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Abstract 

Recently, a new method was introduced to operate an immunological field-effect transistor (ImmunoFET). By 
means of a so-called ion step, a transient diffusion of ions through a protein-charged membrane layer occurs, 
resulting in a transient membrane potential. The fixed charge density of the membrane, which is influenced by pH 
and the type of protein, determines the maximum transient membrane potential. The change in charge density of the 
membrane gives a direct measure of an immunochemical reaction. In this paper the ion-step method, applied to 
disposable filter strip membranes, is described. If on one side of a filter strip membrane (a porous carrier in which 
proteins can be incorporated) a stepwise salt concentration change is applied (an ion step), ions are transported 
through the membrane from the high towards the low salt concentration. The difference between the mobilities of 
the anions and the cations results in a potential difference over the membrane which is measured with two calomel 
reference electrodes. The formation of the potential difference across the membrane as a result of the ion step agrees 
with the results obtained with the ImmunoFET. In comparison with the ImmunoFET, the measurements are 
simpler, faster, and less expensive. Theoretical investigations of the intrinsic properties of proteins, such as the 
isoelectric point, amphoteric character, and charge-density-dependent effects (for instance, the formation of immune 
complexes) are easy to perform with this new technique. However, it is expected that it will not be applied to detect 
immunochemical reactions in the near future. 
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Introduction 

Recently, a new method has been introduced for 
the detection of an immunochemical reaction by 
measuring the change in charge density in an 
immunochemical layer deposited on an ISFET [ 11. 
By changing the electrolyte concentration of the 
sample solution in a stepwise manner a transient 
diffusion of ions is applied to a modified mem- 
brane. This results in a transient membrane poten- 
tial which is measured with the ISFET. In the 
following, we show how the molecules of interest 
can be measured. 

A protein-charged membrane has a pH-depen- 
dent charge density due to the amphoteric charac- 
ter of the embedded proteins. By applying ion 
steps to the system, with the pH as an independent 
variable parameter, the potential, A4, can be mea- 
sured as a function of the pH. At a certain pH, AC#J 
changes from positive to negative. This point is 
called the inversion point, or PI’. At this point 
there is no net charge density in the membrane. 
The value of p1’ is dependent on the amount of 

protein in the membrane. So, if the concentration 
of the protein in the membrane changes, or if an 
immunocomplex is formed, the p1’ changes. 

In order to increase the speed of operation, the 
ion-step procedure has been applied to separate 
disposable membranes. The ISFET and reference 
electrode have been omitted and replaced by two 
reference electrodes. This new method, called IRIS 
(ion-responding immunosensor) is described in 
this paper. 

Materials and methods 

For the experiments described in this paper the 
following materials were used: agarose type VIII 
(Sigma, St. Louis, USA); carboxy-modified latex, 
2.5% 0.2 urn (Polysciences); lysozyme (egg white) 
grade 1 (Sigma, St. Louis, USA); human serum 
albumin (Sigma, St. Louis, USA); A-8763 fraction 
V polyclonal antibody rabbit anti-human serum 
albumin (Dakopatts, Glostrup, Denmark); 8-well 
filter strip, cellulose acetate, 0.2 pm; no. 8511 Oc- 
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tavac manifold (Costar, Cambridge, UK); pH- 
meter 691 (Metrohm, Herisau, Switzerland); 
XYY’T recorder BD 91 (Kipp & Zn., Delft, 
Netherlands); K40 1 calomel electrodes (Radiome- 
ter, Denmark). 

The following procedure was carried out to 
obtain membranes suitable for detection purposes 
by the ion-step method. By means of the Cktavac 
manifold a 50 nl 2.5% latex solution was forced 
through the membrane by suction. Empirically, it 
was found that the best latex concentration for 
saturating the membrane was between 2.5% and 
10% with cellulose acetate filter strips (pore 
0.2 urn). The pressure imposed on the membrane 
by the vacuum was 0.8-0.9 atm. A 50 pl lysozyme 
solution was pipetted onto the membrane. The 
membrane strip was removed from the Octavac 
and incubated for 30 min at 4 “C. After the incu- 
bation step the lysozyme solution was forced 
through the membrane by suction with the aid of 
the Octavac manifold and washed three times with 
phosphate-buffered saline (PBS). Afterwards, the 
membrane was placed in the IRIS apparatus (Fig. 
1). The filter strip with an aHSA membrane for 
detection of HSA was prepared according to the 
lysozyme procedure. A cellulose acetate membrane 
was pretreated with carboxy-modified latex. After 
incubation with HSA the membrane was rinsed 
with PBS and the p1’ was measured. Another 
membrane was prepared by mixing equal amounts 
of HSA and ctHSA under the same conditions as 
described above. The membrane potentials and 

- electrodes 

Fig. 1. The IRIS set-up. A sudden change in electrolyte concentration 
by switching the valve results in a co-transport of anions and cations. 
A slight difference in the mobility of these ions, caused by the charge 
density of the membrane, results in a potential difference measured by 
the reference electrodes. 

PI’, measured on the XY-T flat-bed recorder, were 
compared with the p1’ from the membrane with 
only HSA. 

Results 

Figure 2 shows that inversion points measured 
with the IRIS instrument of Fig. 1 can easily be 
obtained (the point (pH) of intersection of the 
fitted line and the base line). Maximum membrane 
potentials of the order of 3 mV were measured. 

The p1’ of a cellulose acetate membrane with 
incorporated carboxy-modified latex beads and 
adsorbed lysozyme is shown in Table 1. The p1’ 
point shifts to a lower pH if the concentration of 
lysozyme in the membrane is decreased. Blanks 
used as controls consisted of a bare membrane and 
a membrane with a carboxy-modified latex. An 
inversion point could not be measured with these 
blanks because there was only a slight difference in 
the negative membrane potential at pH 3 and 9. 

Other experiments for HSA-aHSA immuno- 
complex detection were carried out on cellulose 
acetate membranes, again using carboxy-modified 
latex beads. First, a membrane was incubated with 
50 ul 10v5 M HSA and another with a mixture of 
50 ul 10e5 M HSA and 50 ~1 low5 M ct HSA. The 
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Fig. 2. The transient membrane potential as a function of pH after 
an ion step measured with IRIS. The pH value where the membrane 
potential changes sign (point of intersection of the fitted line and base 
line) is called the inversion point PI’., 
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TABLE I. pl’ of a cellulose acetate membrane with incorporated 
carboxy-modified latex beads and adsorbed lysozyme 

Lysozyme concentration (PM) 70 7 0.7 0.07 

Inversion point, pl’ 6.25 6.1 2.6 1.4 

inversion point of an HSA-covered membrane 
(PI’ 4.9) shifted to 6.0 for the experiments with an 
HSA-antiHSA immunocomplex incorporated in 
the membrane. 

Discussion 

The detection of immunochemical reactions ac- 
cording to ref. 1 can be characterized in two 
stages: an incubation stage and a detection stage. 
In order to avoid a long incubation period, needed 
to equilibrate the membrane with protein 
molecules, a novel apparatus is described in this 
paper, based on disposable membranes or filter 
strips. The incubation time decreased from several 
hours to a few minutes with this ion- 
responding immunosensor (IRIS). 

The transient potential difference over the mem- 
brane was obtained by switching from a 
50 mM KC1 solution to a 10 mM KC1 solution, 
the so-called ion step. Only a 1 mM buffer solution 
was added to the 50 mM KC1 solution in order to 
set a fixed pH. The 50 mM salt concentration was 
not too high, resulting in measurable membrane 
potentials, and also not too low, avoiding pH- 
buffer influences on the ion step. The potential 
difference was much less than the previously pub- 
lished ImmunoFET results. This can be explained 
by the ion step located on a part of the membrane. 
However, the inversion point and shifts of the 
inversion points can, despite the lower potential 
differences, be monitored easily. 

We found that it was only possible to measure 
proteins with IRIS if cellulose acetate membranes 
(pore 0.2 l.trn) were used in combination with 2.5% 
carboxy-modified latex (0.1 pm in diameter). The 
amount of latex captured in the membrane was 
important. The reproducibility and sensitivity of 
IRIS depended on the type of membrane and 
amount and type of latex captured in the mem- 
brane. An important advantage was the decrease 
in incubation time from 22 hours to 5- 10 minutes. 
The cellulose acetate membrane (pore 0.2 urn) in 

combination with the carboxy-modified latex 
(0.1 pm) was an optimal combination for the mea- 
surement of proteins or immunochemical com- 
plexes. 

The detection limit depended on the intrinsic 
charge density of the protein to be measured. In 
the case of positively-charged lysozyme with 
isoelectric point at pH 11, a concentration between 
50 and 100 nM could easily be detected. An incu- 
bation time of 10 minutes was sufficient for the 
detection of lysozyme. Intensive washing of the 
membrane resulted in no shift of the inversion 
point, indicating strong adsorption of the 
lysozyme by the beads captured in the membrane. 
The immunocomplex HSA- cc HSA changed the 
inversion point from 4.9 for the HSA membrane 
to 6.0. Hence, it was possible to measure the 
immunocomplex with IRIS. The concentration of 
the HSA-ctHSA immunocomplex detected was in 
the pM range. 

Conclusions 

In this paper the ion-step method has been 
applied to disposable membranes for the develop- 
ment of an ion-responding immunosensor (IRIS). 
The ImmunoFET was replaced by a simple refer- 
ence electrode for the measurement of the poten- 
tial difference over the membrane. There are a 
number of reasons why IRIS is preferred to the 
ImmunoFET. First, the preparation of IRIS with 
respect to the ImmunoFET is simple. Second, the 
advantage of a short incubation step by means of 
forced transport results in a short incubation time. 
Third, IRIS will use cheap, easy-to-use, disposable 
membranes. 

The ion-step method is suitable for obtaining 
data concerning the amphoteric nature of macro- 
molecules such as proteins (also immunochemical 
complexes), and also, perhaps, carbohydrates and 
synthetic polymers. The isoelectric point of the 
amphoteric molecules adsorbed on latex can be 
determined. More research has to be done to relate 
the experimental results with the intrinsic con- 
stants of these molecules. With respect to the 
surface-based immunochemical assays with intrin- 
sic amplification, the low sensitivity of IRIS is an 
important drawback to converting the technique 
to immunochemical reaction monitoring. Only the 
higher concentrations, for example, immunocom- 
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plexes, can be detected unequivocally. Therefore, References 
IRIS is only useful to measure charge densities of 
membranes and charge-dependent interactions. 
However, in the near future it is not expected that 
IRIS will compete with the already familiar im- 
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