The Analysis of the Small-Signal AC-Response of Bovine Enamel Membranes
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The ion permeability of bovine enamel membranes can be estimated from impedance spectroscopy. In this study the 6-parameter model,
a previously proposed operational description of the frequency dependence of the impedance of an enamel membrane is compared with
a model which uses a Constant-Phase-Angle (CPA) element, and which is proposed as an onset to a morc mechanistic description of
ename! impedance spectra. The model using the CPA clement is shown to be a valid description for the measured impedance data. The
parameter values for Ry and wy,, (the angular measuring-frequency where the imaginary part of the membranc-impedance is maximal)
obtained using this model, confirm that these parameters can be employed as predictors for bovine enamel permeability.

Introduction

A key-feature of enamel structure is the parallel-arrange-
ment of densely packed crystallites, long hexagonal rods
with a diameter of approximately 0.01 pm and a length of
approximately 0.1 pm. They consist of a mineral which re-
sembles the very slightly soluble hydroxyl-apatite. Bundlies
of these crystallites together constitute the prismata, keyhole
shaped intertocking structures, 1.5 um diameter and 50 um
length, oriented nearly perpendicular to the tooth-surface in
a way to offer both ruggedness and a certain amount of
flexibility, necessary to prevent breakage of the tooth en-
amel. In the body of a prisma a highly ordered parallel
arrangement of the crystallites is found. At the contact-re-
gions between adjacent prismata some of the parallel ori-
entation of the crystallites is lost. This explains the occur-
rence of an inter-prismatic phase, consisting of narrow re-
gions with a more random orientation of the crystallites,
where the spaces between them will approach (as may be
inferred from SEM-pictures) the dimensions of the crystal-
lites themselves. In these relatively open regions the enamel
mineral becomes vulnerable to physiological attacks. One
of them, the acid attack that results from metabolic activity
in the plaque (a sticky layer of bacteria and organic debris

that may cover the enamel cap), may cause caries. At this
point the relevance of enamel permeability enters: it deter-
mines the ease with which agressive substances may invade
the enamel. In case of an acid attack the permeability con-
trols the speed of penetration of the acids into the enamel
and hence the progress of subsurface demineralisation,
which causes the lesions that are characteristic for the caries
process. Thus the rate of progress of the caries process was
demonstrated to be approximately proportional to the
square root of bovine enamel permeability [1].

Enamel permeability can be measured chemically as the
rate of diffusion of ions through an enamel membrane [2].
In previous works [3,4], the impedance of bovine enamel
membranes, for which the permeability for small ions was
known from radiotracer studies [2], was analysed. In order
to find parameters, which can be used as predictors for en-
amel permeability, a 6-parameter model was proposed as a
phenomenological description of the “skewed-arc” imped-
ance spectrum of bovine enamel (see Fig. 1a). Using this
approach, R, (the width of the arc) and vy, (the frequency
at the top of the arc) were demonstrated to be predictors of
bovine enamel permeability. In the present study the above
mentioned 6-parameter mode! is compared with the analysis
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a) Typical Cole-Cole plot of a complex impedance measurement
for a tooth enamel membrane: solid dots indicate the measuring
points, open dots indicate the “fit” obtained using the “back-
ward” method, numbers along the curve give log(w), where: w
(the angular frequency) = 27v (the measuring frequency).

b) Simulated Cole-Cole plot that would point to the presence of a
surface-film: the solid curve indicates the overall impedance-
spectrum, the left semicircle, denoted with the dotted line and
open dots, refers to the spectrum of the bulk-membrane
(log (@marmem) = 4.8), the right semicircle refers to the spectrum
of the surface-film (l0g (Wmax,am) = 2.8), numbers along the curve

Fig. 2

a) Equivalent circuit used in analysing enamel membrane imped-
ance spectra; -X-indicates a complex circuit element, which has
to be characterised.

b) Electric analoguc that corresponds with the distribution of
Fig.6a (Q denotes a CPA-element).

¢) Equivalent circuit that corresponds with the distribution of
Tig. 6b: Ry and Qy add up to the RQP-branch of the membrane,
Ry and QO add up to the RQP-branch of the surface-film.

give log(w).

Raistrick, Ho, and Huggins [6,7] have introduced the admittance
form (2) to fit impedance data on fluorites and silicates. It should,
however, be emphasized [8], that the use of (2) with 4 and B, and
n and m taken independent may introduce unwarranted degrees of
freedom in fitting equivalent circuits to experimental admittance/
impedance spectra. In many instances, the small-signal AC response
of bovine tooth enamel membranes revealed n # m, thus rendering
form (2) to polar coordinates impossible. This ambiguity is not met
in CPA-model.

of the small-signal AC response of enamel membranes, using
an equivalent circuit comprising resistive elements, and a
Constant-Phase-Angle element with an admittance of the
form:

Y* = Kyx(iw)* 0<a<l1). 1)
This model, which can be thought of as a basis for a me-
chanistic description of the small-signal AC response of en-
amel is henceforth referred to as “the CPA-model”.

The CPA-Model

In the CPA-model the element —X — in the equivalent circuit
of Fig. 2a is replaced by a Constant-Phase-Angle element with an

Materials and Methods admittance which reads in polar form:

Models Used for the Analysis of Impedance Spectra of
Enamel Membranes
The 6-Parameter Model

For a description of this model the reader is relerred to the
equivalent circuit of Fig, 2a. The symbols used in this figure have
the following meaning:

Y* = K x(w)* 0<a<i1). (4)
This element has been employed in many studics for fitting response
data on solid ionic conductors and semiconductors. Expanding (4)
in cartesian coordinates, it lollows that:

Y* = K,w*[cos(um/2) + i sin(an/2)]. (5)

Macdonald and Brachman [9] have shown the real and imaginary
parts in (2,4) to be properly related by the K-K relations, For « =0
form (4) represents a conductance, for ¢ = 1 form (4) represents the
admittance of a capacitance, and for o =0.5 it models classical
Warburg diffusion, Other values for z are commonly related to non-
uniform diffusion processes [10]. With regard to the 6-parameter
model, the CPA-model fully accounts for existing interrelations be-
tween A and B, and n and m. Hence, the equivalent circuit in Fig,
2a with the CPA-element for —X— is reduced to a 4-parameter
model.

Ry the “width” of the arc on the Zy.-axis.

R the “offset” on the Zg.-axis for measuring frequencices (v)
— c0. Ry, comprises the resistance of the electrolyte so-
lution, the electrodes and the residual membrane resistance
(if any).

Enamel-Diffusion-Impedance (EDI) element.

YRe + iYIm, of the EDI

—-X—:
For the complex admittance, Y* =
" clemeny, the form:

Y* = Aw" + iBo™ 2

was obtained from a least-squarcs analysis of conductance-fre-
quency and susceptance-Irequency data [4]. The Kramers-Kronig
(KX) relations (see [5]), however, require n = m, and the following
relation between A and B to hold:

B = A - tan(nn/2). (3)

Methods Used for the Analysis of Impedance Spectra of
Enamel Membranes

The [ollowing methods could be used to determine the parameter
values of an electric analogue for an electrochemical system:
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The “Direct” Method (Complex Non-Linear Least-Squares
Analysis)

In complex (where complex refers to the simultaneous fitting of
real and imaginary data to an equivalent circuit) non-linear least-
squares analysis the model or equivalent circuit used to describe
the impedance (Z) or admittance (Y) spectrum of the system can
be represented [11] by the complex function:

SH@.0) = fre(@,0) + 1 fim(@.%) . (6)

In (6) w denotes the angular {requency (w =2 v) and y is a vector
of model parameters. Complex Z (or Y) measurements of the form:
Re; + i+ Imy, done in a range of angular frequencies w;(j=1 to
N), are analysed by searching the value of y which minimiscs the
(weighted) sum of squared differences Ssq:

Sso = Z {Whe-[Re; — frelw, )T + Wim[Im; — fim (e, )1} (7

J

Here W and W™ are weights, associated with measurement j.

In a previous study [4] this problem was solved using the IMSL®
routine ZXSsq, a [inite difference variant of the Levenberg-Mar-
quardt algorithm [12,13], assuming the above mentioned weight
factors to be unity. Macdonald et al. [117], using the same approach,
propose as weights the reciprocal variances of the measurements.

The analysis of complex Z and Y data used by Tsai and Whit-
more [14], incorporates the suggestions of Sheppard, Jordan, and
Grant [15,16] who describe an integral adaptation of the Mar-
quardt algorithm itself to “fitting” complex Z or Y data. In a forth-
coming study the results obtained using this “integral approach”
will be presented.

The ambiguity encountered in relaling complexity and connec-
tivity of the chosen model to the “goodness-of-fit” obtained when
using it, cannot always be resolved, since there may be no physical
(or statistical) rationales for using a more complex model, despite
the fact that such a model may result in a better “fit”, There is no
a priori knowledge concerning the model to be used in analysing
enamel membrane impedance spectra, so the cxperimental data in
this study were provisionally investigated, using what may be re-
ferred to as;

The “Backward” Method (Semi-Graphical Resolution of
Multi-Component Impedance Diagrams)

When there is some a priori knowledge concerning the nature
and conductivity of all but a few of the elements that will add up
to a physically satisfactory model-description for experimental data,
the “backward” method can be used to analyse the behaviour of
the remaining elements [14,17]. Starting from the general circuit
that is given in Fig, 2a, the frequency-dependent behaviour of ele-
ment —X — is investigated in detail, In this procedure the following
steps can be distingnished. Estimates forRy and R,, are calculated
from the Cole-Cole plot (see Fig. 1a) by cxtrapolation to w = 0 and
o = co respectively. Then the estimated value of R, is substracted
from the measured Zpe-valucs. Subsequently the resulting
(Zre — Z\n) pairs are converted in (Yg, — Yin) pairs. Finally 1/Ry is
subtracted from the Yge-values.

In case the CPA-model is valid, and the correct values for R,
and R, are taken (sec below), two parallel lines will result in a
log( Y} versus log(w) plot (see Fig. 3). According to Eq. (5) the slopes
of both lines will be &, whereas the resulting offscts for Yy, and Vi,
will be respectively:

log (K, cos(am/2)] and log[K, sin{um/2)] . (8)

From these equations K, can be calculated,

Errors in the estimates of Ry and R, will only slightly influcnce
the-log(Y) versus log(w) curves when looking at the mid-range of
measuring frequencies (3 < log{w) < 5), where the CPA-clement
dominates the impedance bchaviour. However, characteristic de-
viations will occur in the log(Yg) versus log{w) curve at low fre-
quencies (fog(w) < 3) when the estimated Ry is in error (see Fig,

4a). Given an incorrect estimation of R, departures from ideal
behaviour will arise in both curves (see Fig. 4b) at high frequencies
(log(w) < 5). The correctness of the resulting values for Ry, R,
K, and o can be checked by calculating from them the (Zg. — Zi)
pairs for the range of measuring frequencies used, and by subse-
quently comparing them with the measured values (this last step is
of course an intrinsic part ol the “fitting” procedure described in:
“The ‘direct’ method” (Methods and malerials)).

Simultaneous Measurement of Radio-Tracer Diffusion and
Electrochemical parameters

To compare the electrochemical measurements with the results
obtained in diffusion experiments, the following procedure was used
(described in more detail by Borggreven et al. [2] and Scholberg
et al. [3,4]). Slices of bovine enamel (thickness 0.200 mm) were
mounted as membranes between the two compartments of diffusion
cells. Both compartments were filled with 15 ml of an aqueous
solution containing 2 mmol/l Hepes (N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid) buffer of pH 7.4, 10 mmol/l RbCl, glycerol
and sorbitol. Moreover 40 pmol/I chlorhexidine-HCl (Hibitane®)
was added to prevent bacterial growth. To one compartment [*HJ-
sorbitol, ["*C]-glycerol, **C1~ and **Rb* were added as radiotra-
cers, while cquivalent amounts of non-radioactive material werc
added to the other compartment to equalise the overall concentra-
tion of the diffusing species on both sides of the membrane. Trans-
port through the enamel was monitored by sampling the tracers in
the non-labelled compartment. The liquid-scintillation counting of
radio-isotopes and the caleulation procedurcs necessary to obtain
the diffusion coefficients for Rb* (Dyy) and Cl™ (Dg) are described
by Borggreven et al. [2]. From the resulting diffusion-coefficients
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Log(Y) versus log(w)-plot for the spectrum of Fig, ta: solid dots

indicate log(Yg.)-valucs, open dots denote log(Yyy)-vatues. The

lines indicate the results of linear regression analysis (since the
Y-curve lies above the Yye-curve, it follows that ¢ > 0.5)
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b) Influence of errors in the estimated value of R,, on log(Y) versus log(w)-plots (upper trace Yy, lower trace Yg.): (A): R, too large;
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Fig. 5 }
a) Suitability of log{Ro) and log (v, calculated using the 6-parameter model, as a predictor of enamel permeability: measuring points
plus results of weighted linear regression analysis.

b) Suitability of log(Rp) and log (wmw), calculated using the CPA-model as a predictor of enamel permeability: measuring points plus
results of linear regression calculations.

a membranc’s value of Ap (the charge-corrected diffusion-coeffi-

trodes (Radiometer K401) in either compartment of the diffusion-
cient) was calculated as follows:

cell and measuring Zg, and Zy, (the real and imaginary part of the
membrane impedance) at discrete intervals in the frequency range
1 Hz to 1 MHz [4]. To prevent contamination of the electrodes
with radio-isotopes and cross-contamination between parallel ex-
periments, the electrodes were equipped with disposable salt
bridges, made from micro-pipette tips (Eppendorf blue, 1000 pl)

Ap = (2Dyy Dei}/(Pro + Do) - : 9)

Several times during the sampling period (14 days) the impedance
spgctra of the membranes were recorded by placing calomel-elec-
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filled with agar KCl. From these spectra each membrane’s value of
Ry and wq (the angular frequency where Z,,, is maximal) were cal-
culated. For the calculation of wy,, the following expression was
derived: .

Omax = (RO : Ka)l/a . (10)

Here o is the power that governs the frequency dependence of the
CPA-element and K, is its premultiplier (cf. section: “The CPA-
model”).

Results
The 6-Parameter Model

This model was tested by analysing 64 cnamel membranes [4].
In that study vy (the [requency where Zy, is maximal) and R, were
found to be good predictors for Ap, the charge-corrected ionic
permeability of the enamel (see Fig. 5a). To compare Fig. 5a with
the results obtained by using the CPA-model (section Results),
please note that wy,, the parameter used in this study, equals
27tvmnx-

The CPA-Model

In order to evaluate the CPA-model, 8 membranes were analysed
using this model description. Using the “backward” method of ana-
lysis, the correlation coefficients for the log{ Yy.) versus log (w) plots
ranged from 0.997 to 0.999. For the imaginary part a range of 0.9990
to 0.9998 was obtained. Comparing the mcasured Z-values with
the values generated from Ry, R, K, and o as obtained via the
“backward” method, generally speaking a good “fit” was found (see
Tig. 1a), whereas in individual cases a low-frequency (log (w) < 3)
deviation may be noticed. (In those cases relatively high values for
Zp. were measured, revealing a Cole-Cole plot resembling the solid
line of Fig. 1b, but with less pronounced deviation [rom the semi-
circle). The suitability of Ry and @, both calculated from this
model, as predictors for enamel permeability, can be read from
Fig. 5b. When performing linear regression analysis according to
the model:

Y = mX' + b, with: V' = log(Ry) and: X’ = log(4p),

the [ollowing values (with standard errors) were found for 8 mem-
branes (see Fig. 5b):m = —096 + 003, h = 254 &+ 002, r =
—0.996. Doing the same calculations with: ¥’ = log(wmn,) and:
X’ =log(dp), the results were (see Fig. 5b): m = 1.46 + 0.12,
b =440 + 0.06.r = 0.98.

Log(K.,)and « failed to show significant correlation with log (Ap).

Discussion

The 6-parameter model olfers a good description of the
impedance spectra of enamel, and the values of Ry and wyy
calculated using this model are fairly reliable predictors for
the ion-permeability of tooth enamel. However, a drawback
of this approach, that arises partly because Eqs. (1) and (2)
do not obey the Kramers-Kronig relations (see however:
[18]) is, that it cannot be related to physical structures and
mechanisms and/or chemical processes. The analysis using
CPA-elements has the advantage that the occurrence of such
an element in an equivalent circuit may be associated with
the presence of an inhomogeneous diffusion process.

Enamel membranes have a flow-through system with an
isolating support-material (mineral crystallites) and pores
whose dimensions approach those of the charge-carriers.
The process leading to the observed shape of the complex
impedance spectra is the relaxation of the electrolyte within
the confinements offered by such a pore-structure. This re-
laxation may be interpreted as an interaction between the
resistance of the electrolyte solution in the pores, that to-

gether constitute the “forward” conductance pathways also
used by diffusion, and the capacities associated with the
“transverse” conduction pathways offered by the double
layer that lines the pore-walls and the geometric capacities,
that arise because of the physical separation of two confining
pores.

So, looking at one pore and its direct environment, a
relaxation-time, 1, = R,, - Cp, is observed. Approximate
expressions for R, ;, the resistance of the pore-interior and
C,,, the (mutual) pore-pore capacity, are derived elsewhere
[19,20]. Due to physiological variations a considerable di-
versity will be found in the structural parameters that de-
termine R, , and Cp,. So a distribution of relaxation-times
(rather than one single relaxation-time) will be observed in
the time-domain for a certain specimen of enamel. In this
case it can be derived that:
10 = Ry - C, a1
where 14 indicates the position of the maximum in the dis-
tribution, and C, may be interpreted as the average value
of Cpp. In the frequency-domain this corresponds with the
occurrence of a resistor constant-phase-angle element par-
allel circuit, which shapes the complex impedance spectrum
in a semi-arc, whose center is depressed below the real axis
(cf. [51).

The reciprocal correlation between R, and Ap can be elu-
cidated as follows. Ry is inversely proportional to Gy, the
conductivity offered by the ensemble of all conducting path-
ways (i.e. the pore-system) of & membrane. This conductivity
will be proportional to the available transport-volume, i.e.
to the porosity of the considered membrane. As shown
{19,207, variations in membrane porosity appear to be the
main determinants for explaining the observed range both
in conductivity and in permeability (the influence of varia-
tions in the average pore-radius and membrane-charge ap-
pears to be much smaller). Thus permeability and conduc-
tivity are strictly interrelated via the membrane-porosity,
which in turn explains the observed reciprocal correlation
between Ry and Ap.

The observed relation between Wy, and Ay may provi-
sionally be clarified as follows:

Since Wy = 1/10, the following relation holds:

Wimax = chp/ca . (12)
G.yp is proportional to Ap, (see above) and C, showed a slight
decrease with increasing values of Ap (m,, the slope in a
plot of log(C,) versus log(Ap) was —0.30 4 0.06. This
means, that the importance ol a capacitive conduction
mechanism decreases with increasing permeability, a finding
that is congruent with vanishing capacities for porosities
approaching unity. So, according to Eq. (12), m,,, the slope
in a log(wma) versus log(Ap) plot, will be 1 —m,. ie.
1.30 4 0.06, which is not significantly different {rom the ex-
perimental value of ni, (1.46 +0.12).

In case the relaxation times of the system are not normally
distributed, more complicated equivalent circuits will be
necessary. For a membrane with a non-gaussian pore dis-
tribution (see Fig. 6a) an electric analogue as drawn in
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Log (Tmax,mem) Log (T max,film)

Log(r)

Fig. 6
a) Example of a non-gaussian distribution of relaxation times 7. F
denotes the density function. Note: the open and solid dots in
this figure refer to simulated data and not to actual measure-
ments,
b) Bimodal distribution-function as expected in the presence of a
surface-film (refer to note of Fig, 6a).

Fig.2b will be found. The parallel connection of Fig, 2b
would, on a physical level, translate into a lateral membrane
inhomogeneity, i.e. confining regions of pores with different
pore radius distributions.

When there is an apolar surface-film on the membrane
(cf. [21]), with such properties that the distribution of re-
laxation times of this film differs strongly from that of the
membrane (i.€. Opaxmem — Omaxmm > 1, see Fig, 6band [17]),
an extra RQP will appear in the equivalent circuit, in series
with the one that corresponds with the membrane (see
Fig. 2c). The Cole-Cole plot that would be measured in this
situation is drawn in Fig. 1b. So, the low-frequency devia-
tions found for some enamel specimen (see Results), may be
due to the presence of laminar membrane inhomogeneities,
which means that inside the membrane there exists a series-
connection of layers with differing structure and permeabil-
ity. This phenomenon was postulated earlier [1] in com-
puter-simulations of the progress of early subsurface enamel
lesions and confirmed by scanning the electrochemical con-
ductivity of consecutive surface-enamel layers [22].

Conversely one may conclude that the sufficiency of one
RQP-branch for a typical bulk enamel membrane points to
a monomodal pore-radius distribution, which contrasts with
the results of Moreno and Zahradnik [23], who found a
bimodal distribution. This discrepancy may partly be re-

solved, by arguing that part of the fine-structure revealed
by the water-sorption/desorption studies (namely for hy-
draulic radii smaller than 0.5 to 1.0 nm) will be virtually
inaccessible to the permeating species used in the present
work. Furthermore, as Dibdin and Poole [24] point out,
errors up to 45% may be present in the results of Moreno
und Zahradnik [23], due to the assumptions made in cal-
culating the distribution.
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