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Abstract

Although constant current iontophoresis is supposed to provide constant transdermal transport, significant flux variability
and/or time-dependent flux drifts are observed during iontophoresis with human skin in vitro and human studies in vivo. The
objectives of the present study were to determine (a) the causes of flux variability in constant current dc transdermal iontophoresis
and (b) the relationships of flux variabilities among permeants of different physicochemical properties. Changes in the human
epidermal membrane (HEM) effective pore size and/or electroosmosis during constant current dc iontophoresis were examined.
Tetraethylammonium ion (TEA), urea, and mannitol were the model permeants. For the neutral permeants, the results in the
present study showed a significant increase of fluxes with time in a given experiment and large HEM sample-to-sample variability.
Although both effective pore size and pore charge density variations contributed to the time-dependent flux drifts observed in
electroosmotic transport, the significant flux drifts observed were found to be primarily a result of the time-dependent increase in
effective pore charge density. For the ionic permeant, the observed flux variability was smaller than that of the neutral permeants
and was believed to be primarily due to effective pore size alteration in HEM during iontophoresis as suggested in a previous
study. The different extents of flux variability observed between neutral and ionic permeants are consistent with the different
iontophoretically enhanced transport mechanisms for the neutral and ionic permeants (i.e. electroosmosis and electrophoresis,
respectively). The results of the present study also demonstrate that flux variability of two neutral permeants are inter-related,
so the flux of one neutral permeant can be predicted if the permeability coefficient of the other neutral permeant is known.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are often observed in iontophoretic transport (e.g.
Singh et al., 1995; Chang et al., 2000; Lopez et al.,
Constant current dc iontophoresis theoretically pro- 2001; Nicoli et al., 2001; Smyth et al., 2002; Zhu
vides a constant, predictable, and programmable rateet al., 2002; Li et al., 2003 These variabilities include
of transdermal transport that is only dependent upon inter-sample variability and/or time-dependent flux
the applied current. However, large flux variabilities drifts. The practical significance of such variabilities
in transdermal iontophoresis can be considerable. An
"+ Corresponding author. Tel:1-801-581-4110; example is the pro_blem causgd by fI_ux vgriability in
fax: +1-801-585-1270. the FDA approved iontophoretic non-invasive glucose
E-mail address: kevin.li@m.cc.utah.edu (S.K. Li). monitoring system. This system requires a “warm
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up” period followed by a calibration which involves flux variability could help pharmaceutical researchers
establishing a correlation with a traditional blood glu- better predict permeant flux during constant current
cose monitoring deviceTemada et al., 1999; Tierney dc transdermal iontophoresis. Such an understanding
et al., 200). The need for such requirements reflects would also allow the use of the flux of one perme-
the present state of iontophoretic glucose monitoring ant to predict the flux of another permeant during
and the need for better understanding transdermaliontophoresis.
iontophoresis in general so that the technology may
be significantly improved.

The variability of passive skin permeation data of 2. Materials and methods
ionic and neutral permeants has been previously in-
vestigated l(iu et al., 1993, but the causes of flux 2.1. Materials
variability during constant current dc iontophoresis are
not well understood. lontophoretic transport is related ~ Phosphate-buffered saline (PBS), pH 7.4 and 0.1 M
to the properties of the permeant, the membrane, andionic strength, were prepared with reagent grade
the surrounding solution. When the membrane proper- chemicals and deionized water (>1@M processed
ties and the surrounding solution are maintained con- by a Milli-Q reagent water system. Sodium azide
stant in an experiment, constant current should pro- (NaNs, 0.02%) was added into PBS as a bacteriostatic
vide constant permeant flux with little flux variabil- agent. Millipore SCWP filters (Bm pore diame-
ity. It is believed that the observed flux variability ter) were purchased from Millipore Corp. (Bedford,
during iontophoresis is a result of the alterations of MA). [®H]mannitol (15-30 Ci/mmol), *C]mannitol
the membrane properties under the electric field that (45-60 mCi/mmol), }*Clurea (40—-60 mCi/mmol),
have different effects upon the transport of the back- and *C]JTEA (2-5 mCi/mmol) were purchased from
ground electrolyte ions and the permeant of interest New England Nuclear (Boston, MA) and Moravek
(Zhu et al., 200} Particularly, the electric field can  Biochemicals (Brea, CA) and their purity was checked
induce pore formation and the pores can have different to be at least 98%. Dextran sulfate (average MW
sizes and different surface charge densities than those500,000) was purchased from Sigma Chemicals (St.
of the pre-existing pores, changing the distribution of Louis, MO). All materials were used as received
the effective pore size and effective pore charge in the unless noted otherwise.
stratum corneum. A key question in the present study
is: what is the extent of the changes of the effective 2.2. Experimental strategies
pore size in the stratum corneum and the pore-charge
related electroosmosis during constant current dc ion-  lontophoretic transport of ionic permeants such as
tophoresis? TEA is expected to take place predominantly via the

The objectives of present study were (a) to de- same pathways as the conducting background elec-
termine the mechanisms of flux variability during trolyte ions Phipps and Gyory, 1992; Zhu et al., 2001
constant current dc iontophoresis of ionic permeants Because transport by electroosmosis in HEM has been
and polar non-electrolytes with human epidermal well established to be around or less than 10% of elec-
membrane (HEM) and (b) to test for possible re- trophoresis for small permeants (MW 400; Sims
lationships between flux variabilities of ionic and etal., 1991; Peck et al., 1996; Bath et al., 2000; Marro
neutral permeants. Tetraethylammonium ion (TEA), et al., 2001; Zhu et al., 200"nd because the effects
mannitol, and urea were the model permeants in of pore charge upon the partitioning of ionic perme-
this study. Experiments were designed to examine ants into the charged pores have been shown not to be
(a) the time-dependent changes in effective pore significant at ionic strengths of 0.1 M for HEMPéck
size and/or pore charge density and the related et al., 1993, the variation in effective HEM pore size
time-dependent flux drifts within an iontophoresis run is expected to be the principal factor responsible for
and (b) inter-sample variability during iontophoresis. the flux variability observed with TEA during constant
Understanding the alteration in HEM barrier prop- current dc iontophoresis. lontophoretically enhanced
erties during iontophoresis and the mechanisms of transport of polar non-electrolytes such as urea and
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mannitol is mainly due to electroosmosis. Unlike TEA Table 1
for which changes in the effective pore size alone dur- Diffusion coefficients and radii of permeant and background elec-
ing constant current iontophoresis are expected to ac-trovte ions at 37¢C

count for the flux variability during iontophoresis, the Permeant Diffusion coefficient Radius (A)
situation for polar neutral permeants is more compli- (x10~° cnPfs)

cated: changes in both effective pore size and effec- Na® 1.78 25“3

tive pore charge density are expected to be important '(F:IIEAJr i'gz; ;-gb

in the interpretation and prediction of flux variability ;.. 175 5
during iontophoresis. Mannitol 0.96 4.12b

. To InveSt.lgate flux Va”?‘blllty based on HEM effec- a Data fromZhu et al. (2001)diffusion coefficient is calculated
tive pore size and effective pore Charge' the present using the relationshiFD = URgasT, Whereu is the electromobil-
study was divided into three parts: PBS as the back- ity at infinite dilution Lide, 1990, zis the valence of charg®yas
ground electrolyte with mannitol and TEA as perme- is the gas constanf, is the temperature, anfl is the Faraday's
ants, PBS as the background electrolyte with manni- constant. The diffgsion cogfficient of TEA dgtermined ysing this‘
tol and urea as permeants, and sodium ion as the only™ethod was consistent with that obtained in permeation experi-

L . . ments with a fritted glass disc and side-by-side diffusion cell as
current carrier in HEM with mannitol and urea as per- occribed inPeck et al. (1994)

meants. Constant current dc experiments with TEA b Hydrated radiusrg) is calculated using the method described
were to provide data for the assessment of flux vari- by Beck and Schultz (1972)
ability due to effective pore size alteration of HEM, Ry re
and experiments with mannitol were to provide data ’s= <1~5 o m) X Rsg
for the electroosmosis pathways in HEM during ion-
tophoresis. Comparisons between the flux variability W _ . .

. Stoke—Einstein radius calculated usiige = (KT/6Dxn), in

of mannitol and that of TEA, permeants of essen- which k is the Boltzmann constant, andis the viscosity.
tially the same molecular sizélgble ) but of dif- ¢ Data fromPeck et al. (1994)
ferent transport mechanisms (TEA carries a positive
charge), were to permit a comparative examination must be exercised in extrapolating conclusions from
of flux variabilities due to electroosmosis and elec- the present study to permeants of different molecular
trophoresis. Experiments with mannitol and urea were weights. The permeant transport behavior with HEM
to assess the effective pore size and pore charge of theprobed in the present analysis and any of the conclu-
negatively charged pores in HEM electroosmosis and sions may be limited to the model permeants chosen
their relationships to flux variability. Mannitol also has in the present study.

a molecular size and physicochemical properties sim-
ilar to those of glucose, an important marker for dia- 2.3. Human epidermal membrane (HEM) preparation
betic management (e.§ieg et al., 2008 Urea is also
endogenous, that is available in the body, and can be HEM was prepared by heat-separation using
a therapeutic marker (e.egim et al., 2008 In the split-thickness human skin obtained from skin banks
last set of experiments, high molecular weight dextran (Peck et al., 1996 A randomly selected HEM (from
sulfate was to be the only background electrolyte in different donor sources) was mounted between two
the receiver solution at the cathode, so sodium ions side-by-side diffusion half-cells (surface area around
would be the only current carrier. These experiments 0.75cn?, cell volume of 2 ml) supported with a Mil-
would permit examining the effects of different back- lipore filter (Peck et al., 1993 The stratum corneum
ground electrolyte ion sizes (i.e. sodium plus chloride side faced the donor chamber, and the viable epider-
ions versus sodium ions only) upon flux variability mis side faced the receiver chamber. The donor and
by comparing the flux variabilities in the experiments receiver chambers contained PBS with 0.02% BjlaN
of dextran sulfate and those of PBS. In these experi- A four-electrode potentiostat system (JAS Instru-
ments, mannitol and urea were again to be the model mental Systems, Inc., Salt Lake City, UT) was used
permeants. It should be noted that due to the nature ofto determine the electrical resistance of HEM using
the experimental design in the present study, caution Ohm’s law (i et al., 200). Only HEM with initial

in which Ry is the radius of water molecule arBsg is the
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electrical resistance of >18kcn? was used in the  of scintillation cocktail (Ultima Gold™, Packard In-
present study. HEM was equilibrated in the diffusion strument Company, Meriden, CT) and assayed by a
cell at 37°C for 12 h to establish constant HEM elec- |iquid scintillation counter (Packard TriCaf§ Model
trical resistance before the start of an experiment. The 1900TR Liquid Scintillation Analyzer). Calibration
electrical resistance of HEM generally did not change standards of radiolabelled permeants were prepared in
more than 50% during this 12-h equilibration period. PBS and dextran sulfate solution. The instantaneous

After equilibration, HEM maintained stable electrical fjyx (J) of the permeant between two time points was
resistance for several dayB€gck et al., 1993 determined by

_1AQ
= Aa (1)

A 0.27 mAlcn? constant current dc was applied and the apparent instantaneous permeability coeffi-
with Phoresor Il Auto constant current iontophoretic cient (P) of the permeant by
devices (Model No. PM 850, lomed, Inc., Salt Lake 1 AQ
City, UT) using Ag/AgCl and Ag as the driving elec- P = Cad A1
trodes at 37C for approximately 7 h. The anode was
in the donor chamber and cathode was in the receiver whereQ is the cumulative amount transported across
chamber. During iontophoresis, the voltage drop the membrane into the receiver chamligs time, A
across HEM was monitored by reference Ag/AgCl is the diffusional surface area, ai@ is the donor
electrodes and calomel electrodes in the PBS andchamber concentration of the permeant. Hence, the
dextran sulfate experiments, respectively ét al., permeability coefficient is defined as flux normalized
2001, 2003. The electrical resistance of HEM during by the concentratioy.
iontophoresis was determined by the electrical current  All iontophoresis experiments were carried out
and the voltage drop across HEM using Ohm’s law. With a dual-permeant experimental design. In these
Except in the experiments involving dextran sulfate, dual-permeant experiment¥i and'“C labeled per-
all experiments were conducted with PBS in both meants were employed in the iontophoresis run, and
chambers. In the experiments with dextran sulfate, the transport behaviors of one permeant could be eas-
PBS and 1.67% dextran sulfate were the solutions ily compared to that of another. This simultaneous de-
in the donor and receiver chambers, respectively. At termination of the transport of two permeants through
the start of the experiment, trace amounts of the ra- the same HEM sample reduced the influence of HEM
diolabelled permeants were pipetted into the donor Sample-to-sample variability in data interpretation.
chamber (final concentrations: 1000-8000, 500-8000,

400-3000, and 400-6000 dpmh/for [*H]mannitol, 2.5. Theory and analysis

[14C]mannitol, [ClJurea, and J*C]TEA, respec-

tively). In the experiments with PBS, 1ml samples ~ The flux of an ionic species]) is related to the
were taken from the receiver chamber and replaced current density carried by the iotyXas

with the fresh PBS solution at predetermined time ;, _ ; ¢ )

. . L 1451

intervals (around every 0.5-1h). In the experiments

with dextran sulfate, the entire receiver solution was whereF is the Faraday’s constant amds the valence
taken and replaced with fresh dextran sulfate solution of charge. For electrophoresis dominant transport dur-
at predetermined time intervals. i0 samples were  ing iontophoresis, the permeability coefficient of an
also withdrawn from the donor chamber every 1-2h ionic permeantR;) can be expressed by
during the experiment. The entire donor solution was 2iFD:H; Ag

replaced when the concentration of any species had Pi = ¢ Rond Ax

changed by more than 15% due to ion transport and/or ga
the formation of electrochemical reaction products at wheree is the combined membrane porosity and tor-
the electrode (this was estimated to be at 3—4 h into tuosity factor,A¢ is the average electrical potential
the experiment). The samples were mixed with 10 ml across the membran@x is the effective membrane

2.4. Constant current dc iontophoresis

)

4)
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thickness,D; is the free diffusion coefficient of the
permeant provided iMable 1 Rgas is the gas con-
stant,T is the absolute temperature, atgdis the hin-
drance factor for diffusion. The hindrance factdy, is

a function of membrane pore size and permeant size.
Assuming cylindrical pore geometry in the membrane
and using the asymptotic centerline approximation, the
hindrance factor can be expressedBsdn, 198y

b =22

= ©)

2
14D an(L—1)"

n=1

K

where); is the ratio of the permeant hydrated radius,
rs (Table 1), to pore radiusR,,
9
anx/i(l — ;)25 [ :|
4
+ Zan+3k?
n=0

anda; = —1.217,a» = 1.534,a3 = —2251,a4 =
—5.612,a5 = —0.3363,a5 = —1.216,a7 = 1.647.
When %; is <0.4, Eq. (5) is equivalent to the com-
monly used Renkin equation. For electroosmotic trans-
port of a neutral permeant during iontophoresis and
at the convection limit (the convection limit assump-
tion will be assessed later fBection 3, the apparent
permeability coefficient for the neutral permealg}

can be expressed by

Py = eWnv (6)

whereW is the hindrance factor for convection and
v is the effective linear solvent flow velocity due to
electroosmosid\ is a function of the membrane pore
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andb; = 0.1167,b, = —0.04419,b3 = 4.018,b4 =
—3.979,b5 = —1.922,bg = 4.392, b7 = 5.006. K;
has the same expression as th&dn (5) The effective
flow velocity, v, is proportional to the electric field
(Sims et al., 1998and can be expressed as

A
v=ka—(p

" (8)
where Ag/Ax is the average electrical potential gra-
dient across the membrank, is the electric field
normalized convective solvent flow velocity parame-
ter that is a function of the effective pore charge den-
sity and the pore size of the HEM poreSirfs et al.,
1993. If pore radius>> Debye—Huckel thickness, the
electroosmotic velocity can be written as

(=)

where o is the pore charge density, «l/is the
Debye—Huckel thickness, ands the viscosity of the
solution in the poreKims et al., 199) At this point
it should be mentioned that accordingEgs. (6) and
(8), itis also important to note that variability of mem-
brane permeability coefficients of neutral permeants
is relatively independent te during constant current
iontophoresis becaus€A¢/AX) is generally invari-
ant at constant current (also d9eq. (4). From this it
would follow that the flux variability of polar neutral
permeant transport during iontophoresis should be
mainly dependent on the HEM effective pore charge
parameterk,) and effective pore sizéN). Possible
pore charge distributions (i.e. porosity of the nega-
tively charged pores for electroosmosis versus total
porosity;Li et al., 1999 are embedded iR, .
CombiningEgs. (3), (4) and (6)the ratio of per-

Ay
Ax

v=—
Kn

)

size and permeant radius. With the same assumptionsmeabi”ty coefficient of a neutral permeaffiy) to the

stated forEq. (5)

_ 1-m’@ - (- )Ks

W
N 2K,

(7

where Ay is the ratio of the hydrated radius of the
permeant molecule to the pore radius,

2
14 ba(l—1n)"
n=1

Ks gnz«/i(l —aN) 20 [

4

+ an-‘r?:)\ﬁj
n=0

total current density is

ﬂ _ WNURgasT
I~ F2(Ap/Ax)Y. C;D,z%H;

(10)

where ) CijZ?Hj is the summation of the contri-
bution for all background electrolyte ions in the solu-
tion to the total current densityf = Y /;). The ratio
of permeability coefficient of an ionic permear;)

to the total current density is

P; D;z;H;

= (112)
1 FZC/'D/‘ZjHj
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FromEgs. (10) and (11)the permeability coefficient
of a neutral permeantP{) with respect to that of
an ionic permeantR;) at the same time point in an
iontophoresis run can be expressed as

Wn URgasT

Py — 12
NT F(Ap/Ax)DiziH; (12)
Eg. (12)can be simplified to
ke W,
PN=c1-2 NP, (13)

i
wherec; is a constant.

From Eqg. (10) the relationship between the per-
meability coefficient of one neutral permeant with re-

spect to that of another at the same time point in an

iontophoresis run can be expressed as

(14)

where the subscripta andb refer to neutral perme-
antsa andb, respectively. Fronkqg. (6) the relative

time-dependent change in the permeability coefficient
of one neutral permeant with respect to that of another

permeant from time point 1 to time point 2 during
iontophoresis can be expressed as

(APN.a)/PNa  (WNa2ko2/WN.a1/ks1) — 1
(APnB)/ PNy (WNb2ko2/WNba/ke1) — 1

(15)

where the subscripts 1 and 2 refer to time points 1

and 2, respectivel\Egs. (12), (14) and (15)ere the

3. Results and discussion
3.1. Mannitol and TEA dual permeant experiments

The mannitol and TEA data of the 0.27 mA/&m
constant current dc iontophoresis experiments with
HEM in PBS are presented ifeble 2 The mannitol
and TEA permeability coefficients at around 2 h into
the iontophoresis run are presented in the second and
fourth columns, respectively. The drifts of permeabil-
ity coefficients of mannitol and TEA in the iontophore-
sis run from 2h to the end of the run are presented
in the third and fifth columns, respectively. Three no-
table conclusions are observediable 2 First, the
average mannitol permeability coefficients (electroos-
motic transport) were approximately 5% to those of
TEA (combined electrophoretic and electroosmotic
transport). This result is consistent with the previously
established flux enhancement due to electroosmosis
and electrophoresis in iontophoretic transport across
HEM (Sims et al., 1991; Zhu et al., 200IThe data
in Table 2also show significantly lower inter-sample
variability for TEA (CV = 23%) than that for manni-
tol (CV = 65%) (p < 0.01, F-test for the equality of
variance). In addition to the inter-sample variability,
the time-dependent changes of the permeability coef-
ficients during iontophoresis (i.e. permeability drifts)
for TEA (average= 14%) are also less than those
for mannitol (average= 40%). The different magni-
tudes of the inter-sample variability and the different
extent of time-dependent changes in permeability for

main equations used to analyze the data obtained inthe model ionic and neutral permeants suggest the hy-

the present study.

potheses that: (a) electric field induced alterations of

In the present study, only the data obtained after 2 h the properties (e.g. the effective pore size) of the pre-

into the iontophoresis run were used in data analysis.
The 2-h time point was chosen for two reasons. First,
the passive transport lag time for electric field altered

HEM was determined to be less than 1Sofg et al.,

2002. Since electroosmosis enhancement would re-

duce transport lag time by around two-fold at 1-2V,

any changes in permeability coefficients observed af-
ter 2 h into the iontophoresis run should be primarily

attributed to changes occurring in the transport proper-
ties of HEM (lag time enhancement calculations were

performed using the equation i§ésting, 1992and the
enhancement factor data frdrhet al., 1999. Second,

the current FDA approved non-invasive iontophoresis
glucose monitoring system uses a 2-h warm-up period.

dominant transport pathways for ionic and neutral per-
meants are different, and (b) electroosmosis variability
is responsible for the rather large observed transdermal
iontophoretic flux variability of polar non-electrolytes
such as mannitol.

To further examine these hypotheses, the correlation
between the permeability coefficients of mannitol and
TEA was analyzed. The sixth and seventh columns in
Table 2show the linear least squares regression slopes
and the correlation coefficients between the permeabil-
ity coefficients of mannitol and TEA obtained in each
individual HEM iontophoresis rurkig. 1summarizes
the mannitol and TEA data of all time points after 2h
during iontophoresis with a linear regression through
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Table 2

Results of 0.27 mA/cf constant current dc iontophoresis with mannitol and TEA

HEM Pmannitol Fractional Prea Fractional Slopé (r2yd Pmannitol t0
(cm/sp changé (cm/sp changé Prea ratio®

B1 8.9E-8 0.6 1.1E5 0.3 0.013 0.93 0.008

B2 2.7E-7 13 12E5 0.4 0.07 0.93 0.022

B3 3.1E-7 0.5 14E-5 0 -0.3 0.47 0.022

B4 5.7E-7 0 1.4E-5 0.2 0.015 0.76 0.041

B5 4.4E-7 -0.1 7.5E-6 0 —0.07 0.18 0.059

B6 7.4E-7 0.2 1.9E5 -0.2 0.007 0.05 0.039

B7 2.3E-7 0.5 1.1E5 0.4 0.03 0.91 0.021

B8 1.7E-7 0.3 1.3E5 0.1 0.03 0.65 0.013

B9 3.4E-7 0.2 1.2E5 0.1 0.04 0.79 0.028

B10 6.5E-7 0.6 1.3E5 0.3 0.08 0.90 0.050

B11 1.1E-6 0.2 1.0E-5 0.1 0.2 0.48 0.11

B12 1.2E-6 0.3 7.9E-6 0.4 0.09 0.85 0.15

B13 1.1E-6 0.4 1.2E5 0.1 0.16 0.68 0.092

B14 9.0E-7 0.4 1.3E5 0.1 0.19 0.86 0.069

B15 3.2E-7 0.1 1.0E-5 0 0.05 0.75 0.032

Mean (CVJ 5.6E-7 (65%) 0.4 1.2E5 (23%) 0.1 0.043 (290%) 0.050 (80%)

a Permeability coefficient at 2 h.

b Fraction of permeability coefficient chang€Peng — P2n)/Pon, Where Pap is the permeability coefficient at 2h arfkng is the
permeability coefficient at the end of the experiment (7 h).

¢ Linear least squares slope Bfannitol VS. Prea from 2h to the end of the experiment with varialyléntercept.

d Correlation coefficient? of the linear least squares slope.

€ Ratio of permeability coefficient of mannitol to that of TEA at 2h.

f Mean and coefficient of variation (CV) of the data of all HEM samples.

the origin. Ther? value in the figure is calculated ac- TEA within a run ¢2 > 0.8), the large variability of
cording toZar (1999) In Table 2 although 6 outof 15  the linear least squares slopes among the HEM sam-
iontophoresis runs show a reasonably good correlation ples (slope= 0.043+ 0.126, meant S.D.) and the
between the permeability coefficients of mannitol and large data scatter iRig. 1 show no general correlation

1.80E-06 -
1.60E-06 - y = 0.0543x
r?=0.68

1.40E-06 -
1.20E-06 -
1.00E-06 -
8.00E-07 -

6.00E-07 +

Mannitol P (cm/s)

4.00E-07
2.00E-07

0.00E+00 - f f f
0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00E-05

TEA P (cm/s)

Fig. 1. Relationship between the permeability coefficieRjsaf mannitol and TEA in dual-permeant experiments of 0.27 m&/constant
current dc iontophoresis. The line is the linear least squares line through the origin for the data. Each symbol represents an individual
iontophoresis run of the 15 experiments. Each data point represents an individual sampling point during iontophoresis.
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between mannitol and TEA permeability coefficients  In contrast to the results obtained with TEA for
among different HEM samples. This further supports which changes in the effective pore size alone during
the hypothesis that flux variabilities of ionic permeants constant current iontophoresis is believed to account
are not related to those of the neutral permeants, andfor the flux variability, iontophoretic transport of
this is likely due to the different iontophoretic trans- mannitol is governed by the effective pore size and
port mechanisms of the ionic and neutral permeants the effective pore charge density of the negatively
(i.e. electrophoresis as the dominant transport mecha-charged pores responsible for electroosmotic trans-
nism versus electroosmosis, respectively). Therefore, port in HEM (Peck et al., 1996; Li et al., 1999; Pikal,
the flux of an ionic permeant cannot be used to ac- 200]). Inter-sample flux variabilities and flux drifts
curately predict the flux of a neutral permeant dur- during iontophoresis based on the effective pore size
ing constant current iontophoresis even when the per- and effective pore charge of HEM were therefore
meants have similar molecular sizes (poor correlation further investigated in the following mannitol/urea
between the mannitol and TEA data fig. 1). The experiments.

large variability of the permeability coefficient ratios

of mannitol to TEA at the 2-h time point into the ion-  3.3. Mannitol and urea dual permeant experiments
tophoresis run (the last column irable 9 also illus-

trates this point. Table 3presents the mannitol and urea data of the
0.27 mA/cn? constant current dc iontophoresis ex-

3.2. Flux variability and iontophoretic transport periments with HEM in PBS. The second and fourth

mechanisms columns inTable 3show, respectively, the permeabil-

ity coefficients of mannitol and urea at 2 h into the ion-
During constant current dc iontophoresis in the tophoresis run. The permeability coefficients of urea
present study, because the total current was main-on average are approximately 2.5 times greater than
tained constant (by adjusting the applied voltage those of mannitol. This is consistent with the previ-
across HEM) and trace amounts of the permeant ous finding of hindered electroosmotic transport with
were used, the total flux of the background elec- effective pore radii of around 0.6—-0.9 nrhi (et al.,
trolyte ions (e.g. sodium and chloride ions) was main- 1998. Another observation that can be made in
tained constant. The inter-sample variability and the Table 3is the essentially same permeability drifts of
time-dependent changes in the permeability for TEA mannitol and urea (presented in the third and fifth
during iontophoresis were therefore mainly a result columns inTable 3 respectively). A+15% differ-
of the different transport hindrances experienced by ence between the permeability drifts of mannitol and

TEA and the background electrolyte iorisq (11). urea is considered to be within experimental error in
These pore size effects corresponded to a three-foldtransport experiments in general (unpublished data
range in the variabilities of ionic permeants (7&to in transport experiments with synthetic membranes).

1.9E-5cm/s, Table 9 when the permeant size was The parallel permeability increase of urea and manni-
about two times larger than those of the background tol with time during iontophoresis is consistent with
electrolyte Table 1. The three-fold range is consis- the effective pore charge density being a main factor
tent with the results in a recent study demonstrating responsible for the time-dependent flux variability
the effects of background electrolyte ion sizes upon observed with the neutral permeants during con-
the predictability of the Nernst—Planck theorzh{ stant current iontophoresis. The last three columns in
et al., 200). To summarize, flux variabilities were Table 3present the slopes of the linear regressions and
observed with TEA, but they were generally not very the coefficients of determination between mannitol
great (compared to mannitol) because (a) TEA and and urea permeability coefficients and the permeabil-
background electrolyte ions follow the same transport ity coefficient ratios of mannitol to urea, respectively,
mechanism and (b) the molecular size of TEA are of each iontophoresis run. A comparison between the
within a factor of two of those of the background elec- mannitol/TEA permeability coefficient regressions in
trolyte ions. Flux variabilities of TEA were therefore Table 2and the mannitol/urea regressionsTiable 3

not further characterized in the present study. shows better correlations between the mannitol and
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Table 3
Results of 0.27 mA/ci constant current dc iontophoresis with mannitol and urea
HEM Pmannitol Fractional Pyrea Fractional % change R, (nmy  Slopé (rd"  Pmannitol t0

(cm/sp changé (cm/sp changé of k,© Purea ratio?
C1 3.0E-7 0.7 8.9E-7 0.2 0 0.63-0.74 0.94 092 0.34
Cc2 3.3E-7 0.1 8.0E-7 0.1 N/A 0.67 0.16 0.67 0.41
C3 1.5E-7 0.7 7.6E-7 0.3 10 0.54-0.58 0.1 0.92 0.20
Cc4 3.1E-7 1.2 1.0E-6 0.8 60 0.61-0.66 0.51 099 031
C5 4.2E-7 0.3 8.8E-7 0.1 0 0.73-0.81 1.1 0.86 0.48
C6 2.5E-7 0.4 5.6E-7 0.3 20 0.70-0.74 0.63 0.88 0.45
Cc7 3.86-7 0.2 7.1E-7 0.2 N/A 0.78 0.76 0.83 054
Cc8 2.7E-7 0.6 7.6E-7 0.3 20 0.63-0.68 0.74 0.92 0.36
Cc9 3.1E-7 0.4 7.2E-7 0.2 10 0.70-0.76  0.61 0.97 0.43
C10 4.3E-7 0.6 1.0E-6 0.6 60 0.69 0.39 1.00 043
Ci11 2.6E-7 0.6 9.0E-7 0.5 50 0.59 0.38 0.99 0.29
C12 4.9E-7 0 1.2E-6 0.1 N/A 0.68 0.33 0.68 0.41
C13 1.76-7 1.3 4.5E-7 1.0 90 0.64-0.67 0.52 0.97 0.38
Ci14 3.3E-7 1.6 7.1E-7 1.3 120 0.71-0.75 0.59 0.96 0.46
C15 4.4E-7 0.7 1.2E-6 0.7 65 0.64 0.39 0.97 0.37
C16 2.9E-7 0.6 8.8E-7 0.6 60 0.61 0.32 0.92 0.33

Mean (CVJ' 3.2E-7 (30%) 0.6 8.4E7 (24%) 0.4

0.56 (44%) 0.39 (22%)

2 Permeability coefficient at 2 h.

b Fraction of permeability coefficient changéPeng — P2n)/P2n, Where P2y, is the permeability coefficient at 2h arfkng is the

permeability coefficient at the end of the experiment (7 h).

¢ Percent of effective electroosmotic flow velocity change from 2 h to the end of the experiment.

d Effective pore radiusRy) from 2h to the end of the experiment.

€ Linear least squares slope Bfannitol VS. Purea from 2 h to the end of the experiment with varialyléntercept.

f Correlation coefficient? of the linear least squares slope.

9 Ratio of permeability coefficient of mannitol to that of urea at 2 h.
h Mean and coefficient of variation (CV) of the data of all HEM samples.

urea pairs. This conclusion is deduced from the fol-
lowing. First, only 2 out of 16 samples ifable 3have
r?2 < 0.8 (both due to the relatively constant perme-
ability coefficients of mannitol during iontophoresis)
versus the 9 out of 15 samplesTable 2 Second, the
variability of the linear regression slopes among dif-
ferent samples iffable 3(meant S.D.: 0.56+ 0.25)
is smaller than those infable 2 (mean+ S.D.:
0.043+ 0.126). Third, the mannitol-to-urea perme-
ability coefficient ratios at the 2-h iontophoresis time
point in Table 3 (mean+ S.D.: 0.39 & 0.08) show
smaller variation than those of the mannitol-to-TEA
permeability coefficient ratios ifiable 2(meantS.D.:
0.05+ 0.04).

It should be noted that the inter-sample variabili-
ties of mannitol inTable 3(ranging from 1.5E-7 to

ability coefficients inTable 3(mean: 60%) are larger
than those ifTable 2(mean: 40%). These differences
in variabilities prompted the repeats of the mannitol
iontophoresis experiments under the same experimen-
tal conditions with another set of 16 HEM samples
from different skin donorslable 4presents the manni-
tol permeability coefficients and permeability drifts in
these experiments. The large inter-sample variability
in Table 4(ranging from 1.6E-7 to 1.7E-6 cm/s, CV:
100%) is similar to that iTable 2(p = 0.43, F-test),
and the large permeability drifts during iontophore-
sis (mean % change: 90%) Table 4are similar to
those inTable 3 Possible relationships between the
initial HEM electrical resistance before iontophoresis
application and flux variabilities during iontophore-
sis were also examined. No general relationship be-

4.9E-7 cm/s, CV: 30%) are less than those observed tween the variabilities and HEM initial resistance was

in Table 2(from 0.9E-7 to 1.2E-6 cm/s, CV: 65%)
(p < 0.01, F-test), but the drifts of mannitol perme-

found among the HEM samples ifables 2—4(data
not shown).
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Table 4 permeability coefficients anéq. (14) the effective
Resul_ts of 0.27 mA/ck constant current dc iontophoresis with pore radii during iontophoresis were determined. The
mannitol permeability drift data, effective pore radii, arft.
HEM Pmannitol (Cm/s} Fractional chande (15) were then used to determine the percent of in-
D1 3.96-7 0.1 crease ink, during iontophoresis. These results are
D2 1.6E-7 11 shown in the sixth and seventh columnsTable 3

D3 2.56-7 0.5 Among the 16 HEM experiments ifiable 3 three

8‘5‘ ;EE:; 8:3 HEM samples did not show any significant perme-
D6 2 8E_7 0.6 ability drifts of mannitol and urea<(20%) during

D7 4.0E-7 0.2 iontophoresis. Three out of 16 HEM samples experi-
D8 1.9e-7 18 enced moderate changes in mannitol permeability co-
D9 4.5E-7 0.2 efficients (around 20-50%) during iontophoresis. In
81(1) 525:; i; these three iontophoresis runs, both the increase in the
D12 1.7E-6 0.4 effective pore size anld, are responsible for the per-
D13 1.5E-6 0.6 meability drifts during iontophoresis. Ten HEM sam-
D14 4.36-7 1.4 ples inTable 3show a larger than 50% change in man-
D15 3.4E-7 12 nitol permeability coefficients. When there was a large
D16 4287 05 increase in mannitol permeability coefficients, signifi-
Mean (CVf 4.7E-7 (100%) 0.9 cant increases ik, (>50%) were generally observed

a pPermeability coefficient at 2 h. (7 out of 10 HEM samples).

b Fraction of permeability coefficient chang@end— P2h)/ P2h, Fig. 2 summarizes the mannitol and urea data. It
where P2y, is the permeability coefficient at 2h arRbng is the includes all HEM samples and all the time points for
permeability coefficient at the end of the experiment (7 h). each sample after 2h into the iontophoresis experi-

Y d coefficient of variation (CV) of the data of all HEM : . . e
ean and coefficient of variation (CV) of the data of a ments. The figure shows eight- and five-fold variabil-

samples. " .- .. .
ities of the permeability coefficients of mannitol and
urea, respectively. Also shown in the figure is a linear
3.4. Effects of effective pore size and effective pore correlation between the permeability coefficients of
charge during electroosmotic transport mannitol and urea. The line Fig. 2represents the lin-

ear regression through the origin for the data. Accord-

The applied voltage across HEM during constant ing toEgs. (14) and (15)f the effective pore size dur-
current dc iontophoresis varied within a single ion- ingiontophoresis within a single iontophoresis run and
tophoresis run and among HEM samples. In the among different HEM experiments is constdgtwill
present study, the applied voltage during 0.27 m&/cm be primarily responsible for the time-dependent flux
constant current iontophoresis ranged between 0.7 anddrifts and inter-sample flux variability. In this case, the
2.8V. Under these applied voltage conditions, elec- plot of Py, versusPy ; will show a good linear cor-
troosmosis was the dominant transport mechanism relation (a straight line with a constant slope through
and the transport of urea and mannitol approached the origin), yielding a linear least squares slope equal
the convection limit I(i et al., 199§; the errors of to Wn,o/Wh » (Egs. (10) and (14) As can be seen
the convection limit assumption at 1.7V (the aver- in the figure, the mannitol and urea permeability co-
age) were less than 2 and 8% for mannitol and urea, efficient data form a linear regression line, which are
respectively, and in the worst case scenario (i.e. at consistent with the large time-dependent electroosmo-
0.7V), these errors were estimated to be around 13 sis increase and inter-sample variabilitykif during
and 35%, respectively. iontophoresis. The vertical deviation (i.e. in the direc-

The permeability drifts of the neutral permeants tion of they-axis) of the data from the linear regres-
within a single iontophoresis run during iontophore- sion line (within 1.5-fold) can be attributed to pore
sis (third and fifth columns ofable 3 were analyzed  size variability among different HEM samples as well
based on the effective pore size akg parameters  as pore size variations during iontophoresis. Despite
of HEM. Using the ratios of the urea and mannitol such deviations, th®mannitol VErsusPyrea Correlation



SK. Li et al./International Journal of Pharmaceutics 273 (2004) 9-22 19

1.00E-06 -
y = 0.4041x
9.00E-07 A r2=0.97

8.00E-07 -
7.00E-07 -
6.00E-07 -
5.00E-07 -

4.00E-07 -

Mannitol P (cm/s)

3.00E-07

2.00E-07 A

1.00E-07 -

0.00E+00 T T T T |
0.0E+00 5.0E-07 1.0E-06 1.5E-06 2.0E-06 2.5E-06

Urea P (cm/s)

Fig. 2. Relationship between the permeability coefficieRsof mannitol and urea in dual-permeant experiments of 0.27 mAfonstant
current dc iontophoresis. The line is the linear least squares line through the origin for the data. Each symbol represents an individual
iontophoresis run of the 16 experiments. Each data point represents an individual sampling point during iontophoresis.

supports the idea that flux variability of a neutral per- receiver solution was 1.67% 500,000 MW dextran sul-
meant can be predicted within reasonable accuracy if fate and the donor solution was PBS. With the high
the flux of another neutral permeant of similar molec- molecular weight and hydrophilicity, the dextran sul-
ular size is known. Examples can be the prediction of fate molecules are not expected to alter the pore char-
phenylalanine iontophoretic permeability coefficients acteristic of HEM Hirvonen and Guy, 1997, 19%8
using the permeability coefficients of glucose for the Also, the high MW dextran sulfate molecules were
diagnostic test of phenylketonuria in human patients not expected to be transported across HEM, so sodium
or, vice versa, the prediction of glucose permeabil- ion was the only conducting ion carrying the current.
ity coefficients using those of phenylalanine for blood Under this condition, maintaining a constant current
glucose monitoring in diabetes management. Ongoing provided constant sodium ion flux across HEM, and
studies in our laboratory show a relatively good corre- sodium ion became the major component in the de-
lation between the permeability coefficients of pheny- nominator ofEq. (10) Comparison between the data
lalanine and mannitol during iontophoresis with HEM  of the experiments with dextran sulfate and those with

in vitro (data not shown). PBS allowed the examination of the effects of the size
differences of background electrolyte ions upon flux

3.5. Experiments with high molecular weight dextran variability.

sulfate as the background electrolyte in the receiver The mannitol and urea data obtained in the dex-

chamber tran sulfate/PBS asymmetric system are presented in

Table 5 Fig. 3summarizes all mannitol and urea data
The main objective of the experiment with dextran at all time points (after 2 h into the iontophoresis runs)
sulfate was to determine the effects of the ion size dif- in the experiments. The correlation between mannitol
ferences between chloride ion and sodium ion upon and urea permeability coefficients Fig. 3 supports
flux variability in electroosmotic transport because the proposed method of using the permeability coeffi-
sodium ion has a larger Stokes—Einstein hydration ra- cient of one neutral permeant to predict the permeabil-
dius than chloride ionTable J. In these experiments, ity of another neutral permeant during iontophoresis.
an asymmetric configuration was employed where the Having sodium ion as the only current carrier across
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Table 5

Results of 0.27 mA/cfconstant current dextran sulfate iontophoresis experiments with mannitol and urea

HEM Prmannitol Fractional Pyrea(cm/sf  Fractional % change R, (hnmf'  Slopé& 3" Pmannitol t0
(cm/sp chang& chang& of k,© Purea ratio?

E1l 2.4E-7 0.3 8.3E-7 0.4 30 0.59 0.23 0.96 0.29

E2 3.6E-7 1.1 1.5E-6 0.6 45 0.56-0.6 0.36 0.96 0.24

E3 2.8E-7 0.6 1.1E-6 0.5 50 0.57 0.41 0.94 0.25

E4 8.9E-8 1.2 2.3E-7 1.3 120 0.65 0.38 0.98 0.39

E5 3.6E-7 0.4 1.2E-6 0.2 10 0.60-0.63 0.59 0.87 0.30

E6 1.9E-7 0.9 8.8E-7 0.5 40 0.55-0.58 0.30 091 0.22

E7 4.6E-7 -0.1 1.2E-6 0 N/A 0.65 0.59 0.68 0.38

E8 3.9E-7 0.4 1.5E-6 0.4 40 0.58 0.27 0.94 0.26

E9 2.7E-7 0.2 1.0E-6 0.1 N/A 0.58 0.51 0.81 0.27

E10 4.2E-7 0 1.3E-6 0.2 N/A 0.61 0.17 0.68 0.32

E1ll 4.2E-7 0 1.5E-6 0.2 N/A 0.59 0.18 0.45 0.28

E12 4.4E-7 0 1.5E-6 0.1 N/A 0.60 0.17 0.84 0.29

E13 3.7E-7 0.8 9.2E-7 0.6 55 0.67-0.70 0.56 0.98 0.40

E14 2.6E-7 0.7 5.9E-7 0.7 65 0.70 0.49 1.0 0.44

E15 7.9E-7 0.3 1.3E-6 0.2 25 0.85 0.57 0.97 0.61

Mean (CVJ' 3.6E-7 (45%) 0.5 1.1E6 (33%) 0.4 0.38 (42%) 0.33 (31%)

a Permeability coefficient at 2 h.

b Fraction of permeability coefficient chang€Peng — P2n)/ P2n, Where P2y, is the permeability coefficient at 2h anng is the
permeability coefficient at the end of the experiment (7 h).

¢ Percent of effective electroosmotic flow velocity change from 2 h to the end of the experiment.

d Effective pore radiusRp) from 2h to the end of the experiment.

€ Linear least squares slope Bfyannitol VS. Purea from 2h to the end of the experiment with varialyléntercept.

f Correlation coefficient? of the linear least squares slope.

9 Ratio of permeability coefficient of mannitol to that of urea at 2h.

h Mean and coefficient of variation (CV) of the data of all HEM samples.
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Fig. 3. Relationship between the permeability coefficieMsaf mannitol and urea in dual-permeant experiments of 0.27 mAfonstant

current dc iontophoresis with the dextran sulfate/PBS asymmetric system. The line is the linear least squares line through the origin for
the data. Each symbol represents an individual iontophoresis run of the 15 experiments. Each data point represents an individual sampling
point during iontophoresis.
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HEM did not affect the time-dependent changes in 4. Conclusion

permeability coefficients (third and fifth columns of

Table § and the inter-sample variability (second and  During constant current dc iontophoresis, flux vari-
fourth columns) of mannitol and ureghu et al. (2001) ability is a result of the electric field-induced alteration
have shown the effects of background electrolyte sizes of the barrier properties of HEM; more specifically,
upon the flux variability of ionic permeants. However, flux variability comes about from the changes in the
the present results show no relationship between flux HEM pore characteristics such as effective pore size
variability of the neutral permeants and background and pore charge density that impact upon the transport
electrolyte ion size. This again is consistent with the of the permeant of interest and the background elec-
transport mechanisms being different for ions and trolyte ions. It was found that inter-sample variability
neutral permeants. Mable 5 similar to the results of  and time-dependent flux drifts during iontophoresis for
Table 3(in mannitol/urea experiments in PBS) are the ionic permeants were less than those for neutral per-
essentially same percent of time-dependent perme-meants. This observation is consistent with the hypoth-
ability increase of mannitol and urea (third and fifth esis that such differences in variability and flux drifts
columns) and the essentially same ratios of perme- were primarily related to the different mechanisms of
ability coefficients of mannitol to those of urea at 2h iontophoretic transport for ionic and neutral permeants
(last column). When sodium ion was the only current (electrophoresis and electroosmosis, respectively). For
carrier, 5 out of 15 HEM samples did not show signif- neutral permeants, the increase of electroosmosis re-
icant permeability drifts of mannitok{20%) in Table sulting from the changes in the effective pore charge of
5. Four out of 15 samples showed mannitol permeabil- the HEM pores during iontophoresis was a major fac-
ity drifts between around 20 and 50%, and the rest (6 tor for the inter-sample variability and the significant
out of 15) showed greater than 50% permeability in- flux drifts observed. The exclusion of chloride ion as
crease during the iontophoresis runs. Among these 10conducting ion across HEM by using high molecular
HEM iontophoresis runs, the permeability drifts of all weight dextran sulfate as the only background elec-
but three samples are interpreted to be essentially en-trolyte at the cathode did not reduce inter-sample flux
tirely from time-dependent increaseskgfduring ion- variability and flux drift for neutral permeants during
tophoresis. The increases in effective HEM pore size iontophoresis; this is believed to be again related to
and ink, were important for the permeability drifts ob- the mechanisms being different for ionic and neutral
served with the three samples. These results strengtherpermeants.

the conclusion of (time-dependent increakgeing

the main factor in the significant permeability drifts
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