductivities to the overall conductivity of the donor solution.
Conductivity was measured by direct reading of the conductiv-
ity meter and given by:

(13)

where d is the distance between the electrodes and a is the area
of the electrodes, d/a corresponds to the cell constant and G
is the conductivity in reciprocal ohms. The units of specific
conductance is S (siemens) per cm. The specific conductance
of deionized distilled water was 0.50-0.75 wS/cm. The apparent
mobility of each ion in solution p; is then calculated from k;,,
the solute concentration C; used in the determination of the
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conductivity, z; (= 1 for all ions) and the Faraday number
(9.648 X 10* C/mol) using
k.

L= 14
My FCij ( )

HPLC of Local Anesthetics

HPLC analysis of the local anesthetics was performed
using a Shimadzu LC-6AD pump, Perkin-Elmer LC90 Bio
Spectrophotometric UV detector, Shimadzu SIL-6B autoinjec-
tor with SCL-6B system controller, delivering 50 wl sample
injections directly onto a Waters C18 p-Bondapak 3.9 X 300
mm column with data analysed using a Delta HPLC Data
Acquisition integrator. The mobile phases consisted of mixtures
of acetonitrile (ACN):phosphate 0.05M: TEA (triethylamine).
The ratios of solvent in each mobile phase, the different wave-
length used, retention times and detection limit for each of the
local anesthetics are given in Table I. Samples were injected
directly onto the column.

Data Analysis

Epidermal permeability rates were determined for each
compound from plots of cumulative amounts detected in the
receptor compartment as a function of time. The steady-state
flux was calculated from the slope of the linear portion of each
curve. Minitab statistical software (Minitab Inc., PA, USA) on
a Macintosh LC475 computer was used to perform stepwise
regressions. Nonlinear regressions were undertaken using
MINIM 3.0.9 (11).

RESULTS AND DISCUSSION

The local anesthetics used in this study can essentially be
categorized into two groups, the amide anesthetics (prilocaine,
lidocaine, mepivacaine, etidocaine, bupivacaine and cincho-
caine) and ester anesthetics (procaine, butacaine and tetracaine).
The physicochemical properties of the local anesthetics, includ-
ing molecular weight (MW) and pK,, are given in Table II.
The cumulative amount profile over time of the local anesthetics
are shown in Fig. 1. The flux and iontophoretic permeability
coefficient, PC;,,, of the local anesthetics with the donor solu-
tion at pH 4.5 and receptor at either pH 4.5 and 7.4 are given

Table I. HPLC Conditions for Local Anaesthetic Concentration Measurements

Mobile phase
UV wavelength

ACN:phosphate 0.05M:TEA

Retention time Detection limit R? for calibration

Local anesthetic (nm) pH 4 (min) (pg/ml) curve
Bupivacaine 260 35:65:1 4.63 0.5 0.99
Butacaine 260 50:50:1 4.15 0.5 0.99
Cinchocaine 320 50:50:1 4.82 0.5 0.99
Etidocaine 260 35:65:1 5.20 0.5 0.99
Lidocaine 260 20:80:1 6.90 0.5 0.99
Mepivacaine 260 20:80:1 6.84 0.5 0.99
Prilocaine 260 20:80:1 7.61 0.5 0.99
Procaine 286 20:80:1 4.66 0.5 0.99
Tetracaine 304 50:50:1 3.95 0.5 0.99
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Table II. Physicochemical Properties of the Local Anesthetics

Intrinsic
conductivity at
Local anesthetic Type MW pH 4.5 (uS/cm) Log P° pKa®
(JCHZ)JCH:; CH,
Bupivacaine CON"_D amide 288.4 740 3.41 8.1
CH,
Butacaine H;N-Q—COO(CH,),N(C.H;;)Z ester 306.4 1060 5.00* 9.0¢
CH,),CH3
Cinchocaine P amide 343.4 818 4.40 8.9
ONHCH,CH,N(CHs),
CH; CH;CH;
NHCOCHN/
Etidocaine \C amide 276.4 780 3.60 7.7
CH; H,;CH,CH,
H,CH;
CH,
Lidocaine COCH,N(C,Hs), amide 2343 773 2.26 79
CH,
(|3H3 H,
Mepivacaine N CONH‘D amide 2463 770 1.95 77
CH,
1.
HCOCHNHCH,CH,CH,
Prilocaine CH;, amide 220.3 843 2.11 7.9
Procaine HzN—O—COOCHZCHzN(CHZC"3)2 ester 2363 1143 1.92 9.0
Tetracaine CH;(CHz);NH—O—COOCH2CH2N(CH3)z ester 264.3 900 3.73 8.4

Notes: Conductivity is measured in pSiemens/cm, at pH 4.5. Solution is 10 mM LA in d.d. H,O at 25°C.
2 Log P values are taken from ClogP (Biobyte, Claremont, CA) observed data. *Estimated from ClogP.

b Data from ref. 29, unless otherwise indicated.
¢ Data from ref. 30,

in Table III. Epidermal transport, with no iontophoretic current,
showed negligible flux, that is, the concentration of local anes-
thetic in the receptor compartment, after 2 hrs, was below the
limit of HPLC detection. Procaine, an ester anesthetic, had
the highest iontophoretic flux, whilst cinchocaine, an amide
anesthetic, was shown to have the lowest iontophoretic flux.

Iontophoretic Transport Analysis

Figure 2 shows the relationship between PC;,,,, and solute
ion mobility with MW. It is apparent that the PC;;, MW
relationship for the local anesthetics parallels the ionic mobility-
MW in the donor solution and that MW is a determinant of
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Fig. 1. The cumulative amount penetrated versus time profile for (A) bupivacaine, (B) butacaine, (C) cinchocaine, (D)
etidocaine, (E) lidocaine, (F) mepivacaine, (G) prilocaine, (H) procaine and (I) tetracaine. Steady state fluxes were estimated
from the linear portion of each profile. Key: (@) is donor pH at 4.5 and receptor pH at 4.5 and (O) is donor pH at 4.5 and
receptor pH at 7.4 (mean * s.e. n = 3).

Table III. Flux and PC;;,, of Local Anesthetics Studied (mean * s.e., n = 3)

Receptor at pH 4.5

Receptor at pH 7.4

Local anesthetics Flux (wmol/cm?/h) PC; ;pn (cm/h) Flux (wmol/cm?/h) PC; ion (c/h)
Bupivacaine 0.55 = 0.01 0.055 2.88 + 0.59 0.288
Butacaine 1.14 = 0.14 0.114 3.77 = 0.50 0.377
Cinchocaine 0.45 = 0.02 0.045 2.06 * 0.26 0.206
Etidocaine 0.72 = 0.12 0.072 2.35 +0.29 0.235
Lidocaine 1.65 = 0.13 0.165 4.15 + 0.31 0.415
Mepivacaine 143 = 0.17 0.143 3.17 = 0.44 0.317
Prilocaine 2.35 £ 0.51 0.235 361 = 0.71 0.361
Procaine 3.17 £ 0.16 0.317 8.84 = 0.78 0.884
Tetracaine 1.33 = 0.05 0.133 545 * 0.51 0.545
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Fig. 2. (A) The relationship between PC;;,, of the local anesthetics
with respect to MW (mean * s.e. n = 3). Key: (#) is donor pH at
4.5 and receptor pH at 4.5 and (@) is donor pH at 4.5 and receptor
pH at 7.4. (B) The relationship between ionic mobility and MW of
local anesthetics.

iontophoretic flux. The findings were apparent at both pH 7.4
and pH 4.5 for the donor solution. A pH of 4.5 is at least 2
units below the local anesthetic pK,, ensuring >99% of the
local anesthetic is in an ionized form. It is not certain why the
iontophoretic flux with the receptor at pH 4.5 is lower than
when compared to the receptor pH 7.4 (Fig. 2), but one possible
explanation is that at pH 4.5 there is a suppression of ionizable
groups in the pore, leading to a decrease in the permselectivity
factor €}. This change in Q) will facilitate C1~ transport from
the receptor at the expense of cations from the donor, especially
the local anesthetics. This explanation is more likely than a
change in receptor solution conductivity (equation 3), as this
remained relatively constant at 16.4 mS for pH 7.4 and 14.3
mS for pH 4.5. The constant conductivity reflects the dominant
effect of NaCl in the receptor solution on the overall conductiv-
ity. We now consider the determinant of local anesthetic trans-
port using the ionic mobility-pore model assuming a free
volume approach.

Ionic Mobility-Free Volume Pore Model

The relationships between log PC;,,, and other predictors
defined by the free volume form of the ionic mobility-pore
model (equation 6) were:

Lai and Roberts

log Pq,innt =
4.16 — 0.0059 MW + 2.13 log ionic mobility
(r’ =096,n=9)

(15)

for donor at pH 4.5 and receptor at pH 4.5 and
log PC;ion =
3.45 — 0.0027 MW + 2.02 log ionic mobility
(’=082,n=9)

(16)

for donor at pH 4.5 and receptor at pH 7.4. There was minimal
covariance (<1%) between MW and mobility in these regres-
sions. The corresponding equations using MV rather than
MW are:

log PC;;,, =
3.41 — 0.007 MV + 1.86 log ionic mobility a7
(2 =093,n=9)
for donor pH 4.5 and receptor pH 4.5 and
log PC; o =
3.11 — 0.003 MV + 1.90 log ionic mobility (18)

(’=079,n=9)

for donor pH 4.5 and receptor pH 7.4.

When a single pore size is assumed for the two pH condi-
tions with different A terms in equation 6 corresponding to the
two receptor pH’s, poor regressions were obtained with r? =
0.25 for both MW and MV. The slope of 0.003 for both MW
and MV at receptor pH 7.4 is almost identical to slopes obtained
using this pH and a range of other solutes (1,5).

A higher free volume at a receptor pH of 4.5 is consistent
with suppression of pore peptide ionization at its isoelectric
point, the loss of the Debye layer and less ordering of water
in the pore as a consequence. The lower intercept at pH 4.5
may be due to the loss of permselectivity, as discussed earlier,
or simply the differences in solution conductivity between the
solutions at pH 4.5 and 7.4.

The MW and MV at receptor pH 7.4 correspond to an
average free volume of 161 and 144 (cm*/mol) was deduced
from the free volume model for MW and MYV, respectively.
From these free volumes, a corresponding r; of about 4 A and
39A, respectively was estimated. Yoshida & Roberts (3) noted
that their average “cage” volume 155 cm®/mol, based on a
receptor pH of 7.4 corresponds to a solute of a radius of about
4 A.

Figure 3 shows the resulting regressions of predicted log
PC; ;. against observed log PC;;,,,. Through stepwise regres-
sion analysis, we attempted to determine whether the iontopho-
retic permeability coefficient (PC;,,,) was related to other
physical properties of the solute. We examined the combination
of factors such as MW, pK,, conductivity, MV and octanol-
water partition coefficient in both normal and logarithmic forms
of the free base to determine the best predictor of log PC; .
From the results of this regression, it was found that the majority
of the data (82.5% for receptor pH at 7.4 and 95.7% for receptor
pH 4.5) is accounted for by the variables MW, MV and conduc-
tivity (or ionic mobility), as consistent with the regression equa-
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- Fig. 3. Predicted and observed log PC;,, for local anesthetics
using the free volume form of the ionic mobility—pore model at
(A) donor pH 4.5 and receptor pH 4.5 (MV and log ionic mobility),
(B) donor pH 4.5 and receptor pH 7.4 (MV and log ionic mobility),
(C) donor pH 4.5 and receptor pH 4.5 (MW and log ionic mobility),
(D) donor pH 4.5 and receptor pH 7.4 (MW and log ionic mobility).

tion in equation 4 and expressed in equations 15 to 18. Thus
it can be suggested that log PC;,,, is dependent on the logarithm
of the ionic mobility and the size of the solute as defined by
MW or MV.
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The pK, was found to be a determinant of local anesthetic
conductivity and consequently PC;;,,, when conductivity was
not a covariable. Equation 19 shows the expression for ionic
mobility (deduced from conductivity using equation 14) in
terms of its key determinants, pK, and MW:

log ionic mobility =
0.115 pK, — 0.001 MW — 3.67 (+> = 0.90,n = 9) (19)

Equation 20 and 21 shows the expressions obtained for PC;
using pK, and MW and a determinant for receptor pHs of 4.5
and 7.4, respectively:

log PC; ;o =

0.19 pK, — 0.0079 MW — 315 (r> =093, n=9) (20)
log PC;iom =

0.23 pK, — 0.0046 MW — 4.0 (+> = 0.81,n = 9) (21)

It is to be noted that the r? from these regressions are similar
to those using ionic mobility and MW as determinants of PC;
(equations 15 and 16).

Given that earlier work from our group had used both
solute conductivity and free volume as determinants of PC| ;;,, in
separate studies, the potential improvement in r2 from multiple
regression relative to the limited single determinant regressions
were compared. When solute ion mobility was assumed to be
a sole predictor of log PC; ..., the regressions accounted for
51.7% and 28.3% of the data for donor pH 4.5, receptor pH
7.4 and donor pH 4.5, receptor pH 4.5, respectively. The corres-
ponding % data obtained when MW alone was used as predictor
of log PC; ;. were 33.4% and 71.3%. pKa as a sole predictor
of log ionic mobility accounted for 60% of the data. This
analysis confirms that both ionic mobility and size are determi-
nants of PC; .

Tonic Mobility-Pore Restriction Model

In using the pore restriction form of the model, the assump-
tion is made that homogeneity exists in pores, that is, they are
uniform cylinders. However, Pikal (6) have shown evidence of
heterogenous pore systems, in which factors such as tortuosity
and different pore sizes are taken into consideration. Regres-
sions with a large covariance between parameters was found
when equation 3 was used in nonlinear regressions for a given
set of pH conditions. However, the ionic mobility-pore model
based on the pore restriction model (equations 3 and 8), and a
single pore size for the two receptor pH’s provided a good
description of the observed local anesthetic data for both recep-
tor pH at 7.4 and 4.5, estimating the pore radii to be 5.80 =*
0.49 A (mean * sd., n = 18, r2 = 0.70) and 5.50 = 0.37
(n = 18, r? = 0.69) for MW and MYV, respectively.

Comparison of Pore Radii Estimates

The pore size estimated in this study is similar to the pore
size of 8 A estimated independently by Yoshida & Roberts (3).
Other pore size estimates in literature are 30 A estimated by
Yoshida & Roberts (5), 25 A by Dinh et al. (12) and 20 A by
Li et al. (13) in human skin and 18 A in hairless mouse skin
by Ruddy & Hadzija (14).
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The free volume model, in this study, provides a lower
estimate of the pore size compared to the ionic mobility—pore
model. This difference is expected because the free volume
model is based on the movement or “jumping” of solute into
an adjacent hole, whereas the ionic mobility—pore is based
upon pore-restriction at both entry to pore and within the pore
itself (3). The pore-restriction form of the model gives an abso-
lute size limitation, but the free volume provides an estimate
of the average free volume which is a measure of the size of
the hole into which a solute, with an equal or smaller molecular
size, can readily enter (3). The free volume model also suggests
a difference in effective pore size at the two receptor pH condi-
tions used.

The accuracy of pore radii estimated from the pore-
restriction form of the model depends on an extensive range
of r;. In this series of local anesthetics used, because of the
small range of r; size, the accuracy of the estimation of r, in
this study is limited.

Effect of Charge on Solute and Membrane

A more accurate estimate of the actual pore size may be
estimated if the effect of charge or the Debye layer is taken into
account. From equation 11, the effect of the charge increases the
size of the solute by the size of the Debye layer and decrease
the pore radius by the Debye layer. The Debye layer, in our
study was calculated to be 2.3 A for the receptor solution with
147 mM NaCl and 3.9 A for a donor solution containing 50
mM HEPES (equation 12). The relative effect of the donor and
receptor solutions on the electrolyte composition in the pore is
unknown. The predicted Debye layer effects when taken into
consideration yield pore sizes of 7.80 + 0.47 A t0 9.4 + 0.47 A
(n=18,r2=0.67)and 7.50 £ 0.37 A t09.10 £ 0.37 A (n =
18, r? = 0.68) for radii based on MW and MV, respectively.
These estimates of pore size are very similar to that by
Yoshida & Roberts (3). In this work, the effect of charge may
be a more accurate representation of pore size due to the nature
of the local anesthetics at donor pH 4.5. The different pH’s
used in the receptor phase will provide a pH gradient (donor
pH 4.5 and receptor pH at 4.5 and 7.4) which will have an
effect on the Debye layer and hence pore size.

Lai and Roberts

Molecular Geometry of Solute

In estimating the pore radii, we assumed that the structure
of the solutes were spherical in nature. In reality, the solutes
are nonspherical with lower r; and higher fluxes (4). The radii of
solutes used in the analysis were estimated using MV calculated
using the method of Yalkowsky & Zografi (15), which is a
calculation based on the addition of partial atomic values. We
also used other estimations of solute radii (16) (Table IV). There
were no significant difference (2 way ANOVA) between each
method of estimation of r;.

Mobility of Iontophoresed Solute

As shown in equations 1 and 2, solute ionic mobility is a
major determinant of iontophoretic transport. The ionic mobility
of solutes are dependent on several factors, including interac-
tions between the ions themselves, interactions between the
ions and solvent molecules, size of the solute itself, and polarity
of the solvent (17), polarity of the solute, solvation of the solute,
presence of hydrogen bonding, viscosity of the solvent and
temperature. Table V shows that the ionic mobility of local
anesthetics are relatively independent of concentration, despite
the 10-fold range in concentrations used.

One of the short comings of using conductivity measure-
ments to calculate ionic mobilities is that these measurements
reflects on the conductivity of the whole solution, that is, contri-
butions of the cation as well as the anion. Apart from conductiv-
ity measurements, other methods of measuring ionic mobility
include the ionic mobility spectroscopy (IMS) - gas chromatog-
raphy, polarography, chronopotentiometry, isotachophoretic
measurements (18) and free solution capillary electrophoresis
(19), which are more direct methods of determining ionic mobil-
ities of solutes, therefore overcoming these short comings.
Polasek et al. (18), found that the mobility of a range of different
local anesthetics (MW 271.8-433.9) determined by mobility
of isotachophoresis was related to MW, with a r? of 0.59. The
ionic mobility for the present range of local anesthetics are
poorly related to MW (12 = 0.22) perhaps due to the smaller
MW range used (220.3-343.4). However, local anesthetic ionic
mobilities determined by conductivity (Table V) were found to
be in the same order of magnitude, although slightly higher than

Table IV. Molal Volume (MV), MW and Estimated r; of Solutes Studied

Partial Estjmated r;  Molal volume  r; (estimated from molal

molal Estimated r; Estimated r;  Molal (A) from including volume including

volume (A) MwW (A) volume molal dead space dead space)

Local anesthetics (cm*mol)®  from MV (Da) from MW (cm*mol)?  volume (cm*/mol)” A)

Bupivacaine 2735 4.8 288.4 4.9 292.4 49 397.3 54
Butacaine 285.2 4.8 306.4 5.0 293.0 4.9 398.5 5.4
Cinchocaine 276.5 4.8 343.4 5.1 2779 4.8 377.9 53
Etidocaine 263.6 4.7 276.4 4.8 270.6 4.8 368.8 53
Lidocaine 215.3 44 2343 4.5 238.2 4.6 324.0 5.0
Mepivacaine 225.2 4.5 246.3 4.6 243.8 4.6 331.6 5.1
Prilocaine 199.2 43 220.3 44 222.0 4.5 301.9 49
Procaine 204.7 4.3 236.3 4.5 228.2 4.5 310.4 4.9
Tetracaine 236.9 4.6 264.3 4.7 260.6 4.7 354.4 52

2 Estimated from ref. 15.
% Estimated from ref. 16.
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Table V. Intrinsic Conductivity and Mobility of the Local Anesthetics
Studied at 1 mM and 10 mM

Intrinsic
Local Concentration conductivity Mobility
anesthetic (mM) (nS/cm) (cm%ohm/F)
Prilocaine 1 85.7 0.89
10 843 0.87
Lidocaine 1 79.9 0.83
10 773 0.80
Procaine 1 106.3 1.10
10 1143 1.18
Mepivacaine 1 84.7 0.88
10 770 0.80
Tetracaine 1 94.6 0.98
10 900 0.93
Butacaine 1 97.6 1.01
10 1060 1.09
Etidocaine 1 73.5 0.76
10 780 0.81
Bupivacaine 1 80.4 0.83
10 740 0.77
Cinchocaine i 81.8 0.85
10 818 0.85

Note: Intrinsic conductivity measured in distilled deionized water at
25°C.

reported in the isotachophoretic experiments (18). Iontophoretic
flux is also a function of the presence of drug ions.

This work has also shown that solute conductivity (and
hence, ionic mobility (equation 14)) are significant determinants
of local anesthetic PC; ;.. The importance of conductivity as
a determinant of solute transport has previously been recognised
by Yoshida & Roberts (20,21) and Gangarosa et al. (22).
Kamath & Gangarosa (23) had examined the relationship of
various solutes and their iontophoretic transport and suggested
that the transport of these solutes correlated with the pK, on
the basis that pK, is a predictor of both their conductivity
and ionized state. The present analysis also found that local
anesthetic pK, (Table IT) was a determinant of their conductivi-
ties (r?> = 0.60). When MW is added as a codeterminant of
log ionic mobility, the percent of data explained is 90% (equa-
tion 19). pK, was also found to be a determinant of log PC;
when used instead of conductivity as a determinant. Equation
20 suggests that the local anesthetic pK, and MW account for
80-90% of log PC; .., confirming the assertions of Kamath &
Gangarosa (23) that solute pK, is a key determinant of PC; .
The present work suggests that both pK, and MW are determi-
nants of PC; .

Kamath & Gangarosa (23) also commented that because of
the competition of hydronium ions at pH 5 with local anesthetic
migration, the conductive state of all ions in the donor solution
must be considered. Our studies were conducted at pH 4.5 so
that all local anesthetics would be ionized and meaningful
comparisons possible. A key prerequisite in such a comparison
is a similar conductivity for the solution used. The conductivi-
ties of the donor solutions used ranged from 740 to 1,143
wSiemens/cm. Gangarosa et al. (22) also reported that the spe-
cific conductivity of lidocaine decreased as the solution pH
increased from 5.36 to 6.89. In the present work, the conductivi-

1587

ties of local anesthetics at 10 mM were 10 to 30% higher at
pH 4.5 than at 7.4.

Interaction of Local Anesthetics with Pore Membranes

According to equations 3 and 5, the iontophoretic transport
of ionized solutes also depends on the interaction with the
membrane wall. This interaction includes (i) the partitioning
of unionized components of solutes into pore membrane and
(ii) the sorption of lipophilic cations onto the pore membrane
surface on PC;,n (4). An analysis of the iontophoretic transport
of partially ionized solutes (24) with a defined interfacial trans-
fer rate of unionized solutes accounted for the nonlinear PC;
versus fu; relationships (4). Given that fi; = 0 in this study,
solute-pore interaction effects should be limited to the sorption
kinetics of the local anesthetics as lipophilic cations, represented
by 6;; (equation 3). Guy and colleagues (25,26) have suggested
that lipophilic cations interact with the skin by (i) “anchoring”
the lipophilic part of the solute into the membrane and (ii)
electrostatic interaction between the positive charge of the sol-
ute and the negative charge of the skin. These interactions have
been shown to reduce convective flow. In the present work, a
range of local anesthetics with varying lipophilicity was used.
It may be anticipated that 6, is related to the apparent octanol-
water partition coefficient (P,,,) at pH 7.4. Non-significant
regressions were found between PC; . and P,,, (Table II) for
the local anesthetics. It is possible that the interaction between
the ionized local anesthetic and the pore membrane is similar
for all local anesthetics and is significant, i.e., 8; > 0. Accord-
ingly, the observed PC;;, may be less than the theoretical
PC; ;,n; deduced ignoring this interaction by a factor of 1 + 8.

Electroosmotic Flow

From equation 1, the contribution of electroosmotic flow
to the total iontophoretic flux can be estimated by examining
V(1 — o). Electroosmotic flow has been shown to move from
the anode to the cathode compartment due to permselectivity
of the skin (27). The role of convective transport during ionto-
phoresis was discussed previously (4). In this work, the water
flow, calculated from tritiated water flow, was 0.008 = 0.0016
cm/h (mean * s.e., n = 18, r2 = 0.99). There were no significant
difference observed in the water flux between the compounds
and at the different receptor pH’s. The PC;,, for local anesthet-
ics (Table IIT) is at least an order of magnitude more, confirming
that convective flux (I — o})v,, (equation 3) associated with
water flow v,, was not a major determinant of local anesthetic
flux in this study.

Other Factors

This work was limited to cations and the influence of
permselectivity (equations 1 and 2) was studied only in the two
cases of the pore peptides being either ionized at pH 7.4 or
near their isoelectric points (pH 4.5). According to equations
2, PC; ¢ 18 also proportional to the total current. Several studies
(1,5,28) have demonstrated this proportionality.

Preferred Local Anesthetic for Iontophoresis

The present work suggests that the local anesthetic ionto-
phoretic fluxes vary four fold with the greatest flux being appar-
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ent for one of the smaller and least efficacious local anesthetics,
procaine (Tables II and III). The similar order of magnitude
suggests that clinical efficacy and experience may be the key
determinant in the choice of local anesthetic for iontophoresis.
The lag times for each of the local anesthetics for donor pH
4.5 and receptor 7.4 were similar.

CONCLUSIONS

This work .sought to validate an ionic mobility—pore
model developed earlier using the iontophoretic transport rela-
tionships for a range of local anesthetics. The iontophoresis for
a range of local anesthetics was estimated using an identical
contact current strength donor solution composition and anodal
iontophoresis. The predictors of iontophoretic permeability
coefficient (PC; ;) are ionic mobility, the conductivity of both
the donor and receptor ions (including extraneous ions), total
current density and permselectivity of the membrane. The free-
volume mobility—pore model predictors of logarithm of ionto-
phoretic permeability coefficient (log PC;,,,) were confirmed to
be solute mobility and MW. Local anesthetic flux into receptor
chambers at pH 7.4 was found to be higher than those at pH
4.5. Analysis of local anesthetic iontophoretic permeability data
with the model resulted in an average pore radius of about 10 A.
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