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ABSTRALCT

Purpose Fléﬁrocnemml impedance spectroscopy is a conve-
nient method that has been used to characterize skin barrier
function, which affects (*'rug delivery into and through the skin.
The objective of this study was to relate changes in skin barrier
function arising from mechanical ci mage to changes in the im-
pedance specira. These observations are compared in a com-
panion paper to changes in chemzcaiiy damaged skin.

Methods Electrical impedance and the permeation of a non-
polar corr .p ound were measured before and after hurman

cadaver skin damaged by needle puncture.
Resuits Th mp ci nce res pcmcoq of all skin samiples were con-

sistent with an equivalent circuit rﬂde! w’r a resistor and constant
phase element {CPE) in paraliel. aged skin exhibited a
lower resistance pathway acting in pa aht! Mth the skin resistance
without changing the CPE b i"a\/xor I'he characteristic frequency of

ce

the impedance scars dete
by an amount that cou Id be pred cted. The flux of 4-cyanopheno
increased by a small but significant amount that did not correlate
with the hole resistance calculated under the assumption that the
resistance of the surrounding skin did not change.
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Conciusions Skin impedance measurements are sensitive to irre-
ersible damage caused by expasure fo puncture with a neadle.

KEY WORDS constant phase element
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ABBREVIATIONS

A exposed skin area

C 4-cyanophenol

CPE constant phase element

Cs capacitance of a capacitor in the R-C equivalent

model circuit or an effective capacitance that is pro-
portional fo the effective dielectric constant
Ca M effective capacitance for an R-CPE equivalent mode]

circuit with the same characteristic frequency as the

R-C circuit; described by Hsu and Manfeld (21)

Cooa effective capacitance calculated by Oh and Guy (43, 44)

Cson effective capaﬂtﬂm; calculated by Oh et al.(10) and
Kim and Oh (%)

CopL effective capaotanc tor an R-CPE equivalent model
circuit with power-law decay of skin resistivity as
proposed by Hirschom et al. {(38)

Ahole diameter of pinhole

axp experimental value

f frequency of the potential {voltage) perturbation in
the measurement of impedarnce

fes characteristic frequency observed for undamaged skin

fet characteristic frequency observed for pinhole damaged skin

fi ki, value of frequency measured

g parameter in the definition for Copy

Hz Hertz, untt of frequency (cycles per sec)

i V=1, unity in the complex plane

k incdex of measurement frequency

L thickness of the stratum corneum

Lhoe length of the pinhole in the skin

M Cumulative mass of chemical delivered into the re-

ceptor solution at sample time t
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Neat total number of measurement frequendes in the
specrum

nF nanofarad, units of capacitance

Nhotas number of pinholes

Nocans number of impedance scans induded in the analysis
of the stochastic error

[ parameter vector that includes all of the model pa-
rameter being optimized in the regression analysis

PBS phosphate buffered saline

Pk, negative of the base-10 logarithm of the acid disso-

iation constant, £,

Qs parameter Lharucﬂl.”- g the constant phase element
(CPE) in the equivalent circuit model of the stratum
corneum

R-C model circuit consisting of a resistor (R)
and capacitor (C) in paraliel

R-CPE  model circuit consisting of a resistor ()
and CPE in parallel

Re frequency-independent {Ohmic) resistance in series
with the skin sample; consists of resistance of the
electrolyte solution surrounding the skin samiple,
wires and possibly the dermis

Rhole resistance of one hole

Rhotes resistance of Nigjes

R resistance of a resistor in the equivalent circuit model
representing the straturm comeum

Ry total resistance of the skin and hole operating in parallel

t time

Z rneasured impedance; for an Ohmic material, the
ratio of the current and potential by Ohms law; Zis a
complex number

1.2 madulus of the impedance

Lexp experimental value of the impedance, a complex
number

Zrara measurement model value of the impedance, a
complex number

2 imaginary component of the impedance

Kiexp imaginary component of the experimental
impedance

L real componant of the impedance

Zrexo feal compenent of the experimental impadance

s parameter characterizing the constant phase element
{CPE) in the equivalent circuit mode! of the stratum

{
corneum

o) Distance from the outer surface to the innermost
surface of the dominant resistive layer

€ dielectric constant of the stratum cormeum {unitless)

£ De ‘mittivity of a vacuum, 8.8547 107° nF/cm

=h

requency-dependent residual error of scan m de-
f ined as the difference between the measu
modeled impedance
Fes(fi}  mean of the residual errors measured at frequency fi
for a number of scans (Neeans)

ured and

9] ohms, units or resistance
8. phase angle at the characteristic frequency (£,

resistivity of solution surrounding the skin Sdmple
tivity of the innermost st;r"a' e of the dominant

resictive layer

a(f) age of the stochastic error at frequency f,

a lard deviation of the stochastic error at frequency fi,

¥ ob;ecve unction that is minimized in the data re-
gression to the equivalent circuit model

INTRODUCTION

The outer most fayer of the skin, te stratun corneum, is a
matrix of dead keratinized cells suspendcd m hpld bilayers. The
stratum corneum is the primary barrier to chemical penetra-
tion and electric current dwough the skin, Therefore, unless
stated otherwise, in this paper the word skin refers to the
stratum corneurn. Impedance spectroscopy, which is the me
surement of the impedance for a range oi frequencies, prov ddcs
information about the electrical propertes of skin. Impedance
measurements involve measuring the current or potential re-
sponse to small-amplitude modulation of an imput current or
potential at a given frequency. The mpedance is the ratio of
the change in potential to the change in current, which for skin
1s a function of the meodulation frequency. Dielectric material in
skin causes the resulting signal to shift in phase relative to the
applied signal, which can be expressed as a complex nuniber
for impedance. Changes in the impedance spectra of skin
subsequent to chemical exposure or mechanical damage ndi-
cate changes in the structure or composition of skin.

The electrical response of the skin is related to two
mtrinsic prope“f"eq the resistivity and the dielectric con-

tant. The skin resistivity

normalized skin resistance m

15 proportional to the area-
measured using a direct current
e., &, A where A is the skin area normal to current
nce with units of Ohms. The
dielectric constant of skin is proportional to the capacitance

method; 7.
flow and R is the skin resista

norrnalized by the inverse area {((/4). Because the stratum
corneunt s heterogeneous, macroscopic electrical measure-
ruents of the skin produce effective values for the skin resis-
tance and capacitance that cornbine effects from the varous
structures within the stratum corneum. Hydrophilie and
lipophilic molecules diffise through sk zig polar or non-
polar § Ua(hwaw depending upon the octanol-water partition
coeflicient (). For skin subrerged 1 electrolyte solution,
dissolved 10ms transport through the skin in response {0 an
electric field. Thus, skin resisavity quantitaovely character-
izes the pathway for transport of ions through skin.
Consistent with this, the skin permeability of hydrophilic
nicals, including water, has been shown to

portional to £.4; eg (2-6).

and ionic chem
be mversely pro
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Fig. I Diagrams of equivalent a8
dircuit models: (&) R CP imd{l,

&) R-C model, and
pinhele model.

Though the source of skin capacitance is not well under-
speculated that the skin ¢

stood, e
tance arises from reorientation of polar lipids and proteins

investigators hav capaci-

in the electric field ’;) and the hipid matrix-keratin cell

cornplex elements (86—

) that might act as insulating layers
of highly ordered stratum cornewmn lipids separated by
conducting corneocytes. Since the stratum corncwn lipids
are thought to be the major component of the lipophilic
pathway, the effective capacitance of skin may in sonie ways
characterize the lipophilic pathway.

The present work was one of two studies that had the
characterize

overall goal of using impedance spectroscopy to

and understand changes in skin barrier function following

nreversible damage. The objective of the present study was

to examine changes in the impedance response and the per-
hen

ol

(CP), to a well-defined mechanical insult, specifically needle

meation of a non-polar model compound, 4-cyanopi

puncture, Electrical immpedance is one of the recommended

methods for insuring that skin samnples have sufficient integrity

for meaningful i vro measurements of chemical permeability,

including non-polar compounds (12-14)

Therefore, a see-
ondary objective was to compare the effects of pinhole dam-
age on electrical impedance and CP permeation. This
understanding of mechanical damage informed the second
stady, described in a comipanion paper, in which impedance

spectroscopy was determined beflore and after skin was dam-

aged chemically using dirnethyl sulfoxide (15). The strategy in

to derive insights into the mtvusic

both nvestigations w

electuical properties of skin before and after damage by

regressing crcuit models that are consistent with the nature

>f the skin daroage to the measured irupedance,

THEORY

Skin impedance is related to the sr’ructure and composition of

the stratum corneurn. In the present study the skin barrier was

damaged mechanically by needle punc ture Circutt models

are proposed to describe the resulting skin impedance.

Skin Impedance Models

A common circuit model of wm-oitro skin 'mpedance is a
resistor that represents the frequency-independen
resistance containing contributions from the ele ctroiytb, the

@ Springer
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wires, and possibly the dermis (£,) in series with a parallel

resistor (R,) and a constant-phase element (CPE) (16, 17
This R-CPE circuit model is depicted in Fig. ta. The CPE is
often thought of as being a non-ideal capacitor, with a

complex impedance given by

—
[

where @

and o, arc the CPE paramecters, j is the
P Yy cq .
complex number —1, and fis the frequency with units
of inverse seconds (Hz). Jorcin ¢ 4l (18) demnonstrated
CPE behavior can be the result

surface and normal (or axial) distributions of resistance

that, in general,

and capacitance in the material. In skin, the CPE behav-

ior has been attributed to the stratum corneum hetero-

geneity normal to the skin surface, particularly an

b
exponential decrease in the resisti

The mnpedance of the R-CPE model 1s repres

the expression

vity (18, 20),

euted by

]
<L =R+ (2

-+ itis }S( 7972'1 (I‘

which exhibits a single characteristic frequency, /., defined
; 1 .
Jes T i/a, {3}

y
y
3/

(RO,

corresponding to the frequency at which the absolute

value of the imaginary part o [h impf‘dance is a max-

imum. Since the dielectric constant for a material is

linked to the capacitance, it is useful to relate the pa-

rameters in the K-CPE model to an effective capaci-
tance. In one approach, the R-CPE model is related to
the R-C circuit mod b, In this circuit, a
resistor 1s in series

del, shown m Ing.

with a parallel resistor (R) and ca-
pacitor ((), which is represented exactly by Eq. (2) for
2.=C; and a,=1. The effecuve capacitance 1s deter-
mined by requiring that the characteristic frequ&ncy for

the R-C circuit model

fo—— (4)
Jes — 27‘[]%5(:0 i
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1s the same as the characteristic frequencv for the R-CPE
e, Bq. (3). The r

model; 1 esulting expression,

'/a (1 - gl m =
Comv = Q) o)/ {5)

is derived by equating Eqs. (3) and (4) and solving for
m terms of R, @ and a,. All effective capacitance values
erived from CPE parameters are model dependent and
{5) has been described by Hsu and Man i eld (2 1),
the ﬁﬁecrwe capacitance calcular_ed using Fqg. (5) 1

S-\JQA

ignated as (g to distinguish 1t from values calculated

’.7.

by other appreaches,

The mopedance of punctured skin, shown schermatically
described
by the pinhole equivalent circust depicted 1 Fig.

n Fig. 2, 1s hypothesized to vary with frequency

le and
represented by

R
1+ 8O (27"

X=Ret -

o~
[«2]
N

(]

where
the hole was punctured, and R, is ¢

and @, are the CPE parameters of the skin after
e total resistance of the
skin and hole operating in pavallel, e

Like undamaged stratum corneun, the pinhole equiva-
fent circuit mude- is characterized by a single characteristic

i
om(R. Q)"

—
<o
e

C,0

From the characteristic frequency of the corresponding R-C

circuit,
o (o)
et = SR )

the effective capacitance of the punctured skin, € g, 18
derived to be:

Corma = “yP(‘" @)/ (10)

using the procedure described above for R-CPE model. If

the cross-sectional area of the hole 1s small compared to the

and the dielectric

ST
skin area, then the skin resistance (R
constant of the skin b

expected to be the same. I G g represents the effectove
1C

dielectric constant of the straturn corneum, it follows that

G, measured before and after the skin is puncrured

should also be the same,

Model Calculations
Log-log graphs of the real and imaginary compounents of

the impedance (i.e., : 4 and -

of frequency, ¢

), plotted as a funcion
h reveal different features of the uped-

ance response or crcuil model. For all eiecurt yoodels

shown 1n Fig. the real component of the impedance
approaches the total resistance of the sample at low

, B+ R) A and (B, +R) A for undamaged

frequencies (4.
and damaged skin, respectively) and R, at high frequen-

aximum value of
-3 the R-

CPE and pinhole models, the slope of =5 A versus

circuit models, the

»->-

cies. Also for these

A occurs at the characteristic frequency. For

1

quency approaches g, and —o, respectively at frequen

that are smaller and larger than the characteristic

quency (22). For the R-C model, the slu,ae =i A versus
frequency approaches I and —1, respectively.
Occasionally, features that cannot be idenmied in the two
plots described above are evident in a graph of the first deriv-
ative of log(—.7; 4) with respect to log{ /) plotted as a function of
frequency (#3). The derivative is estimated numerically by the

following difference equation

1 ; N\ I

dlog(~Zid)  log(—ZA4) —log(—<34), an
dlog( /) og (/) —log (/i ’
where k and k-1 are the indices of measurernents at adjacent

frequencies. hquan(m {(11) represents a cengal difference for-
rouda when log{ /) is given by

DS

5 (12}

log( ) -
For the R-CPE model given by Eq. (2}, d log(—; 4)/d log( /)
asymptotically approaﬂhes o, at low frequenﬁles and —a, at
high frequencies, and equals zero at the characteristic frequen-
cy. Penurbations to this behavior in the form of inflection
points or local mmimuni and maximum occur if the spectrum
13 inconsistent with a circuit model described by a single

characteristic frequency.

Fig. 2 Schematic represent't:on a b
of the measurernent of skin L WE REF, REY) CE L WE REF, REE, ot
impedance with four—eledrode ! i : l ! I l l
measurement of: (@) intact piec 3 3 i
of skin; and (b} skin punctured by * * *
a needle.

§} 5kin Skin

@ Springer
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Fig. 3 Impedance spectra a o3
calculated using the pinhole model covond o cvend oot covd crond T T R R R R
for varving numbers of holes and E D
o . J#holes=0 A
fypical values of the model S
paramneters in this study: R, A= g g
- 2 . 3 £
")'kacr\rr,RS"ilé/ KO e, S 3 - 3z
i 5 o :
Q=41 4 nF s forr?, = 2 3 z
0862, f.;=51 Hzand Ry A= < - =
A 2. o Hons T - >
123 k0 am’ in a difusion cell with ™ ]
P
A=1.65am". : i
T s ST - T T T
1 3 5 ] “ 1 “ 2 “ Ay “
107 10 10° 10t 10° 1¢0° TR (VLR T (s [ A (s (o

Frequency (Hz)

PEST BPRETT BRI PR T W ETT MW eTR '

Frequency (Hz}

-Zy A (KRG omy)

-Z A (k2 o)

#holes=0 L

—

10" vy T

100 10"

The graphical features of these plots are illustrated in Fig. 3
for the pinhole model, Using £q. (8), . 4 and —J; 4 were
calculated as a function of freriuency for input parameter
values that are reasonable for undamaged skin (R, 4=
167.0 kG em”, o= Q 8 2, 3 /A=414 oF % 1/"m , and
Sos=51 Hz). Caleulated results are shown for the number
of holes varying from 0 to 5 under the assumptions that
each hole did not influence the mmpedance of the other
holes, and that adding holes did not change the R-CPE

rs of the skin (

., Ry, O, and o, were assumed

e acted in parallel to the skin
resistance wi th an assu med resistance normalized by the
(Ryoe A) equal to 19.3 kG on® in a
with 4=1.65 cm?
the experiments w1th oue hole described
Therefore,

{Rioles) 18 the resistance of one

, which 1s simiar to what

was seen in

below (ie, sample 3). the total resistance
attributed (o the holes

hole (B divided by

the muber of all holes (Mygpes) a8

follows:

A
Ahole

Rhok‘s -

p—
[
2

N

JVhales

istance

The resistance for Ny 18 equivalent to the res

of one hole with a cross-secticnal a: that s larger by

factor of MNuees than the area of the hole with a

stance Ry o
ted by

v frequency, decreased with an increasing number of

As shown in Fig. 3, the total resistance, indica

Frequency (Hz)

10° 10* 10° 10° 40 80 120 180
Z. A (k( om?)

pinhoi@s while the characteristic frequency, which is the

~

frequency at which the ~J; 4 curves are maximized or

where d log(—<; 4)/d log(f] equals zero, increased with [he

number of holes, In(:\"easmg the number of pinholes reduced

the total resistance of the system causing the characteristic

frequency to increase. Consistent with a circuit char-

acterized by a single characteristic frequency, plots of

d log(— A)/ og{ [} decrease monotonically with
d ] 5 A)/d log(f) d t it th
frequency from a, to —a, crossing zero at f=f, .

Impedance plane plots, sometimes called Nyquist plots, are

also used to present impedance data. In this plot (Fig. 5d), -{j 4
15 graphed as a function of . 4 on hinear axes. For the R-CPE
and pinhole cirewit models, the plot looks ke a single
depressed serni-aircle in which the maximum value of =5 4
is less than half the difference of the maximom and minumum
values of 4. The degree to which the ploc deviates froro a
perfect serm-circle, which occurs when @ 1s exactly equal to
The low-
frequency data appear on the right side of the J, 4 axis and

lefi. Thus, the low and

axis, which e‘-:)t'res‘por-d

one, depends on how rouch g deviates from unity.

the frequency increases towards the
pts of the £ A4
to high and low fr equency, are equal to R, 4 and the total
resistance of the system {r.e., (B, +R) A for undamaged skin
R+ R, A tor damaged skin).
corresponding to the characteristic frequency appear at the

high-impedance interce

and The impedance values

@

top of the semi-circle (1.2, where —j 4 is a maximum).

Deviations from the semi-circular behavior illustrated in
Fig

circuit model described by a single charactenistic frequency.

n that is inconsistent with a

3dd would indicate a spectrum
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MATERIALS AND METHODS

Chemical flux and nnpedance spectra were measured be-

rmey

ore and after skin was damaged by needle puncture. The
experime 11’;1] procedures for these studies and the related
determination of solution resistivity are described below.
Chemicals and Materials

Phosphate buffered saline (0.01 M) with 0.138 M NaCl
0.0027 M KCE (pH 7.4, Snga P-381
wnized (D) wate
The permeation of 4-cyanopher

3) was prepared 1n de-
(Millipore Corporation, Bedford, MA).
wl (CAS 767-00-0, molecular
weight=119.1 Da, logarithra of the octanol-water partition

coefhicient=1.6, and pK,=7.97) purchased from Sigma was

measured before and after skin was punctured with a needle
(268 gauge, Hamilton CO., Reno, NV). Split-thickness hu-
an cadaver skin (300400 pm thick) identified as O (from

~

thc back of a 77-vear old Caucasian fe

;..

male) and AS (from
either the back or abdomen of a 78-vear old Caucasian male)
was purchased from the National Disease Research
Interchange (NDRI, Philadelphia, PA). The skin was collected
within 24 h post mortem, frozen immediately and stored at
temperatures lower than —60°C until used.

Diffusion Cell Apparatus

skin impedance and chemical flux were both measured in
horizontally oriented glass diffusion cells from PermeGear

3 ml., Side-Bi-Side'™ diffusion cells, Hellertown, PA)
adapted to allow 4-clectrode impedance mieasurcnients
and to support the skin sample during manipulations requir-
ing it to be removed from the cell. Each skin sample was
mounted into one of four custom-made frames (the diffusion
area was 1.84 em? for one 1.65 cm” for the other three)
constructed PDM Services, Golden, GO, This frame fit
between the two diffusion cell chambers that each held
two Ag/AgCl electrodes (In Vive Meteric, Healdsburg,
CA): one working electrode (WE) and one reference elec-
trode (REF) as shown 1n Fig. 2. The working electrodes were
{2-mm diameter discs oriented with the face parallel o the

-

skin surface. The cylindncal relerence electrodes (1.5 ram
draroeter and 3 mm long) were ovtented such that the long
to the skin

conducted in a temperature-controlled chamber

axis was paralle surface. Experiments were
(Electro-
Tech Systems, Inc., PA) that was large encugh to hold all

four cells and maintained at 32°C.
Skin Impedance Measurements

Impedance was measured using a Gamry § Dotentiostat {mod-

el PCI4/300, Warminster, PA), A 10 mV mean-
squared, sinusordal alternating current pcrtuib signal

with a mean appled potential of zero (.., no direct current

bias) was applied at 10 frequencies per logarithmic decade
over the frequency range of 0.1 Hz to 20 kHz.
Pinhole Experiments

Alter the frame bolding the skin was clarnped o a diffu-
sion cell, both chambers were filled with PBS for an eight to
twelve hour equibibration peviod. During the equilibration
period, nnpedance spectra were measured houdy to estab-
lish a baseline for the electrical properties of the skin as well
as to verify that the skin was at equiliboiam as indicated by
msignificant differences between subsequent spectra,

After equﬂ}bratlon solutions from both chambers were
drained and 13 mkL of PBS and PBS saturated with 4-
cyanophenol {CP) were placed into the receptor chamber
and donor chambers, respectively. To ensure saturation of
the donor solution throughout the experiment, excess crys-

tals of CP were added to the donor ch

I or 2-mL samples were collected hourly from the receptor

amber solution. Fither

solution with replacement starting 4 h after introducing the
g for 3 h. After this, the
frame holding the skin was removed from

saturated donor solution and continuin,
the diffusion cells, a

hole was poked with the needie (464 pm outside diameter), the
diffusion cell was reassembled, and the donor and receptor
chambers refilled with fresh CP-saturated PBS and PRBS,
respectively. Seven 2-mb. samples were collected from the
receptor chamber with replacement every 0.75 h after intro-
ducing the CP donor solution. fmpedance spectra were col-
and results

lected hourly during the flux measuremen

reported before and after needie puncture were derived from
the last spectr

A control experiment was performed in which one skin sample

m collected during the CP flux measurements.
from subject O was treated in the same way as the other
samples except that it was not punctured,

Conecentrations of CP in the collected solutions were
measured using a high-performance liquid chromatograph
(HPLLC, Hewlett Packard 1100, Palo Alto, CA) equipped
with auto-samplhing and a diode array detector set to
254 nm. The stationary phase was a Zorbax Extend-C18

(4.6xX250 mm, Agient Technologies, Santa Clara, CA)
coluxn. The mobile phase was acetonitrile and water

(70:30 vy

time of ab(mt 2.3 rom. Calbibration using 4 or 5 standards

) flowing at | omE/mom, which gave a retention

was conducted puaor to cherpical analysis, with concentra-

tions that encompassed 'h:r‘ trations.

The it
0.1 ng/mlL.

range of Q&El’lpl(’) concen

of reliable quantificaton was appro

Xin]d""\/

Steady-State Flux Determination

The cumulative mass of chemical delivered into the receptor

solution (M) at a sample time (¢} was calculated by summing

@ Springer
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the mass of chemical 1n the receptor chamber and the total

mass of chemical removed from the receptor solution in
previous samples. The mass of chemical mn the receptor
chamiber at 7 is the product of the receptor soluton volume
and the measured chemical concentration in the sample
collected at time £ The roass removed from the receptor
chamber by sampling is the product of the concentration
and volurue of the sample.

Llﬁ steady-state flox which 1s the slope of the lmear

portion of the area normalized (tumu]a(ive wass (M7 4) versus

¢ curve, was deterroined by near regression. In determining
CP {lux before pimhole damage, the skin had not been
exposed previousty to CP and the meercept of the regressed
line to the time axs is the lag time. Experimental estimates
M/ A4 measurements at

for st

eady-state flux that include
times less than about 2.4 tmes the lag time are systemati-

cally lower than the actual value (24); thus, data points

collected before 2.4 times the lag time were removed and
the regression was repeated. Typically, stcady-state 1s
reached within 2 to 4 h. Steady-state

sooner than this in

flux was established
the pinhole damaged skin, which
ent. In
most cases, the steady-state flux was determined using at

contained CP from the before damage measurem

least four data points; in all cases, at least three data points
were used,

Solution Resistivity Measurements

The resistivity of the PBS solution at 32°C was determined
855£0.003 £ cm (mean £

one standard deviation,
7=6) by measuring the resistance of the PBS3 solut
th

tion in one
d with 26
mb of PBS. Six successive mlpedam‘e spectra of frequencies

J

1e diffusion cells containing no skin and fifle
between | Hz and 100 kHz were measured in the four
electrode configuraton. The resistance from each spectrum
was the average value of , measured at frequencies where
only the resistance of the PBS solution contributed to the

impedance response of the tem as indicated by
zmd 300 Hz). The average
resistance of the six scans across the
was 93.623+0.005 Q cm? <’ mean & one
ation). The resistivity was ¢
3(
which accounts for the effective area ,md length of the

=Z;=0 (typically between 10

cross-section area of
the diffusion cell

tandard devia

pmduct of this res

alculated from the

ance and the electrode cell constant,

he diffusion cell relative
The cell

constant was determi n(/d by measuring the resistance of

solution between the electrodes in ¢

to the cross-secoonal avea of the diffusion cell.
standard solutons (0.0, 6.1 and 1 molal potassium chloride
in DY water) with known resistivity at 32°C (8.19, 68.68 and
623.91 £ cm, respectively from Pratt o al. (25)) 1 the same
diffusion

cell by the procedure described above. The cell

~

ts for the three solutions, calculated from the ratio of
the resistivity to the me

constants

asured resistance, were independent

@ Springer

assium chloride concentration and equal to 0,586
s
\\

of the p otas
+0.005 em (average T standard deviation),
Regression Analysis

Fguagons rt‘preseming the chosen equivalent civcuit model

were regressed to the corplex -mp(/dar-- e data by minim-

zation of the objrz(ttx e function { 1) defined as:

Noae | § { N \\‘) | { = £y
9 remy - s 4.1}5‘?;‘\./;\;/’ A r‘ fl !P 3 é&. exp( Jk/
)= Z =/ \2

In this expression k is an mdex for the observation at each

urernent ﬁ”()quen-:‘,’ S Naar 18 the total nurober of mea-
sin the spectron, el A and el &)

Hnaginary experlmemal impedance data

mie
surernent Frequencie
are the real and
rocasured at frequenaes f, <, (AP and (AP are the
real and imaginary parts of the equwaient circuit model equa-
tion evaluated at frequency f for the parameter vector P
{which includes all of the model parameters being optimized),
and F{ f) is the average of the stochastic error at frequency f

determined as described below. The errors reported for tabu-

lated values of the regressed parameters are the asymptotic

5

standard parameter errors

covartance mafrix (26). The objective

which is the square root of the
¢ function was minimized
using a Levenberg-Marquardt algorithm developed and
implemented in MatLab™™ by Gavin (26). Orazem and
Tribollet (27) provide a description of the Levenberg-
Marquardt method for regression to complex numbers.

The stochastic error in the measurements at each fre-
quency & ﬁ{'(z h
stochastic error of the real {0,) and imaginary (¢;) parts o

I

=t

g}

was estimated from the average of

)

the measured impedance at frequency fi. The o, and 67 w

estimated following the measurement model approach d
scribed in the papers by Agarwal ¢f al. (
a al. () ) e

smlpiﬁ equivalent

#5-31) and Orazem
This mnvolves fitting the 1mpedance data to a

civcuit model (also known as the measure-

number of R-C cr-

cuits in series to {five successive 1mpedance spectra by

rent model) consisting of an optimal

roodulus-weighted, complex non-linear least squares regres-
stont using the Measurement Model Toolbox developed by

Orrazers (33). The residual error between the data and the

measurernent model cannot be taken as the stochastic error
becanse the error due to lack of fit could be significant.
However, the standard deviation of the residuals, expressed
m termos of the mean of the residual errovs at frequency
cluded in ¢

Jr Fuesl i) Tor all scans (M0 in he analysis (z.z.,

Necans = 2 1 this study) as
1 Nicans
2, N - _ , R
o (&) p T2 (vwm Jo) o Eres f\) (13}
\/\"scans B
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of the stoch
wml fi) is the
7 part of the

1s an estimate of the standard deviation

error as a function of frequency where ¢

residual error of either the real or imaginar

mmpedance at frequency fi of scan m, defined as

(AN v ey s = P
Eresmi Jii,/’ - <€Xp'\ Jx) <MM(J€<) (16)
In Eq. (1), oA is the expenimentally measured vahue of

the mpedance and Sy (fo 18 the impedance calculated

from the measurement model at frequency £ for the optimal

number of B-C circuits in series.

RESULTS AND DISCUSSION

The low-frequency impedance response is analyzed in this

tion in terms of an effective pinhole diameter. Analysis of
different estimations of effective capacitance reveals that a
formula based on the high-frequency nnpedance response
vields more reliable values of diclectric constant than do
formulas derived from the charactenistic frequency. The
steady-state flux of CP is seen to be relatively msensnive to
needle puncture; whereas, the impedance response shows

substantial sensitivity.
Skin impedance

Typical impedance spectra measured before and after needile
puncture are shown in f ig. 4 for sample 4 along with theoret-

sion to the K-CPE and pinhole

models. Values of the model parameters determined by re-

ical curves derived by regress

gression of impedance measurements before and after pinhole
damage for sample 4 and six others are histed m Table 1. In

Table T regression parameters are reported for the control

experiment, in which a shin sample was weated in the same
way as the other samples except that it was not punctured.
both before and

after pinhole damage, were adequately represented by the R-

The impedance responses of all skin samples,

CPE and pinhole models as ltustrated by the good agreernent
and data i Fig,
the lowest frequency vahies for —; 4. This deviation, which

between the impedance models - except at
has no effect on the regressed parameter values, arises because
the magnitude of =J; 4 at low frequencies is small enough to
for R. h
reported because rapedance was not measured

be affected by 1 nmrumcm noise. Valoes ave not been

at hugh
enough {requencies to obtamn a reliable estimate for s value
by fitting the R-CPE model,

Because the needle used to puncture the skin was small

compared to the total skin area, the pinhole was expected to

have bide effect on the impedance properties of the vemaining

skin. From the control experimental results (Table 1), it was

confirmed that the electrical propertms of skin did not change

during the other skin handling steps. Theretore, the resistance

a

§OP sl soind svnd o el g

7 Before pinhole " m, i

T =
G 3 Afterpinhole 3
G ] 3
< o
N ’EG“"g

an-1

;0 LR EL. M L L R L R

o et o 100 10!
Frequency (Hz)

I W ITY NUTIC” RN OTIe NI MRy
10° 2
101-;
. 3
D 4
=
G .
7~ E
N =
X p
52
< 1
NT "
£
1 b ant and and 4
10 10° 10 10 10 10
Frequency {Hz}
o

6 16 20 30 40 50
Z. A {kQ om?)

Fig. 4 Typical impedance specira meas ued before and after addition of a
pinhole for sample 4 compared with R-CPE models (solid lines) for skin
with and without a pinhcle: (@) area f\fvrma'r'ed real part of the mpef'a. ce,
{b) area normalized imaginary part of the | rT‘pedance ard (&) impedance
plane (Nyguist) plot with the impedance values at the characteristic fre-
guendies denoted with diamends.

and the dielectric constant for the skin were assumed to be the
saroe before and after pinhole. Consistent with the hypothess
that pinhe

le damage only adds a fow frequency shunt resis-

tance (1.6, Rpoe) 1 parallel with the skin resistance, after
the CPE pa-

rameters, o, and O, did not. The average resistance before

pinhole damage the resistance changed while
nnhole damage was almost 10 times larger and more variable

@ Springer
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Table | Parameter Values for the R-CPE and Pinhole Models Regressed Respedtively to Skin Data Before and After Damage with One Pinhole, and
ates of the Pinhele Resistance and Diameter

Sarnple 1D*

ramets Units ! i 3 4
Pararmeter Jniit
Before After Before After Before After Before After

141802 23.6=0.1 93.4x0.1 55.2x0.1
2407 =0.03 15.96 :0.02
0.81x£0.002 0.82:0.01 220003 079001 0.82x0003 08300
79810 68.5= 1.3 /3514 99.7 1. 83.0x14 66.5=x 1.4
Riol 0.7 x0.01 3242007 19.320.03 15.020.02
Riole kO 6.48=0.01 19.76 =0.04 [1.67 =002 8.14=0.0|
fesorfee  Hz 4102 P70 74+ 1 364105 594 5281046 4] 938 1.0
hoe? um 244 126 170 210
Sampie ID*
arameter  Units 5 6 7 All samiples”
Refore After Before After Before After Before After
egressed pararmeters”
Ry A° K o’ 179203 192£03 69.25:0.1 118454
R A kG em” 15632002 21.26x=0.04 1488002 621 £4.96
unitless 0.83x001 0.85x0.003 0.81=x001 084=x0004 082=0.01 083=x0003 080=C0I 0.83=0.0l
el 2 o - _— R —— . . ey
nFs™ em” 61.8x1.2  513x09 705212 573x13 743x1.7  695x13 7442125 666105
lculated parameters®
Fhole A kQ am” 2382005 19.00.03 19.6x6.9
k(2 14.54=0.03 10.30=0.02 I1.6x4.4
fex Hz 37=1.0 31 =0 477 0.8 98 | 648=0.8 687394 685266
iote um 150 183 18035

aSamp!es [—4 are from subject < samples 5-7 are from subject AS

®Values are reported as the regressed parameters + the standard parameter error

R, A before and after pinhcle damage is assumed 1o be unchanged for purposes of calculating R,

Values are reported as the caiculated parameter & the error estimated by propagation of the standard parameter error on the regressed parameters
contained in the calculated parameter (27)

nae A is calaulated from R A and Ry A according to Eq. (7)

F i for ¢ lama £ o i e T , i . .
fes and f.. for skin before and after pinhole damage, respectively are calculated front Qg and either Ry or Ry as s d in Eqgs. (3) and (8)
Hole diameter was estimated using £g. (17)

"Values are the mean and one sta on of the parameter value for all seven skin samples

than after pinhole damage {¢f 118454 kQ em? compared valune. The resistance fyg, 18 related (o the solution res:
with 16.214£4.96 k(2 CIE]Z; mean I standard deviation for (m), the hole diaroeter {dy, ) and the length of the hole (L) as

#=7). In contrast, the varability 1 the CPE parameters
* P 4hnole

for all 16 measurements listed in Tables T and I, includ- Riole = 5 (17
2 blhb‘t i aﬁole

mg skin with and without pinholes, was rel il"(*lv sraatler:

82?;0.0] and Q/A4=7

F12 nF 5% Yem® (raean where the first term on the right hand side represents the

standard deviation). constriction of the flux lines from a semi-infinite bulk electro-
Valhues fm‘ the vesistance of the pinhole, Ruge, listed in Iyte solution to the hole, and the second term represents the

Table { were calculated by rearrangement of Eq. (7) under  resistance of the clectrolyte solution in the hole when the

the assumption that £ 4 was equal to the before pinhole  surroundmg skin is impermeable to 1ons (34, 35). Under the

@ Springer
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Table f Parameter Values of the R-CPE Model Regressed to Skin Data
for the Control Sampie Before and After Darnage with One Pinhole®

Parameter® Units Before After

Re A KO am? 103.2+0.2 [102.6+0.16
a2, Unitless 0.80+0.002 0.81+0.002
QA nF 5% om? 85.6+ | 83+ i

fes Hz 58+ 0.1 58 +0.1

*One skin sample from subject Q@ was treated the same as all other skin
samples in ti' € i ,)H hole L/\L‘en mernt but without unctumng a hole

PVatues of al parameters except the characteristic frequency (f,) are
reported as the regressed parameter = the standard parameter error
Values of {.; are reported as the calculated parameter = the error
estimated by propagation of the standard parame tu* rror on the regressed
pararneters contained in the calculated parameter (27)

assumption that the pinhole was completely filied with PBS

solution, the effective diameter of the pinhole, d., for cach

sample was estimated from Ry, . using the measured resistivity
of PBS solution (p=>54.9 £ cmy) and the total thickness of the
skin sample (z.e., approximately 350 pm for the sphit-thickness
skint used in this study).

Calculated values for d,,. are listed in Table . The aver-
age resistance of the pinholes in 7 skin samples corresponds to
180 pum for 4. (range from 126 to 241 pm). If the hole
resistance of 19.76
then the average value for Ry, 15 10.2522.80 k€2, which

k€2 (sample Z) 15 discarded as an outlier,

corresponds to 189 pm for dy (range from 150 pm to
241 pm). Overall, these estimates for dy. are a little smaller
than hall of the needle diameter (\446/% pri). This is not surpris-

> since the hole left by pushing a needie through the skin will
certainly be smaller than the nee dl“ diameter.

Effective Capacitance

Values of the effective capacitance, € ypu/4, calculated using
Egs. (5) and (10} respectively {or skin before and after pmho]
are present ed m Tablt (). Before pinhole damage, (/4

was 24,4426 nF/cm? (mean * one standard deviation for 7

saraples fmm two suhﬁC{S). wh chwaslarger than after pinhole
nf/em?)

damage (16.: ) by a statistically significant
amount. The magmr’ude of rhese results generally agree with
other m(/asmem nts of G pa/A reported for human skin; eg,,
18.6 nF/an® for heat sep natr‘c, skin in 50 mM buffered CaCly
at 32°C (23), 39.8 nF/om” for 145 samples of split-thickness
sk In P‘%U at 32°C (36). Corpparable eflective capacitance
results calenlated without an inigal evalvadon in terms of a
CPF are also rr‘p(lﬂp i for huroan as well full-thickness roouse
skin; eg., 3.9 nF /em® for heat sey )'na("d harnan skin in 6.0034
M Na(“l at 21°CH (7), 24 nF/ena” for nude mouse in buffered
6,133 M NaCl at 37° (11), and 48, 51, 60 and 67 nl*‘/(:m2 for
hairless mouse at 20, 30, 40 and 50°C in 0.1 M NaCl with
stmilar nurabers for 0.01 and I M NaCl (1)

.

The effective dielectric constant (g) for skin can be

calculated from the skin Capac},t;mce as

_ (CSI//AA)L ( 1 8‘;
=Ty

1)
i
i

eurn thickness (assumed o E e 15 pmy)

\!

where £is the stratum cor
and & s the permiitivn,y of vacuum (8.8542>10™ nF/cro).
es of € caleulated vsing G pg /A (isted 1
ealistic: 414 144 and 274 4

le darnage, respectively. These

Sigrificandy, the value

Hy unr

Table Il as e ) are r)hv i

28 for skin before and after pinh

numbers are one (o two orders of magnitude larger than the

expected range between 76 for water at 32°C (37)and 2 or 3 for
is. Pu‘spnted differently, the capacitance of 15-pm

thick films of wat

and oil are respectively 4.5 and

0.12 nF/cm?, which is much smaller than the effective skin
capacitance estimates. The fact that measurements reported
for skin capacitance correspond to physically unrealistic values
ticed with one exception:

- (calcu-
lated by fitting the lmpmlanc response to an R-C model circuig)

of £ seems to have gone unnot
DeNuzzio and Berner (7) observed that skin capacitance
was about 8 nf' compared with their theoretical estimate of
0.08 nl (incorrecty fisted as 0.8 nf m their Eq. 1)
Recognizing that dielectric constant values estimated from
» are impossibly large, the validity of {yyv to represent

pacitance must be questioned. Further evidence that
s an incorrect measure of skin’s dielectric properties is
on that g/ 4 consistently changed in all seven
skin sam pi after adding a pinhole, an action that would not
ave changed the diele

Recently, Hivschorn g al.

ctric constant of the skin.
38) proposed a different approach
for estimatng the dielectric ¢ mt’ant of a material with inmped-

n B-CPE cirenit model.

that the di }ebm': constant 1s indepen-

ance behavior that 1s consistent wi
Under the assumption t

deut of position, mey demonstrate that the behavior of an R-
CPE circuit 1s consistent with a power-law decay of skin resis-

v through } ]'_‘- thickness. Based on their powerlaw
modei {¢f Egs. 28 and 29 in
for the effective capacitance (G pr) can be dertved (39) as:

(38)), an alternative expression

/e ¢ N PN (A N TN
Copn/A =g/ (Q/A) (6 pg) (19)
where g5 is the resistivity at the position, 6, of the innermost
mterface of the domunant resistive layer {i.e., the stratum
cornewn in the case of skin) and the parameter g 1s obtained
from

g=1+288(1 —a,)**" (20}

\ /

For a, between 0.8 and 0.9, which are typical values for

in, g 1s between 1.06 and 1.01. Although p; is unknown, to

lusfv the assummption that skin properties do not change after

3

needle puncture, p; and also (py and £ are constants, and

therefore, according to Eq. (19), both Q ar u,l o, must also

@ Springer
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Table Hf Comparing Capaditanc
Hsu-Mansfeld (HM) Models

e and Dielectric Constant Values Calculated Before and After Damage with Cne Pinhole Using the Power-Law

0N e
4 _/\ and

as® QA" L Corm” i
nF s fom? nFfem’
Semnple 1D Before After Before After
! 0.815 73.8 .07 8.2 26.2 14.3 444 243
2 0.820 71.0 117 9.9 : 18.0 400 297
3 .805 9i.4 .o i7.9 8 18.8 488 318
4 £.830 65.1 1.39 23.5 15.0 254
5 0.840 56.6 1.53 25.9 4.8 251
&) 0.825 63.9 118 20.0 25,1 426 267
7 $.825 71.9 .37 231 233 395 285
Mean .823 70.5 .25 212 24.5 414 274
Std dev 0.0 10.9 0.18 3.0 2.6 .6 44 28
Reported values for ag and QA are the average of the before and after pinhole values because these were not statistically significantly different
Dbg p and C v were calculated according to Egs. (19) and (5), respedtively using the average of the before and after pinhole vaiues for a and Q/A; Copr

was calculated for 5 = 55 Q emand 5= 15 um

[y

1

remain constant. Notably, this theoretical prediction 1s cons

tent with experimental observatons that  and o, before ct]"d

after pinhole were not statisacally mgmﬁ-::;m('lv different.

A further test of the validity of (| p; for represe utmg skin
capacitance is to mmpave the predicted and observed changes
in the characteristic frequency after adding a pinhole to skin.

Since constant £ means that §, and «, do not change, then,

according to Eqs. (%) and (8), the ratio of the characteristic
frequencies before-to-after p

related to the before-t

VDA &/'

This differs from what is predicted for the C gy approach if ¢

ho ¢ damage is predicted to be

o—aiter resistance ratic as:

N

o~
No
—

—

does not change. If € does not change, then Gy does not
the ratio of the

ances are expressed as

e

and according to Eqs. (4) and (4)

st

change

characteristc frequencies and re:

(L) (&) 2 (22)
AN f ) AN ‘ - o
VAN

Asshown in Fig. 5, Eq. (21) is consistent with the experimental
observations, while hq. (22 1s not. Thas result supports the

hypothesis that i does not reflect accurately the effective

dielectric (tonstam of the skin.

Estimates of e from the power-faw model are only possible

if ¢ and pgin Eq. (19) are known. The mahr‘s- possible value

assumed {0 be the 7 of the solution,
55 € o, Using this,

possible vahue for G py, and an estiraate of ¢

for ps 1oay be

which was § which will give the smallest

¢ thickoess of the
straturg corneurn (15 poy) for 8, Copr, for the 7 skin samples
were calculated along with gpp (see Table £l for o and O/A
equal to the average

of thetr before and after pmhole values

@ Springer

{(which were ﬂly significantly different). The resuit

1.2+£0.2 nF/cm

ed range of 2 (6 76, hr‘,(tause 25 voay be larger than the

18 Copr,= which gives gpp (21 £3) within the

expec
resistivity of the solution, the actual values for gpy, may be
larger. Notably, an increase in g4 from the solution resistance

of 55 £2 cm to as high as 1,000 Q cm produces only a modest

increase in gpy from 2
(70.5 nF s*

before pinhole damage.

i to 40 at the average values of (/4

SN . ~ .
/ om’) and ¢ (0.82) for the seven skin samples

hese values of the dielec

ctric consts
can be compared to the range of values between 29 and 33
obtained in different studies by a technique which measures

absorption and reflection of d ctr
radiofrequency of 300 Mz (40,

omagnetic energy at a

i H 3 H i i i

ity

"
A

indicated Quan

HR R J=0082000

¥ ¥ ! H
1 2 3 4 5 £
Skin Sampla Number

o

Fig. 3 [bxperimental values for the ratios of the characteristi
and resistances before and after pinhole damage as pre
different approaches for calculating the effective capacitance from the R-
CPE parameters: (a) the power-law model (Eq. (21)), represented as

circles, and (B) the Hsu-Mansfeld model (Eq. (22)) represented as X.
Bec: pinhole damage does not change the skin dieleciric constart,

the expressions should be |, which is observed for the power-law maodel
but not for the Hsu—Manerd maodel,
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Table IV Steady-State Flux of CP (ug/k

1) Measured Before and After £

amage with One Pinhole

Sarnple D%

b

All samples”

Corirol ! pi 3 4 5 [ 7 Mean Sid dev
Refore 0.164 018 109.8 1345 107.6 50.9 58.5 55.4 88.4 330
After 0.164 1200 i35.4 49.1 127.2 61.8 62.2 62.0 102.5 38.9
Change® o] 18.2 256 4.5 19.6 0.9 3.7 6.5 4. 7.7
% Change” o] 17.9 23.3 0.9 18.2 2.4 6.3 1.9 15.7 6.2

-

2 Samnies {4 are from subject QQ; samples 57 are from subject AS. After

he mean + one standard deviation of the

¢ parameter valt

he flux after treatment minus the flux before

Other methods have
cctly from skin impedance data withowt
terms ol a CPE.
resulis from these methods have been consistent with each
the effective

assmmng Sk}[] unpﬁdanct‘
4.0

been used o extract effective ca-
pacitance values dr
an 1nital evaluaton n Generally, the
other and with U rnv. In the siroplest approach,
capacitance was deterrmned by

was represented by the R-C civcoit model; eg, (7, 19,

values estmated by futing the R-C circunt
ike an R-CPE circuit, will

ssed R-C model param-
istic frequency as a regres-

d Guy ( 44 estimated

Capacitance

model to skin, which behaves 1
be equal (o { gy becanse the r 9;r
eters will have the same characte

on to the R-CPE circuit. Oh

the effective capacitance {{, o) using the formula
tan 8.

Goa = n—w (‘7):
7R uf(:b

3/

where 0 is the phase angle at the characteristic frequency (£ )
Oh and colleagues (8, 14) and also Burnette and Bagniefski (1 1]

\

Ky

w) from the slope o

LA

determined the effective capacitance (C,
the a linear regression of the inverse of the modulus of th

impedance squared | 7|7 to the frequency as described by

8“@ " § 5 3
~-- Batore pirdole
T~ Afiar pinthobs

MIA (pglem?)

Fig. 6 Cumw!a‘riv& permeation of CP through humar skin from subjects Q
{squaresy and AS {filled symibols) and after (open symbols)
r

(circles , before

damage with one pi nhclle, error bi*"" representing plus or minus one standard
deviation are not always visible. Lines represent the average steady-state
permeation for each subject before (sofid) and ) pinhole damage.

pinhole, RgA> 20 kQ ¢

for only samples 2 and 6

seven skin samples

eatment; % Change is the change in fiux divided by the flux before pinhole

i i

. 02 (422 (AN
| 12 - RQ ! a,(}h 7 ,"J’ (\24—/‘
] s

~

for frequencies dose to f... The effective capacitance values

calculated using these methods are related to U gy as (see

the Bupplementary Matenial)

derivations in

(jS7OG = CgHM (2112(0[5'/‘?/4‘) (\25)
Coon = CS,HM( / ,si (26}

methods

, give physically un

This explains why the values generated from these

are similar to (¢ pn and, like G rea-

ﬁﬁ

sonable estimates for the dielec

Chemical Flux

The steady-state fluxes of CF before and after damage and the
1
ch

 Table IV, Under

samples belong to the same

e in CP flux after damage are bsted in
the assumption that all seven
poputation, the CP flux after pinhole is not sigmificanty dif-
ferent than before pmhole, However, sa
113414 pg/cm™/h before the pmho]e} were from 4
3-7 (m

vaples {—4 (mean flux

W
W

different subject than saroples ean flux was 35%

4 pg/cne™ /b before pinhole). The average cumulative pevoe-
ation roeasured before and after pivhole damage for each
subject 1s presented 1 Fig, 6. Lag times before the pinhole
were larger than after the pinbole becavse the shin o the
before pinhole yoeasurernent had notbeen exposed previously
to CP. For each subject the mean CP flux after pinhole was
1 but st:

05) with a per-

larger than the CP ux before pinhole by a smal

cally significant amount (student #test, {)\\J
centage change that was similar for both subjects (16% 6%
for all samples).

treated in

pinhole w

As an experimental control, one sample was
the samne way as the pinhole samples except no

nade. '
change ( Table IV, suggc

“he CP flux for the control sample did not
esting that the observed changes in
flux were due only to the hole or to changes in the skin

incurred while making the hole. Despite this, the change in

CP flux was not corr with either the hole resistance or

@ Springer
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diameter, perhaps because the vanation in the values of the

after pinhole resistances were too small relative to the exper-

mmental variability of fux through mtact skin,

A minimum resistance of 20 k& cm” has been

recommended as a cuiterion for skin sarnples with acceptable

skin integrity for roeamngful roeasureroent of im-vilro chemical

perraeability without screening undaiaged but higher per-
meability samples from the study; e.g., see discussion in (6). By
this crzterion five samples darnaged wx(h one pinhole exhibited
unacceptable integrity {

(9 o 16 k2 ero”), and two saroples, one

~ N . X
frora each subjeet, were barely acceptable (21 and 24 k& em”).

Consistent with the observations described above, the two
ted both the highest and lowest
for subjects €} and AS. The
ubbervauon that CP flux changed by only a small amount

ace p-.a'i)le sarmples exhib

percentage changes respectively

when the resistance of the pinhole damaged skin sample was

close to or stightly less than 20 k€2 em” suggests that this
criterion is an adequate assessment of skin quality for perme-
ation measurements of non-polar compounds.

skin darnaged intentionally with multiple hulcq to increase
chemical permeation {as in (reatments with onecedles,
electroporation, or thermal, radiofrequency or la abld,lon
(45, 48)) often will exhibit resistances that are less than 1 k€

2 (4

cm’; eg., (47). The amount of skin damage after such treat-

ments probabiy 13 large enough to cause an observable in-
crease in the flux of non-polar compounds like CP that ave not
too lipophilic. However, permeation enhancement for highly
soluble polar and ionized species or for larger molecules that
have extremely limited permeability through undamaged 5C

should be more significant and correlated with the skin resis-

N

tance measured after treatment (48).

CONCLUSIONS

Skin impedan(:ﬁ reasurernents are sensitive {o rreversible

damage caused by puncture with a needle, which reduced the

average resistance almost {0 fold. Skin mnpedance before and

fter pinhole damage is represented well by an R-CPE circue

moc.,el that 1s characterized by a single characteristic frequency.

sstance through

Pinhole damage adds a low frequency shunt re

the hole that acts 1 parallel with the skin resistance, but does
not change the OPE pararneters. The charactenstic frequency
of “ture

- This is

se in the total resistance

the impedance scans determned after needle pur

creased by more than the decrea

meonsistent with approaches that have been used previously to

estirnate an effective skin capacitance frorn the R-C equivalent

carcuit model. The measored ncreases 1o the charactenstic

requency were consistent with the theory from Hixschorn ¢
which predicts that the CPE paras
and () should not change 1 the diel
tivity are cons

TIRRA
Gl (£3),

nieters of the skin (o

tric constant and resis-

After pinhole damage, the flux of CP did

increase by a small but significant amount. However, this

@ Springer

mcrease was not correlated with the hole resistance or diameter

estimated by assuming that the skin resistance was unchanged

after the pinhole, The detailed analysis in the present work was
made possible by the measurement of nnpedance over a broad
range of frequency that encornpassed both the high frequencies
where capacitive effects doronated to low frequencies that
allowed estiroation of steady-state resistances.
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