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In the first part, we report experiments which enable the sensitive detection of protein adsorption to lipid bilayers
deposited onto chromium electrodes on glass substrates by frequency-dependent capacitance measurements. The
sensitivity of the present type of sensor (better than 0.3 nm average protein layer thickness) is at least equivalent to that
of ellipsometry. A high specific resistance of the supported bilayer of (1-5)  10° 2 - cm? is achieved by deposition of a
tightly packed (crystalline) cadmium arachidate monolayer in contact with the substrs+~, whereas the outer monolayer
can be more loosely packed (fluid phase or state of fluid-solid coexistence) which is .sential for the incerporation of
receptors. In the present work, charged lipids are incorporated as nonspecific receptors for polylysine and cytochrome .
The capacitance measurements provide a very sensitive test of the tightness and the long-time stability of the supported
bilayers and, in combination with ellipsometric thickness measurements, enable esiimaiions of dielectric properties of
protein Iayers (such as the permittivity). In the second part, we report first electrophoresis experiments in asymmetric
bilayers on substrates which enable simultaneous measurements of lateral diffusion coefficients and frictional coeffi-
cients between monelayers. The potential application of the electrophoretic effect for the differentiation between
different receptors and the amplification of signals in biosensors is discussed.

Introduction high specific resistance of the bilayers is already achieved
if the monolayer in contatt with the (chromium) elec-
trodes is tightly packed, such as cadmium arachidate
whereas the outer monolayer can be transferred from a
fluid phase or a state of fiuid-solid coexistence. The
latter is essential for future incorporations of more
specific receptors.

By measurement of the specific capacitance, the
specific resistance and the electrolyte resistance in a
frequency regime between 1 and £70 Hz, it is possible to
detect adsorption layers of about 0.3 nm average thick-
ness. This corresponds at least to the sensitivity of
ellipsometry as is demonstrated in a separate experi-
ment. In combination with thickness determinations by
ellipsometry, the capacitance measurements can also
vield information about the dielectric properties (e.g.,
the permittivity) of the protein layers. The present

Some of the primary motivations for the growing
interest in the coupling of lipid layers with solid surfaces
are: (1) the preparation of biosensors [1,2], (2) applica-
tions in nonlinear optics [3] and (3) mimicking of bio-
logical processes of self-assembly and recognition
processes [2,4,5]. The most pertinent problem to be
solved for the first type of application is the preparation
of stable high-resistance lipid/protein bilayers which at
present is only possible in an aqueous environment [6].

In the present paper, we report on a sensor for the
det_ction of adsorbed proteins on supported lipid bi-
layers which contain charged lipids as nonspecific re-
ceptors in the monolayer facing the aqueous phase. A
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application of this effect for (1) the separation of loaded
and unloaded, (2) the separation of different receptors
and (3) signal amplification is discussed.

Preparation of sensor electrodes and capacitance mea-
suring procedure

The sensor electrodes consist of glass plates (2.6 X
7.6 X 0.1 cn’) onto which chromium layers (2.0 X 1.0
cm?) of variable thickness (20-50 nm) are vacuum
deposited. Chromium is used as electrode material be-
cause it adheres much better on glass than, for instance,
gold. Prior to the monolayer transfer, the electrode
surface is made hydrophilic by argon sputtering in a
microwave discharge.

Asymmetric lipid bilayers are deposited onto the
freshly prepared substrates by the Langmuir-Blodgett-
Kuhn technique following Tamm and McConnell [6]. In
order to achieve a high specific resistance, the layer
facing the electrode consists of tightly packed (that is
crystalline) cadmium arachidate. It is deposited by pull-
ing the substrates through an arachidonic acid mono-
layer kept at a lateral pressure of 30 mN/m, while the
subphase contains 107°-10"* M CdCl, solution. The
second layer consists of mixtures of zwitterionic (DPPC
and DMPC) and charged lipid (either DMPA or brain
PS).

The charged component serves as a nonspecific re-
ceptor for proteins [7]. The upper monolayer is de-
posited by transfer of the cadmium arachidate-covered
substrate through the mixed monolayer into aqueous
phase. Both the measuring and the counter electrode are
prepared during the same working process and are
covered by exactly the same bilayer. For the present
capacitance measurements, it is convenient to leave the
sensor electrodes in the aqueous phase during the ex-
periment. They can, of course, also be transferred to a
closed chamber for this measurement as is done in the
case of the microelectrophoresis experiment.

The principle of the capacitance measurement is
illustrated in Fig. 1. An a.c. voltage from a function
generator (HP 8116A), U,(f), of constant amplitude
and variable frequency is fed to the measuring electrode
via resistor, R,. In order to avoid electrochemical ef-
fects and membrane damage, the upper limit of U, was
100 mV. The voltage, U.( /), at the measuring electrode
is recorded by a (home-made) a.c. to d.c. converter.
U.(f) is determined by several parameters: (1) the
specific capacitance, C,, of the supported membrane
and adsorption layer (in pF/cm?); (2) the correspond-
ing value, G, of the diffuse Gouy-Chapman double
layer at the membrane/ water interface; (3) the specific
resistance, R, of the supported bilayer (in Q-cm?)
and (4) the resistance R, of the connecting lines (R, >
R,).

Function- —{rms to dc.
generator converter =IU(FH
—
i J
~ Uy(f) R, ~ U (f)

inner compartment

electrolyte/
Fig. 1. Assembly for measurement of the frequency-dependent imped-
ance of the sensor. An a.c. voltage with constant amplitude U, from a
function generator (HP 8116A) is applied to one of the (identically
prepared) electrodes via the resistor R,. The counter electrode is
connected to ground. The measured voltage U.(f) is fed to an
home-made r.m.s. to d.c. converter and recorded. (b) Sensor elec-
trodes consisting of glass substrates (2.6 X 7.6 0.1 cm?®) onto which
chromium electrodes (1.0 X 2.0 cm?), are vacuum-deposited, while the
whole surfaces of both electrodes are covered by a lipid bilayer which
is deposited by the Langmuir-Blodgett-Kuhn technique. The elec-
trodes remain in an inner compartment of 30 mt volume which is in
the trough of the film balance during the present measurement.

A detailed equivalent circuit of the sensor is pre-
sented in Fig. 2. Each electrode is a parallel circuit of
R, and C,. However, the membrane capacitance, C,,,
itself, is a parallel connection of that of the bilayer C,,
and of that of the (Gouy-Chapman) layers at the defects
or holes through the bilayer which is denoted as C,,. If
the area fraction covered by holes is given by (1 — @)
and that covered by tight bilayer by @, one obtains

Ch=(1-8)C,
and
Cpn=0:Coy+Cy, 1))



For the determination of C,, from the measured volt-
age, U.(f), the unknown specific capacitance, G, of the
Gouy-Chapman layer can be neglected to a good ap-
proximation for the following reason. Measurements
with uncovered electrodes show that for the ionic
strength of 10~2 M KCl, G, is about 25-30 pF/cm?, in
agreement with the Gouy-Chapman theory which pre-
dicts C, = 33 pF/cm?’. Since the Gouy-Chapman capa-
citance is larger by more than one order of magnitude
than the expected value of C,,, it acts as a short circuit
at high frequencies. Neglecting C,, the measured volt-
age, U, is given by

U.(/iRo,R,,.C,.Ry)

(R, + Ry + w?r, 2R 2
(Ro+ R+ Ry)+ 0, 2(Ry + R,)?

=, )

with 7, =R C.: w=2unf.

Con R

———

8-Cpp (1-8)-c,
Fig. 2. (a) Equivalent circuit for determination of impedance of sensor
in terms of the four pertinent parameters: the specific capacitances of
the bilayer, C,. and of the diffuse Gony-Chapman layer G, (in
#F-cm™2), the specific membrane resistance R, (in 2-cm?) and the
resistance of the electrolyte and of connection lines R,. (b) Superposi-
tion of specific membrane capacitance, C,,, from value of bilayer,

Cino» and of diffuse ion layer, G, at defects (holes) in bilayer; 8 is the
area fraction covered by the tight bilayer.
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Fig. 3. Companson of measured frequency-dependence of the pick-up
voltage U.(f) (O) with theoretical curve ( ) calculated with the
help of Egn. 2. Both sensor electrodes are covered by the same
cadmium arachidate-DPPC/DMPA bilayer where the former is in
contact with the chromium electrode.

Fig. 3 shows that the above approximation is Jjusti-
fied. The frequency-dependence of the measured volt-
age, U,, is plotted for a sensor, the electrodes of which
are covered by a cadmium arachidate-DPPC/DMPA
bilayer, whereas the drawn curve is calculated from
Eqn. 2. The deviation between the measured and the
calculated curve is less than 2%.

Two measuring procedures are possible:

(1) Measurement of the impedance Z( f) (via mea-
surement of U_( f)) of the system in the whole frequency
range (1-500 Hz) followed by the determination of the
parameters R, C,, and R, from U,(f) (Eqn. 2).

(2) Continuous measurement of U,(f,:¢) at a fixed
frequency, f,, at which U(f;1) is most sensitively
dependent on the parameter of interest, which in our
case is C,. The value of f, is obtained from
3*U,(f)/(3C,3f) =0 and depends on R, C,, and R,.
For the present measuring system, the sensitivity maxi-
mum ranges from 15 to 20 Hz.

In the present work the second method was adopted
for simultaneous measurements of changes in C,, during
the deposition of proteins.

Results of capacitance measurements

Multilayers of cadmium arachidate

In order to test the reliability of the capacitance
measurement of lipid-covered electrodes immersed in
water, the specific resistance, R,(n), and specific
capacitance, C,(n), of a multilayer of cadmium
arachidate is measured. The multilayer is transferred at
32 mN/m in the presence of 2.5 - 10~* M CdCl, in the
subphase. In the case of a series connection of 7 identi-
cal monolayers with specific capacitance, Gy, and
specific resistance, R,, one would expect C,(n) = Co/n
for the total specific capacitance of the multilayer and
R, (n)=Rg,-n for its total specific resistance. The ex-
perimental result is shown in Fig. 4. Above n =2, the
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Fig. 4. Plot of specific capacitance, €, (n). (Fig. 4a) and specific resistance, R ,(n), (Fig. 4b) of multilayers of cadmium arachidate as a function of
the number n of monolayers. The sensor electrodes are kept immersed in the aqueous phase during the whole measurement. After each
measurement with # monolayers, the electrodes are pulled out of and pushed into the trough again, in order 10 deposit the subsequent bilayer.

specific capacitance, C,,, decreases like 1/n and the
specific resistance increases linearly with increasing
number of monolayers n:

Co(n) = (1 8pF/cm?)/n
R, (n)=(-224333-n)k2-cm?

For the first two layers, however, C(n) is larger and
R .(n) smaller than expected from the above relation-
ships. This is clearly a consequence of the defects in the
bilayer in direct contact with the electrodes. Assuming
that at n > 4 the bilayers are de’ect-free, the area frac-
tion (1 ~8) covered by defects can be estimated to
21%.

Detection of polylysine adsorption

As a good example of the influence of protein ad-
sorption on the sensor capacitance, we show the effect
of the addition of polylysine to the subphase on the
specific capacitance of electrodes covered by cadmium
arachidate as inner and a 1:1 mixture of DPPC and
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DMPA (as receptor) as outer monolayer. The sensor
voltage U(f,=10 Hz;r) and the membrane capaci-
tance, C,,, as obtained from Eqn. 2 are shown in Fig. 5.
The record is started about 5 min after transfer of the
outer morolayer. After deposition of the bilayer, the
voltage decreases slowly with time owing to a small
instability of the bilayer. Injection of polylysine to the
subphase clearly leads to a remarkable increase in the
voltage and a corresponding decrease of the membrane
capacitance, C,,. The polylysine (M, 30000-70000) has
been added in three steps (each time 60 ug = 10~2 mol)
to the inner compartment of 30 ml volume. It is seen
that saturation is, in fact, reached already after the
second step. The total increase in U, is 3% and the
decrease in the membrane capacitance is about 5%. The
fact that C, decreases shows that the thickness of the
bilayer is really increased owing to the adsorption of the
polymer. According to Fig. S, the voltage, U., exhibits
long time stability after the protein addition, which
shows that the DPPC/DMPA monolayer is stable also
after the adsorption process.
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Fig. 5. (a) Time-dependence of measured voltage U, of sensors covered by cadmium arachidate 25 inner and o 7 * % DPPC/DMPA mixture as outer

monolayer prior to and after addition of polylysine ( M, 30000-70000). At the times indicated Iy arrows, 60 pg of polylysine are injected between

the electrodes into the inner 30 ml compartment (which corresponds to about 10~% mol). The mcasuring frequency is 10 Hz, The vertical bars

indicate the accuracy of the voltage measurement (£0.2 mV). (b) Variation of membrane capacitance, C,,,+ with time as obtained from frequency
scans of U, and evaluation with Eqn. 2.
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Fig. 6. (a) Time-dependence of voltage, L/(7), and its variation caused by addition of cytochrome ¢ of sensor with 1:1 mixture of DPPC and

DMPA as outer monolayer. About 80 ug of the protein are added to the 30 ml of subphase which corresponds 0 6.5-10~ % mol ( M, of cytochrome

¢ =12400). Measuring frequency is 15 Hz. The vertical bars indicate the accuracy of the voltage measurement (+ 0.2 mV). (b) Effect of cytochrome
¢ adsorption on specific capacitance C,(¢).

In contrast, sensors with DMPC/PS mixed mono-
layers at the outside are much less stable already before
the addition of polylysine to the subphase. In this case,
the specific membrane capacitance increases with time
(by 3% per min) after polymer addition. This can be
explained in terms of the forming of holes and/or the
removal of unsaturated brain PS by the protein

Detection of cytochrome C adsorption

An example of more biological relevance is shown in
Fig. 6. The sensor electrodes are covered by a 1:1
mixture of DPPC and DMPA at the outside. First, it is
seen that both the voltage U.(f, =15 Hz;¢) and the
membrane capacitance C,, are constant over some 30
min, showing that the supported bilayer which is trans-
ferred at ¢+ =0 is stable. Aliquots of 80 pg of cyto-
chrome C are added to the inner compartment of 30 ml
volume (corresponding to 6.5-10°° mol) at the times
indicated by arrows in Fig. 6b. The voltage increases by
1.2 mV (or 1.7%) and the specific capacitance decreases
by 40 nF/cm? after addition of two aliquots after which
saturation is already observed.

Discussion of adsorption studies

Fig. 5 and 6 demonstrate that sensor electrodes with
supported bilayers exhibit a rather high long-time sta-
bility if the monolayer in contact with the chromium
electrode is tightly packed. From the complete analysis
of the sensor impedance according to Egn. 2, it follows
that the specific electric resistance of the electrodes
varies between 100 and 500 k2 -cm?, which is quite
high but still three orders of magnitudc smaller than the
characteristic value of black membranes [7].

If one assumes that the adsorbed protein layer can be
considered as a homogeneous dielectric film of thick-
ness d, and dielectric constant &, and that the conduc-
tivity of the bilayer is negligibly small, its specific
capacitance, C,, is:

Co=¢.t./4d,

It is in series connection with the specific capacitance,
Cos

Cﬂ‘l = sOtll'l /dm

of the pure lipid bilayer. It is easily verified that the
change in the total (specific) membrane capacitance
owing to the protein adsorption is

A eal(di/dy) o

Cl'!l £a+€m{d1/dm)

This equation shows firstly that the supported lipid
bilayer must be very thin in order to reach a high
sensitivity, which is the case for supporied single bi-
layers. Secondly, the thickness of the adsorbed layer can
be estimated if the dielectric constant of the protein
layer is known or vice versa. The dielectric constant
may be determined if the adsorbed layer thickness is
determined in a separate experiment. The latter proce-
dure has been applied in the case of polylysine.

The thickness of the adsorbed polylysine layer on the
bilayer composed of cadmium arachidate and a 1:1

d [A]
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Fig. 7. Ellipsometric measurement of change of thickness of supported
bilayer consisting of cadmium arachidate as inner and a 1:1 mixture
of DPPC and DMPA as outer monolayer. At ¢ = 33.5 min, 2-10~°
mol of polylysine have been added to the subphase (vol. 6.6 ml).
According to Fig. 5, this corresponds to saturation.
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DPPC/DMPA mixture has been determined by el-
lipsometry. The result is shown in Fig. 7; the thickness
changed by 0.3 nm after addition of 100 pg of the
polypeptide to 6.6 ml of the buffer. From the difference
in the values of C, (measured with other, but identi-
cally prepared electrodes) prior to (1.039 + 0.024
pF/cm?) and after (0.986 4 0.024 pF/cm?) addition of
the polylysine until saturation is reached (see Fig. 5),
one obtains from Eqn. 3 C, = 19.3 pF/cm?. This yields
a ratio of d,/¢, = 0.08 1+ 0.05 nm. The large error is due
to the fact that two large numbers have to be sub-
stracted for the determination of this ratio. Comparison
of the capacitance and the ellipsometric measurement
yields a dielectric constant for polylysine of ¢, = 3.8.

Consider now the case of cytochrome ¢ adsorption.
From the observed change in capacitance at saturation,
one obtains in the same way as in the case of polylysine
C, =142+ 4.7 pF/cm’. This yields a ratio of d, /¢, =
0.07 + 0.02 nm.

Microelectrophoresis in supported bilayers

Two essential problems of biosensor research are the
discriminatior between different receptors and signal
ampli‘ication. One conceivable solution to these prob-
lems could be based on the lateral reorganization of
receptors by electrophoresis after the binding process.
As shown below, the present technique of asymmetric
bilayer deposition allows such a reorganization. For
that experiment, two chromium electrodes which are
separated by a smail gap of 80 pm are vacuum-deposited
onto a microscope coverglass as shown in Fig. 8a. After
the deposition of the bilayer, the coverglass is put onto
a microslide with a waterfilled mould in the center in
such a way that the bilayer is in contact with the water
(Fig. 8b). This is performed under water and after
removal the gap between the two glass plates is sealed
with nail varnish.
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Fig. 8. (a) Schematic view of a microelectrophoresis experiment,
showing the electrode with the supported bilayer. The latter consists
of a DMPC monolayer adjacent to the substrate and a 3:1 mixed
monolayer of DMPC and DMPA to which 2 mol% of NBD-PG is
added. (b) Electrode consisting of microscope cover glass (2.4x2.4
cm’) with two vacuum-deposited chromium electrodes which are
separated by a 80 pm wide gap stretching alone one diagonal. This
glass plate is deposited onto a microslide with a water-filled groove in
such a way that the bilayer is in contact with water. The plates are
sealed at the rims by nail varnish.

For the experiments in the present work, the bilayer
consists of DMPC as inner and a 3:1 DMPC,/DMPA
mixture (doped with 2 mol% NBD-PG) as outer mono-
layer. The former is deposited from 10 mN/m and is
thus in the fluid state and the latter from 15 mN/m and
is thus in a state of fluid-solid coexistence [8].
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Fig. 9. Fluorescence-recovery curve observed without (Fig. 9a) and with (Fig. 9b) application of a d.c. voltage. The ratio f(1) = F(1)/F(0) of the
fluorescence intensity at time ¢ divided by the intensity at time zero (that is. prior to bleaching) is plotied as a function of time. Note the
characteristic difference in the long-time behaviour.



The electrophoretic effect is studied by the familiar
fluorescence recovery after photobleaching (FRAP)
technique [9]. The fluorescence label is bleached within
a circular patch of radius w=15 pm by imaging an
argon laser beam onto the bilayer via the microscope
objective (see Fig. 8a) through which the recovery of the
fluorescence is also observed.

Fig. 9 shows two typical fluorescence-recovery curves
as obtained in the absence or presence of a electric d.c.
voltage of 0.6 V. The ordinate gives the ratio, f(¢), of
the fluorescence intensities F(r) measured at time ¢
after bleaching to the intensity F(0) before bleaching
(time ¢ =0). The two curves differ clearly, in particular
in the long-time behaviour. In the absence of the d.c.
field. f(:) exhibits a behaviour typical for recovery of
the fluor:scence by lateral diffusion of unbleached dye
molecules into the bleaching spot. In the presence of the
field, one observes two regimes: at short times, f(7) is
similar to the diffusion-controlled process, whereas, at
long times, f(t¢) increases linearly with time. As is
well-known, the latter is typical for lipid flow [9), dem-
onstrating the feasibility of electrophoresis within sup-
ported bilayers.

In the case of the absence of the field, the coefficient
of lateral diffusion, D, is obtained from the time, T, ,,,
after which half of the final fluorescence recovery is
reached according to Ref. 9:

w?

D=0.22
T|/4

where w is the radius of the bleaching spot. In the
presence of the electric field, the recovery is determined
also by the drift of the fluorescent probe characterized
by the drift velocity

D
V= 5T

where ¢ is the charge of the probe and E the electric
field strength. An approximate evaluation of the re-
covery curve in terms of the diffusion coefiicient, D,
and the drift velocity, v, is possible for rectangular
bleaching profiles, a situation which is realized in the
present experiment.

As shown in more detail in the Appendix, the initial
regime of the recovery curve is determined by the
random motion and the long-time regime by the drift
motion.

The above approximate evaluation procedure yields a
value of D =25-10"% cn?/s, which is in good agree-
ment with other lateral diffusion measurements from
this laboratory. For the drift velocity we obtain for 0.6
V a value of v =0.18 + 0.02 pm/s. The fluorescent dye
carries one negative charge and from the measured
value of D one would thus expect a drift velocity of
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v =0.75 pm/s if the whole voltage decrease across the
two eclectrodes was effective. The discrepancy is ex-
plained in terms of a partial shielding of the electric
field by accumulation of counterions at the bilayer/
water interface. In fact, the current decays from 5 o 1
pA in the course of time during an experiment. This
behaviour is attributed to the capacitance, C,, of the
Gouy-Chapman layer on the electrodes.

General discussion and conclusions

The present work demonstrates that it is possible to
deposit asymmetric bilayers on electrode-covered sub-
strates which exhibit both a high specific resistance and
a low specific capacitance. Both are necessary condi-
tions for the design of high-sensitivity sensors. We find
that in order to achieve a high specific resistance only
the monolayer in contact with the electrode must be
tightly packed, while the outer monolayer can be de-
posited from the fluid-solid coexistence, that is, a low
density state. The latter is essential for the incorpora-
tion of amphiphilic receptors other than charged lipids
(such as lipid-coupled Fab fr.gments of antibodies or
monopolar receptors). The specific resistance of the
supported bilayers is still about three orders of magni-
tude smaller than that of black lipid membrane {7].
However, it will probably increase if the surface rough-
ness of the electrodes is reduced.

The sensitivity of the measurement of changes in
membrane capacitance, C,,, depends on the frequency.
For the present design, the highest sensitivity is ob-
served at about 15 Hz. For the present experiments, the
electrodes are kept in the subphase of the trough during
the whole measurement. Howevcr, it is easily possible to
transfer the sensor electrodes to a cuvette below water,
as is done for instance for the electrophoresis experi-
ment. The present capacitance measurements can also
be applied to test the quality (such as the tightness) and
the long-time stability of supported bilayers in a much
more sensitive way than is possible for instance by
lateral diffusion or microfluorescence experiments. Since
the formation of holes in the bilayer leads to a strong
increase in the membrane capacitance (owing to (),
whereas pure adsorption decreases C,, instabilities of
the supported bilayer caused by the interaction with the
proteins can be sensitively detected. Last but not least,
capacitance measurements in combination with el-
lipsometry can yield information about electric proper-
ties (such as permittivities) of protein layers or dipole
moments of proteins.

Two major problems of the sensor design are the
amplification of the signals and the differentiation be-
tween loaded and unloaded receptors of the same type
or between different receptors. One possible solution to
both problems is the lateral reorganization of the recep-
tors after the binding process. Such a reorganization is
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possihle by microelectrophoresis if the ou-er monolayer
is transferred from a fluid state. The electrophoretic
effect is, of course. much smaller than that achieved in
monolayers at the air/water interface [10]. The electro-
phoresis is also of more general interest. It can be
exploited in order to measure the friction between two
opposing monolayers of a bilayer and to estimate the
change of adsorbed ligands.

Appendix

Evaluation of drift velocity

The recovery of the fluorescence owing to the flow of
the fluorescent probe in the electric field is obtained
from the dnft velocity, v, of the bleaching spot as
indicated in Fig. 10. For rectangular bleaching profiles,
the observed fluorescence intensity is proportional to
the ratio of the area A4 (Fig. 10) to the total area #w? of
the bleached spot. If B is the degree of bleaching
(relative reduction in intensity), the ratio of the fluores-
cence intensity at time ¢, F{t¢), to that at time r=0
prior to bleaching, F(0), is

ko _, 28 —xf1—x2
f(l)—F(O)—l ”(arocos(x) xi—-x?)

. vt
with x=cos¢=~2—;;

observed patch v

D unbleached

4 bieached

bleached patch
Fig. 10. The calculation of the fluorescence recovery by lipid flow in
the electric field in the case of a rectangular bleaching profile.

The range of migration in the time interval T is VDT in
the case of diffusion and vT in the case of flow.
Therefore, the initial region of the recovery curve is
determined by diffusion and the final stage by the flow.
As has been shown by model calculations, it is indeed
possible to determine D by evaluation of measurements
without flow (electric field E=0) and v of the later
part of the observed recovery curves with flow ( E # 0).
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