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Bio Currents Research Center Protocol

Data Analysis

The material below has been adapted from several primary papers and reviews originating from the BRC. These should
be referred to in publications and for the original source materials.
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Signal Conversion to Concentration Changes

Several studies have contributed to our understanding of the factors that influence ISM performance. Bakker et al.
provide a review.’ A key point discussed in that paper is the importance of the internal electrolyte on detection limits, a
matter dealt with below. It is not the purpose of this tutorial to review methods of electrochemical detection so readers are
referred to other reviews.™ Here we will focus on the use of these designs in a self-referencing mode.

The ISMs are based on an ion-selective solvent or liquid membrane, immobilized in a silanized micropipette with tip

diameters of 1-4 um. For an ideal electrode the measured voltage, E, is related to the activity of the ion by the Nernst
equation:

E=E,+Sloga, (1)

where £, is an offset potential, S is the Nernstian slope = (eq. 2) and a;is the activity of the primary ion. R, T
and F have their usual meaning. Z is the relevant valence of i, the measured ion. The offset potential is composed of the
boundary potentials and liquid junction potentials that exist across any circuit made up of a reference and measuring
electrode. Through calibration of each ISM a value for the slope of the line describing the voltage output and the change
in ionic activity is collected. Since ionic activity is directly proportional to ion concentration, via the activity coefficient,
and the changes that occur to this coefficient due to changes in ionic strength are usually negligible during self-

referencing, we will use concentration in place of activity.
Minimizing drift and noise for a potentiometric sensor operating in a self-referencing mode (termed SERIS®) can be

explained by introducing a formulation of the Nernst equation. The voltage difference at the two poles of excursion
within an ionic gradient is related to the concentrations at the two poles by the following equation:

E -E,=(E,+SlogC,), —(E, +SlogC,),
AE = (SlogC,), = (SlogC,),

AE =logC;ii) —log C;i3,
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E;, Ciyand S; are the measured voltage, primary ion concentration and slope of the voltage-log plot for the near pole of
excursion. Subscript 2 labels the same parameters for the far pole of excursion. By calculating the difference in
potentials over short periods of time the impact of slow drift, due to the constant potential differences throughout the
system, are reduced. This places the emphasis of the potential difference measurement on the concentration difference of
the ion.

Equation 3 can be simplified to determine the relationship between the ionic concentrations at the two points of excursion:

5, AE
Cl.(l) = Ci(2) Al o]0 /?‘ @

The slopes at two points of the calibration curve are included to address measurement of the primary ion under different
circumstances; 1) differential concentration of the primary ion in the absence of an interfering ion; 2) differential
concentration of the primary ion in a constant concentration of an interfering ion and; 3) differential concentration of a
primary ion coexisting with a gradient of an interfering ion.

For an ideal electrode, used in the absence of interfering ions, the slope is constant over a wide range of the primary ion
concentration and close to Nernstian. Under these conditions eq. 4 simplifies to:

C.=C. 10" (5)

i) — “i@)
Under many circumstances the average concentration of the ion at the far pole, position 2, is not that different from the
average concentration of the ion in the bulk solution. Therefore, the difference in ion concentration between the two
points of excursion can be described as follows:

AC=C, —-C, =C, 1075 —C ©)
i(2) bath bath

iy

A primary assumption here is that the concentration difference measured between the two excursion points is linear. This
is only true if the excursion distance is small compared to the extent that the gradient extends out into the bulk solution.
For small cells an excursion of 10 pm will most likely sample over a distance in which the concentration difference is not
linear and could, therefore, lead to an underestimate of the flux. An incorrect estimation of flux could also occur during a
two-point measurement in an intense extended gradient, where the concentration of the ion at the far pole is substantially
different from the background concentration of that ion. The solution to these issues is the use of a three-point
measurement to; 1) more carefully map the concentration gradient with a third point to either ensure a linear relationship
or determine a more accurate nonlinear relationship and; 2) to determine the concentrations in the gradient relative to the
background concentration of the ion in the bath. For slow drift conditions the electrode can simply be moved from
position 3 (outside of the gradient) to position 2 (slightly into the gradient) to position 1 (deeper into the gradient). In
general, regular measurements at all three positions should be attempted.

Measurement of a concentration difference for a primary ion in the presence of a constant concentration of an interfering
ion presents us with a more difficult situation. This has been dealt with in detail by Messerli et al.? and will be
summarized here. Two variables in eq. 4 now need to be determined, specifically the concentration of the ion in the near
pole Ci(1) and the new slope of the calibration curve in the near pole, S;. Therefore, a relationship between the change in
voltage and the change in slope needs to be established in order to measure two points in a concentration gradient of a
primary ion in the presence of a constant concentration of an interfering ion. The Nicolsky-Eisenman equation provides a
means for predicting the change in slope due to the change in voltage in the presence of an interfering ion, assuming the
electrode responds to the interfering ion in a Nernstian manner.
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Rearranging the Nicolsky-Eisenman equation to get primary ion concentration in terms of voltage we can determine the
relationship of the slope at any point along the curve in terms of voltage:

E:SNOIOg(C,.+KUon/Zf)
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In order to achieve this sort of measurement we need to know the starting position (voltage point) along the theoretical
curve. We can calculate the starting voltage point on the theoretical curve by determining the slope in the bath
empirically and solving for £ in eq. 7.

Sy is and S is the slope along the curve. Z is the relevant valence and i is the measured ion and j the competing.

*K; 'CJ/Z/
S-S

E =8, log( ) ®)

The unknown S in the denominator is determined by calculating the slope between two different concentrations of the
primary ion in the working solution. More points can be used to validate the starting position along the curve. From this
point on the theoretical curve, a small change in measured voltage, AE, either up or down the curve, can be used to
determine both the new slope at the near pole from eq. 7, and the concentration in the near pole from eq. 4. The
differential concentration can now be determined as the concentration in the far pole and near pole are known.

The final case to be considered is measurement of a gradient of a primary ion coexisting with a gradient of an interfering
ion. If a relatively ideal ISM can be used to measure the interfering ion then the situation discussed above with eq. 7 can
be used to solve for the primary ion flux. However, if the ISM used to measure the primary ion can also sense the
interfering ion then no simple electrochemical method to determine the absolute flux of either ion exists. Selective
pharmacological block of targeted transporters can go some way to solving this problem by removing ion specific flux
values. However, this is dependent on prior knowledge of the system.
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Calculation of Flux

To quantify the analyte movement in the bulk the differential concentration measurement is converted to flux. Not only
does flux give a value proportional to transporter activity but it can also be used to calculate the total amount of analyte
uptake or release by integrating the flux over space and time. Flux takes into account the diffusion coefficient of the
analyte being measured, the distance over which the differential concentration measurement is acquired, the surface
geometry of the source and the distance from the source. For cases where the measuring electrode is relatively close to a
large source of the analyte and the differential concentration is measured over a small distance Ax within the gradient, the
source can be modeled as a planar source so the flux (J) is:

J=-D=—
Ax

where D is the diffusion coefficient of the measured analyte. By this model, the flux measured at some distance from the
source is the same as the flux at the surface of the source. What constitutes a planar source? Kochian et al. found that the
planar flux calculation is adequate for H" fluxes determined between a 30 um distance, within 100 pm of a 1 mm diameter
plant root.® However, for smaller cells or tissues, the geometry of the source must be taken into account. ™*

In order to determine flux at the cell surface for known surface geometries it is useful to calculate analyte flow i.e. the
quantity of substance (Q) moving per unit time.” Flow is the same for all concentric regions from the source surface. Flux
at the source surface is the flow divided by the surface area of the source. Therefore, radially emanating flow from a
cylindrical surface is:

Flow=2 __ 2D

ey 8© (10)

where D is the diffusion coefficient of the analyte and a and b are the radial distances between the center of the cylinder
and the electrode tip at the near and far poles, respectively. Analyte flux at the surface of the cylinder is then determined
by dividing by its surface area 2zr/ . A caveat to this approach is the assumption that the flow is equal at all points around
the cylinder and along the shaft of the cylinder. An alternative is to calculate flux per unit length by dividing by 2z .

The flow from a spherical source is:

Flow=2 24202 (ac) (11)
t b—a

Flux at the cell surface can then be determined by dividing by the sphere surface area 277 2. These equations have been
adapted from Crank.’

A similar approach has been used in modeling a cluster of Hamster Insulinoma Tumor cells as an oblate spheroid to
calculate the uptake of glucose.'® The calculated glucose consumption per unit volume was 61.7 + 9.5 fmolnl-1-s-1. This
value is in close agreement with the results (48 fmol-nl-1-s-1) using an absorption method and a mouse tumor cell line -
EMT6/Ro."

Some researchers have chosen to forgo flux calculations as they are only interested in changes of the concentration
measurement for cells and tissues under different conditions.'>"® Given that the cells being used have relatively similar
surface geometry, and that the electrodes are positioned at a similar position with respect to the cell surface, this simpler
method is adequate.
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Table 1: Selectivities, concentration dependent slopes and response times for the L1Xs used in a self-referencing

mode.

Calcium

Fluka Calcium lonophore I-Cocktail A. It has the following
selectivity values determined by the fixed interference
method:

Response times evaluated at the BRC give a mean value
of 88ms to 90%.

Potassium

This cocktail has the following selectivity values based
on the separate solution method:

Lo gKPOtCaNa -5.5
LOgKPOtCaK -5.4
LogK"™cavg 4.9

Electrode function: Slope of the linear regression is
28.14/- 1.8mV (10 to 10”7 CaCl, determined in calcium
buffered solutions at a constant background of 125mM K.
With a tip diameter between 1-2pum the expected resistance
is in the range of 2:10'°Q. Data from Fluka (1996). In our
applications with larger tips (2-4um) and short column
lengths (30pum) we record a resistance of 2-3-10°Q.
Response times evaluated at the BRC give a mean value of
48ms to 90% response (see below).

log K™%y 4.2
log K™%na 3.9
log KPOtKMg -4.6
log K"%ca -4.9
log KPOtKAcetylcholine -4.9

Chloride

Electrode function: Slope of the linear regression is
58.8+/-1.2mV (20°C:10™* to 10™"). The detection limit of
this ionophore is given as log ax = -5.0 against 140mM
Na'. These data are from Fluka (1996). The response
time to 95% is 41-77ms depending on the change in
concentration (Messerli et al., 2005).

Fluka Chloride Ionophore 1 - Cocktail A.

Cadmium

It has the following selectivity factors as determined by the
separate solution method:

log KPOtCIHco3 -1.5 (Fluka, 1996)

These data are taken from Pineros et al. (1996).
Reference should be made to this paper for Ism
preparation and testing. Selectivity based on the separate
solutions method:

-0.9 (Garber et al., 2005)

log K™ ¢ acetate -1.3 (Fluka, 1996)

-1.2 (Garber et al., 2005)

log K™ ¢Gruamate -3.2 (Garber et al., 2005)

log K™ CiGiuconate -3.0 (Garber et al., 2005)

log K™ ¢icirate -1.6 (Garber et al., 2005)

log KPOtCWhiosu]fate -0.8 (Garber et al., 2005)

log KPOtCISo4 -2.6

log KPOtQSCN 34

Pot
IOgK ClSalicylate 3.0

Electrode function: Slope of the linear regression is 57.5+/-
0.5mV (0.001 to 0.5M NaCl on 0.01M Tris/H,SO,, pH
7.4). The resistance for an approximately 1pum tip will be in
the region of 7-10'°Ohms. These data are taken from Fluka
(1996). The 90% response time is given as 1.8 s (Garber et
al., 2005).

log K™ cazn -2.9
log K™ capp -4.6
log K™ cacu 4.8
log K™ cann 5.2
log K™ care -8.6
log K™ cani -10.4
log K™ caca -10.8
log K™ cavte -12.2
log KPOthNH4 -6.2
log K™ cana 7.1
log K™'cax -7.9

Hydrogen

Fluka Hydrogen Ionophore 1 - Cocktail B

It has the following selectivity factors determined by the
fixed interference method:

IOg KPOtHNa -104
IOg KPOtHK -9.8
log K™'hea <111

Electrode function: Slope of the linear regression is 58.0+/-
0.4mV pH range 5.5 - 12.0. The resistance for an
approximately 1pm tip will be in the region of 1.10"'Ohms.
These data are taken from Fluka (1996).

www.biocurrents.org




The following information and images are © BioCurrents Research Center. Please do not reproduce in any context without
permission. To contact us about usage email infobrc@mbl.edu.

Literature Cited:

3. Bakker, E., Biihlmann, P., and Pretsch, E. (1997) Carrier-based ion-selective electrodes and bulk optodes. 1.
General characteristics, Chem. Rev., 97, 3083-3132.

4. Bakker, E. and Meyerhoff, M.E (200) lonophore-based membrane electrodes: new analytical concepts and non-
classical response mechanisms, Anal. Chim. Acta., 416, 121-137, 2000.

5. Smith, P.J.S., Hammar, K., Porterfield, D.M., Sanger, R.H. and Trimarchi, J.R. (1999) A self-referencing, non-
invasive, ion selective electrode for single cell detection of trans-plasma membrane calcium flux. Micros. Res.
Tech., 46, 398-417.

6. Kochian, L.V., Shaff, J.E., Kiihtreiber, W.M., Jaffe, L.F., and Lucas, W.J. (1992) Use of an extracellular, ion-
selective, vibrating microelectrode system for the quantification of K+, H+, and Ca2+ fluxes in maize roots and
maize suspension cells, Planta, 188, 601-610.

7. Henriksen, G.H., Raman, D.R., Walker, L.P., and Spanswick, R.M (1992) Measurement of net fluxes of
ammonium and nitrate at the surface of barley roots using ion-selective microelectrodes, Plant Physiol., 99, 734-
747.

8. Messerli, M.A., Smith, P.J.S., Lewis, R.C., and Robinson, K. R. (2004) Chloride fluxes in lily pollen tubes: a
critical reevaluation, Plant J., 40, 799-812.

9. Crank, J. (1967) The Mathematics of Diffusion, Oxford University Press, London.

10. Jung, S.-K., Trimarchi, J.R., Sanger, R.H. and Smith, P.J.S. (2001) Development and application of a self-
referencing glucose microsensor for the measurement of glucose consumption by pancreatic b-cells. Anal. Chem.,
73, 3759-3767.

11. Freyer, J.P. and Sutherland, R.M. (1985) A reduction in the in situ rates of oxygen and glucose consumption of
cells in EMT6/Ro spheroids during growth, J.Cellular Physiol., 124, 516-524.

12. Shirihai, O., Smith, P.J S., Hammar, K. and Dagan, D. (1998), H and K* gradient generated by microglia H/K
ATPase, Glia, 23, 339-348.

13. Trimarchi, J.R., Liu, L., Smith, P.J.S. and Keefe, D.L (2002) Apoptosis recruits two-pore domain potassium
channels used for homeostatic volume regulation, Am. J. Physiol., 282, C588-C594.

www.biocurrents.org 6




	 
	 
	 
	 
	 
	 
	Calcium 
	Chloride 
	Hydrogen 
	Cadmium 


