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ABSTRACT 
Purpose Eledrochemical impedance spedroscopy is a conve·· 

nient method that has been used to character'ize skin batTier 

fundion. which affeds drug delivery into and thmugh the skirt 

The objective of this study was to rei ate changes in skin barTier 

fundion arising from mechanicai damage to changes in the im­

pedance spedra. These observations ar'e compared in a com­

panion paper to changes in chemically damaged skin. 

Methods Electr'ical impedance and the permeation of a non­

polar' corn pound were measured before and after human 

cadaver skin was damaged by needle puncture. 

Results The impedance r'esponses of all skin samples wer'e con­

sistent with an equivaient cir'cuit model with a resistor' and constant 

phase element (CPE) in parallel. P!nhole-damaged skin exhibited a 

Iower- r-esistance pathway ading !n par-a!!el with the skin resistance 

without changing the CPE behavior-. The characteristic fr-equency of 
the impedance scans deter-mined after needle pundure inCl-eased 

by an amount that could be predided. The flux of 4-cyanophenol 

increased by a sma!! but signiticant amount that did not con-elate 

with the hoie r-es!stance calculated under- the assumption that the 

resistance of the surmundlng sKin dd not change. 
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Conclusions Skin impedance measurements are sensitive to itTe­

versible damage caused by exposur'e to pundure with a needle. 
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ABBREVIATIONS 
A 
CP 

CPE 

" '--s 

r 
Ls.HM 

CS,O(; 
r 
L s.OI-, 

deore 
exp 

r 

g 
Hz 

J 
k 

exposed skin area 

4-cyanophenol 

constant phase element 

capacitance of a capacitor in the R-C equivalent 

model circuit or an effedive capacitance that is pro­

portionai to the effective dieledric constant 

effective capacitance tix an P,-CPE equ!valent model 

Clrcu!t with the same char-aderistic fr-equency as the 

R-C circuit; descr-ibed by Hsu and Manfeld (2 i) 
effective capacitance calculated by Oh and Guy ('13, ~V\) 
effective capacitance calculated by Oh et oi.( I 0) and 

Kim and Oh (9) 
effective capacitance tix an P,-CPE equ!valent model 

Clrcu!t with power--Iaw decay of skin resistivity as 

proposed by Hirschorn et 01. (3B) 

diameter of pinhole 

experimental value 

frequency of the potential (voltage) perturbation in 

the measurement of impedance 

characteristic frequency observed for undamaged skin 

characteristrc frequency observed for pinhole damaged skin 

value of frequency measur'ed 

parameter in the definition for- Cs,PI_ 

Hertz, unit of frequency (cycles per sec) 

v-=-!, unity in the complex plane 

index of measur'ement fr'equency 

1. thickness of the stratum corneum 

Lhde 

!VI 
length of the pinhole in the skin 

Cumulative mass of chemical deiivered into the r'e­

ceptor' solution at sam pie time t 
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nF 

Nhdes 

{'0sca :ls 

p 

PBS 
pKa 

R-CPE 

Rho!e 

Rhoies 

!Z! 

C,es,m 

total number- of measurement frequencies in the 

spectrum 

nanofar-ad, units of capacitance 

number of pinholes 

number- of impedance scans included in the anaiysis 

of the stochastic ermr 

parameter vector that includes aii of the model pa­

rameter being optimized in the regr-ession analysis 

phosphate buffered saline 

negative of the base-I 0 logarithm of the acid disso­

ciation constant, Ka 
pal-ametel- characterizing the constant phase eiement 

(CPE) in the equivalent circuit modei of the stratum 

corneum 

model cilTuit consisting of a resistor- (P,) 

and capacrtor- (C) in parallei 

model cilTuit consisting of a resistor- W) 
and CPE in par-allel 

fr-equency-rndependent (Ohmic) I-esrstance in series 

with the skin sample; consrsts of resistance of the 

electmlyte solution sUITounding the skin sampie, 

wir-es and possrbly the der-mis 

r-esrstance of one hole 

res !stance of I\J holes 

resrstance of a resistor in the equivaient Clrcurt model 

repr'esenting the stratum corneurn 

total r-esrstance of the skin and hole operatrng in parallei 

time 

measured rmpedance; for- an Ohmic material. the 

ratio of the CUITent and potentiai by Ohms iaw; Z is a 

complex nurnber 

modulus of the impedance 

exper-imentai value of the impedance. a complex 

number-

measurement modei value of the impedance. a 

complex number 

imaginary component of the impedance 

imaginary component of the experimental 

impedance 

r-eal component of the impedance 

real component of the experimental impedance 

parameter character-izing the constant phase element 

(CPE) in the equivaient circuit model of the stl-atum 

corneum 

Distance fmm the outer surface to the inner-most 

surface of the dominant resistive layel-

dielectl-ic constant of the stratum corneum (unitiess) 

per-mittivity of a vacuum, 8.8542>: 10- 5 nF/cm 

frequency-dependent residual elTor of scan m de­

fined as the diffel-ence betNeen the measured and 

modeled impedance 

mean of the residuai ermrs measul-ed at frequency tk 
fo,- a number- of scans (Nscar,s) 

(2 

p 
Po 

O'(fk) 
a 
XL 
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ohms. units or- resistance 

phase angie at the characteristic frequency (fe,s) 
r-esistivity of solution surmunding the skin sample 

resistivity of the innermost surface of the dominant 

r'esistive layer 
aver'age of the stochastic error at ft~equency fiz 
standard deviation of the stochastic erTor at frequency fk 
objective function that is minimized in the data I-e­

gr-ession to the equivalent circuit modei 

INTRODUCTION 

The outer most layer of the skin, the stratum corneum, is a 

matrix of dead keratinized cells suspended in lipid bilayers. The 

stratum corneum is the primary barrier to chemical penetra­

tion and electric current through the skin. Therefore, urJess 

stated othenvise, in this paper the word skin refers to the 

stratum corneum. Impedance spectroscopy, which is the mea­

surement of the impedance for a range of fi:equencies, provides 

information about the electrical properties of skin. Impedance 

measurements involve measuring t,ite current or potential re­
sponse to small-amplitude modulation of an input current or 

potential at a given frequency. The inlpedance is t,-:'e ratio of 

the change in potential to the change in cUlTent, 'which for skin 

is a function of the modulation fi'equency. Dielectric material in 

skin causes the resulting signal to shift in phase relative to the 

applied signal, which can be expressed as a complex number 

for irI1pedance. Changes in the impedance spectra of skin 

subsequent to chemical exposure or mechanical damage indi­

cate changes in t,-:'e structure or composition of skin. 
The electrical response of the skin is related to two 

intrinsic properties: the resistivity and the dielectric con­

sta.nt. The skin resistivity is proportional to the area­

normalized skin resistance measured using a direct current 

method: Rs A where A is the skin area normal to current 

How and Rs is the skin resistance w-ith units of Ohms. The 

dielectric constant of skin is proportional to the capacita.nce 

normalized by the inverse area Because the stratum 

corneum is heterogeneous, macroscopic electrical measure­

ments of the skin produce ellective values for the skin resis­
tance and capacitance that combine efIects from the various 

structu res within the stratum corneum. Hydrophilic and 

lipophilic rnolecules diHilse through skin via polar or non­

polar pathways depending upon the octanol-water partition 

coefIicient (1). For skin submerged in electrolyte solution, 

dissolved ions transport through the skin in response to an 

electric field. Thus, skin resistivity quantitatively character­

izes the pathway for transport of ions through skin. 

Consistent with this, the skin perrneability of hydrophilic 
and ionic chemicals, including water, has been shovvn to 

be inversely proportional to R,.A: e.g. 

fJ Springer 
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Fig. I Diagl-ams of equivaient 
circuit modeis: (a) Ft,-CPE I-nadel, 

(b) R-C modei, and (c) K-CPl: 
pinhoie I-node!. 

Though the source of skin capacitance is not well under­

stood, investigators have speculated that the skin capaci­

tance arises from reorientation of polar lipids and proteins 

in the electric field and the lipid matrix-keratin cell 

complex elements (8- J 1) that might act as insulating layers 

of highly ordered stratum corneum lipids separated by 

conducting corneocytes, Since the stratum corneum lipids 
are thought to be the major component of the lipophilic 

pathway, the eHective capacitance of skin may in some ways 

characterize the lipophilic pathway, 

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

overall goal of using impedance spectroscopy to characterize 

and understand changes in skin banier fimction following 

irreversible damage, The objective of the present study was 

to exalTIine changes in the impedance response and the per­

meation of a non-polar model compound, 4-cyanophenol 
(CP), to a well-defined mechanical insult, specifically needle 

puncture, Electrica.l impedance is one of the recommended 

methods for insuring that skin samples have sufficient integrity 

for meaningful in uitro measurements of chemical permeability, 

including non-polar compounds (1 ~~- Therefore, a sec­

ond:uy objective was to compare the effects of pinhole dam­

age on electrical impedance and CP permeation. This 

understanding of mechanical damage informed the second 

study, described in a companion paper, in which impedance 
spectroscopy was determined before and after skin was dam-

aged chemicaHy using dimethyl sulfoxide (1 The strategy in 

both investigations was to derive insights into the intrinsic 

electrical properties of skin before and after darnage by 

regressing ci rcuit models that are consistent with the nature 

of the skin damage to the measured impedance, 

THEORY 

Skin impedance is related to the structure and composition of 

the stratum corneum, In the present study the skin barrier was 

damaged mechanically by needle puncture, Circuit models 

are proposed to describe the resulting skin impedance, 

Skin Impedance Models 

A common circuit model of in-vitro skin impedance is a 
resistor that represents the fi'equency-independent (Ohmic) 

resistance containing contributions il'om the electrolyte, the 
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R, 

wIres, and possibly the dermis (ReJ in series with a parallel 

resistor (Rsl and a constant-phase element (CPE) (16, 1 

This R-CPE circuit model is depicted in Fig, 1,L The CPE is 

often thought of as being a non-ideal capacitor, with a 

complex impedance given by 

/...:.., =-- (1) 

where Qs and as are the CPE parameters, j is the 

complex number "G, and j is the frequency with units 
of inverse seconds (Hz). Jorcin et ai, (l 8) demonstrated 

that, in general, CPE behavior can be the result of 

surface and normal (or axial) distributions of resistance 

and capacitance in the materiaL In skin, the CPE behav­

ior has been attributed to the stratum comeum hetero­

geneity normal to the skin surface, particularly an 

exponentia.l decrease in the resistivity (19, 
The impedance of the R-CPE model is represented by 

the expression 

(2) 

which exhibits a single characteristic frequency,j,s, defined 

as 

(3) 

corresponding to the frequency at which the absolute 

value of the imaginary part of the impedance 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 R-CPE model to an etTective capaci­

tance. In one approach, the R-CPE model is related to 
the R-C circuit model, shown in Fig, l b. In this circuit, a 

resistor is in series with a parallel resistor (Rsl and ca­

pacitor which is represented exactly by Eq. fbr 

Qs = C~ and o.s = 1, The effective capacitance is deter­

mined by requiring that the chaxacteristic frequency fbr 

the R-C circuit model 
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is the same as the chaxacteristic frequency fbr the R-CPE 

model; Eg. The resulting expression, 

(5) 

is derived by equating Eqs. and and solving for C, 

in terms of R" Qs and as. All effective capacitance values 
derived from erE parameters are model dependent and 

as Eq. has been described by Hsu and MansfeJd l), 
the ellective capacitance calculated using Eg. is des­

ignated as Cs,HM to distinguish it irom va.lues ca.lculated 
by other approaches. 

The irnpedance of punctured skin, shown schematically 

in Fig, 2, is hypothesized to vary with frequency as described 

by the pinhole equivalent circuit depicted in Fig. J c and 

represented by 

(6) 

where 0"" and as are the CPE parameters of the skin aHer 
the hole was punctured, and Rt is the total resistance of the 

skin and hole operating in parallel, i.e. 

(7) 

Like undamaged stratum corneum, the pinhole eqmva­

lent circuit model is characterized by a single characteristic 

rrequencY,!c,tl given by 

(8) 

From the characteristic fi'equency of the corresponding R-C 

circuit, 

(9) 

the dTective capacitance of the punctured skin, C"HM, IS 

derived to be: 

( (0) 

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

the cross-sectional area of the hole is small compared to the 

skin area, then the skin resistance and the dielectric 
f ' l' b i' constant 0 tne S (In _ Llore 

Fig. 2 Schematic representation 
of the measurement of skin 
impedance vv'ith fout~-electrode 

rneasurernerrt of: (a) intact piece 
of skin; and (b) skin PUr1ctul'ed by' 
a needle. 

and after the pinhole are 
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expected to be the same. If C"HM represents the effective 
dielectric constant of the stratum corneum, it follows that 

C"'",HM, measured before and after the skin is punctured 
should also be the same. 

Model Calculations 

Log-log graphs of the real and irnagin;uy cornponents of 

the impedance ,(r A and -,(i A), plotted as a fimction 
of frequency, each reveal different features of the imped­

ance response or circuit model. For all ci rcuit models 

shown in Fig. J, the real compcment of the irnpedance 

approaches the total resistance of the sample at low 

frequencies 
and damaged skin, respectively) and Re at high frequen­

cies. Also for these circuit models, the maximum value of 

<;::i A occurs at the characteristic frequency. For the R­
CPE and pinhole models, the slope of -.Zi A versus fre­
quency approaches as and -as) respectively at frequencies 

that are smaller and larger than the characteristic fre­

quency For the R-C model, the slope -,(j A versus 
frequency approaches 1 and -1, respectively. 

Occasionally, features that cannot be identified in the two 
plots described above are evident in a g-raph of t,-:'e first deriv­

ative oflog(-Zi A) Yv'.ith respect to 10gC!) plotted as a function of 
ti-equency The derivative is estimated numerically by the 

following ditlerence equation 

d 10g(I) 

where k and k-l are the indices of measurements at adjacent 

frequencies. Equation (ll) represents a central diITerence for­

mula when 10g(I) is given by 

log(f) 
10gCfk 1) + log(Jk) 

'2 
( 121 , ) 

For the R-CPE model given by Eo,. d log{ -Zi A)/ dlog(f) 
asymptotically approaches as at low frequencies and -as at 

high frequencies, and equals zero at the characteristic frequen­

cv. Perturbations to this behavior in t,-:'e form of inflection 

points or local miniIllum and maximum occur if the spectrum 

is inconsistent with a circuit model described by a single 

characteristic frequency. 

b r r' '1"""-1 -f.--f.---, 

~U~~~~~~_I,ILI ~S_ki~fl~~~~~-, 
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a. c 
103 

Fig. 3 Impedance spectra 

c.aiculated using the pinhole model 

lor varying numbers of holes and 
t(pid vaJues of the nT)del 

pararnEtErs in this study: ~ A = 

# holes ~ 0 

c 08l~ ",,,,,I ,,,,,.,j "''''} 

() i 5 k[i r"ti? r~ /, =-: i 67 (\ kG en,1 
Q5!!\~~(,~:'~ ~~-I . ,·~s~ " 

0.862, fcs = 51 Hz and i~"de A = 

19.3 kG en.,' in a diffusion cell with 
A= 1.65 cm2 
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The graphical features of these plots are illustrated in Fig. 3 

for the pinhole model. Using Eq. ,(r A and -,(i A were 
calculated as a function of frequency for input parameter 
values that are reasonable for undamaged skin (Rs A = 
167.0 kf.! cm2

, a s =0.862, (LsIA=+lA nF s",-l/cm 2
, and 

j.,s = 5l Hz). Calculated results are shown for the number 

of holes vaxying from 0 to 5 under the assumptions that 

each hole did not inl1uence the impedance of the other 

holes, and that adding holes did not change the R-CPE 

paxameters of the skin Rs, Q, and as were assumed 

to be constant). Each hole acted in parallel to the skin 

resistance with an assumed resistance normalized by the 
exposed skin area (RhoJe equal to 19.3 k£l cm 2

' in a 

diffusion cell with A = 1.65 cm 2
, which is similar to what 

was seen in the experiments with one hole described 

below sarnple 3). Therefore, the total resistance 

attributed to the holes (Rholes) is the resistance of one 
hole (Rhole) divided by the nurnber of all holes as 
fi)llows: 

Ride 
j-f.holfs --- --

The resistance for 

( 13) 

IS equivalent to the resistance 

of one hole with a cross-sectional area that is larger by 

a factor of than the area of' the hole with a 

resistance Rho1e ' 

As shown in Fig. 3, the total resistance, indicated by ,(, A 
at low frequency, decreased with an increasing number of 
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pinholes while the characteristic frequency, which is the 

tiequency at which the ---.z:j A curves are maximized or 

where d 10g( -,(i A)I dlog0J equals zero, increased "vith the 
number of holes, Increasing the number of pinboles reduced 

the total resistance of the system causing the chaxacteristic 

frequency to increase. Consistent with a circuit char­

acterized by a single characteristic frequency, plots of 

d log(---,(i A)/d log(f) decrease monotonically with 

frequency from as to ---a" crossing zero at f= .fe,t. 
Impeda.nce plane plots, sometimes called Nyquist plots, are 

also used to present impedance data., Tn this plot (Fig. -<j A 
is graphed as a fimcton of,(rA on linear axes. For tbe R-CPE 
and pinhole circuit models, the plot looks like a single 

depressed semi-circle in which the maxirnurn value of -''(i A 
is less than half the dwerence of the maximum and minimum 

values of /~r A. The degree to which the plot deviates from a 
perfect semi-circle, which occurs when (xs is exactly equal to 

one, depends em how much as deviates f't'Orn uni1y. The low­

frequency data appear on the right side of'the ',(r A axis and 
the frequency increases towards the left. Thus, the low and 

high-impedance intercepts of'the ,(, A axis, which correspond 
to high and low frequency, are equal to Re A and the total 

resistance of the system (Re + RJ A fOr undamaged skin 
and (Ri + Rs) A for damaged skin). The impedance values 

corresponding to the characteristic frequency appear at the 

top of the semi-circle where -,(i A is a maximum). 

Deviations from the semi-circular behavior illustrated in 

Fig. 3d would indicate a spectrum that is inconsistent with a 

circuit model described by a single characteristic frequency. 
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MATERIALS AND METHODS 

Chemical nux and impedance spectra were measured be­
fore and after skin was damaged by needle puncture. The 
eA1Jerimental procedures fbI' these studies and the related 
determination of solution resistivity are described below. 

Chemicals and Materials 

Phosphate buffered saline (0.01 NI) with 0.138 M NaCl, 
0.0027 M KCI (pH 7.4, Sigma P-3813) was prepared in de­
ionized (Dr) water (Millipore Corporation, Bedfcml, MA). 
The permeation of 4-cyanophenol (CAS 767-00-0, rnolecular 
weight = 1 19.1 Da, logarijlml of jlie octanol-water partition 
coefficient = 1.6, and pKa =7.97) purchased from Sigma was 
measured before and after skin was punctured with a needle 
l26S gauge, Hamilton Co., Reno, NV). Split-thickness hu­
man cadaver skin (300-400 llm thick) identified as Q (from 
the back of a 77-year old Caucasian female) and AS (from 
either the back or abdomen of a 7S-year old Caucasian male) 
was purchased from the National Disease Research 
Interchange (NDRI, Philadelphia, PA). The skin vvas collected 
wit,ltin 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 ditTusion cells from PermeGear 
(1" L ':'d B'S'd h ,1d'Q" 11 11'1' P" \ ,) ill ~ 'Jlr- e- 1- 1 e lllUSIon ce s, - el ertovvll, j-\.) 

adapted to allow It-electrode irI1pedance measurements 
and to support the skin sample during manipulations requir­
ing it to be removed irom the cell. Each skin sample was 
mounted into one of four custom-made frames (the diffusion 
area was 1,8·l cm 2 for one 1.65 cm2 for the other three) 
constructed PDM Services, Golden, CO. This frame fit 
between the two diffusion cell chambers that each held 
two Ag/AgCl electrodes (I'1 Vivo Meteric, Healdsburg, 
CAl: one working electrode (vVE) and one reference elec­
trode (REF) as shown in Fig, :;, The working electrodes were 
12-mm diameter discs oriented w-ith the face parallel to the 
skin surface. The cylindrical reference electrodes (1.5 mm 
diameter and 3 mm long) were oriented such that the long 
axis was parallel to the skin surface. Experiments were 
conducted in a temperature-controlled chamber (Electt'O­
Tech Systems, Tnc., PAl that was large enough to hold all 
fi)JJr cells and maintained at 32°C. 

Skin Impedance Measurements 

Impedance was measured using a Gamry potentiostat (mod­
el PCI4/300, vVarminster, PAl. A 10 mV root-mean­
squared, sinusoidal alternating current perturbation signal 
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with a mean applied potential 0 f zero no direct current 
bias) was applied at lO frequencies per logarithmic decade 
over the frequency range of 0, 1 Hz to 20 kHz. 

Pinhole Experiments 

After the frame holding the skin was clamped into a diffu­
sion cell, both charnbers were filled with PBS for an eight to 
twelve hour equilibration period. During the equilibration 
period, impedance spectra were measured hourly to estab­
lish a baseline for the electrical properties of the skin as well 
as to verify that the skin was at equilibrium as indicated by 
insignificant dirr(~rences between subsequent spectra. 

A.:fter equilibration, solutions from both chambers were 
drained and 13 mL 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 throughom the experiment, excess crys­
tals of CP were added to the donor chamber solution. Either 
1 or 2-mL samples were collected hourly from the receptor 
solution "vith replacement starting 4 h after introducing the 
saturated donor solution and continuing fOr 3 h. After this, the 
frame holding the skin was removed from the diffusion cells, a 

hole was poked with the needle (4'b't l-lm outside diameter), the 
difillsion cell was reassembled, and the donor and receptor 
chambers refIlled w-ith fresh CP-saturated PBS and PBS, 
respectively, Seven 2-mL samples were collected fi'om the 
receptor chamber with replacement every 0.75 h after intro­
ducing the C:P donor solution, Impedance spectra were col­
lected hourly during the nux measurements and results 
reported before and atter neeeUe puncture were derived from 
the last spectrum collected during the CP flux measurements. 
A control experiment was performed in which one skin sample 
from subject Q was treated in the same way as the other 
samples except that it was not punctured. 

Concentrations of CP in the collected solutions were 
measured using a high-performance liquid chromatograph 
(HPLC, Hewlett Packard llOO, Palo Alto, CAl equipped 
with auto-sampling and a diode array detector set to 
25+ mn. The stationary phase was a Zorbax Extend-C l8 
(4.6 x 250 nun, Agilent Technologies, Santa Clara, CAl 
column. The mobile phase was acetonitrile and water 
(70:30 flowing at 1 mL/min, which gave a retention 
tirne of abou t 2.3 min. Calibration using 4 or 5 standards 
was conducted prior to chemical analysis, with concentra­
tions that encompassed the range of sample concentrations. 
The limit of reliable quantification was approximately 

0.1 llg/mL. 

Steady-State Flux Determination 

The cumulative mass of chemical delivered into the receptor 
solution (Ai) at a sample time (t) was calculated by summing 
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the mass of chemicaI in the receptor chamber and the total 

mass of chemical removed from the receptor solution in 

previous samples. The mass of chemical in the receptor 

chamber at t is the product of the receptor solution volume 

and the measured chemical concentration in the sample 
collected at time t. The mass removed from the receptor 

chamber by sarnpling is the product of the concentration 

and volume of the sample. 

The steady-state flux which IS the slope of the linear 

portion of the area normalized cumulative mass (l'vf !A) versus 
t curve, was determined by linear regression. In determining 

CP flux before pinhole damage, the skin had not been 

exposed previously to CP and the intercept of the regressed 
line to the time ac"is is the lag time. Experimental estimates 

for steady-state flux that include Al! A measurements at 

times less than abom 2.4 times the lag time are systemati­

cally lower than the actual value thus, data points 

collected before 2.4 times the lag time were removed and 

the regression was repeated. Typically, steady-state is 

reached within 2 to 4 h. Steady-state flux was established 

sooner than this in the pinhole damaged skin, which 

contained CP from the before damage measurement. In 
most cases, the steady-state flux was determined using at 

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 

to be 54.855±O.003 n cm (mean ± one standard deviation, 

n= 6) by measuring the resistance of the PBS solution in one 
of the diffusion cells containing no skin and filled with 26 

mL of PBS. Six successive impedance spectra of frequencies 

between I Hz and 100 kHz were measured in the four 

electrode con6guration. The resistance from each spectrum 

was the average value of ,(r measured at frequencies where 

only the resistance of the PBS solution contributed to the 

impedance response of the system as indicated by 

-,(j = 0 (typically between 10 and 300 Hz). The average 

resistance of the six scans across the cross-section axea of 

the di±Tusion cell was 93.623 ± 0.005 Q cm2 (mean ± one 

standard deviation). The resistivity was calculated from the 
product of this resistance and the electrode cell constant, 

which accou nts for the effective area and length of the 

solution between the electrodes in the diffusion cell relative 

to the cross-sectional area of the diffusion cell. The cell 

constant was determined by measuring the resistance of 

standard solutions (0.01,0.1 and 1 molal potassiurn chloride 

in Dr water) with known resistivity at 32°C (8.19, 68.68 and 

623.91 Q cm, respectively frorn Pratt et al. in the same 

diffusion cell by the procedure described above. The cell 
constants for the three solutions, calculated from the ratio of 

the resistivity to the measured resistance, were independent 
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of the potassium chloride concentration and equal to 0.586 

±0.005 cm (average ± standard deviation). 

Regression Analysis 

Equations representing the chosen equivalent ci rcuit model 

were regressed to the complex impedance data by minimi­

zation of the objective function l X2
) defined as: 

( 14) 

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

measurement frequency ik, )'fdat is the total number of mea-

surement freq uencies in the spectrum, /~ Jk) and 
are the real and imaginary experimental impedance data 

measured at frequenciesji,,<:' r (JkiP) and,(j (ikiP) are the 
real and imaginary parts of the equivalent circuit model equa­

tion evaluated at frequency,A for the parameter vector P 
(which includes all of the model parameters being optimized), 

and 0'( .!k) is the average of the stochastic error at frequency}), 

determined as described below. The errors reported for tabu­

lated values of the regressed parameters are the asymptotic 

standard parameter errors, vvhich is the square root of the 

covariance InatrL"-: The objective function was minimized 

using a Levenberg-Marquardt algorithm developed and 
implernented in MatLab ™ by Gavin Orazem and 

Tribollet 7) provide a description of the Levenberg­

lVlarquardt method ror regression to complex numbers. 

The stochastic error in the measurements at each fi'e-
-/ \2 ,.' . 

quency a\./k) was esnmated trom the average at the 
stochastic error of the reaI and imaginary parts of 

the measured impedance at frequency Jk. The a r and OJ were 
estimated following the measurement model approach de­

scribed in the papers by Agarwal et at. l) and Orazem 

et ai. This involves 6tting the impedance data to a 

simple equivalent circuit model (also known as the measure­

ment model) consisting of an optimaJ number of R-C cir­

cuits in series to five successive impedance spectra by 

modulus-weighted, complex non-linear least squares regres­
sion using the lVfeasurement lVlodel Toolbox developed by 

Orazem The residual errol' between the data and the 

measurement model cannot be taken as the stochastic error 

because the error due to lack of fit could be significant. 

However, the standard deviation of the residuals, expressed 

in terms of the mean of the residual errors at frequency 

A for all scans included in the analysis 

)\I~cans=5 in this study) as 

a
2 
(/k) ." (15 ) 

m=-=--l 
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IS an estimate of the standard deviation of the stochastic 

error as a function of frequency wbere jk) is tbe 

residual error of either the real or imaginary part of the 

impedance at frequency Jk of scan m, defined as 

Uk} (l6) 

In Eq. (1 is the experimentally rneasured value of 

the impedance and ZVIM ( is the irnpedance calculated 
from the measurement model at frequencYJk fc)r the optirnal 

number of R-C circuits in series. 

RESULTS AND DISCUSSION 

The low-frequency impedance response is analyzed in this 

section in terms of an effective pinhole diameter. Analysis of 

different estimations of effective capacitance reveals that a 

formula based on the high-frequency impedance response 

yields more reliable values of dielectric constant than do 

formulas derived from the characteristic frequency. The 

steady-state flm: of CP is seen to be relatively insensitive to 

needle puncture; whereas, the impedance response shows 
substantial sensitivity. 

Skin Impedance 

Typical impedance spectra measured before and after needle 

puncture are shown in Fig. 'j. for sample 4- along ",;jt.l, theoret­

ical curves derived by regression to the R-CPE and pinhole 

models. Values of the model parameters determined by re­

gression of impedance measurements before and after pinhole 
damage for sample 4 and six others are listed in Table l. In 

Table n regression parameters are reported for the control 

experiment, in which a skin sample was treated in the same 

way as tbe other samples except that it was not punctured. 

The impedance responses of 3Jl skin samples, both before and 

after pinhole damage, were adequately represented by the R­

CPE and pinhole models as illustrated by the good agreement 

between the impedance models and data in Fig. c:: except at 

the lowest frequency values for -Z5 A. This deviation, which 
has no effect on the regTessed parameter values, arises because 

the magnitude of-"':;:j A at low frequencies is srnal! enough to 
be affected by instrument noise. Values fi)[' R", have not been 

reported because impedance was not rneasured at high 

enough frequencies to obtain a reliable estimate for its 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 little effect on the impedance properties of the remaining 
skin. From the control experimental results Cfable H), it was 

confirmed that the electrical properties of skin did not change 

during the other skin handling steps. Therefore, the resistance 
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Fig. 4 Typicai impedance spectra measul'ed before and aftel' addition of a 
pinhole for sat-nple 4 cot-npared \A/ith R,-CPE models (so!id lines) fot~ skin 

with and vvithout a pinhole: (a) area nornlaiized real part of the impedance. 

(b) at-ea nOI-maiized imaginarl part of the irnpedance: and Cc) impedance 
plane (Nyquist) plot vvith the impedance values at the chai'adenstic fn::­
quenc.ies denoted with diamonds. 

and the dielectric constant for the skin were assurned to be the 

same befi)re and aiter pinhole. Consistent with the hypothesis 

that pinhole damage only adds a low frequency shunt resis­

tance Rho]e) in par;lllel with the skin resistance, after 

pinhole darn age the resistance changed while the CPE pa­
rameters, as and Q, did not. The average resistance before 

pinhole damage was almost 10 times larger and more variable 
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Table I Parameter' Values for the R-CPE: and Pinhole i1ode!s Regr'essed Respectively to Skin Data Before and ,",fter Damage with Cine Pinhole, and 

Estimates of the Pinhole Resistance and Diameter 

Sample IDa 

Parameter Units 

Before 

R.egressed paranleters b 

i~s Ae kG crn2 141.8:'::0,2 
f;:( A kO en} 

as unitless 0,81 e+:O,002 
QslA. n F sa,- I 79,8± I .0 
Calculated pclrameter-s" 

Rhoie A e kG CiT? 

,Rho'" kO 
fe.s or fc,/ Hz 41' CJ.2 

Sample IDa 

Paran-,eter Units 5 

Before 

P\egressed pararnetersb 

Hs AC k() cn12 i79_-J-_O.3 

RtA kG en"? 

as unitless 0,83±0,01 

Q/A nF SIY,-I 61,8± 1,2 

Calcuiated pclrameter-s" 

kG crnL 

kG 

Hz 37± 1,0 

j.Jm 

After 

'1,'14'0,01 
0,82 c'c 0,002 
67.7± I c, 

IO,7:-J-~O,OI 

6,48 ±O,O I 
1117+ I, I 

24: 

After 

15.63 -=-t~ 0.02 

0,85±0,003 

51.3 ±0.9 

17, I e+: 0,02 

iO.38±O.Oi 

72i :::':::0.9 

i82 

2. 

Before 

93.6±0.: 

0,82 e+: 0,0 I 
68,5± I ,3 

74, I 

6 

Before 

192 -_+_-0.3 

0,81 ±0.01 

70,.5± 1,2 

3i ±O 

a Samples I -4 are ft~on-I subject Q; samples 5-7 are fron-I subject /\S 

24.07'0,03 
0,82 ccc 0,003 
73,S± 1,4 

32.4 ccc 0,07 
19.76±0,04 
364 -_t 0,5 
126 

/".fter 

21,20+0.0<4 

0,84 ± 0,004 

57.3± ! .3 

I 4.54 ± 0,03 

477±0,8 

150 

3 

Before 

93.4±0, I 

0,79 ~t~ 0,0 I 
99.l± I I 

59_-!_-

7 

6'1,2 +0, I 

0,82±0,01 

74.3± 1,7 

98± I 

After 

15,%,0.02. 
0,82",0,003 
83.0± I 4 

19,3",0,03 
I 1,67 ±0,02 
.528,0,6 

170 

t ... fter 

1';,88 c'c 0,02 

0,83 ±0,003 

69.5 :::'::: 1,3 

I 9,0 e':: 0,03 

10.30±0,02 

648±0,8 

183 

4 

Before 

5S.2±O. I 

0,83 e':: 0,0 I 
66,5± I ,4 

i4! _-J-_ i 

Before 

I 18, .54 

0,80:'::0,01 

74,4± 12,.5 

68,7 :,::39,4 

After 

I I .78.-J-_-O.O! 
0.83 .-±-.0.002 
63.7± I I 

IS.0.-±-.0.02 
8,14±0,01 
'138, 1,0 

210 

16,21 ~t-:: 4,96 

0,83±0,01 

66,6± 10.5 

19,6+ 6,9 

I 1,6:,::4.4 

685±266 

180±3.5 

bVa!ues at'e ,'eported as the regressed paranleters ~t-:: the standard paranleter en'or 

A before and after pinhole damage is assumed to be unchanged ror- pur-poses of dculating R"0'e 

d Values are reported as the calculated pat~anletet~ _t-_ the errot~ estimated by propagation of the standard parameter error on the t~egressed paranleters 

contained in the caiculated pararneter 

f: R~ICii::: A is calculated frorn Rt A and i~s A accot-ding to Eq. (7) 

and !c.c for skin before Cind after pinhole dan-ICige, respectively at~e calCUlated fron-I Qs and either Rs or JC~t as specitied in Eqs. 

g Hole diatTleter' vv'as estirnated using Eq. (I ?) 

and (8) 

nValues are the mean and one standard deviation or the parameter value for all seven skin samples 

than after pinhole damage I 18:!: 54 kO crn2 compared 

v\~th 16.21 t4.96 kO crn2
; rnean t standard devjation for 

n= In contrast, the variability in the CPE parameters 

fi)[' all 16 measurements listed in Tables T and TT, includ­

ing skin with and \'v>ithout pinholes, was relatively smaller: 
0:,=0,823:0,01 and Q,IA=72:t 12 nF s",-J Icm 2 (mean + 

standard de'v>iation), 

Values fiJI' the resistance of the pinhole, RIw1e , listed m 
Table 1 were calculated by rearrangement of Eq, under 

the assumption that Rs A vvas equal to the before pinhole 
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value, The resistance RllOlc is related to the solution resistivity 

the hole diameter and the length of the hole (Lhole) as 

P 4Ltwle P 
Rhole = --, - + --,-')-

2 dllOlc lWhole 
(17\ , J 

where the first term on the right hand side represents the 

constriction of the flux lines from a semi-infinite bulk electro­

lyte solution to the hole, and the second term represents the 

resistance of the electrolyte solution in the hole when the 

surrounding skin is impermeable to ions Under the 
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Table II Parameter Values of the R-CPE Model Regr'essed to Skin Data 
for the Control Sample Before and ,"'iter Damage with One Pinhole" 

Par·ameter·b Units Before After 

RtA kG ern 
2 I 03.2 ~t~ 0.2 102,6 +,0,16 

as Unitless 0,80±0,002 0,81 ±0,002 

QJA nF 85,6± I 83± ! 

fe,s Hz 58,0, I 58+0, I 

d One skin sanlp!e fronl subject Q Vv'a5 tt~eated the same as ail other skin 
samples in the pinhole exper'iment but without puncturing a hole 

"Values of all parameters except the c:harac:tel-istic frequency (Ics) al-e 
reported as the regn~ssed paran-Icter _-~_ the standard pat~anleter error. 
Values of are reported as the calCUlated pararneter' ± the erTor 

esti mated by propagation of the standard para meter err-or on the '-egressed 
pat'arnetei's contained in the calculated pat'arnetei' 

assumption that the pinhole was completely filled with PBS 
solution, the effective diameter of the pinhole, dho]e, for each 

sample was estimated from Rhole using the measured resistivity 
of PBS solution (p = 54.9 n cm) and the total thickness of the 
skin sample approximately 350 /-tm for the split-thickness 
skin used in this study). 

Calculated values for dhole are listed in Table r. The aver­
age resistance of the pinholes in 7 skin samples corresponds to 
180 ~ilTl for (range fi-om 126 to 241 /-tm). If the hole 
resistance of 19.76 H2 (sample 2) is discarded as an outlier, 
then the average value for Rhole is 10.25 ± 2.80 kfl, which 

corresponds to 189 11m for dho1e (range from 150 /-tm to 
24·1 /-tm), Overall, these estimates for dho1e are a little smaller 
than holf of the needle diameter (,t64· /-tm). This is not surpris­
ing since the hole left by pushing a needle through the skin \\1.11 
certainly be smaller than the needle diarI1eter. 

Effective Capacitance 

Values of the effective capacitance, G-:',mvrl A, cakuIated using 
Eqs. and (l 0) respectively for skin before and aIter pinhole, 

are presented in Table m. Before pinhole damage, C~HMI A 
was 2i J.,4±2.6 nF/cm2 (mean ± one standard deviation for 7 
samples from two subjects), which was larger than aIter pinhole 
damage (16.2± 1.6 nF/cm2

) by a statistically significant 
amount. The magnitude of these results generally agree with 
other measurements of (~,HM/A reported fCir human skin; e.g., 
18.6 nF/cm2 fbr heat separated skin in 50 mM bufIered CaCl2 

at 32°C 39.8 nF/cm2 fiJI' 145 samples of spliHliickness 
skin in PBS at 32"C Comparable efI(~ctive capacitance 
results calculated wi11iout an initial evaluation in tenm of' a 
CPE are also reported fi)[' human as well full-thickness mouse 
skin; e.g., 8.9 nF/cmL fi)[' heat separated human skin in 0.0034 
M NaCl at 21°C 24 nF/cm? fix nude mouse in buffered 
0.133 M NaCl at 37" (! l), and 48, 51, 60 and 67 nF Icm2 fc)r 
hairless mouse at 20, 30, 40 and 50°C in 0.1 M N aCl with 
similar numbers for 0.01 and 1 M NaCl (l 
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The effective diel ectric constant (E:) for skin can be 
calculated from the skin capacitance as 

E =--
(Cs/A)L 

EO 
(18) 

where L is the stratum corneum thickness (assumed to be 15 ~m) 
and EO is the permittivity of vacuum (8.8542 x 10.5 nF/cm). 

Significantly, the values of E calculated using Cs,l-';NII A (listed in 
Table HI as E: BM) are physically unre;llistic: 414:t 44 and 274 :i: 
28 fbr skin befc)f(c and aner pinhole damage, respectively. These 
numbers are one to two orders of ma~'Tlitude larger than the 
expected range between 76 fOrvvater at 32°C and 2 or 3 for 
several oils, Presented differently, the capacitance of l5-/-tm 
thick films of water and oil are respectively 4.5 and 
0.12 nF/cmL

, vv'hich is much smaller than the effective skin 
capacitance estimates. The fact that measurements reported 
for skin capacitance correspond to physically unrealistic values 
of E: seems to have gone unnoticed with one exception: 
DeNuzzio and Berner observed t,l-tat skin capacitance (calcu­
lated by fitting the L'llpedance response to an R-C model circuit) 
was about 8 nF compoxed with t,-:'eir tl1eoreticol estimate of 
0,08 nF (incon-ectly listed as 0.8 nF in their Eq. 1). 

Recognizing that dielectric constant values estimated from 

C,.HM are impossibly large, the validity of C~,lllVI to represent 
skin capacitance must be questioned, Further e\1.dence that 

C,.HM is an incorrect measure of skin's dielectric properties is 
the observation that C~,HMI A consistently changed in all seven 
skin samples after adding a pinhole, an action that would not 
have changed the dielectric constant of the skin, 

Recently, Hirschom et al. proposed a different approach 
for estimating the dielectric constant of a material with imped­
ance behavior that is consistent with an R-CPE circuit model. 
Under the assumption that the dielectric constant is indepen­
dent of position, they demonstrate that the behavior of an R­
CPE circuit is consistent with a power-law decay of skin resis­
tivity through the skin thickness. Based on their power-law 
model Eqs. 28 and 29 in an alternatlVe expreSSion 
fbI' the effective capacitance can be derived as: 

1191 , I 

where fJ6 is the resistivity at the position, 6, of the innermost 
interface of the dominant resistive layer the stratum 
corneum in the case of skin) and the parameter g is obtained 
fi-om 

(20) 

For a, between 0,8 and 0.9, which are typical values for 
skin, g is between 1.06 and 1.01. Mthough p,j is unknown, to 
satisf)' the assumption that skin propelties do not change aIter 

needle puncture, p,j and olso C"PL and L are constants, and 
therefore, according to Eq, \' both Q, and as must olso 
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Table III Comparing Capacitance and Dielectric Constant Values Calculated 8ejore and After' Damage with One Pinhole Using the Power-Law (PL) and 
Hsu,·Mansfeld (Hf'/l) [Vlodels 

a Qs/A a r 
s \.....s,PL 

nF nF/cm2 
Sample ID 

0.81.5 73,8 1,07 

2 0.820 71.0 1.17 

3 0.805 91.4 1.06 

4 0.830 65.1 1.39 

5 0.840 56.6 1,53 

6 0.825 63,9 I 18 

7 0.825 71.9 1.37 

1'1ean 0.823 70.5 I 'l~ 
.LJ 

Std dev O.DI ! 10.9 0.18 

18,2. 

19.9 

17.9 

23.5 

25.9 

20.0 

23.1 

21.2 

3.0 

r' 
'-----s,HM 

nF/cm? 
tlefore 

26.2 

23.6 

28.8 

20.6 

23.6 

25. I 

23.3 

24.5 

2.6 

AftEr 

14,3 

18.0 

18.8 

15.0 

14.8 

15.7 

16.9 

I" ') b.~ 

1.6 

"HM 

8efore i\rrer' 

444 2.43 

':tOO 297 
488 318 

348 254 

399 251 

426 267 

395 285 
414 274 

44 28 

J Repotied vaiues for as and QjA are the avet~age of the befot~e and aftet~ pinhole values because these 'vven~ not statistically significantly d!ffet~ent 

b Cs,PL and vv'ere calcu!ated according to Eqs. (: 9) and respEctively USing the aVerage of the befot'e and after pinhole values for as and QsI/'\; 
was dc:ulated for Po = 55 0 cm and 0= 15 IJm 

remain constant. Notably, this theoretical prediction is ccmsis­

tent with experirnental observations that Q, and as before and 

alter pinhole were not statis11eally significantly different. 
A fiJrther test of the validity of (~,PL for representing skin 

capacitance is to compare the predicted and obselved changes 

in the characteristic tiequency aiter adding a pinhole to skin. 

Since constant E means that 0" and as do not change, then, 

according to Eqs. and (8), the ratio of the characteristic 

frequencies before-to-after pinhole damage is predicted to be 

related to the before-to-after resistance ratio as: 

.fe,s \ Rs ) = 1 
( 

.. '( ',i/a, 

J,t) ,Rt} 
(21) 

This differs from what is predicted for the Cs,HM approach iff: 
does not change. If' E does not change, then Cs,HM does not 
change and according to Eqs. and the ratio of the 

characteristic frequencies and resistances are expressed as: 

(22) 

As shown in Fig. :), Eq. l) is consistent with the experimental 
obselvations, while Eq. is not. This result supports the 

hypothesis that (~,HM does not reflect accurately the effec11ve 
dielectric constant of the skin. 

Es11mates off: from the power-law model are only possible 

if' () and Pb in Eq. ([9) are known. The smallest possible value 

for jJ(j may be assumed to be the resistivity of the solu110n, 

which was 55 n cm. Using this, which will give the smallest 

possible value fell' C"PL, and an estimate of the thickness of the 
stratum comeum (15 f.1m) fi)r 0, C~,PL fi)r the 7 skin sarnples 

were calculated along with f:PL Table lU) for as and Q/ A 
equal to the average of their before and after pinhole values 
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(which were not statisticllly sigl'ificantly difI(~rent). The result 
. ~ 1 2 i 0 () FI 2 l'" '2' f ~\ .,. ' lS Cs,PL = .... : I, .-'. n" em', w ncn gTves EpL I,' 1 :.:~)) wltllln the 

expected range of 2 to 76. Because Pc> may be larger than the 
resistivity of the solution, the actual values for EpL may be 

larger. Notably, an increase in PJ from the solution resistance 

of 55 n cm to as high as 1,000 n cm produces orJy a modest 

increase in f:PL from 21 to 40 at the average values of 0,,1 A 
(70.5 nF Icm2

) and as (0.82) for the seven skin samples 

before pinhole damage. These values of the dielectric constant 

can be compared to the range of values between 29 and 53 

obtained in different studies by a technique which measures 

absorption and reflection of electromagnetic energy at a 
radiofrequency of 300 MHz ("lO, 

I 

x 
, .. ,' ... ,', .. '" ... , ,>:' .. " .... " .. ,' .... "'" 

\ x x 
0,5- \X 

Eq.22 ((,/(,HR" R. )'" (} 65.tO O~) 

O,O~-r-l--~!--~!--~!--~I--~!--~!~~ 

1 234 5 6 7 
Skll'l Sample Number 

Fig. 5 Expel'imental values for the I'atios of the characteristic frequencies 

and resistances befot'e and after pinhole darnage as predicted by tvvo 
different appr'oaches for calCUlating the eftective capacitance fr'OrTl the R­

ePE parameters: (a) the po'vvet'-Iav,; model (Eq. (21 )). represented as 
circles. and (b) the Hsu-!"lansfeld nlodel CEq. rep,'esented as X, 
Because pinhole damage does not change the skin dielectric constant, 
the expn~ssions should be I; vv'hich is observed fot,the po'vvet'-Iavv nlodel 

but not jor the Hsu-l"lansfeld model. 
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Table IV Steady-State Flux of CP (pg/err? In) Measured Before and After Damage vvith One Pinhole 

Sample IDa Ail scu-npiesb 

Control 2. -, 
,) " 5 6 7 i"'le,m Std dev 

Befol-e O. :64 101,8 109,8 134,5 107,6 5(),9 58,5 55. 4 88A 33,() 

r\'i"er 0,164 12.0,0 :35.4 149,1 ! 27.2 61,8 62,2. 62.0 102,5 38.9 

ChangeC 0 18,2. 25.6 14,5 19,6 10.9 ' ' -', ; h.r:. I it. ! 7' 
"~I 

':'--6 ChangeC 0 17,9 23.3 i (\ 0 
! v./ 18,2 2i. 4 6.3 I 1,9 '~ '7 I J,/ 6.2 

a Sanlpies ! --4 are from subject Q; sarnples 5---7 cu-e from subject AS. After pinhole! /?t A > 20 kO ern1 for only sanlpies 2 and (, 

lJVaiues are the n-leCirl "_t one standat-d deviation of the parametet- values for aii seven skin sanlples 

C Change IS the fiux after treatment minus the fiux before t!'eatment: % Change is the change in fiux divided by the fiux befo!'e pinhole 

Other methods have been used to extract effective ca­

pacitance values directly from skin irnpedance data without 

an initial eval uation in terrns of a CPE. C~enerally, the 

results fwrn these methods have been consistent with each 

other and with Cs,HM' In the simplest approach, the effective 
capacitance was determined by assuming skin irnpedance 

was represented by the R-C circuit rnodel; e,g" (7, 19, 

Capacitance values estimated by fitting the R-C circuit 

model to skin, which behaves like an R-CPE circuit, will 

be equal to (~,HM because the regressed R-C model param­
eters will have the same characteristic frequency as a regres­

sion to the R-CPE circuit. Oh and Guy +4) estimated 

the effective capacitance using the formula 

(2:3) 

where (le,s is the phase angle at the characteristic fi'equency 
Oh and colleagues 10) and also Burnette and Bagniefski (11) 

deten-nined the efiective capacitance (C"Oh) from t,-:'e slope of 
the a linear regression of the h'lVerSe of the modulus of the 
impedance squared 1 Z 12 to the frequency as described by 

800 

.......... 6GO 
'E 
u 

~ 400 
<;{ 

~ 
200 

(} 

0 

~~ •• -. Beio.~ pin!""R1l':1 
... :~? ~(.: ~ Anf,:jf fJ~:1hok3 

t (h) 

i 
6 8 

Fig. (, Cumulative pern-,eation of CP thmugh nun-'c,n skin from subject; Q 
and AS befor'e (fi!led syrnbo/s) and after (open 

damage WITh one pinhole; elTor bars I-epresenting plus or minus one standal-d 

deviation ar'e not al'vvays visible. Lines repr'esent the average steady-state 

pernleation for each subject befo!B (solid) and after' (doshed) pinhoie damage. 

(241 , / 

for frequencies dose to The effective capacitance vaJues 

calculated using these methods are related to Cs,HM as 
deriva.tions in the Supplc~:neFt:l'y \lat:~,'j;d) 

(25) 

(26) 

This ex-plains why the values generated from these methods 

are similar to G~,BM and, like C"HM. give physically unrea­
sonable estimates for the dielectric constant. 

Chemical Flux 

The steady-state fluxes ofCP before and a.fter damage and the 

change in CP flux af1:er damage are listed in Table IV, Under 

the assumption that all seven samples belong to the same 

population, the CP flux after pinhole is not significantly dif­

ferent than before pinhole. However, samples 1-+ (mean nux 
was 113.:t. 14 f.lgl crn~ Ih before the pinhole) were from a 

different subject than samples 5-7 (mean flux was 55:!: 
4 f.lg/crn~/h before pinhole). The average cumulative perme­

ation measured before and after pinhole darnage for each 

subject is presented in Fig. (), Lag tirnes befi)re the pinhole 

were larger than after the pinhole because the skin in the 

befcire pinhole measurement had not been exposed previously 

to CPo For each subject the mean CP flux aller pinhole was 

larger than the CP flux befi)['(~ pinhole by a small but statisti­
cally significant amount (student t-test, P< 0.05) with a per­

centage change that vvas similar for both subjects (16'%±6'Vo 
for all samples). As an experimental control, one sanlple was 

treated in the same way as the pinhole samples except no 

pinhole was made. The CP flux fOr the control sample did not 

change Cfable IV), suggesting that the observed changes in 

fllL'':: 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 correlated with either the hole resistance or 

fJ Springer 
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diameter, perhaps because the valiation in the values of the 

after pinhole resistances were too small relative to the exper­

imental variability of flux through intact skirt. 
A minimum resistance of 20 kn cm~ has been 

recommended as a Cliterion for skin samples with acceptable 
skin integrity for meaningfd measurement of in-uitro chemicrl 

permeabilily without screening undamaged but higher per­

meability samples from the study; e.g., see discussion in By 

this criterion five samples damaged with one pinhole exhibited 

unacceptable integrity (9 to 16 kn cm 2
), and two samples, one 

from each subject, were barely acceptable (21 and 24 kQ em"!. 

Consistent with the observations described above, the two 

acceptable samples exhibited both the highest and lowest 

percentage changes respectively for subjects Q and AS. The 
observation that C:P HUe" changed by only a small amount 

when the resistance of the pinhole damaged skin sample was 

close to or slightly less than 20 Hl cm2 suggests that this 

criterion is an adequate assessment of skin quality for penne­

auon measurements of non-polar compounds. 

Skin damaged intentionally with multiple holes to increase 

chemical permeation (as in treatments with microneedles, 

electroporation, or tllermal, radiofrequency or laser ablation 

(LiS, often will exhibit resistances that are less than 1 142 
cn12

; e.g., The amount of skin damage after such treat­

ments probably is large enough to cause an observable in­

crease in the flwc oInon-polar cornpounds like CP that are not 

too lipophilic. However, permeation enhancement for highly 

soluble polar and ionized species or ror larger molecules that 

have extremely limited permeability through undamaged SC 

should be more significant and correlated ",ith the skin resis­

t"mce measured after treatment 

CONCLUSIONS 

Skin impedance measurements are sensitive to ineversible 

damage caused by puncture with a needle, which reduced the 

average resistance almost 10 fbId. Skin impedance before and 

after pinhole damage is represented well by an R-CPE circuit 

model that is characterized by a single characteristic frequency. 

Pinhole damage adds a low frequency shunt resistance through 
the hole that acts in parallel with the skin resistance, but does 

not change the CPE parameters. The characteristic fi:'equency 

of the irnpedance scans detennined after needle puncture in­

creased by more than the decrease in the total resistance. This is 

inconsistent willi approaches that have been used previously to 

estimate an em~ctive skin capacitance fi'om the R-C equivalent 

circuit rnodel. The measured increases in the characteristic 

frequency were consistent with the theory frmn Hirschorn et 
ai. which predicts that the CPE parameters of the skin 

and Q,) should not change if'llie dielectric constant and resis­
tivity are constant. After pinhole damage, the flUe" of CP did 

increase by a small but significant amount. However, this 

fd Springer 
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increase was not con'elated w-ith the hole resistance or dia~meter 

estimated by assuming that the skin resistance was unchanged 

aJter the pinhole. The detailed analysis in the present work was 

made possible by the measurement of impedance over a broad 

range offrequency that encompassed both the high frequencies 
where capacitive err(~cts dominated to low frequencies that 

allowed estimation of' steady-state resistances. 
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