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Abstract: The development of a prototype ion-selective microelectrode for bile salts is 
described. The microelectrodes demonstrated Nernstian response (59 f 10 mV dec-‘) 
with sodium deoxycholate in Tris (0.2 M, pH 9.0, 15-3O”C), HEPES (0.13 M, pH 7.5), 
and bicarbonate buffers (0.1 M, pH 7.5) (25 f O.l’C) were stable for several days, and 
the responses were highly reproducible. The microelectrodes were selective for bile salts 
over the physiologically important inorganic anions, bicarbonate and chloride. The 
response to sodium cholate (42 mV dec-‘) was consistently lower than the ideal response 
(59 mV dec-‘). This ion-selective microelectrode may show promise as a useful tool for 
the determination of intracellular bile salt activity. 

Keywords: Bile salts; microelectrode; ion-selective electrode; deoxycholate; cholate; 
chenodeoxycholate. 

Introduction 

Bile salts are transported in the liver from the sinusoids to the bile ducts via paracellular 
and intracellular processes [ 11. Intracellular transport involves three phases including 
transport from the sinusoid into the hepatocyte, transport within the hepatocyte, and 
transport across the apical canalicular membrane into the canalicular lumen. The 
mechanisms of transport of bile salts across the apical canalicular lumen have not been 
well elucidated due to the lack of a technique capable of monitoring bile salts within the 
intact hepatocyte and the canalicular lumen [ 11. Mechanisms that have been proposed [l] 
include exocytosis, microfilament involvement, and electrochemical potential differ- 
ences. An ion-selective microelectrode with specific selectivity for bile salts could be 
utilized to monitor the activity of bile salts within the hepatocyte and the canalicular 
lumen and, thus, might be a useful tool for determining the importance of the 
electrochemical potential mechanism. The purpose of this research was to design and 
develop a prototype of a bile salt-specific ion-selective microelectrode. 

The precedence of the development and use of ion-selective microelectrodes for in 
vitro and in vivo measurements is tremendous and beyond the scope of this paper, but 
some of the references relevant to the development of the bile salt-selective 
microelectrode have been listed [2-121. Likewise, the historical literature relevant to the 
development and use of ion-selective electrodes for determining organic ions and ionic 
surfactants, including the development of electrodes capable of measuring the 
physiologically important ionic surfactants, the bile salts, have been included [13-231. 
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This primary focus of this research is to describe the construction of the bile salt- 
selective microelectrodes and to demonstrate how the response to different bile salts 
compares with the ideal Nernstian behaviour (59 mV dec-‘) under differing pH and 
temperature conditions. The selectivity for bile salts over the predominant inorganic 
anions in bile is also shown. 

Experimental 

Chemicals 
The bile salts (Calbiochem, San Diego, CA) and other reagents used in these 

experiments were analytical grade or better and were used without further purification. 
The ion-pairing agent, hexadecyltributylammonium bromide (HDTBAB), was syn- 
thesized using a procedure from the literature [19] and recrystallized from ethanol-ether 
mixtures. 

Znstrumentation 
The instrumentation was contained within a Faraday cage, constructed of copper 

screen and included a Corning 112 digital pH-meter (Corning Scientific Instruments, 
Medfield, MA), a magnetic stirrer, and the electrodes. The temperature was controlled 
(fO.l”C) with a waterbath. A separate silver-silver chloride electrode (Cole-Parmer, 
Chicago, IL) from a glass electrode was utilized as the reference electrode unless 
otherwise noted. 

Preparation of the ion-selective solution 
Equimolar concentrations (approximately 5 mM) of HDTBAB and sodium deoxy- 

cholate (NaDC) were combined in distilled, deionized water. The resulting ion-pairs 
were extracted with an equal volume of 1-octanol. A solution containing polyvinyl- 
chloride (PVC; 0.3 g) and sebacic acid dioctylester (1 ml) was prepared in THF (9 ml). 
Equal volumes of the PVC solution and the 1-octanol solutions containing the 
HDTBAB-NaDC ion-pair were combined and stored in a tightly sealed glass vial. 

Electrode fabrication 
The microelectrodes were constructed from borosilicate glass capillary tubing (Kimax, 

Kimble Glass Inc., Vineland, NV, 1.6-l .8 x 100 mm). The tubing was cleaned with hot 
nitric acid and acetone prior to use. The electrode bodies were prepared by drawing the 
tubing out with a vertical pipette-puller (Narishige, USA, Greenvale, NY) to yield 
electrodes with tips measuring cl-20 pm. (The size constraints for electrodes for actual 
intracellular measurements would be controlled by the diameter of the cells (30 km) and 
the canaliculi (1 pm) [24].) The retention of this hydrophic ion-selective solution was 
enhanced by silanizing the inverted electrode bodies over dichlorodimethylsilane for 5 
min, drying them at 180°C and storing them in a desiccator. 

The ion-selective microelectrode was prepared by introducing the PVC-octanol 
solution into the tip via a fine needle. The height of this solution was 3 + 1 mm. 
Insertion of a glass fibre facilitated the flow of the solution into the tip. This solution was 
allowed to turn slightly opaque before an aqueous solution containing NaDC (0.1 mM) 
and NaCl(lO0 mM) was backfilled on the top. Air bubbles were teased out with a rabbit 
whisker. The diameter of the microelectrode tip was measured using a microscope with 
an ocular micrometer. 
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The reference microelectrode was prepared by filling the tip with a sodium chloride 
solution (0.15 M) and filling the body with a thick agar solution containing potassium 
chloride (1 M). The internal references for both electrodes were Ag-AgCl wires 
obtained from glass electrodes. 

Procedures 

All experiments were conducted in 50 ml of buffer contained in a jacketed beaker. 
Standard curves were prepared in Tris buffer (0.2 M, pH 9.0 with sodium hydroxide) at 
constant temperature (25 + O.l’C). Aliquots of an NaDC solution (0.075 M) in Tris 
(0.02 M) were added with an automatic pipette (Pipettman, Gilson Medical Electronics, 
Middleton, WI) and the EMF was recorded after each addition. Regression analyses of 
the EMF versus concentration of NaDC curves were completed using the data in the 
linear portion of the curves. Microelectrodes exhibiting deviation from the Nernstian 
response (59 mV dec-‘) of more than f10 mV dec-’ concentration were discarded. 
The detection limits were determined by observing the concentration at the break in the 
EMF versus concentration curves [25]. 

The selectivity of an ion-selective electrode has been described previously [26] 
(equation 1). 

E = E” + RT/ln(a, + Z KiUi) + Ej, (1) 

where K is the selectivity coefficient, Ej is the liquid junction potential, ai is the activity 
of the interfering ion, and a, is the activity of the measured ion. The selectivity of the 
microelectrode for bile salts was determined using two methods. The method 
recommended by IUPAC [25] involved quantitating the ion of interest (in this case 
NaDC) in the presence of a constant concentration of a potential interfering ion. The 
selectivity constant is calculated (equation 2) using the concentration of the measured ion 
(NaDC) at the break in the EMF versus concentration curve: 

K = a,/Ui. (2) 

Selectivity experiments following the IUPAC protocol involved observing the EMF 
resulting from the addition of aliquots of NaDC (0.075 M) to solutions of Tris buffer 
(0.2 M, pH 9.0, 25 f O.l’C) containing either sodium chenodeoxycholate (NaCDC; 
0.38 M), sodium taurochenodeoxycholate (NaTCDC; 0.37 M), sodium cholate (NaC; 
1 mM), sodium chloride (0.15 M), or sodium bicarbonate (0.05 M). The other method, 
the method of separately measured solutions [7, 251, involved measuring the EMF as a 
function of the concentration of each interfering ion. The selectivity constant was then 
calculated (equation 3) where the slopes for the ions being compared are equal: 

log K = AEMFlslope. (3) 

Utilizing this method, the EMF was measured as a function of the concentration 
resulting from the addition of aliquots of NaC, NaCDC, NaTCDC (0.075 M), sodium 
chloride, potassium chloride (1 M), sodium bicarbonate (0.5 M), trimethylamine (TMA; 
0.07 M) or HDTBAB (0.02 M), into 50 ml of Tris buffer (0.2 M, pH 9.0, 25 f O.l”C). 

Standard curves were prepared in HEPES (0.13 M) and bicarbonate buffer (0.1 M) at 
pH 7.5, and in Tris buffer (0.2 M, pH 9.0) at 15 and 30°C. 
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Ultimately, the bile salt-selective microelectrode was to be used for intracellular 
measurements, so the ion-selective and reference electrodes would have to be combined 
into a double-channel electrode with a tip of <l pm [24]. Due to technical difficulties 
encountered during the preparation and use of double-channel microelectrodes, the ion- 
selective and reference microelectrodes utilized in this study were prepared as separate 
microelectrodes. The response of the bile salt-selective microelectrodes used in 
conjunction with the reference from a glass electrode to NaDC, was compared with the 
response used in conjunction with a microreference electrode. Standard curves were 
prepared for each electrode following the protocol described previously using NaDC as 
the titrant and Tris buffer (0.2 M, pH 9.0, 25 + O.l’C). 

Results 

The bile salt-selective microelectrodes demonstrated linear responses to NaDC within 
the concentration range 0.075-3.1 mM (Fig. 1). However, there was occasionally a 
slightly convex trend in the curve. The average slope (&SD) was 58 k 4.9 mV dec-’ for 
33 standard curves prepared using seven microelectrodes. The detection limit in 0.2 M 
Tris was 44 f 7.0 PM (n = 5, one electrode). The maximum lifetimes of the 

. 
220 - 

: . 
. . 

i 
. 

200 - 

i 
180 - 

5 
140 _ rNaDC 

l NaC 
0 NaCDC 

120 - 

. 
. 

. 
. 

i 
l 

i 

. 

i 

.I 

Figure 1 
The response of a microelectrode to the bile salts, NaC, NaDC, NaCDC and NaTCDC, using the method of 
separately measured solutions 

Bile salt Slope (mV dec-I)* 

NaDC 1 51 + 3.7 
NaDC 2 62 +_ 2.1 
NaDC 3 60 f 3.1 
NaC 42 + 1.3 
NaCDC 72 + 1.1 
NaTCDC 69 + 1.7 

*Mean f SD. 
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microelectrodes were not determined, but they were used repeatedly over a period of at 
least 20 days without showing significant deviations of > f 10 mV dec-’ from Nernstian 
response (Table 1). Furthermore, an analysis of variance (ANOVA) of the data in Table 
1 indicated that the differences in the responses among electrodes, between days for each 
electrode, and between experiments within any day were statistically insignificant. 

The selectivity of the microelectrode determined using the IUPAC recommended 
method is summarized in Table 2. The approach of the l/K values to 1 for the bile salts, 
NaC, NaCDC, NaTCDC with respect to NaDC, indicates that the microelectrode had 
little selectivity among the bile salts but was highly selective for bile salts over the 
inorganic ions, chloride and bicarbonate. The results of the selectivity studies conducted 
using the method of separately measured solutions (Fig. 1) shows that the responses of 
the electrode for NaDC, NaCDC, and NaTCDC were practically indistinguishable whilst 
the response for NaC was obviously lower. There was essentially no response to 

Table 1 
The variability of the response of the microelectrodes 

Electrode Trial 
Age Slope 
(days) (mV dec-‘) Eh@(mV) at 0.5 mM NaDC 

1 1 
2 
3 
1 
2 

2 1 
2 
3 
1 
2 
1 
2 
3 

1 
2 
3 
4 
5 
1 
2 
3 

1 57 96 
1 59 95 
1 63 112 
5 61 129 
5 55 122 
6 70 136 
6 61 126 
6 58 128 

55 142 
63 132 
65 149 
57 143 
55 135 
64 147 
60 152 
62 162 

1 
20 
20 
20 

56 
51 
50 
59 
54 

128 
127 
140 
122 
126 

Table 2 
The selectivity constants calculated using the IUPAC method K = a,lai 

Interfering ion 

Chloride 
Bicarbonate 
NaC 
NaCDC 
NaTCDC 

Concentration 
(mM) 

150 
50 

1 
0.37 
0.37 

lupot* n l/K 

1.0 x 1o-3 f 9 x low5 3 977 
1.7 x 1o-3 + 7 x 10-s 3 602 
0.14 + - 2 7.4 
0.68 f 0.188 3 1.5 
0.37 f 0.076 3 2.7 

*Mean + SD. 
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physiological concentrations of chloride ion or bicarbonate ion [24, 271. Lack of 
selectivity due to the counterion of the ion-pair acting as an ion-exchanger has been 
implicated as a potential problem with this type of electrode [21]. In this case that would 
mean that the bile salt acts as an ion-exchange substrate for organic cations. The results 
from these studies demonstrated that the microelectrode was not sensitive to the organic 
cations TMA or HDTBAB. 

Neither the buffer, the pH or the temperature caused the microelectrode to 
demonstrate erratic behaviour. The responses of the electrode in HEPES and sodium 
bicarbonate buffers at pH 7.5 were indistinguishable from the response in Tris at pH 9.0. 
The slopes observed at 15 and 30°C were not significantly different (according to a 
student’s t-test) from the Nernstian slopes at these temperatures (Table 3). 

The behaviour of the microelectrodes using the large glass reference and the 
microreference is compared in Fig. 2. The slopes for the EMF versus concentration 
curves were similar, but the absolute EMF values were consistently lower when the 
microreference electrode was used. The overall tip size of the ion-selective and the 
microreference, or of double-channel electrodes, affected the stability of the EMF 
readings. Electrical interferences limited the use of electrodes when the total tip 
diameters were <lo pm in this system. 

Table 3 
The effect of the temperature of the medium on the slope of the 
EMF versus concentration curve 

Temperature 
(“C) 

Slope* 
(mV dec-‘) 

Expected slope 
n (mV dec-‘) 

15 60 ? 2.1 3 57 
25 62 + 2.0 3 59 
37 71 + 4.9 4 62 

*Mean f SD. 

Discussion and Conclusions 

The results obtained from the preparation of the standard curves indicate that direct 
determination of intracellular bile salt activity may be possible with these bile salt- 
selective microelectrodes. Providing that protein binding or intracellular compartmental- 
ization does not occur to a significant extent, the sensitivity is sufficient to quantitate 
amounts in the range of the expected intracellular concentration of bile salt (O.l- 
0.3 mM) [l]. The microelectrode was highly selective for the bile salts over the 
predominant inorganic salt species in bile, sodium chloride and sodium bicarbonate. The 
stability and reproducibility exhibited by the electrode were reasonable. There were no 
obvious effects of the buffer or the pH of the medium, and the differences in the slopes at 
15 and 30°C (Table 3) were consistent with the Nernst relationship [28]. However, no 
explanation can be offered at this time for the much higher slope (71 * 4.9) observed at 
37°C. 
’ A major concern with utilizing this microelectrode to monitor the total bile salt activity 

within hepatocyte, was the low response observed when NaC was used as the titrant. 
Ideally, the microelectrode would have shown equal response to all of the bile acids so 
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Fire 2 
A comparison of the response to deoxycholate of single- and double-barrel microelectrodes. The reference for 
the single-barrel electrode was the Ag-AgCI chloride reference part of a glass electrode 

Electrode 

Single 1 
2 
3 

Double 1 
2 
3 

Slope (mV dec-‘)* 

56 + 1.9 
56 f 3.7 
55 + 2.8 
60 + 2.1 
63 + 2.2 
62 zk 2.3 

*Mean + SD. 

that solutions containing mixtures of bile salts produce the same EMF values as pure 
solutions. Identical responses had been reported for the trihydroxy- and dihydroxychol- 
anate salts (such as NaC and NaDC, respectively) using a similar liquid membrane 
electrode [22]. However, the lower response observed for NaC using the microelectrode 
developed in this research indicates that the total activity of a solution containing 
significant amounts of NaC would be lower than solutions containing NaDC alone. Since 
human bile consists of 35-70% trihydroxycholanic acids (NaC) and 30-65% dihydroxy- 
cholanic acids (NaCDC) [29-311, the response observed for measurements in biological 
samples might not accurately reflect the total activity of the bile acids. Before an attempt 
is made to use the microelectrodes to measure intracellular activities, the anomalous 
behaviour of the electrodes to NaC needs to be investigated further. The problem might 
be alleviated by utilizing a modified ion-selective medium. 

Double-barrel microelectrodes with tip diameters < 1 pm must be perfected before the 
bile salt-selective microelectrode could be utilized for intracellular measurements. 
Microelectrodes of this size are necessary to minimize cellular disruption and to be small 
enough to fit within the hepatic canaliculi [24]. The electrical interferences observed with 
the combined tip diameter of the ion-selective and microreference of ~10 pm, could 
probably be alleviated by utilizing a more sophisticated electronic signal amplifier and 
high impedance leads [6-8, 11, 321. 
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