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Preface

Analysis of proteins and peptides can be performed with a wide variety of
methods. Many of these techniques are based on physical separation combined
with sensitive detection. High-performance liquid chromatography and capillary
electrophoresis are the most frequently applied separation methods. However,
prior to application of these techniques, usually, some kind of sample
pretreatment, e.g., solid-phase extraction or derivatization, is required. Separation
has to be followed by detection, usually with UV-VIS spectroscopy or mass
spectrometry.1

Applications of protein analysis are, for example, the early diagnosis of certain
diseases by detection of the presence of (an unusual concentration of) specific
peptides and proteins in plasma or serum. Therefore, a method that is able to
measure peptides and proteins directly in a sample, thus without any sample
pretreatment or any separation, is preferred. This direct detection can be
performed with methods making use of the specific interaction of proteins with
antibodies (Ab).

Antibodies are proteins, which are produced in animals by an immunological
response to the presence of a foreign substance (with a molecular weight larger
than 1.5 kDa), a so-called antigen (Ag), and have specific affinity for this antigen.
In immunoassays, the wells of a microtiter plate or tubes are coated with either
antibodies or antigens, and after addition of a sample containing its
complementary substance an immunocomplex is formed. For detection, a variety
of labels is used.2-6

Immunointeraction of proteins in solution with their complementary proteins
immobilized on a surface does lead to changes in, for example, refractive index,
thickness and dielectric constant of the immobilized layer. With proteins
immobilized on a piezoelectric material, a change in resonance frequency is
detected which is proportional to the mass change on the surface. These properties
are exploited in optical7, electrochemical8 and piezoelectric9 immunosensors.
Ideally, immunosensors are devices with a fast response, a high specificity and
sensitivity. Preferably, immunosensors are also regenerable, which means that
they can be reused immediately or after dissociation of the Ab-Ag complex, e.g.,
by using a chaotropic reagent.10

The aim of the work described in this Ph.D. thesis was to develop an
electrochemical method for measuring unlabeled proteins, with high sensitivity
and reproducibility. Initially the method described by Sadik, Wallace and co-
workers11, 12 was adopted, where proteins are detected amperometrically with
antibodies immobilized in a conducting polymer (polypyrrole). However, we (and
others) were and are not able to reproduce this method. Therefore, we changed the
direction of our research and continued our work searching for a different type of
immunosensor capable of direct electrochemical detection.
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Many methods for electrochemical detection of unlabeled peptides and proteins
have been described. These methods are reviewed in Chapter 1. One of the
methods described utilizes antibodies immobilized via self-assembled monolayers
(SAMs), i.e., spontaneously formed layers of sulfur-containing molecules on
metal, e.g., Au, surfaces.13 Using chronoamperometry, i.e., measurement of the
current response after a potential step, proteins could be detected in concentrations
in the pg mL-1 range. This method therefore has formed the basis of the new
direction of our research.

In principle, immunosensors can be reused after disrupting the non-covalent
Ab-Ag binding with a chaotropic reagent, a solution with a high ionic strength.
However, because the chaotropic reagents affect SAMs, this regeneration method
is less suitable for direct electrochemical detection. An attractive option for these
SAM-based immunosensors is to build a complete immunosensor reproducibly,
which became one of our goals.

For an immunosensor being stable and giving a reproducible response, the
SAM must be stable and formed reproducibly. In the formation of stable SAMs,
the characteristics and cleanliness of the gold electrode play an important role. An
optimized treatment procedure for mechanically polished polycrystalline gold
electrodes will be described in Chapter 2.

Besides the pretreatment method, also the conditions for SAM formation are
important. In Chapter 3, the optimal conditions for repeated formation of
reproducible SAMs of thioctic acid on a single gold electrode will be described.
During these investigations hexacyanoferrate(II/III), a redox probe used for
impedimetric characterization was found to influence the characteristics of the
SAMs. In Chapter 4 this phenomenon is further investigated. A mechanism will
be proposed based on changes in the elements of the electrochemical equivalent
circuit used to model the electrochemical data and optical measurement of the
thickness of thin gold layers in hexacyanoferrate(II/III).

SAM-based immunosensors are described in Chapters 5 and 6. In Chapter 5
an immunosensor based upon the use of thioctic acid will be described, and in
Chapter 6, the use of SAMs of cysteine and acetylcysteine as well as the
measurement methods chronoamperometry and impedimetry are compared.
Further, methods for elimination of nonspecific adsorption have been investigated
as described in Chapters 5 and 6.

Finally, in Chapter 7, a general conclusion and the future perspectives will be
given.
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Direct Electrochemical Immunosensors - Review

ABSTRACT

Many electrochemical immunosensors capable of direct and specific measurement of
very low protein concentrations have been developed.

Pulsed amperometric detection of proteins with antibodies immobilized in a conducting
polymer combines reusability with a detection limit of 0.01 to 0.5 mg mL-1, depending on
the protein. However, this method has only been described by Sadik and co-workers.

Research on impedimetric immunosensors started with those built on Si/SiO2. An
immunosensor with a detection limit of 1 ng mL-1 has been described, where antibodies are
coupled via aminosilane, using glutardialdehyde. However, immobilization via
polysiloxane membranes, with which a detection limit of 10 ng mL-1 can be obtained,
seems to be more reliable. These sensors are regenerable with glycine hydrochloride
pH 2.8.

Later, application of silanized metal as basis of these sensors is investigated. In contrast
to those based on Si/SiO2, these sensors have been applied in flow injection analysis. A
regenerable sensor with a detection limit of 0.2 ng mL-1 has been obtained with antibodies
coupled to aminosilane via glutardialdehyde. With antibodies immobilized in polypyrrole
0.5 ng mL-1 could be detected.

The sensors built on silanized metal have been succeeded by those built on self-
assembled monolayers (SAMs) and bilayer lipid membranes (BLMs). With BLMs also
detection in the ng mL-1 range is possible, this sensor can be reused 5 times, and
regeneration is possible.

Much attention is paid to reusability. In general, nonspecifically adsorbed proteins
contribute to the signal. Sometimes this contribution is disregarded, but also various
methods to correct for the specificity of the signal have been applied.

Using SAMs much lower detection limits have been obtained. 20 ag mL-1 has been
detected with antibodies immobilized on thin SAMs after activation with a mixture of
carbodiimide and succinimide. Nonspecific adsorption is reduced by tuning the ionic
strength. This method offers good possibilities for measurement in real samples. However,
because the sensor is damaged by chaotropic reagents used for regeneration, this method
can only be applied in disposable sensors.

                                                     
M. Dijksma and W.P. van Bennekom, manuscript in preparation



Chapter 1

6

INTRODUCTION

Among the methods described for analysis of proteins and peptides, many are
based on a combination of physical separation and sensitive detection. Only
immunoassay methods are capable of direct and specific detection in ‘real’
samples, like serum or plasma.

In these immunoassays the interaction between an antibody (Ab) and the
protein that elicited its synthesis, the antigen (Ag), is exploited. The antigen is a
foreign molecule with a molecular weight (MW) higher than 1.5 kDa to which the
immune system of animals responds by synthesizing antibodies. Low-
molecular-weight compounds cannot elicit antibodies by themselves. Antibodies
to these so-called haptens can be formed when they are coupled to an
immunogenic carrier protein, e.g., bovine serum albumin (BSA). Some of the
antibodies formed are specific for the conjugated hapten. These antibodies can be
selected and purified by means of, e.g., immunoaffinity chromatography.

Polyclonal antibodies have a specific affinity for the antigen, but they are
directed to different binding sites (epitopes) on the antigen with different affinities.
In immunoassays often the use of antibodies with uniform characteristics, i.e.,
monoclonal antibodies, is preferred. These antibodies are formed by using
identical cells by the hybridoma technology, and have optimized characteristics
such as high affinity or high specificity.1

Antibodies are structurally very similar. Of the five classes of immuno-
globulins (IgA, IgD, IgE, IgG and IgM), which differ in, e.g., glycosylation and
number and positions of the disulfide bridges, mainly IgG (150 kDa) is used for
immunoassays. An IgG consists of two heavy and two light chains, which are
interconnected by disulfide bridges (see Figure 1). All chains have a variable and a
constant region. The variable regions of the heavy and light chain combine in one
interaction site for the antigen, which is called the antigenic site. Thus, an IgG
molecule has two identical binding locations for the antigen.2

CH
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hinge region

Figure 1. Basic structure of an IgG molecule.3
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The molecular forces responsible for the Ab-Ag binding are based on
non-covalent interactions including: non-polar hydrophobic interactions, Coulomb
interaction, Van der Waals interaction, London dispersion attractive forces; and
steric repulsion forces. The interaction is characterized with an association and a
dissociation reaction rate constant, ka and kd respectively.
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d

a
:

The association constant Ka, which ranges from 105-1011 M 1, can be described by:
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where [Ab], [Ag] and [Ab:Ag] are the concentrations of the antibody, antigen and
complex in the solution, respectively.4

The immunoassay method is applied in interaction measurements in several
approaches, a short overview of which is given in the next paragraph. After
passing on to immunosensors, the focus will be on direct electrochemical detection
of unlabeled proteins and peptides.

IMMUNOASSAYS

Immunoassays are in wide use as analytical tools in clinical and pharmaceutical
sciences. To be able to detect the interaction, one of the immunoagents has to be
labeled. Various labels have been applied, of which radioisotopes were among the
first, because of their inherent sensitivity. Other frequently used labels are
chemiluminescent compounds,5, 6 and enzymes (e.g., alkaline phosphatase,
horseradish peroxidase), that convert an enzyme substrate into a measurable
product.7-10

Many different formats have been described and four generally used formats
are shown in Figure 2. In a homogeneous immunoassay (Figure 2a) antibodies,
antigens and labeled antigens are mixed. Free labeled antigens and those bound to
an antibody, can be distinguished by an activity change of the label upon binding.

Usually, immunoassays are heterogeneous, which means that either the
antibody or the antigen is immobilized on a solid carrier and an immunocomplex
is formed upon contact with a solution containing the other immunoagent. The
unbound proteins are removed by washing and the response obtained from the
labels is proportional to the amount of protein bound.

In a sandwich immunoassay, antibodies are immobilized and after addition of
the sample containing the antigen, a labeled secondary antibody is added
(Figure 2b). Besides these non-competitive formats, also competitive formats can
be applied. In a competitive assay, competition takes place between free and
bound antigen for a limited amount of labeled antibody (Figure 2c) or between
antigen (the sample) and labeled antigen for a limited amount of antibody
(Figure 2d).
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Figure 2. Generally used formats: (a) a homogeneous competitive immunoassay, (b) a
heterogeneous non-competitive immunoassay, (c) a heterogeneous competitive
immunoassay and (d) a heterogeneous competitive immunometric assay.11

Liposomes with marker molecules or enzymes encapsulated have been used to
enhance the response. In these so-called liposome immunoassays, the secondary
antibody is labeled with biotin and (strept)avidin is used as a bridging molecule
between this antibody and biotinylated liposomes.11

Immunoassays are convenient for clinical practice when many, often identical,
analyses have to be conducted on a routine basis. Immunoassays are often
performed in (a multiple of) 96-wells microtiter plates.

Ideally, a method for detection of immunointeraction has a fast response, and a
high specificity and sensitivity. In the research towards improved methods, the
development of faster and more sensitive methods for direct detection are major
subjects. These prerequisites may be fulfilled by immunosensors.

IMMUNOSENSORS

Generally, a sensor consists of a sensing element and a transducer (Figure 3).
In case of an immunosensor, the sensing element is formed by immobilized
antibodies or antigens.

Figure 3. Principle of operation of an immunosensor.12
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For immobilization of the immunoagents many methods have been developed,
on various substrates.13-15 The binding event is transformed into a measurable
signal by the transducer.12 Transduction has been performed using optical (e.g.,
surface plasmon resonance),16 piezoelectrical (e.g., quartz crystal micro-
balance),17, 18 surface scanning (e.g., atomic force microscopy)19-21, scanning
electrochemical microscopy,22-24 and other electrochemical techniques.25, 26

Electrochemical detection of immunointeraction can be performed both with
and without labeling. A frequently used format in electrochemical immunosensing
is an amperometric immunosensor, where proteins are labeled with enzymes
producing an electroactive product from an added substrate.26

Direct detection without labeling can be performed by cyclic voltammetry,
chronoamperometry, impedimetry, and by measuring the current during potential
pulses (pulsed amperometric detection). These methods are able to detect a change
in capacitance and/or resistance of the electrode induced by binding of protein.
These immunosensors have been developed using various substrates. Those built
on silicon, silanized metal, or polypyrrole are often regenerable, while those based
on self-assembled monolayers (SAMs), that is, monolayers formed spontaneously
from sulfur-containing compounds on silver or gold, are not. Chaotropic reagents,
used to accomplish disruption of the Ab-Ag bond, have been reported to affect the
SAM27, 28 or to induce a decrease in the sensitivity of the sensor.29, 30

The various measurement methods are described in the next section, followed
by an overview of publications on direct electrochemical immunosensors.

MEASUREMENT METHODS

In impedance measurements a sinusoidal potential (Eac) is superimposed on a
dc potential (Edc). Eac can be described by

tEE sin0ac (Equation 1)

where E0 is the amplitude (V), t the time (s), and  the radial frequency (rad s-1).
The response is a current I given by

)sin(0 tII (Equation 2)

where  is the phase angle between perturbation and response. The proportionality
factor between E and I is the impedance Z.

The current through a resistance R is

t
R

E
I sin0 (Equation 3)



Chapter 1

10

Kinds of resistances that are found in electrochemical cells are:

 Solution resistance (Rs), which depends on the ionic strength of the solution and
the distances between the working, auxiliary and reference electrode

 Polarization resistance (Rp), which arises from application of a potential other
than its equilibrium potential to the electrode

 Charge transfer resistance (Rct), which is due to electron transfer of a redox
probe to the electrode

The current through a capacitance C is

t
dt

dE
CI cos (Equation 4)

which implies a phase angle (  = /2) between the potential and the current. The
capacitance of the working electrode is built up from the capacitances of the layers
on the electrode and the electrical double layer. Because the latter is relatively
large, its contribution to the total capacitance is negligible. In an immunosensor,
therefore, the total capacitance (Cdl) is determined by that of the immobilized
antibodies (CAb). When antigens bind, a hydrophobic layer is formed in contact
with the antibodies, with a capacitance CAg, and Cdl decreases according to
Equation 5.

AgAbdl

111

CCC
(Equation 5)

Data obtained by scanning  automatically can be plotted in a Nyquist plot.
Here, Z is a vector, which can be separated in an in-phase (Z') and out-of-phase
(Z") component. These systems can often be described by the Randles’ equivalent
circuit (Figure 4a).

From Figure 4b, Rs and Rct can be calculated from the intercept with the Z'-axis,
and Cdl from  at Z"max. Zw is the Warburg impedance, which presence indicates
mass-transfer through the boundary layer on the electrode. At low frequencies,
diffusion can rule the process (mass-transfer control). In this case the impedance Z
is the Warburg impedance, with  = /4.31, 32 At high frequencies, the process is
kinetically controlled and the influence of Zw is negligible, which leads to a
semi-circle (see Figure 4b).

Electrodes do not behave ideally, e.g., because of the roughness of the surface
and the complicated structure of an immobilized antibody layer. A constant-phase
element (Q) is used to describe these systems more appropriately. Its impedance
(ZQ) is described by Y0 (j )-n, where Y0 is a proportionality constant, j = -1, and n
is an exponent (-1  n  1). Although the exact physical basis of Q has to be
elucidated, Q can be used for fitting the data in a very flexible way. If n = 1 the
element Y0 = 1/C and if n = 0 Y0 = R. Usually n has values between 0.7 and 0.9 in
case of solid electrodes.32, 33
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Figure 4. (a) Randles’ equivalent circuit (see text), (b) Nyquist plot arising from a Randles’
circuit.

The capacitance can be calculated using cyclic voltammetry (CV) or linear
sweep voltammetry (LSV) by dividing the charging current in the potential scans
by the scan rate.34, 35 From the kinetics of the charge transfer of a redox probe, the
amount of shielding of the electrode can be derived.

Impedimetry is most often applied for direct electrochemical immunosensing.
In sensors on silanized Si/SiO2 or silanized metal substrate this method is
performed in buffer, while in sensors on SAMs also measurements have been
performed in the presence of a redox probe. SAMs are often characterized in the
presence of a redox probe (hexacyanoferrate(II/III) 27, 35-41 or hexaamineruthenium-
chloride(II/III)) 35, 38-41 with CV or impedimetry.

In chronoamperometry, resistances and capacitances are calculated from the
current response following a potential step. Swietlow et al.42 used the Randles'
equivalent circuit to calculate C and R of SAMs. Berggren et al.27 extract C and R
of an immunosensor from a fit of the first part of the current response to a RC
circuit. In this circuit the current (I) as a function of time can be described by

b

a
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dlss

exp)(
CR

t

R

E
tI (Equation 6)

where E is the potential step, and t the time after pulse application. A logarithmic
plot of this function results in a straight line and R and C can be calculated from
the intercept and the slope of the linear part of the curve.27

0.00 0.12 0.24 0.36 0.48 0.60 0.72
time (s)

E
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)

E

I
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E2

Figure 5. The principle of pulsed amperometric detection. The upper graph shows the
current response to the applied potential as shown in the lower graph. The arrows indicate
the moment at which the current is sampled.

In pulsed amperometric detection (PAD) the current is sampled at the end of
each pulse. In Figure 5 the current-response to this pulsed potential is shown.
Binding of antigen causes a change in R or C (dashed line in Figure 5), resulting in
a different current at the end of the pulse. This principle has been applied by Sadik
and co-workers, who used antibodies immobilized in polypyrrole as sensing layer.

APPLICATIONS

Capacitive immunosensing started in 1986.43 The sensor developed consists of
a SiO layer on copper electrodes insulated by parylene. Silanol groups of the SiO
were reacted with -aminopropyltriethoxysilane and a hapten (tricothecene toxin
T2) is bound by carbodiimide coupling. T2 specific antibodies bind to the
immobilized haptens. Furthermore, they can be displaced from the immobilized
haptens by free haptens. A concentration of 1 µg mL-1 has been detected. Later on,
sensors have been developed based on antibodies (or antigens) immobilized in or
on silanized Si/SiO2, silanized metal, polypyrrole, self-assembled monolayers on
gold electrodes, and bilayer lipid membranes.
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POLYPYRROLE-BASED IMMUNOSENSORS

In 1991 John et al.44 described a method for incorporation of antibodies in
polypyrrole layers. Polypyrrole electrodes were prepared by galvanostatically
electropolymerizing pyrrole from an aqueous solution containing anti-human
serum albumin (anti-HSA) on a polished Pt electrode. Optimal conditions for
preparation of these sensing layers were reported. With CV it was shown that HSA
does interact with these sensing layers, while no response is obtained with
polypyrrole without incorporated antibodies. This method has been extended by
Sadik and Wallace,45 who were able to detect the interaction of HSA in
flow-injection analysis (FIA) using PAD.

The effect of polymer composition, the nature of the eluent, and the
electrochemical waveform on the selectivity of this detection process has been
investigated.46 The principle has been patented47 and optimized for detection of
thaumatin48 and p-cresol and other phenolics.49 Detection limits achieved are in the

g mL-1 range. A relatively small contribution (< 5%) of nonspecific proteins has
been found.

However, this method has also been used to detect proteins on “non-bioactive”
polymers. These polymers have been prepared from an aqueous solution
containing 0.2 M pyrrole monomer and 0.1 M p-toluene sulfonate. The responses
observed are dependent on the nature of the polymer, the nature of the
electrolyte/cation as well as on the electrolyte concentration and pH, which means
that these factors can be used to modify the selectivity. Detection limits in the
order of nM have been reported.50

Polypyrrole is a conducting polymer. Its charge depends on the applied
potential. By pulsing the potential between 0.4 and 0.0 V, the polymer is
alternately positively charged and almost neutral. When an antibody is
incorporated, the antigen is able to bind to the positively charged polymer (that is,
at E = 0.4 V). At 0.0 V the polymer with incorporated antibodies has a net
negative charge and positive ions from the solution compensate this charge and
push aside the antigen. At 0.4 V these positive ions either leave the polymer, or
their positive charge is neutralized by the anions in the buffer, as shown in
Figure 6.47, 51, 52

During binding of antigen, the characteristics of the electrode are different,
which results in a different current response, dependent on the concentration of
antigen in the sample. The resulting positive current difference can be explained
by a combination of a decrease in capacitance and an increase in resistance of the
electrode (Figure 5).53

The characteristics of polypyrrole, with and without incorporated proteins, and
the mechanism of the PAD method have been further studied using quartz crystal
microbalance,55 CV and impedance techniques.53, 54
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Figure 6. Mechanism of diffusion of solution-ions during pulsing.54

Later based on this principle, an electrochemical immunosensor for direct
detection of polychlorinated biphenyls (PCBs) in water has been developed. With
an analytical signal generated by applying a pulsed waveform between +0.60 V
and –0.60 V with a pulse time of 120 and 480 ms, a detection limit of 0.05 µg L-1

could be obtained.51, 56

Bioaffinity sensors based on conducting polymers have been reviewed,57 and a
comparison of different sensing systems suitable for the determination of
pesticides, metals and PCBs has been described.58

Despite the very broad applicability and reversibility, use of this method has
until now not been published elsewhere. We have not been able to reproduce the
results obtained. Preparation of reproducible polypyrrole layers and nonspecific
adsorption of proteins to polypyrrole layers are the main problems. The
applicability of this method has extensively been investigated by Higson and
co-workers and the results will be published.59

IMMUNOSENSORS ON SILICON

Immobilization of antibodies
Immunosensors built on Si/SiO2 structures, are prepared by covering a silicon

wafer with a SiO2 layer by thermal growth at high temperatures ( 1000 C),60-66 or
by Si3N4/SiO2/Si structures.67-69 In order to perform electrochemical
measurements, ohmic contacts (gold60-66 or aluminium67-69) have been made on the
wafers. Cleaning and hydroxylation are performed by immersion of the wafer into
hot organic solvents60, 61 or into a solution of sulfuric acid and potassium
dichromate,62-66 followed by washing with water and vacuum drying at 140 C.

These hydroxylated wafers are modified with aminosilane, cyanosilane or
polymeric membranes (polysiloxane or polysilsequioxane). Modification with
aminosilane or cyanosilane is performed by adsorbing silanes onto the surface
from a 3% (v/v) solution of the silane in isopentane, followed by removal of the
solvent at 30 C under vacuum. During heating in a dry nitrogen flow for 24-48 h
the surface adsorbed silane reacts with the silanol sites (a procedure often referred
to as grafting) (Figure 7). The surface is cleaned with tetrahydrofuran and dried in
a flow of nitrogen.60-68

- -  +
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Polysiloxane membranes are deposited from solutions of polycyanopropyl-
methylsiloxane and (aminopropyl)methyldimethylsiloxane in toluene (0.1 – 1%)
using a spin-coating procedure. Different concentrations of polymer were used in
order to obtain a different thickness of the membrane.65, 66 Heteropoly-
silsequioxane membranes are prepared by polymerizing a mixture of 3-amino-
propyltrimethylmethoxysilane (7%) and n-butyltrimethyl-methoxysilane at
80 C.63, 64 The wafers are dried and washed with dichloromethane.
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Figure 7. Modification of Si/SiO2 surface with (a) an aminosilane and (b) a cyanosilane.63

Aminosilanized wafers are modified with antibodies by

 incubation in glutardialdehyde solution containing antibodies in a phosphate
buffered medium at pH 7.6 at room temperature for 15 min,62 or

 activation with glutardialdehyde followed by incubation in a solution of
antibodies in phosphate buffer,60, 61, 67, 68 or

 incubation in a solution of the coupling reagent disuccimidyl suberate (DSS) in
N,N-dimethylformamide (DMF) for 1 h, followed by reaction of the activated
surface, after chloroform washing, with a solution of antibodies in phosphate
buffer for 12 h (Figure 8).63-66

Cyanosilanized wafers are modified with antibodies by incubation overnight in
a solution of the antibody (2 mg mL-1 in phosphate buffer, pH 7.6). The antibodies
are only bound by electrostatic interactions between a cyanogroup from the silane
and a hydroxylgroup from the antibody (Figure 9). However, antibodies could not
be removed by washing with a 0.1 M glycine buffer (0.4 M NaCl, pH 2.8), which
is used for regeneration of the immunosensor.62-66
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Figure 9. Antibody coupling to a cyanosilanized wafer.63

Results
For immunosensors on silicon, research started with the publications of

Bataillard et al.60 and Mandrand, Colin and co-workers,61, 70 who detected
-fetoprotein (MW = 64 kDa) with monoclonal antibodies immobilized on

aminosilanized wafers, with a detection limit of 1 ng mL-1.
In general, measurements with these immunosensors have been performed in

batch after incubation times ranging from 15 min to 1 h. Results obtained with
different immobilization and coupling methods and measurement conditions are
summarized in Table 1.

Detection of 1 ng mL-1 has only been reported by one group.60, 61, 70 Berney et
al.68 did not observe a reproducible capacitance decrease on addition of antigen,
until the layer was covered with polyethylene glycol (PEG) polymer. In a later
publication examination and characterization of four device types with passively
adsorbed antibodies has been described; Si/SiO2, Si/SiO2/Si3N4, Si/SiO2/Si3N4

which has an area of nitride and oxide laser ablated, and Si/SiO2/Si3N4 which has
an area mechanically degraded. Only with the last device a difference signal was
detected between the sensor and a reference sensor. This method has been applied
to detection of various proteins.69
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Table 1. Overview of methods and results.

Protein Immobilization
Coupling
Ab via

   f (kHz)
Edc  (V)
vs SCE

E0

(mV)
Detection
limit

Regeneration Ref.

-fetoprotein aminosilaneI glutar-
dialdehyde

10 -1 - +4 14 1 ng mL-1 glycine-HCl
pH 2.8

60,
61

cyanosilaneIII directly
not
measurableSEBII

aminosilaneIV glutar-
dialdehyde

10 14
1 µg mL-1 glycine-HCl

pH 2.3

62

cyanosilaneV directly

aminosilaneVI DSSVII
-fetoprotein

heteropolysilses-
quioxanes

DSSVII

10 -0.5 - +2 14
not
measurable

63

-fetoprotein
heteropolysilses-
quioxanes

DSSVII 0.01 –
200

-1 - +1 10 10 ng mL-1 glycine-HCl
pH 2.8

64

cyanosilaneVIII directly
not
measurable

aminosilaneIX DSSVII not
measurable

-fetoprotein
amino- and
cyano-
polysiloxane
membranes

DSSVII/
directly

1 – 100 2 10

10 ng mL-1 glycine-HCl
pH 2.8

65

-fetoprotein

amino- and
cyano-poly
siloxane
membranes

DSSVII/
directly

20-75 2 10 10 ng mL-1 glycine-HCl
pH 2.8

66

transferrin aminosilaneX glutar-
dialdehyde

1 0 100
not
determined

not possible 68

transferrin and
other proteins

direct adsorption 1 -1 - +1 100 25 µg mL-1 not discussed 69

SEBII Langmuir
Blodgett

directly 10 -1 - +3 14 1 µg mL-1 not discussed 71

urokinase-type
plasminogen
activator

aminosilaneXI glutar-
dialdehyde

1 10 0.1 µM
glycine-HCl
pH 2.4

67

I (4-aminobutyl)dimethylmethoxysilane
II enterotoxin B from Staphylococcus Aureus
III -cyanodecyldimethyl(dimethylamino)silane
IV -aminobutyldimethylmethoxysilane
V cyanooctadecyldimethyl(dimethylamino)silane
VI 4-aminopropyldimethylmethoxysilane
VII disuccimidyl suberate
VIII -cyanopropyldimethyl(dimethylamino)silane
IX 4-aminobutyldimethylmethoxysilane
X -aminopropyltriethoxysilane ( -APTES) or 4-aminobutyldimethylmethoxysilane
XI -APTES
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With the exception of those described by Berney et al.68, 69 and Barraud et al.71

immunosensors on silicon can be regenerated with glycine∙hydrochloride pH 2.4 –
2.8. While all authors use a different combination of preparation and measurement
method, a simple comparison between the methods can not be made. In general,
antigen has not been detected on antibody coupled to aminosilanes via DSS or to
cyanosilanes. With antibody coupled to aminosilane via glutardialdehyde, a
detection limit of 1 ng mL-1 has been obtained by Bataillard et al.60 and Gardies et
al.,61 while later Billard et al.62 reported a detection limit of 1 µg mL-1, using a
slightly different immobilization procedure. Using polysiloxanes and heteropoly-
silsequioxanes a detection limit of 10 ng mL-1 has been obtained.64-66 However,
Saby et al.63 were not able to detect the interaction.

An explanation for the fact that detection could be performed on membranes
and not on silanes has been given by Maupas et al.65 Probably, in the case of
polysiloxane membranes, the antibodies are not bound only on, but also inside the
polymeric membrane, changing the electrical characteristics like the conductivity
and dielectric constant.

Nonspecific adsorption
In general, only a minor contribution of nonspecific adsorption on this type of

sensor has been observed. To correct for nonspecific adsorption, interaction of
specific and nonspecific antigen is compared65, 66 or a reference sensor is used in a
differential setup. As reference sensor, a sensor with another protein (nonspecific
antibodies or albumin) is used.60 Klein et al.67 first add nonspecific antigen to the
solution, followed by specific antigen to compare the response. Souteyrand et al.64

observed desorption of nonspecifically adsorbed proteins upon washing with
buffer.

Interpretation of the results
In most publications, impedance results are modelled with a standard series

model, which means that each molecule layer is considered as a perfect
dielectric.60-62, 69, 71 More intricate equivalent circuits have been described by
Jaffrezic-Renault et al.66 and Schyberg et al.72 In principle, the silicon substrate
acts as a conductor and the protein layers can be viewed as a series of capacitors,
if they are electrically blocking (and thus behave as a dielectric). However, it
seems difficult to consider the Ab-Ag interaction only as a thickening
phenomenon. Another problem is the relative small capacitive effect caused by
binding of the protein compared to the capacitance of the heterostructures.66
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SILANIZED METAL BASED IMMUNOSENSORS

Immobilization of antibodies
Maupas and co-workers73, 74 functionalized electrochemically oxidized Pt

electrodes with silanes using the same procedures as described for Si/SiO2

electrodes. Antibodies were immobilized in polypyrrole by adsorption of a
mixture of pyrrole and antibody on the electrode followed by drying under
reduced pressure and electropolymerisation at E = +0.8 V versus SCE in 0.1 M
aqueous LiClO4.

73, 74

DeSilva et al.75 immobilized anti-SEB antibodies on a Pt film deposited on a
Si/SiO2 chip. Silanization of the Pt was carried out by treating the surface with a
2% solution of 3-mercaptopropyltrimethoxysilane in dry toluene under a nitrogen
atmosphere, followed by rinsing with toluene and drying in a stream of N2. The
silanized film was then reacted with N- -maleimidobutyloxysuccinimide ester
(GMBS) followed by incubation in an anti-SEB solution (100 µg mL-1 in PBS) at
4ºC for 24 h. The influence of the substrate for immobilization of anti-SEB has
been investigated using impedance and AFM measurements. Pt films showed the
highest coverage of anti-SEB. On gold films, a very low coverage has been
found.76

Varlan et al.77 cleaned Ti with chromic acid followed by hydroxylation with
5% NaOH, silane adsorption, grafting and antibody coupling. Gebbert et al.78

silanized Ta and immobilized antibodies after carbodiimide activation. Feng et
al.79 detected IgG potentiometrically with anti-IgG immobilized on a silanized
silver electrode.

Results
In Table 2, the immobilization and measurement methods used and the results

obtained are summarized.
While with sensors built on Si/SiO2 a detection limit of 10 ng mL-1 seems to be

feasible, with sensors built on silanized metal detection limits in the range of
0.1 ng mL-1 has been achieved. This detection limit has been described by Gebbert
et al.78 and DeSilva et al.75 However, in both cases, reusability is not discussed.
The method of the latter has been patented.80

Polypyrrole layers exhibit an even better stability to glycine washing than
polysiloxane layers, and can be reused 10 times compared to 2 times for
polysiloxane layers. However, due to the high polarization of the polypyrrole
sensor, the antibody activity is reduced and the sensor has a lifetime of only one
week.74 Feng et al.79 were able to regenerate their potentiometric sensor with
1.9 M HCl.
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Table 2. Overview of methods and results.

Protein Metal Immobilization
Coupling
Ab via

f (kHz) Edc
E0

(mV)
Detection
limit

Regeneration Ref.

-feto-
protein

Pt
amino- and
cyanopoly-
siloxaneI

DSSII/
directly

1.5 30 ng mL-1 glycine-HCl
pH 2.8

73

aminopoly-
siloxaneIII DSSII 30 ng mL-1

-feto-
protein

Pt
polypyrrole

incorpo-
rated

0.22
-1.5 V
vs
Ag/AgCl

10
0.5 ng mL-1

glycine-HCl
pH 2.8

74

SEBIV Pt
3-mercapto-
propyltri-
methoxysilane

GMBSV 0.1 10 0.4 ng mL-1 not described 75

aminosilaneVI glutardi-
aldehyde

allostatin Ti glycidoxy-
propyldimethyl
ethoxysilane

directly
2 20

3000x
diluted
serum
sample

not possible 77

IgG Ta aminosilaneVII carbodi-
imideVIII 1 100 mV 0.2 ng mL-1 not described 78

IgG Ag aminosilaneIX glutardi-
aldehyde

- - - 0.2 ng mL-1 1.9 M HCl 79

I (aminopropyl)methylsiloxane and polycyanopropylmethylsiloxane
II disuccimidyl suberate
III polycyanopropylmethylsiloxane
IV enterotoxin B from Staphylococcus Aureus
V N- -maleimidobutyloxysuccinimide ester
VI -aminopropyltriethoxysilane and aminobutyldimethylmethoxysilane
VII (3-aminopropyl)triethoxysilane
VIII cyclohexyl(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate
IX 3-aminopropyltriethoxysilane

Nonspecific adsorption
Gebbert et al.78 compared adsorption on IgG (specific) and BSA modified and

unmodified chips. On BSA a 15% change compared to IgG has been found.
Denatured specific antigens cause a capacitance change of 10 – 20% compared to
native antigens. Varlan et al.77 observed only a minor effect from injection of
relatively high concentrations of BSA. DeSilva et al.75 observed desorption of
nonspecifically adsorbed proteins. In the methods described by Maupas and
co-workers73, 74 the specific signal is the difference in response to injection of
antigen between a working and a reference sensor.

Comparison of immunosensors built on silanized metal and built on Si/SiO2

In contrast to immunosensors built on Si/SiO2, immunosensors built on
silanized metal have been developed for flow injection analysis. Ameur et al.74

described that monitoring with impedimetric immunosensors based on Si/SiO2 is
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impossible, because of the small changes observed, which means that a great
number of measurements has to be performed and combined to obtain reliable
results.

While the impedance of a dielectric is inversely proportional to the frequency,
in order for the impedance of a Si/SiO2 structure to be negligible, measurements
have to be performed at high frequencies (usually 10 kHz). Using metal electrodes
it is possible to measure at more appropriate conditions. Therefore, metal
electrodes functionalized with silane layers containing antibodies offer a better
basis for immunosensors.73

SAM-BASED IMMUNOSENSORS

SAMs
The capacitance of SAM-based immunosensors can be tuned by the kind of

sulfur-containing molecules used. Using long-chain alkanethiols a much more
stable and shielding layer with a larger thickness, and thus a smaller capacitance,
is formed than using shorter-chain or branched molecules. The stability of SAMs
arises from interaction of the sulfur-atom with the metal (silver or gold) in
combination with intermolecular interactions between the alkyl chains.81, 82

Another important subject in the research on SAM application in immunosensors
is the reproducibility of formation. This is largely determined by the methods used
for treatment of the surface36, 83-85

Immunosensors
Liu et al.28 detected the interaction of benzo[a]pyrene-bovine serum albumin

(BaP-BSA) with a monoclonal antibody (Mab10c10) specific to BaP, which is
immobilized on a gold electrode through a SAM of cystamine. Using linear sweep
voltammetry (LSV) between +50 and –50 mV and a scan rate of 5 mV s-1

BaP-BSA can be detected in the range of 0.01 to 6 µM after 15 min of incubation.
No cross-reactivity with BSA was observed.

Feng et al.86 detected Human Colonic Tumor (HT29) cells with LSV on a SAM
of anti-HT29 monoclonal antibody, after 1 h of incubation. In this case, the
detection principle is based on the electrochemical oxidation of cells bound to
antibodies. This oxidation peak is observed in a linear scan from –0.1 to +0.8 V
versus SCE, only when HT29 is bound.

Direct amperometric detection was used by Snejdarkova et al.87 The addition of
human IgG to -chain specific anti-human IgG immobilized on mixed SAMs of
11-mercaptoundecanoic acid (MUA) and 1-dodecanethiol resulted in decrease of
conductivity. The detection limit is 2∙10-10 M (= 30 µg L-1). These SAMs were
advantageous by their good stability and absence of nonspecific adsorption (of
HSA), compared to SAMs of MUA or cysteamine or mercaptopropionic acid.
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Stable monolayers were formed after gold cleaning with piranha acid (a mixture of
concentrated H2SO4 and H2O2) or electrochemical cleaning with CV.87

In 1997 Berggren and Johansson27 reported a method for sensitive
measurement of the Ab-Ag interaction using chronoamperometry, by sampling the
current after a potential step (0 – 50 mV) with 50 kHz. Antibodies were
immobilized on mechanically polished and plasma-cleaned polycrystalline gold
rod electrodes via a carbodiimide-activated SAM of thioctic acid, followed by
post-coating with dodecanethiol. From the difference in current response before
and after injection of the analyte, the proteins interleukin-2 (IL-2), human
chorionic gonadotropin hormone (HCG) and human serum albumin (HSA) could
be detected, with detection limits in the pg mL-1 range. No nonspecific adsorption
(of tyrotropic hormone and serum) has been observed.27 At least half of the
electrodes did not produce any change in capacitance when antigens were injected.
Different chaotropic reagents were tested for regeneration of the sensor, but they
were all found to lead to a change in the response of the sensor.27

Detection of interleukin-6 (IL-6) has both been performed on antibodies
immobilized on thioctic acid using carbodiimide activation and on cystamine
using epoxy-activation, followed by postcoating with dodecanethiol. The latter has
a higher sensitivity (detection limit 10 fg mL-1), due to the high relative decrease
in capacitance compared to that arising from antigen binding to proteins
immobilized on thioctic acid SAMs. However, also total amount of binding
locations on cystamine is lower, which results in a smaller detection range. The
reproducibility between different electrodes was 30 – 40%. No nonspecific
adsorption of IL-2 on the sensor has been observed.88

Hintsche et al.89 showed that thin film gold interdigitated arrays can be used for
direct electrochemical immunosensing. Binding of antibodies on antigens with
thiol groups adsorbed on gold, changes the resistive and capacitive parameters.89

Taira et al.90 used SAMs of long-chain dialkyl disulfide with a terminal
dinitrophenyl (DNP) group to detect anti-DNP antibodies. Impedance
measurements from f = 0.1 Hz to 65 kHz in presence of 5 mM hexacyano-
ferrate(II/III), at the open circuit potential (OCP = 0.21 V versus Ag/AgCl) and
E0 = 50 mV could be described by a Randles' circuit (see Figure 4a). In absence of
the redox probe, at f = 100 Hz, Edc = OCP = 0.45 – 0.49 V versus Ag/AgCl a
response for antibodies was found in the range 10 – 103 ng mL-1. However,
differences are found in the impedance of the SAMs, arising from poor
reproducibility of the roughness of the polished gold electrode. A way for
reducing nonspecific adsorption has not been described.90

Göpel and co-workers29, 30 measured the interaction between a synthetic peptide
and its antibody. The peptide was modified with -hydroxyundecanethiol (HUT)
and self-assembled on a gold electrode, prepared by sputtering gold on glass
slides, using an adhesion layer of chromium. The measurements were performed
in the presence of 20 mM hexacyanoferrate(II/III) at OCP, f = 0.05 to 1000 Hz, in
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flow (60 µL min-1).29 In a further study30 it was found that the most reproducible
and insulating protein layers were formed by adsorption of the modified peptide
followed by HUT. The behavior of the electrode could be described with the
equivalent circuit shown in Figure 10a. Hexacyanoferrate has been found to
damage SAMs or reduce the activity of the immobilized proteins.30, 85 Therefore,
further measurements were conducted in buffer, i.e., without a redox probe. The
electrode was exposed to the antibody solution for 15 min and concentrations of
1.74 g mL-1 could be determined. For time-dependent measurements the
frequency used was 113 Hz. A relatively small change (  5%) resulted from
injection of nonspecific antibodies. Regeneration is performed with 6 M urea,
because capacitances were found to return to values more similar to those before
antibody binding than if acidic buffer was used.

Rs

Rct

Q

Rs

Rct

Cdl

Figure 10. Equivalent circuits used by (a) Göpel and co-workers,29, 30 and (b) Jie et al.91 to
describe their immunosensor system.

Mirsky et al.92 used SAMs of the long-chain -mercaptohexadecanoic acid and
-mercaptohexadecylamine on gold electrodes, in the development of an

impedimetric immunosensor for HSA, because they are more stable than SAMs of
shorter-chain molecules. Measurements have been performed at f = 20 Hz,
Edc = 300 mV versus Ag/AgCl, and E0 = 10 mV. Different methods for
immobilization of antibodies on these monolayers have been characterized using
impedimetry. The N-hydroxysuccinimide and carbodiimide methods were
identified as most suitable for protein immobilization in that they did not damage
the alkanethiol layer. The detection limit of the resulting sensor is 15 nM
(1 mg L-1). An equivalent circuit to describe the system was derived. With
polyclonal antibodies a cross-reactivity to BSA was found of 50%, with
monoclonal antibodies 20%.92

Ameur et al.93 immobilized -fetoprotein specific antibodies on a gold
electrode via a cystamine SAM. A sensitivity of about 700 ng mL-1 has been
obtained. The sensor was reusable after washing with 50% ethanol in phosphate
buffer.

For impedimetric detection of human mammary tumor associated glycoprotein
an immunosensor has been described based on monoclonal antibodies physically
adsorbed on gold.91 Frequency scans have been measured before and after
incubation for 40 min in a solution of 200 µg mL-1 specific antigen. Only a minor

ba



Chapter 1

24

effect has been observed with a nonspecific protein. The data have been fitted to
the equivalent circuit, shown in Figure 10b.

Recently, Dijksma et al.94 compared the use of chronoamperometry, as
described by Berggren et al.,27 and impedance measurements (at Edc = +0.2 V,
E0 = 10 mV, and f = 113 Hz) for detection of interferon-  (IFN- ) on antibodies
immobilized on a SAM of acetylcysteine. While the chronoamperometric results
are rather poor, the impedance approach provides unsurpassed detection limits, as
low as 0.02 fg mL-1 (~1 aM) IFN- .94 Non-specifically adsorbed proteins are
removed by injections of 100 mM KCl. SAMs can be formed reproducibly on
electropolished gold electrodes, when a potential pulse method is used to remove
the SAM with coupled antibodies from the electrode.85

From the results obtained by the different authors, it can be concluded that a
low detection limit can only be obtained with sensing layers with a high
capacitance (thin SAMs). The disadvantage is the relatively low stability, which
means that much attention must be paid to the state of the gold and formation of
the SAM. Injections of low salt concentrations, as described by Dijksma et al.,85

can probably more generally be applied to reduce the contribution of nonspecific
adsorption to the signal, which until now hindered general application of SAM-
based immunosensors for measurement in real samples (e.g., plasma).

Besides SAMs also bilayer lipid membranes have been used for
immunosensing.

BILAYER LIPID MEMBRANES

Bilayer lipid membranes (BLMs) have been used for immobilization of
antibodies or antigens for electrochemical detection. BLMs are formed by
adsorbing lipids on a hydrophobic SAM, or as a floating lipid-matrix at an
air-electrolyte interface, which can be transferred to a solid support, leading to the
more stable solid supported BLMs (s-BLMs).95, 96

In 1966, shortly after the first publications on BLMs, Del Castillo et al.97

reported direct electrical detection of immunological reactions based on transient
changes of electrical conductance in BLMs. In 1994 two further studies have been
published.98, 99

Nikolelis et al.100 deposited antibodies directly onto mixtures of phosphatidyl
choline (PC) and dipalmitoyl phosphatidic acid (DPPA) at the air/water interface.
Thyroxin was detected in the nM range by measuring differences in the
transient-ion-current signal caused by dynamic changes in the electrostatic fields
at the surface of the BLMs.100

Wang et al.101 prepared s-BLMs with hepatitis B antigens from glycerol
dioleate in squalene or from phospholipid, PC or lecithin in n-decane on freshly
cut platinum or stainless steel or at the end of salt-bridge tubing, by immersing the
material with adsorbed lipids in an aqueous solution containing antigen.
Differences in R and C caused by interaction with antibodies are calculated from
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CVs. A detection limit better than 1 ng mL-1 was found, in combination with a
negligible amount of nonspecific adsorption.101

Filter-supported BLMs, that is, stabilized BLMs on microporous filtering (glass
microfiber and polycarbonate) consisting of PC and DPPA, have been used in a
flow injection immunoanalysis setup for detection in the nM range.102 This sensor
can be reused 5 times, and can easily be regenerated by recasting of the existing
lipid/Ab film at the air-electrolyte interface to form fresh BLMs.

Hianik et al.103, 104 studied the effect of addition of 2,4-dichlorophenoxyacetic
acid to different antibody-modified membranes. s-BLMs have been formed on
polymer coated stainless steel from 2% phospholipid solution in a mixture of
n-decane and butanol and by immersion of a gold electrode modified with an
octadecanethiol SAM into a 2% solution of phospholipids in n-hexane. Antibodies
are modified with avidin and coupled to biotinylated phospholipids. Detection has
been performed by measuring the impedance at E0 = 40 mV and f = 1 kHz. With
BLMs formed on stainless steel, a detection limit of 0.5 nM has been found,
however with a poor reproducibility, while using BLMs formed on gold the
detection limit was only 0.5 µM, but with a much better reproducibility.
Additional information on the mechanism of interaction has been obtained from
other measurement methods.103, 104 With antibodies adsorbed directly to BLMs a
detection limit of 5 µM is achieved. No contribution of nonspecific adsorption to
the signal has been found.103, 104

CONCLUSIONS

Electrochemical immunosensors offer good possibilities for sensitive detection
of unlabeled proteins. Much attention has been paid to reusability of these sensors.
A problem in these sensors is the contribution of nonspecifically adsorbed proteins
to the signal. Sometimes this contribution is disregarded, but also various methods
to correct for the specificity of the signal have been described.

A method for detection of proteins without irreversibly binding, has been
described by Sadik and co-workers. Detection limits in the g mL-1 range have
been accomplished, using pulsed amperometric detection of proteins with
antibodies immobilized in polypyrrole. However, this method has not been used
by others.

Direct immunosensors based on impedance measurements have been
developed based on antibodies or antigens immobilized in or on silanized Si/SiO2,
silanized metal and polypyrrole. While with Si/SiO2 a detectionlimit of 10 ng mL-1

is generally realizable, with silanized metal and polypyrrole detection limits
around 0.5 ng mL-1 are reported. These sensors are regenerable with glycine
hydrochloride pH 2.8.

With BLMs also detection in the ng mL-1 range is possible, this sensor can be
reused 5 times, and regeneration is possible.
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However, direct immunosensors based on SAMs are in fact the only ones able
to detect much smaller concentrations. Using impedimetry even a detection of 20
ag mL-1 (~1 aM) is reported. Reduction of non-specific adsorption is accomplished
by tuning the ionic strength. Therefore, this method offers good perspectives for
measurement in real samples.
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2
Electrochemical Pretreatment of Polycrystalline Gold Electrodes
To Produce a Reproducible Surface Roughness for Self-
Assembly: A Study in Phosphate Buffer pH 7.4

ABSTRACT

It has been emphasized in several studies that the state of the surface, including the
surface roughness, is very important for the reproducible formation of high-quality self-
assembled monolayers on gold. The pulsed-potential pretreatment procedure described in
this paper can, in a reproducible way, reduce the surface roughness of mechanically
polished polycrystalline gold electrodes by a factor 2. The developed procedure, in which
the gold is alternately oxidized and reduced, has been optimized for use in a flow system
(100 mM phosphate buffer pH 7.4). The influence of the pretreatment procedure on the
surface roughness of the electrodes has been studied by in-situ oxygen adsorption
measurements using cyclic voltammetry. The most effective pulse regime in producing a
gold surface with a reproducible and relatively low surface roughness is a triple-potential
pulse waveform, with potentials of +1.6, 0.0, and 0.8 V versus SCE and pulse widths of
100 ms for each potential. Prolonged pulsing for 2000 - 5000 s with the gold working
electrode in a flow-through cell showed an electropolishing effect, i.e., a decrease of the
roughness in time. Flow conditions are very important: the roughness decreased faster at
higher flow rates, while an increase was observed without flow. A process of
reconstruction and dissolution of gold during application of the potential pulses under flow
conditions is assumed to account for the observed phenomena.

                                                     
Slightly modified version of J.C. Hoogvliet, M. Dijksma, B. Kamp and
 W.P. van Bennekom, Anal. Chem. 2000, 72(9), 2016–2021.
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INTRODUCTION

Gold is a suitable substrate for the formation of self-assembled monolayers
(SAMs) from thiols, sulfides, and disulfides. These SAMs can be used as
intermediate layers for the coupling of a wide range of molecules, including
enzymes and antibodies.1, 2 Apart from the use of gold in electrochemistry,
relatively new methodologies like surface plasmon resonance (SPR),3 and quartz
crystal microbalance (QCM)4 mainly employ gold films as substrate. Both
techniques can relatively easily be combined with electrochemical techniques
(ESPR and EQCM, respectively).

As recently pointed out in the literature,5-11 and in accordance with our own
experiences with SAM formation for affinity biosensors,12 the properties of the
gold substrate - among them the surface roughness - play an important role in their
overall performance. In a comparative study between vacuum-deposited thin-film
and bulk polycrystalline gold electrodes as substrates for SAMs, Creager et al.5

showed that microscopic roughness and the presence of crystal grain boundaries
can have a pronounced effect on the density of defects in SAMs. Furthermore,
they showed that chemical etching of bulk poly-crystalline gold with aqua regia
can greatly reduce this microscopic surface roughness. Reproducible formation
and stability of the monolayer systems are also dependent on the pretreatment of
the gold surface, which often is applied, prior to the assembly process itself.
Adsorbed impurities on the gold surface may hinder electrochemical processes and
the formation of SAMs. It is mainly for these reasons that a number of
mechanical,7, 10 thermal,13 chemical,5, 11, 14-19 and/or electrochemical20-22

pretreatment procedures has been described in the literature. Each of these
procedures is applied shortly before (electrochemical) measurements or
derivatization steps are carried out, in view of the reactive nature of the cleaned
gold surface. Most (electro)chemical procedures share a common step, i.e., an
oxidative treatment to decompose and remove adsorbed material, and to form a
hydrophilic layer of gold oxides on the surface. Chemical oxidation with piranha
acid (a mixture of concentrated H2SO4 and H2O2)

16, 17 and treatment in an oxygen
plasma18, 19 or with ozone11, 18 are frequently applied. In some procedures a thin
layer of gold is removed by the action of aqua regia.5, 15 After oxidation, a
subsequent reduction of the formed gold oxide has been reported to be necessary
to obtain SAMs with a good quality. This can easily be performed by, for instance,
ethanol.8, 18

Apart from the chemical treatments, the gold electrodes can also be pretreated
electrochemically. Cycling the electrode potential between limits at which the gold
surface is oxidized and reduced has been described and has proven to be effective
in the removal of (adsorbed) impurities.20-22 Bulk gold electrodes are often
pretreated by polishing, which by itself has a considerable influence on the
formation and characteristics of SAMs and, therefore, has to be followed by one of
the above described treatments.7, 10, 12



Electrochemical Pretreatment of Polycrystalline Gold Electrodes

33

For our work on affinity biosensors based on SAMs, a method to obtain SAMs
with high stability and reproducible characteristics is required. Therefore, we
searched for a pretreatment procedure that produces a reproducible, clean
electrode surface and which is preferably suitable for on-line use in the same flow
system as used for subsequent derivatizations and measurements. This cannot be
achieved by mechanically polishing but was obtained after a pulsed-potential
pretreatment, carried out in the flow, in a phosphate buffer of pH 7.4. A similar
potential pulse regime, but at much higher pH values, has been in use for some
time in the pulsed amperometric detection of carbohydrates, amines, and sulfur-
containing substances at gold electrodes in liquid chromatography.23 Using
alternate detection with subsequent oxidative cleaning and reactivation of the
electrode surface, electrode fouling associated with anodic oxidation of organic
compounds at gold electrodes is prevented.

The potential-pulse regime was used by us as a pretreatment procedure with a
double action: cleaning the electrode surface from any adsorbed impurities
(including a previously formed SAM) and producing a reproducible surface
roughness.

EXPERIMENTAL SECTION

Materials and reagents
All chemicals, unless mentioned otherwise, were of analytical grade and were

used as received. All aqueous solutions were made with demineralized water.
Phosphate buffer (100 mM, pH 7.4) was made by mixing 100 mM solutions of
disodium hydrogen phosphate and sodium dihydrogen phosphate (Merck).

Hexacyanoferrate(II/III) solutions, used in the impedance measurements,
consisted of phosphate buffer pH 7.4 with 2 mM of both hexacyanoferrate(II) and
hexacyanoferrate(III) (Fluka, Buchs, Switzerland).

Electrochemical measurement system
Gold electrodes have been made by press-fitting a 1.00 mm diameter rod of

pure gold (99.99%, Engelhard-Clal/Drijfhout, Amsterdam) into a Kel-F holder.
The geometric surface area of these electrodes is 0.785 mm2.

The gold working electrodes were used in a flow system, consisting of a LDP-5
precision piston pump (BHS-Labotron) and a confined wall-jet electrochemical
flow-through cell. Details of this homemade flow cell, equipped with a saturated
calomel reference electrode (SCE) and a glassy carbon auxiliary electrode, have
been described previously.24 In the current study the distance between working
and auxiliary electrodes was 100 m. Cyclic voltammetry and multiple-pulse
amperometry were performed with an Autolab PGSTAT10 digital
potentiostat/galvanostat, using GPES 4.5 software for electrochemical
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measurements (Eco Chemie BV, Utrecht, The Netherlands). All potentials
mentioned are with reference to SCE.

Pretreatment of the gold electrodes
Before each new series of measurements, the gold electrodes were polished

during 30 min with Gamma micropolish B deagglomerated alumina suspension,
0.05 m (Buehler, Lake Bluff, IL, USA) on Alphacloth (MetPrep, Coventry,
U.K.), using a Metaserve grinder/polisher (Buehler, Coventry, U.K.). After being
polished, the electrodes were sonicated in Milli-Q water during 15 min.
Subsequently, an electrochemical pretreatment was applied.

The gold electrodes were electrochemically pretreated using a sequence of
potential pulses. Several potential-pulse regimes have been investigated. A triple-
potential pulse sequence with potentials and times of Ea V, 100 ms; 0.0 V, 100 ms;
and Ec V, 100 ms was applied continuously during 100, 300, 1000, or 5000 s. The
anodic pulse potential Ea was either +1.6 or +1.2 V. The cathodic potential Ec was
0.0, 0.3, 0.6 or 0.8 V. The last potential value in the sequence (before the cell
was switched off) was always Ec.

RESULTS AND DISCUSSION

Determination of the surface roughness
For the determination of the surface roughness of electrodes, a number of

methods has been reviewed by Trasatti and Petrii.25 Because we wished to
investigate the influence of the different pretreatments on the surface roughness of
the gold electrodes in real-time, ex-situ methods (BET, X-ray diffraction,
microscopy) could not be used. Therefore, oxygen adsorption measurement was
chosen as a simple in-situ method to obtain an indication for the microscopic
surface area. The method comprises oxygen chemisorption onto the gold surface
in an anodic potential scan. The oxide coverage is dependent on the
crystallographic orientation, anodic potential limit, and anodization time but is
generally assumed to be reproducible if the same procedure is used under the same
conditions. The amount of surface oxide formed can be measured by integration of
the gold oxide reduction peak in a cathodic scan (Figure 1).

Usually, calculations of the real surface area, commonly expressed as a
roughness factor, are based on the assumption that a monolayer of chemisorbed
oxygen, with a gold:oxygen ratio of 1:1 has been formed. The current minimum
that follows the gold oxidation peak in the voltammogram is usually taken as an
indication that a monolayer coverage is reached.26 The exact value of the
corresponding charge required for the reduction of this monolayer depends on the
composition of the exposed crystalline planes. A value of about 400 C cm 2 has
been mentioned in the review of Trasatti and Petrii25 for polycrystalline gold.
Oesch and Janata used a calculation of the mean surface concentration of gold
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atoms based on density and atomic weight of gold, which leads to a value of
482  cm 2 for a monolayer of chemisorbed oxygen on polycrystalline gold.26

Although oxygen adsorption measurement appears to be a somewhat arbitrary
procedure to determine the real surface area, it has found widespread use.25-31
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Figure 1. Determination of the surface roughness of a gold electrode by integration of the
gold oxide reduction peak in the cyclic voltammogram. Phosphate buffer pH 7.4, volume
flow rate 0.1 mL min-1, potential scan rate 50 mV s-1.

The procedure used by us was developed and optimized for 100 mM phosphate
buffer pH 7.4, and consisted of two CV scans between 0.1 and +1.2 V at a scan
rate of 50 mV s 1. A typical example is shown in Figure 1. Oxide formation starts
at +0.65 V, the current reaches a maximum at +0.75 V and a minimum at +1.0 V.
Repeatedly scanning (50 CVs) in this potential range did not significantly change
the area under the gold oxide reduction peak with respect to the charge measured
in the second scan. The area under the gold oxide stripping peak in the second
scan (oxide stripping charge QAuO, expressed in mC cm-2 of geometric surface
area) was taken as a measure for the microscopic surface area, and thus as an
indication for the surface roughness. In our study, the oxide stripping charge QAuO,
as an indication for the surface roughness, is only used for comparative purposes.
Additionally, a roughness factor, assuming 482 µC cm-2, is given in Figures 2 - 5.
This parameter is included, since it is frequently used in the literature to express
surface roughness.

The measurements were automated using a facility of the GPES software
package. A pulse sequence was continuously applied during a fixed period
(indicated throughout this paper as the pulse sequence duration). Subsequently,
two CVs were recorded, the area under the gold oxide stripping peak in the second
scan was determined using the automatic peak search option, and the results were
stored on disk. This procedure of alternated pulsing and scanning was repeated for
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a predetermined number of cycles. The phrase total pulse time is used throughout
this paper, and defined as the number of cycles multiplied by the pulse sequence
duration. This automated process enabled us to measure under reproducible
conditions during prolonged times.
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Figure 2. Influence of potential-pulse regime on the surface roughness of a gold electrode as
a function of total pulse time. : +1.6/0.0/0.0 V; : +1.6/0.0/-0.3 V; : +1.6/0.0/-0.6 V; :
+1.6/0.0/-0.8 V; : +1.2/0.0/-0.8 V. Pulse sequence duration was 1000 s. Phosphate buffer
pH 7.4, volume flow rate 0.1 mL min-1. QAuO: oxide stripping charge.

The surface roughness as a function of electrode pretreatment
The gold electrodes were polished, washed and sonicated prior to (a series of)

further pretreatments. Before any other further treatment, the oxide stripping
charge was determined as described above.

A number of electrochemical pretreatment procedures, consisting of alternate
pulsing to anodic and cathodic potentials, has been investigated. For phosphate
buffer pH 7.4, the pulse regime of +1.6/0.0/ 0.8 V, each potential applied during
100 ms, turned out to be the most effective one in producing a reproducible
electrode surface area, with a relatively low roughness. The mean and standard
deviation for a freshly polished electrode, before the application of the pulsed
potential treatment, were determined as 1.17 ± 0.14 mC cm-2 (n = 5). After an
electrochemical pretreatment of this electrode at a flow rate of 0.1 mL min-1, mean
and standard deviation of the oxide stripping charge at its minimum value, after
ca. 6000 s of total pulse time, were 0.62 ± 0.01 mC cm-2 (n = 5). Both mean and
standard deviation are significantly reduced compared with the corresponding data
obtained in the same measurement series before the pulse treatment started. The
final choice of the anodic and cathodic pulse potentials was based on the following
considerations and observations. An anodic potential of +1.6 V is well beyond the
onset of gold oxide formation in this medium. Decreasing the anodic pulse



Electrochemical Pretreatment of Polycrystalline Gold Electrodes

37

potential from +1.6 to +1.2 V was still effective, but resulted in a higher minimum
in the roughness, and a faster increase of roughness at prolonged pulse time
(t > 10,000 s; Figure 2). The value of the cathodic potential in the triple-potential
pulse regime was varied between 0.0 and 0.8 V. The lowest roughness, the least
increase of the roughness at prolonged pulsing, and the best reproducibility were
obtained with a cathodic pulse to 0.8 V.

Pulse sequences of only one anodic and one cathodic potential, omitting the
potential of 0.0 V in between, were also investigated, but the results were inferior
to those of the triple-potential pulse regimes (Figure 3). Higher values for the
minimum in the roughness, and both a faster onset of the increase, and a larger
absolute increase in roughness as a function of total pulse time were observed.
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Figure 3. Comparison between the influence of a double- and triple-potential pulse regime
on the surface roughness of a gold electrode as a function of total pulse time. Double-
potential pulse: : +1.6/-0.3 V; : +1.6/-0.6 V; : +1.6/-0.8 V. Triple-potential pulse: :
+1.6/0.0/-0.8 V. Pulse sequence duration was 1000 s. Phosphate buffer pH 7.4, volume flow
rate 0.1 mL min-1. QAuO: oxide stripping charge.

Figure 4 shows the surface roughness resulting from the application of the
optimum pulse regime as a function of total pulse time. Each data point in the
graphs represents the recording of two CVs. The pulse sequence duration has been
varied between 100 and 5000 s. After about 5000 s, the four curves of oxide
stripping charge versus time, with pulse sequence durations of 100, 300, 1000, and
5000 s, tend to coincide. This is in agreement with our observation mentioned
above, that during repeatedly scanning of the potential between –0.1 and +1.2 V
no significant change was noticed in the charge required to reduce the formed gold
oxides. Therefore, we conclude that there is no significant effect on the surface
roughness by the measuring procedure itself (CV scans), compared to the effect of
the potential pulse regime. It is also clear that this pretreatment yields a
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reproducible roughness within about 5000 s at a volume flow rate of 0.1 mL min-1,
independent of the surface roughness of the freshly polished electrode at the start
of the electrochemical pretreatment.
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Figure 4. Change in surface roughness of a gold electrode as a function of total pulse time
for a potential-pulse regime of +1.6/0.0/-0.8 V. Pulse sequence durations of : 100; : 300;

: 1000; : 5000 s were used. Phosphate buffer pH 7.4, volume flow rate 0.1 mL min-1.
QAuO: oxide stripping charge.

Figures 2 - 5 show the electropolishing effect of this type of electrochemical
pretreatment. Within the first 5000 s the oxide stripping charge decreases to a
minimum value of about 0.6 mC cm-2. Prolonged pulsing during another 55,000 s
gradually increases the surface roughness again. To achieve this electropolishing
effect, maintaining a flow of the solution along the electrode surface during the
pretreatment is very important, as can be seen in Figure 5. At high flow rates, the
minimum roughness is reached in a shorter time compared to low flow rates. In
static solutions (no flow), there is no indication of an electropolishing effect. On
the contrary, there is a relatively rapid increase in surface roughness, which is also
visible as a reddish-brown colouring of the electrode surface.

The observed phenomena can be explained by reconstruction and dissolution of
gold. Evidence for changes in surface topography of noble metal electrodes caused
by electrochemical treatments in non-complexing electrolytes has been found
already a long time ago (see Woods20 and references therein). Both roughening
and smoothing have been reported. More recently, potential-induced
reconstructions have been revealed in extenso by STM (see, for instance, the
review articles by Kolb,32 Gewirth and Niece,33 Li and Wang,34 and by Moffat).35
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Figure 5. Influence of volume flow rate on the surface roughness of a gold electrode as a
function of total pulse time for a potential-pulse regime of +1.6/0.0/-0.8 V in phosphate
buffer pH 7.4. : 0.0 mL min-1 (pulse sequence duration 1000 s), : 0.1 mL min-1 (pulse
sequence duration 1000 s), and : 1.0 mL min-1 (pulse sequence duration 250 s). QAuO:
oxide stripping charge.

Oxidative-reductive potential cycling has intentionally been used to increase
the surface area of gold for surface-enhanced Raman spectroscopy (SERS).36 A
square-wave potential perturbation has been used by Chialvo et al. as a method to
obtain a reproducible, controlled roughness and electrochemical response for
platinum, gold, and rhodium electrodes.37 A dissolution-redeposition mechanism
for the roughening of platinum electrodes on potential cycling in 1 M H2SO4 has
been proposed by Untereker and Bruckenstein.38 The possibility of gold
dissolution at low pH under electrochemical conditions has been proven with
rotating ring-disk electrode experiments by Cadle and Bruckenstein.28 The
quantity of dissolved gold was found to increase with rotation speed. Recently,
Rocklin et al. described rotating ring-disk experiments in alkalic solutions, in
which they observed the same phenomena.39 In general, optimum conditions for
electropolishing are achieved under mass-transport control.40

It is beyond the scope of our study to determine the exact role of the phosphate
anion in the gold dissolution process. Recently, Silva and Martins described the
effect of the anions perchlorate, nitrate, sulphate, and phosphate on the
electrochemically induced surface reconstruction of gold single crystals.41

Phosphate showed the highest specific adsorption. It was concluded that in the
presence of multi-bonded oxoanions like sulphate and phosphate, sufficient
mobility of surface atoms is only achieved after desorption of those anions. An
anion-enhanced mobility of gold atoms - the effect being larger, the more positive
the potential and/or the stronger the anion-gold interaction - has been suggested to
be the basis of electrochemical annealing.32 It can be expected, therefore, that
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specific adsorption of phosphate anions (H2PO4  and HPO4
2 ) may play an

important role in the oxidation and dissolution process of gold.

CONCLUSIONS

Our results indicate, that the microscopic roughness of polycrystalline gold
electrodes can be decreased compared with the roughness of mechanically
polished electrodes, by a factor 2, using a triple-potential pulse regime in a flow
system, in phosphate buffered media at pH 7.4. More importantly, it also appears
to be possible to generate a reproducible microscopic surface area. This is of
importance for the reproducible formation of stable SAMs with controlled
characteristics.

The observed electropolishing effect is probably caused by reconstruction and
dissolution of the gold surface under the influence of the alternating oxidizing and
reducing potentials, in combination with the hydrodynamic conditions. A
minimum time during which the pulse regime is applied is necessary to achieve
the lowest roughness. This time is dependent on the flow conditions used. At
higher flow rates, the minimum roughness is achieved faster than at lower flow
rates (after 2000 s at 1.0 mL min 1 versus 5000 s at 0.1 mL min , in our confined
wall-jet configuration). This observation, and the fact that without flow, there is no
electropolishing effect at all, can be explained by the transport of dissolved gold
under the influence of the flow of buffer, away from the electrode surface, before
redeposition as metallic gold at a reducing potential can occur.
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3
Formation and Electrochemical Characterization of Self-
Assembled Monolayers of Thioctic Acid on Polycrystalline Gold
Electrodes in Phosphate Buffer pH 7.4

ABSTRACT

Formation of self-assembled monolayers (SAMs) of thioctic acid (TA) on
polycrystalline gold electrodes has been investigated. The Au electrodes are polished, first
mechanically and subsequently electrochemically, until the roughness of the surface is
minimal. The best TA SAMs are formed onto these electropolished electrodes from stirred
solutions, while a potential E = 0.0 V or E = +0.2 V versus saturated calomel reference
electrode (SCE) is applied during the adsorption process. Impedance methods are used to
monitor the formation of the SAMs and to characterize these. Potentiostatically formed TA
SAMs have better characteristics than those formed at open circuit. The TA SAMs are
stable in 100 mM phosphate buffer pH 7.4, and when protected from light, also in buffered
2 mM hexacyanoferrate(II/III) solution. However, when the hexacyanoferrate(II/III)
solutions are exposed to light, the TA SAMs are not stable. Probably, damaging of the
SAM proceeds via etching of the gold surface by photochemically released cyanide ions.
Using potential pulses (+1.6, 0.0, -0.8 V versus SCE, each 0.1 s) for 15 min in the flow
(0.5 mL min-1), the TA SAM can be removed completely, recovering the initial state of the
gold electrode, as deduced from potential-step experiments. This way TA SAMs can be
formed and removed repeatedly and reproducibly on a single electrode.

                                                     
Slightly modified version of M. Dijksma, B. Kamp, J.C. Hoogvliet, and
 W.P. van Bennekom, Langmuir 2000, 16(8), 3852–3857.
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INTRODUCTION

In immunosensors, typically, the interaction of a protein (the antigen, Ag) and
an immobilized antibody (Ab) or antibody fragment is recorded. A variety of
devices has been reported, on the basis of optical, for example, surface plasmon
resonance (SPR),1 piezoelectrical, e.g., quartz crystal microbalance (QCM)2, 3 or
electrochemical methods.4-6 For electrochemical immunosensors many approaches
and strategies are exploited. Considering only those in which none of the reaction
partners is labeled, the Ab-Ag interaction is directly measured, for example, using
alternating current (ac) impedance methods, which can be performed in a faradaic
(i.e., in the presence of a redox probe) or in a non-faradaic mode.7-12 In the non-
faradaic mode also potential-step13, 14 and pulsed amperometric15-17 detection
methods have been reported. Both impedance and potential-step methods provide
information on the resistance (R) and capacitance (C) of the sensor, from which
the amount of antigen in the sample can be calculated.

In our research on electrochemical immunosensors, antibodies are attached to
gold electrodes via self-assembled monolayers (SAMs) using activation of the
carboxyl group of -mercaptoalkanoic acids with 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide hydrochloride and N-hydroxysulfo-succinimide.7, 18, 19

With longer-chain alkanethiols (i.e., -mercaptohexa-decanoic acid) more stable
SAMs are obtained.7 The detection limits of these immunosensors are about
15 nM,7 whereas with shorter-chain alkanethiols thioctic acid (TA, 1,2-dithiolane-
3-pentanoic acid) and cysteamine detection limits of about 15 fM have been
reported.13, 14 It can therefore be concluded that SAMs of short-chain alkanethiols
offer the best possibilities for development of sensitive immunosensors. This
conclusion is supported by our own experience (see Chapters 5 and 6).

The process of SAM formation has been studied in real time with SPR,20, 21

QCM,22-26 atomic force microscopy (AFM),27, 28 and scanning tunneling
microscopy29 methods. Fruböse and Doblhofer26 studied formation of octadecane-
thiol SAMs from ethanolic solutions both with QCM and impedance methods.
From QCM measurements it was clear that the monolayer forms very fast. From
impedance measurements a subsequent ordering was observed. Xu et al.28

examined the mechanism and kinetics of self-assembly in solution using AFM
imaging. A stepwise process for the formation of the SAM was revealed, including
a structural phase transition. Thiols self-assemble onto gold surfaces initially in a
lying-down phase, which subsequently rearranges to a standing-up phase.
According to Fenter et al.30 a lying-down phase is observed at low coverage and a
standing-up phase at high coverage. As far as we know, only investigations of
adsorption of long-chain thiols from organic solvents have been published, with
the exception of Hu and Bard,27 who studied adsorption of mercaptoundecanoic
acid from aqueous solutions (pH 10.2).

Frequently, electrodes are pretreated by annealing or vapor deposition of a
fresh gold layer before formation of a SAM. Ron et al.31 describe formation of
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reproducible SAMs of octadecanethiol by cleaning the electrode using a two-step
procedure. First the Au surface is exposed to UV/ozone (or O2 plasma) treatment,
to oxidize organic contaminants, then the electrode is immersed in pure ethanol to
reduce the gold oxide formed during the first step. Removal of gold oxides is
important, because they can cause distortion of the SAM layer.31, 32 A possibly
simpler method to remove SAMs is the application of potential pulses, because
SAMs are only stable in a limited potential range, depending on the kind of
molecules used.33-35

SAMs of long-chain alkanethiols are stabilized by intermolecular Van der
Waals forces. SAMs of short-chain cyclic disulfides, like TA, are therefore less
stable. However, hydrogen bonding has been proposed to increase the stability of
SAMs of mercaptoalkanoic acids.36 TA SAMs have been used to assemble
enzymes on electrodes.37, 38

For formation of stable SAMs both structure and state of the gold surface are
very important. Cheng and Brajter-Toth39 found that TA SAMs formed on aqua
regia etched gold have a higher permselectivity than those formed on polished
gold. Guo et al.15 investigated the effect of gold topography and surface
pretreatment on the self-assembly of alkanethiol monolayers. We recently
developed a method to achieve a reproducible surface roughness of mechanically
polished polycrystalline gold electrodes by prolonged treatment with potential
pulses in the flow.40

In regenerable immunosensors the Ab-Ag complex is dissociated by the use of
chaotropic reagents.41, 42 However, this treatment is reported to damage SAMs 13, 43

or to cause a decrease in sensitivity of the sensor.9, 44 Removal of the SAM
together with antibody and antigen followed by formation of a new sensing layer
is another way to achieve regenerability. An important condition for this is the
reproducibility of SAM formation and coupling of the antibody.

The formation from aqueous environment (pH 7.4) and characterization of TA
SAMs on electropolished Au electrodes will be described using impedance
methods. The TA SAMs can be removed at pH 7.4 by application of a sequence of
potential pulses to the electrode. Because of the observed limited stability of TA
SAMs in solutions containing hexacyanoferrate(II/III), etching of the gold layer by
this redox probe has been investigated.

EXPERIMENTAL SECTION

Chemicals
All chemicals were of analytical grade and used as received, unless mentioned

otherwise. Phosphate buffer pH 7.4 was prepared by mixing 0.1 M solutions of
Na2HPO4 and NaH2PO4 (both from Merck, Darmstadt, Germany).

Hexacyanoferrate(II/III) solution consisted of phosphate buffer pH 7.4 with
2 mM of both K3Fe(CN)6 and K4Fe(CN)6 (Fluka, Buchs, Switzerland).
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DL-6,8-thioctic acid (> 99%) was purchased from Sigma (St. Louis, MO,
USA). All water used was demineralized.

Mechanical pretreatment of electrodes
The working electrodes consist of a gold wire (99.99%, Engelhard-Clal,

Amsterdam, The Netherlands) with a diameter of 1.00 mm (geometric surface area
of 0.785 mm2) and are press-fitted in Kel-F. They are polished during 30 min with
Gamma micropolish B deagglomerated alumina suspension (0.05 µm, Buehler,
Lake Bluff, IL, USA), using a Metaserve automatic polisher (Buehler, Coventry,
U.K.), with polishing cloth Alphacloth (Metprep, Coventry, U.K.). Finally the
electrodes are cleaned ultrasonically in water for 15 min.

Electrochemical equipment
For electrochemical measurements a confined wall-jet flow-through cell is

used, with a saturated calomel reference electrode (SCE) and a glassy carbon disc
auxiliary electrode.45 All potentials are versus SCE. The flow system further
consisted of an HPLC pump (LKB 2150, Bromma, Sweden) and PEEK capillaries.

For potential pulses, cyclic voltammetry (CV), and potential-step
measurements an Autolab PGSTAT10 digital potentiostat/galvanostat with an
ADC750 module was used with GPES 4.5 software (Eco Chemie, Utrecht, The
Netherlands). For impedance measurements, a FRA module with software version
2.30 (Eco Chemie) was used.

Electrochemical methods
After polishing, the electrodes were pretreated by application of triple-pulse

sequences ( 1.6, 0.0, 0.8 V, each 0.1 s) for 30-120 min.40 Potential pulses, CV
and potential-step measurements on the electrode were performed in phosphate
buffer (pH 7.4). Impedance measurements of SAM formation have been
performed in batch, in phosphate buffer containing 50 mM TA, at an applied
potential (Edc) of 0.0 V, with a superimposed sinusoidal potential with an
amplitude (E0) of 10 mV, at a range of frequencies from 1 kHz to 0.5 Hz.

SAMs are characterized in buffered hexacyanoferrate(II/III) solution, with a
flow rate of 0.1 mL min-1, by measuring the impedance as a function of the
frequency of the alternating potential (f = 1 kHz - 10 mHz) at a constant potential
of 0.2 V.

Measurements of impedance in time have been performed in buffer at Edc = 0.0
or 0.2 V, and in hexacyanoferrate(II/III) solutions at Edc = 0.2 V. The real (Z')
and imaginary (Z") component of the impedance Z are plotted against time.

Measurement of the current due to application of a potential step from 0 to
50 mV (versus SCE) in buffer has been used to characterize the gold surface.
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Investigation of etching of gold by hexacyanoferrate
Etching of gold by hexacyanoferrate(II/III) solutions was investigated using

SPR disks, that is, thin film gold layers (about 50 nm) vapor-deposited over a
titanium underlayer of 2 nm on glass (Eco Chemie, Utrecht, The Netherlands).

The thickness of the gold layer is determined by spectrophotometric
transmission measurements at 550 nm using a double-beam spectrophotometer
(Hitachi 100-60, Tokyo, Japan).

Formation and Removal of SAMs
SAMs were formed on potential-pulse pretreated electrodes from 50 mM

solutions of DL-6,8-thioctic acid in 100 mM phosphate buffer pH 7.4 at room
temperature by adsorption at open circuit or at an applied potential E = 0.0 V or
E = +0.2 V.

The formation of SAMs has been monitored by impedance measurements (see
Electrochemical methods).

SAMs were removed from the electrodes in 100 mM phosphate buffer pH 7.4
by application of potential pulses (+1.6, 0.0, -0.8 V versus SCE, each 0.1 s) for
15 min in the flow (flow rate 0.5 mL min-1).

RESULTS AND DISCUSSION

Initially, the polished gold electrodes were further pretreated by application of
potential pulses for 1000 s under flow conditions followed by the formation of TA
SAMs at open circuit.39, 46-51 These SAMs were characterized with impedance
methods in buffered hexacyanoferrate(II/III) solution. In Figure 1 typical Nyquist
plots are shown, indicating the large variability in characteristics.
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Figure 1. Typical Nyquist plots of TA SAMs in a hexacyanoferrate(II/III) solution after
electrode treatment by mechanical polishing, ultrasonic cleaning and application of potential
pulses during 1000 s, flow rate 0.1 mL min-1 (SAM 1: , SAM 2: ). Z' is the real and Z"
the imaginary component of the impedance Z.
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The characteristics of the SAMs in Figure 1 are very different, despite the fact
that the procedures are identical. Generally, a larger semi-circle indicates a larger
charge-transfer resistance (Rct) in combination with a lower capacitance. Rct can be
derived roughly from the intersection of the semi-circle with the Z'-axis.52 It is
assumed that irreproducibility is mainly caused by differences in smoothness of
the electrode surface.39, 53
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Figure 2. Typical plot of the roughness factor as a function of time during application of
potential pulses (see text), measured every 100 s in phosphate buffer pH 7.4, flow rate
0.1 mL min-1

 
40

To find the origin of the variability, the influence of the time and potentials of
the pulse treatment on the surface roughness has been investigated. The results are
described in Chapter 2.40 In Figure 2 the roughness factor (i.e., the ratio of
apparent and geometric area) as a function of time is indicated during application
of potential pulses. The apparent area has been determined from the gold oxide
stripping peak of the second cyclic voltammetric scan from –0.1 to 1.2 V,
50 mV/s.40, 54 An optimum pretreatment procedure was found by application of the
potential pulse sequence +1.6, 0.0, 0.8 V, each 0.1 s, under flow conditions,
during 30 – 120 min. With this method a smooth surface and an almost constant
surface roughness is obtained.

As can be observed from Figure 2, 1000-s pulse time was not sufficient to
obtain an optimal smooth surface. It can be concluded that our minor
reproducibility in SAM formation can indeed arise from differences in the surface
area of the electrode. Therefore, from this time on, electrodes are pretreated by
potential pulses until a minimum surface roughness is reached.40 Better
characteristics for SAM formation on these electrodes are assumed.
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Formation and characterization of TA SAMs
To obtain information on SAM formation, impedance measurements have been

performed during this process, which imply the application of a potential to the
electrode. E = 0.0 V has been used, because it has been observed that the open
circuit potential (OCP) of an electrode with TA SAM in this solution is close to
this potential. In Figure 3 the real (Z') and the imaginary (Z") component of the
impedance against time are shown, obtained at a modulation frequency of 1 kHz,
in batch and without stirring.
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Figure 3. Real (Z') and imaginary (Z") component of the impedance Z as a function of time
during SAM formation from a 50 mM TA solution in 100 mM phosphate buffer pH 7.4 at
E = 0.0 V and E0 = 10 mV (f = 1 kHz) in batch, with (thick line) and without (thin line)
stirring, at a constant temperature of 22.0°C.

During formation, an increase of Z' and Z" has been observed, which can be
related to both increasing amounts of TA immobilized on the surface and
reorganisation. The same pattern has been observed at lower frequencies. Stirring
causes the process to proceed more gently. According to Figure 3 the only
difference between stirring and non-stirring is the smoothness of the process, the
final results are almost identical. However, the formation time has a stronger
influence on the characteristics of the SAM formed in unstirred solutions, as
shown in Figure 4.

It is not possible to fit these Nyquist plots by a commonly used equivalent
circuit like those shown in Chapter 1, Figures 4 and 10. However, both the real
and the imaginary part of the impedance increase in time, which is assumed to
arise from an increase in the mean thickness of the monolayer (i.e., decreasing
amount of pin-holes), caused by rearrangement of the molecules.



Chapter 3

50

0

20

40

60

80

100

0 20 40 60 80 100 120 140 160
Z' (k  cm2)

Z
" 

(k
 c

m
2 )

Figure 4. Typical Nyquist plots of TA SAMs formed in 17 ( ), 22 ( ), and 60 ( ) h,
without stirring, measured in hexacyanoferrate(II/III) solution in flow (0.01 mL min-1) at
E = 0.2 V and E0 = 10 mV, f = 1 kHz – 10 mHz.

Stability
SAMs formed on electropolished Au electrodes are stable in phosphate buffer

during at least 18 h, but less stable in hexacyanoferrate(II/III) solution. Krysinski
and Brzostowska-Smolska48 also reported irreversible changes in the monolayer
capacitance after characterization with hexacyanoferrate(II/III) solutions. The rate
of deterioration in quality depends on the initial characteristics of the SAM, that is,
the amount and size of the pin-holes. We assume that damaging of the monolayer
proceeds by etching of the substrate.

Therefore, the stability in buffer and hexacyanoferrate(II/III) solutions of thin
(50 nm) gold layers on glass (with 2-nm titanium adhesion layer) was tested by
measuring the thickness of the gold layer spectrophotometrically (  = 550 nm). In
buffer no significant etching takes place in 24 h, whereas in hexacyano-
ferrate(II/III) after 6 h the thickness has been diminished to 37 nm, as shown in
Figure 5.

However, when the solution is protected from light, no etching effect is
observed. The etching effect is probably caused by cyanide ions, which can be
formed easily from displacement of one CN- in the hexacyanoferrate(III) complex
by a H2O molecule by exposure to light.55, 56 We found that etching of gold by
hexacyanoferrate(II/III) is not limited to high pHs,57 but also takes place in
phosphate buffer pH 7.4. We assume that these results, obtained with thin gold
layers, can be extrapolated to the polycrystalline gold electrodes used in
immunosensors. This is emphasized because SAMs are stable in hexacyano-
ferrate(II/III) until the solution is exposed to light, as shown in Figures 6 and 7.
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Figure 5. Thickness of a thin gold layer (50 nm) on glass as a function of time in phosphate
buffer pH 7.4 ( ) and buffered hexacyanoferrate(II/III) solution ( ), calculated from VIS
(  = 550 nm) measurements (n = 2).
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Figure 6. Real (Z') and imaginary (Z") component of the impedance Z (f = 50 mHz;
E = +0.2 V) of a TA SAM measured in phosphate buffer pH 7.4 for 2 h, in
hexacyanoferrate(II/III) in the dark for 46 h, followed by exposure of the solution to light,
flow rate 0.1 mL min-1. At the times indicated by arrows, frequency scans have been
recorded which are shown in Figure 7.
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Figure 7. Influence of light on the long-term stability of a TA SAM in buffered
hexacyanoferrate(II/III) solution. 3 successive scans have been measured after 6 h ( ) and
after 25 h (o) in the dark (see Figure 6). After exposure of the solution to light, i.e., after
46 h, 5 successive scans have been measured (unmarked). Flow rate 0.1 mL min-1,
E = +0.2 V, E0 = 10 mV, f = 1 kHz – 10 mHz.

Repeated removal and formation
The Ab-Ag complex can be dissociated by using chaotropic reagents: solutions

with a low pH or a high ionic strength (or both). For electrochemical immuno-
sensors based on SAMs, no suitable regeneration procedure has been published as
far as we know. Damaging of the SAM by chaotropic reagents13, 43 and irreversible
adsorption of denatured proteins to the SAM41, 42 have been reported.

When sensors can be formed reproducibly, regeneration can also be done by
removal of the SAM with antibody and antigen still attached. TA SAMs can be
removed by applying a series of potential pulses. For complete regeneration about
15 min of potential pulses (+1.6, 0.0, -0.8 V, each 0.1 s) are applied in a flow of
0.5 mL min-1.

An indication of the cleanliness of the gold after removal of a SAM from an
electrode can be obtained from impedance measurements. However, the results are
influenced by rapid contamination of the gold. Fast characterization can be
performed by measuring the impedance at a single frequency. However, more
information can be obtained in a short time from potential-step experiments, where
the current due to application of a potential step from 0 to 50 mV (versus SCE) in
buffer is measured during the first few milliseconds. From Figure 8 it can be
observed that the curves of the cleaned gold electrode before SAM formation and
after SAM removal by potential pulses are almost exactly identical. Therefore, we
conclude that the SAM is completely removed by this potential-pulse procedure in
the flow.
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Figure 8. Characterization of gold electrodes with a potential step from 0 to 50 mV (versus
SCE) in phosphate buffer pH 7.4. Clean gold response before the SAM formation, response
when a TA SAM is deposited, and the response after removal of this SAM returning to the
clean gold state.

In Figure 9 the Nyquist plots of TA SAMs formed successively on the same
electrode at 0.0 V without stirring are shown. From this figure, it can be concluded
that TA SAMs can be formed reproducibly.
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Figure 9. Nyquist plots of TA SAMs formed from 50 mM TA in batch during 22 h (at
E = 0.0 V without stirring) on a gold electrode after removal of the previous SAM by
potential pulses (see text), measured in hexacyanoferrate(II/III) solution in the flow
(0.01 mL min-1) at E = +0.2 V and E0 = 10 mV, f = 1 kHz – 10 mHz.
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However, as can be concluded from some additional measurements, the
cleaning method used in this study is not generally applicable. It is found that gold
that is contaminated during storage overnight can not fully be cleaned this way,
and SAMs of long-chain alkanethiols (e.g., dodecanethiol) can only be partly
removed from the electrode. Although some of the dodecanethiol is removed
during potential-pulse treatment, the response expected from a completely clean
surface is not reached within 1 h.

Influence of applied potential during SAM formation
Apart from the pulsed-potential treatment of the electrode and stirring, also the

applied potential during formation influences the characteristics of the SAM. The
SAMs shown in Figure 9 are formed at E = 0.0 V. SAMs formed overnight at
0.0 V have a higher R and lower C than SAMs formed at open circuit, and have
also a better stability. In Figure 10 a typical course of the impedance in time
(f = 50 mHz) is shown of a SAM formed at open circuit.

A possible explanation for this difference is the presence of gold oxides after
potential-pulse treatment. By application of a potential of 0.0 V to the electrode
these oxides are electrochemically reduced. Gold oxides can be encapsulated
under the SAM, which may result in distortion of the monolayers.58 However,
although no gold oxides could be detected with stripping voltammetry32 on pulsed-
potential pretreated electrodes, the possibility of another mechanism must be
considered.
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Figure 10. Real (Z') and imaginary (Z") component of the impedance Z (f = 50 mHz) of a
TA SAM formed at open circuit, measured in a hexacyanoferrate(II/III) solution in the dark
at E = +0.2 V and E0 = 10 mV (f = 50 mHz) in the flow (0.1 mL min-1).
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Because the OCP of an electrode with a SAM is about 0.0 V, the difference in
characteristics of the SAMs is expected to arise from the initial adsorption of the
molecules to the gold surface.

An even higher R and lower C have been observed at +0.2 V compared with
0.0 V. Apparently the mechanism of TA SAM formation is influenced by the
potential of the substrate. We assume that SAM formation occurs more ordered
when the disulfide groups of TA are attracted directly to the gold, by means of a
combination of dipolar attraction and attraction between sulfur and gold. At open
circuit first a disordered monolayer is formed that slowly rearranges to an ordered
monolayer. Formation of SAMs at OCP has been found to proceed in different
steps and it has been observed that the sulfur usually is not directed to the gold
during the first adsorption step.28, 30 Another possible explanation can be found in
reconstruction of the gold surface.59

CONCLUSIONS

The best TA SAMs are formed when the Au electrode is first mechanically and
subsequently electrochemically polished, until the roughness of the surface is
minimal, and when a potential E = 0.0 V or E = +0.2 V is applied during the
adsorption process. Impedance methods are used to monitor the formation and to
characterize the SAMs. In stirred solutions the formation develops more gradually
than in static solutions. Potentiostatically formed SAMs have better characteristics
than these formed at open circuit.

The SAMs are stable in 100 mM phosphate buffer pH 7.4 and when protected
from light in buffered 2 mM hexacyanoferrate(II/III) solution. However, when
exposed to light, the TA SAMs are not stable in the hexacyanoferrate(II/III)
solutions. Probably, damaging of the SAM proceeds via etching of the gold
surface by photochemically released cyanide ions.

Using potential pulses (+1.6, 0.0, -0.8 V, each 0.1 s) for 15 min in the flow, the
SAM can be removed completely, recovering the initial state of the gold electrode,
as deduced from potential-step experiments. This way SAMs can be formed and
removed repeatedly and reproducibly on a single electrode.
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4
Effect of Hexacyanoferrate(II/III) on Self-Assembled Monolayers
of Thioctic Acid and 11-Mercaptoundecanethiol on Gold

ABSTRACT

Hexacyanoferrate (II/III) is a redox probe commonly applied in the characterization of
SAMs. However, it has been reported that the redox probe influences the characteristics of
the SAM. Since the stability of the SAM is of paramount importance in sensitive detection
of unlabeled peptides and proteins with impedimetric immunosensors, the effect of this
redox probe has been further investigated.

The change in characteristics of SAMs of thioctic acid (TA) and 11-mercapto-
undecanoic acid (MUA) in time in buffered hexacyanoferrate(II/III) (HCF(II/III)) solutions
pH 7.4 has been studied with impedimetry. Frequency scans are recorded at regular time
intervals at 0.2 V versus SCE and a superimposed sinusoidal potential with an amplitude
of 10 mV, in the frequency range of 10 kHz to 50 mHz. The stability is studied in the dark
and during subsequent exposure of the solution to light.

A TA SAM, a MUA SAM and clean gold can be modelled with the same equivalent
circuit. From this model it was found that, as expected, charge transfer and diffusion of the
redox probe through the MUA SAM is more inhibited than through the TA SAM. Further,
the MUA SAM has a larger mean monolayer-thickness, as is revealed from the lower
value of the capacitive component.

After exposure of the solution to light, a relatively rapid decrease in the resistances and
increase in the double layer capacitance is observed. The characteristics of the MUA SAM
change faster than that of the TA SAM, and after 6 h of exposure, the equivalent circuit
has to be modified to be able give an appropriate fit.

The manner in which the values of the elements describing the TA SAM change
suggests that TA molecules are gradually removed. A possible mechanism is etching of the
gold substrate by CN- ions through pin-holes in the SAM. Support of this mechanism is
obtained from the large difference in characteristics of the gold electrode before SAM
formation and after long-term incubation in illuminated buffered hexacyanoferrate(II/III)
solution, pointing to a change in the structure of the gold, and by the observation that thin
gold layers are etched in this solution.

                                                     
M. Dijksma, B.A. Boukamp, B. Kamp, W.P. van Bennekom, manuscript in preparation
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INTRODUCTION

Immunosensors are devices for measuring the interaction between antibodies
and antigens with usually one of the binding partners immobilized. Self-assembled
monolayers (SAMs), i.e., monolayers that are spontaneously formed from sulfur-
containing compounds in contact with gold or silver surfaces,1-4 provide a
convenient basis for protein immobilization. Attachment of proteins to the
carboxylic endgroups of the SAM-forming compounds using carbodiimide
activation, usually in combination with succinimide, is the most generally applied
method.5-9

Because stability is an important requirement of an impedimetric immuno-
sensor, a stable SAM is required. Stability depends on the structure and the
pretreatment of the gold substrate,10, 11 on the solubility of the SAM-molecules in
the measurement solution and on the Van der Waals interactions between these
molecules. The Van der Waals interactions are related to the length of the alkyl
chain and the degree of branching.3, 12, 13

Many different methods can be used for the characterization of the SAMs.
These methods can give information on the structure at a defined location, e.g.,
scanning tunneling microscopy (STM),14, 15 atomic force microscopy,16, 17 and
Fourier transform infrared (FTIR) spectroscopy,14 or average characteristics, e.g.,
contact angle measurements,14 surface plasmon resonance,18, 19 quartz crystal
microbalance,20, 21 and electrochemical methods.3, 22 Electrochemical methods used
in the SAM characterization are mainly cyclic voltammetry (CV) and
impedimetry.

Although CV has been used, in absence of a redox probe,23, 24 to calculate the
capacitance, more often the kinetics of a redox probe, usually hexacyano-
ferrate(II/III) (HCF(II/III)),9, 23, 25-31 or hexaamineruthenium(II/III) (HRC(II/III)) is
investigated.23, 28-33 More information can be obtained from impedimetry, because
this method is more sensitive and gives information on both capacitance and
resistance and pin-holes when performed in presence of HCF(II/III)34-36 or
HRC(II/III).32, 37, 38

A reason why HCF(II/III) and HRC(II/III) are preferred to other redox probes
has been given by Cheng and Brajter-Toth.23 They found that these probes showed
fast kinetics on hydrophilic thioctic acid (TA) monolayers, which became slower
as the hydrophobicity of the film increased with the coadsorption of hexanethiol.
For the uncharged catecholamine and quinone probes, slower kinetics were
observed, independent of the monolayer composition. Which of the charged
probes is preferred, depends on the electrostatic interactions between this probe
and the SAM, and thus on the charge of the SAM. In some cases, additional
information can be obtained when the response of both probes is compared.23, 28-31

In electrochemical immunosensing without labeling, impedimetry is frequently
applied. Although the differences measured in absence of a redox probe are
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smaller,39 immunosensors used both in absence6, 39 and in presence of a redox
probe (HCF(II/III))34, 40-42 have been described.

Besides, HCF(III) has also been applied for selective etching of gold in a
solution containing thiosulfate.43 A mechanism is proposed in which HCF(III) acts
as the oxidant, while thiosulfate co-ordinates the gold ion. It was reported that
patches of gold, which are not protected by a SAM, are etched.43

As has been known for a long time, both in HCF(II) and HCF(III), a cyanide
ion can be exchanged with a water molecule by the action of light.44 Due to a
downward shift in the oxidation potential of gold caused by the presence of the
CN- from +1.50 to –0.60  versus NHE, gold atoms may be oxidized by HCF(III)
(E½ = +0.36 V versus NHE), usually to Au+. This leads to formation of
Au(CN)n

-(n-1) (where n = 2 – 4) complexes.45

The etching of gold by CN- in alkaline solution is a generally known chemical
process, of which the mechanism is shown in Equation 1 (see, e.g., Li et al.,46 and
references therein).

2)(CNAuCNAuCN

eAuCNAuCN

AuCNCNAu

ads

adsads

ads

(Equation 1)

Li et al.46 used electrochemical STM to study the behaviour of unmodified and
hexadecanethiol-modified Au(111) surfaces in CN--containing solutions. It was
found that gold is stable in solutions containing 1 mM CN- at potentials cathodic
of -770 mV versus Ag/AgCl. However, at open circuit or at potentials anodic of -
520 mV, Au dissolves in these cyanide solutions. When the surface is modified
with a well-ordered, compact SAM of hexadecanethiol, no etching is observed in
the potential-range from -770 to -520 mV. However, gold modified with a less
ordered SAM is etched.46

From the above information it is clear that characterization of SAMs with
HCF(II/III) may influence the results. Indeed, Krysinsky and Brzostowska-
Smolska29 observed changes in SAMs after measurements in HCF containing
solutions. Rickert et al.39 found a reduction in the activity of the sensor when
stored for a long time in buffered HCF(II/III) solution.

Although long-chain SAMs are much less easily damaged, in an immunosensor
for direct detection of small amounts of protein, thin sensing layers are preferred.
Then the relative change in capacitance caused by binding of antigens to
antibodies immobilized on the thin layer is larger. Therefore, we developed a
method for preparing a stable SAM of TA on polycrystalline gold electrodes.
Stable SAMs are reproducibly formed by incubation of electropolished gold
electrodes in a solution of TA in phosphate buffer pH 7.4 at +0.2 V versus
SCE.47, 48 It was found that our characterization method, impedimetry in buffered
HCF(II/III) solution, influences the characteristics of the SAM.48
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TA:
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Figure 1. Structure of thioctic acid (TA) and 11-mercaptoundecanethiol (MUA).

SAMs of TA and 11-mercaptoundecanoic acid (MUA) (Figure 1), which have
both been used in our work on the development of an impedimetric
immunosensor, were subjected to stability studies in buffered HCF(II/III) solution,
both in the dark and exposed to light. A mechanism is proposed based on the
interpretation of the obtained data with an equivalent circuit, and with the results
obtained from measurement of the thickness of thin gold layers with VIS
spectrophotometry.

EXPERIMENTAL METHODS

Chemicals
All chemicals were of analytical grade and used as received, unless mentioned

otherwise. All water used was demineralized. HCF(II/III) was prepared freshly
before each experiment by adding 2 mM of each K3Fe(CN)6 and K4Fe(CN)6

(Fluka, Buchs, Switzerland) to 0.1 M phosphate buffer pH 7.4, which is a mixture
of 0.1 M solutions of Na2HPO4 and NaH2PO4 (Merck, Darmstadt, Germany).
Phosphate solution pH 10.4 has been prepared by adding NaOH (Merck) to 0.1 M
Na2HPO4. 11-mercaptoundecanethiol has been obtained from Aldrich (Milwaukee,
WI, USA), and DL-6,8-thioctic acid from Sigma (St. Louis, MO, USA).

Mechanical polishing of the electrode
The working electrodes (WE) consist of a gold wire (99.99%, Engelhard-Clal,

Amsterdam, The Netherlands) with a diameter of 1.00 mM (geometric surface
area of 0.785 mm2) and are press-fitted in Kel-F. They are polished during 30 min
with gamma-micropolish B deagglomerated alumina suspension (0.05 µm,
Buehler, Lake Bluff, IL, USA) using a Metaserve automatic polisher (Buehler,
Coventry, U.K.), and the electrodes are cleaned ultrasonically in water for 15 min.

Electrochemical equipment
For electrochemical measurements, a confined wall-jet flow-through cell is

used,49 with a saturated calomel reference electrode (RE, SCE) and a glassy-
carbon disk auxiliary electrode (AE, Ø 1 cm). The distance between the working
and auxiliary electrode is 100 µm. Details of this homemade flow-through cell
have been described previously.49 All potentials mentioned are versus SCE. The
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flow system further consisted of an HPLC pump (LC-10AD, Shimadzu, Kyoto,
Japan), a packed HPLC column for additional reduction of flow variations, PEEK
capillaries and injector, and a thermostat (Julabo F12, Julabo Labortechnik,
Seelbach, Germany).

For potential pulses, an Autolab PGSTAT10 digital potentiostat/ galvanostat
with GPES 4.7 software (Eco Chemie, Utrecht, The Netherlands), and for
impedance measurements a FRA2 module with FRA 4.7 software (Eco Chemie)
was used.

Electrochemical methods
After mechanical polishing, the Au electrodes are electropolished by

application of potential pulses (+1.6, 0.0, -0.8 V, each 0.1 s) in 0.1 M phosphate
buffer, flow 0.5 mL min-1 for 30 – 120 min, until a minimum surface roughness
has been obtained.47

SAMs of TA and MUA were formed from stirred solutions of 50 mM TA in
0.1 M phosphate buffer pH 7.4, and saturated solutions of MUA in 0.1 M
phosphate buffer pH 10.4, respectively, at E = +0.2 V during 60 h. After
thoroughly rinsing with water, the electrode with the SAM is transferred to a
thermostatted (23.0 C) flow-through cell.

Monitoring of SAM characteristics has been performed with impedimetry, at
an applied potential (Edc) of +0.2 V, with a superimposed sinusoidal potential with
an amplitude (E0) of 10 mV, at a range of frequencies 10 kHz  f  50 mHz.

The resulting impedance, which is a complex quantity: Z( ) = Z'( ) + jZ"( ),
is presented in the complex plane. Z' represents the in-phase component, while Z"
is the out-of-phase component. The data sets are modelled with an ‘equivalent
circuit’, using a Complex Non-linear Least Squares (CNLS) procedure.50 The
validity of the data sets is checked with a ‘Kramers-Kronig transformation test’.51

This test specifically discriminates for time-variant behavior of the
electrochemical cell. For high-quality data the pseudo- 2

KK value is related to the
noise level and values between 10-5 and 10-6 can be achieved.

Investigation of etching of gold by hexacyanoferrate
Etching of gold by buffered HCF(II/III) solution was also investigated using

surface plasmon resonance (SPR) disks, i.e., thin-film gold layers (about 50 nm)
vapor deposited over a titanium underlayer of 2 nm on glass (Eco Chemie,
Utrecht, The Netherlands). The thickness of the gold layer is determined from
transmission measurements at  = 550 nm using a double-beam spectrophotometer
(100-60, Hitachi, Tokyo, Japan).
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RESULTS AND DISCUSSION

Characterization of SAMs of TA and MUA
After formation, the SAMs are first stabilized in 100 mM phosphate buffer

pH 7.4 for 10 h. Then the solution is replaced by a buffered HCF(II/III) solution.
In Figure 2a, a frequency scan of a bare gold electrode, and in Figure 2b of a TA
and a MUA SAM are shown.

The system can be described with the equivalent circuit as shown in Figure 3,
using the CNLS-method described by Boukamp.50 The corresponding values for
the different elements in the fits are shown in Table 1. The viability of the model
circuit is (in part) indicated by the weighted error sum or ‘pseudo’- 2.50 In general,
a value below 1 10-5 can be taken as an excellent fit, provided that the pseudo- 2 is
mostly due to statistical noise. For both SAMs this criterion is fulfilled. However,
for the bare gold electrode, using the same equivalent circuit, the pseudo- 2 is
much larger. This is most likely caused by the known instability of the impedance,
due to rapid fouling of a “clean” gold electrode.
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Figure 2. Nyquist plots of a (a) clean gold electrode and (b) ( ) TA and ( ) MUA SAM
deposited on gold, measured in buffered HCF(II/III) solution pH 7.4 (flow
rate = 10 L min-1, f = 10 kHz – 50 mHz, Edc = +0.2 V, Eo = 10 mV).
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Figure 3. Equivalent circuit used to fit the frequency scans shown in Figure 2. The elements
are explained in the text, the corresponding values are shown in Table 1.
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The model circuit consists of resistances (R) and constant-phase elements (Q),
and is described by the shorthand notation Rs(Qdl[Rct(RdiffQx)]). Rs is the solution
resistance, Rct the resistance against charge transfer, Qdl the double layer
capacitance, and Rdiff and Qx give information on the amount of diffusion through
the SAM. A constant-phase element is frequency dependent. Its impedance is
described by ZQ = (j )-n/Y0,

50 where Y0 is a proportionality constant, containing the
diffusion coefficient and other parameters which depend on the characteristics of
the electrochemical system, j = -1,  = 2 f is the angular frequency, and n is an
exponent (-1  n  1). The interfacial capacitance often shows frequency
dispersion, which can be modelled by a constant phase element (Q) with n close to
one. In fact the Q represents a very general dispersion relation. For n = 1 it models
a capacitance with C = Y0; for n = 0 a resistance with R = Y0

-1; and for n = -1 an
inductance with L = Y0

-1. A special case is obtained for n = ½, i.e., the so-called
Warburg element, which models semi-infinite diffusion. For the SAMs in this
study the Warburg represents the diffusion of Red and Ox from and to the
electrode. Assuming charge transfer can only take place at the ‘bare’ gold surface,
the occurrence of a Warburg dispersion indicates the presence of pin-holes in the
SAMs. On the interpretation of a constant-phase element in electrochemical
systems several articles have been published.52-55

The Kramers-Kronig data validation test showed that most data was of high
quality. Yet, it was not possible to find a simple model circuit that would result in
satisfactory fit to the entire frequency dispersion (50 mHz – 10 kHz). The low
frequency part (f < 100 Hz) could be modelled well with the equivalent circuit
presented in Figure 3. The high-frequency (hf) region (f > 1 kHz) could also be
fitted perfectly with a much simpler Rs(RQ)hf Qdl circuit, where Rs is the electrolyte
resistance and Qdl the double layer capacitance.

Table 1. Values of Rs Rct, Rdiff and Qdl (Y0 and n), and Qx (Y0 and n) found for TA and MUA
SAMs obtained from fitting the frequency scans from 1 kHz – 50 mHz to the equivalent
circuit shown in Figure 2, using the CNLS-method.50

Bare gold TA MUA

Rs (  cm2)
Rct (  cm2)
Rdiff (  cm2)

2.93  0.03
10.0  0.3
1.7  0.2

16.4  0.5
(41  2) 103

(0.37  0.06) 103

12.2  0.2
(106  10) 103

(1.5  0.1) 103

Qdl: Y0 (
-1 cm-2 sn)

        n
(1.4  0.2) 10-4

0.88  0.01
(8.81  0.05) 10-6

0.932  0.001
(4.99  0.02) 10-6

0.970  0.007

Qx: Y0 (
-1 cm-2 s-n)

        n
(9.65  0.07) 10-5

0.521  0.004
(4.47  0.04) 10-6

0.746  0.007
(2.57  0.05) 10-6

0.55  0.02

This high-frequency dispersion can possibly be explained by the special
geometry of the electrochemical cell.49 As the RE is placed well outside the region
between the WE and AE, it will be very sensitive for small changes in the current
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distribution between these two electrodes. Considering the large differences in size
between the WE and AE (  1 and 10 mm, respectively) in combination with the
small distance between these electrodes (100 µm), a significant change in the
current distribution as function of frequency may be expected.

In order to circumvent this problem only the low-frequency part (f < 1 kHz)
was modelled with the circuit of Figure 3. The influence of the high-frequency end
(10 Hz – 1 kHz) was reduced by modifying the weighting factors with a -½ term.
This procedure allowed us to obtain a much better description of the process
occurring at the WE, as the effects studied are far more distinct at lower
frequencies. Although the configuration of the cell limits the frequency range for a
simple CNLS-modelling procedure, it has proven to be very well suited for
applications in immunosensing.56

The value of Rs is only dependent on the solution and therefore on the distance
between the electrodes. In principle, the differences found arise from variations in
the cell geometry, since the distance between the RE and the other electrodes is
not fully fixed. However, the difference in Rs of bare gold and the SAMs is too
large to have arisen from this effect only. It is assumed to arise from a deviation of
the experimental results from the model at frequencies higher than 1 kHz.

For the MUA SAM, Y0 is lower, and Rct and Rdiff are 1.5 and 4 times larger than
for the TA SAM. This is in agreement with the expected higher ordering and
thickness of a MUA SAM, which means that both the charge transfer and
diffusion of HCF(II/III) through the MUA SAM is more inhibited than through the
TA SAM. The deviation of Qdl from full capacitive behavior (n = 1) is in both
cases relatively small (n = 0.932 and 0.970, respectively), and less than that found
for the bare gold (n = 0.88). Because deviation from ideal capacitive behavior may
originate from a non-ideal smoothness of the surface,57 this difference may be
explained by a further etching of the gold. However, also the SAM itself
influences n.

The behavior of the element Qx seems to be less obvious. In the TA SAM the
value of this element is smaller than in the MUA SAM. However, the value of n is
close to ½ in case of a MUA SAM and bare gold, and 0.746 in case of a TA SAM.
Therefore, it can be derived that the behavior of the clean gold and the MUA SAM
is diffusive, while that of the TA SAM is much more capacitive. However, this is
in contrast with the 4 times larger value of Rdiff of the MUA SAM, which means
that less diffusion takes place through a MUA SAM compared to a TA SAM.

Stability of SAMs of TA and MUA in buffered HCF(II/III) solution in the
dark

A good indication of the stability of SAMs in buffered HCF(II/III) solution can
be obtained from recording frequency scans at regular time intervals and plotting
the Nyquist plots, as shown in Figures 4a and b. It can be observed that the
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difference between successive scans is larger in Figure 4a than in 4b. This means
that a MUA SAM is more stable in buffered HCF(II/III) solution than a TA SAM.
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Figure 4. Nyquist plots of frequency scans measured every 2 h of the (a) TA, and (b) MUA
SAM in buffered HCF(II/III) solution pH 7.4 in the dark (flow rate = 10 L min-1,
f = 10 kHz – 50 mHz, Edc = +0.2 V, E0 = 10 mV).

Effect of exposure of the solution to light
After about 16 h (TA) and 18 h (MUA) this solution is exposed to light.

Frequency scans measured at regular intervals are shown in Figure 5. Compared to
Figure 4 the impedance decreases much faster, indicating a rapid change in SAM
characteristics.
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Figure 5. Nyquist plots of frequency scans measured each hour of the (a) TA, and (b) MUA
SAM in buffered HCF(II/III) solution pH 7.4, when exposed to light (flow rate = 10 L
min-1, f = 10 kHz – 50 mHz, Edc = +0.2 V, E0 = 10 mV).
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Interpretation of the changes in terms of the equivalent circuit
Frequency scans measured at regular time-intervals have been fitted to the

equivalent circuit shown in Figure 3. From these results, the influence of
HCF(II/III) on the electrochemical characteristics of the SAMs can be derived. In
Figures 6 and 7 the results of the fit are plotted as a function of time. Most of the
frequency scans could properly be fitted to the equivalent circuit. However,
CNLS-modelling is only possible when the properties of the WE are constant or
change slowly, an indication of which can be obtained with a Kramers-Kronig test
(from the value of 2

KK).51 It appeared that from 34 to 40 h under the influence of
light the properties of the TA SAM change so rapidly with time that the Kramers-
Kronig stability condition is violated. In Figure 6a and 6b the corresponding points
are indicated by a dashed line.

In general, as can be observed from Figures 6 to 8, during incubation in the
dark, Rdiff decreases slowly. Because the other elements of the MUA SAM remain
constant, it can be concluded that a reorganization process of the SAM takes place.
This process leaves the total amount of exposed gold (indicated by Rct) more or
less constant, but leads to a redistribution where larger holes in the SAM are
present and diffusion through the SAM is increased.

In the TA SAM, the decrease in Rct is accompanied by a slight decrease in Rdiff

and increase in Qdl. It can be concluded that the total area of exposed gold
increases. This is caused by removal of TA molecules from the SAM, which also
leads to a decrease in the mean monolayer thickness, explaining the increase of
Qdl.
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Figure 6. Change of the logarithm of (a) Rct( ), Rdiff ( ), and (b) Qdl:Y0( )and Qx: Y0 ( )
in time in buffered HCF(II/III) solution of the TA SAM in the dark, followed by exposure to
light from 16 h on (indicated by arrows). The values of these elements have been derived
from fitting the frequency scans (flow rate = 10 L min-1, f = 1 kHz – 50 mHz, Edc = +0.2 V,
E0 = 10 mV) to the equivalent circuit shown in Figure 3.
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This difference in behaviour of the TA and the MUA SAM is explained by
structural differences of these molecules. While MUA is only slightly soluble at
pH 7.4, TA is soluble up to 50 mM. Further, because of the relatively long alkyl
chain MUA is more suitable for formation of stable monolayers.
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Figure 7. Change of the logarithm of (a) Rct( ), Rdiff ( ), and (b) Qdl:Y0( )and Qx: Y0 ( )
in time in buffered HCF(II/III) solution of the MUA SAM in the dark, followed by exposure
to light from 18 h on (indicated by arrow). The values of these elements have been derived
from fitting the frequency scans (flow rate = 10 L min-1, f = 1 kHz – 50 mHz, Edc = +0.2 V,
E0 = 10 mV) to an equivalent circuit. Up to 22 h (left of the dashed line) the scans are fitted
to the circuit shown in Figure 3, and from 24 h on, to that shown in Figure 9.
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Q2: ) in time in buffered HCF(II/III) solution up to 16 and 18 h, respectively, in the dark,
followed by exposure to light (indicated by arrows). The values of these elements have been
derived from fitting the frequency scans (flow rate = 10 L min–1, f = 1 kHz – 50 mHz,
Edc = +0.2 V, E0 = 10 mV) to the equivalent circuit shown in Figure 2. In case of MUA,
from 24 h on (right of the dashed line) the scans are fitted to the equivalent circuit shown in
Figure 9.
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Rs

Rct

Qdl

G

Figure 9. Equivalent circuit used to fit the frequency scans of MUA from 24 h on. The
elements are explained in the text.

After exposure of the solution to light, a fast decrease of Rdiff and Rct and
increase in Qx and, to a lesser extent, of Qdl occurs. After 6 h, the circuit shown in
Figure 3 can no longer describe the MUA SAM. A better description is obtained
with a circuit in which the parallel placed elements of Rdiff and Qx are replaced by
a Gerischer element (G), as shown in Figure 9. A Gerischer element is not a very
commonly found element. It describes the effect of chemical reactions coupled
with faradaic diffusion, where Ox or Red is converted in an inactive complex, and
thus depends on the rate constants of these reactions, diffusion and frequency.58-60

The dc-value (Rdc) of this element, which can be approximated by (Y0 K½)-1, is
comparable to Rdiff, and Y0 are shown in Figures 7a and b at the right site of the
dashed line.

Probably, the change in circuit is related to the relatively rapid change in the
MUA SAM compared to the TA SAM. In combination with the relatively low
solubility of MUA in buffered HCF(II/III) solution, it means that desorbed MUA
molecules remain in the cell and alter the behaviour of the WE. To be able to give
an explanation of the occurrence of the Gerischer element in the MUA-system
more information is required.

In case of the TA SAM, after exposure to light, Rct, Rdiff decreases and Qx

increases faster. The rate of increase in Qdl is relatively low and doesn’t increase
after light activation. This can again be explained by removal of TA molecules
from the SAM. An increase in the total area of exposed gold leads to an increased
diffusion and charge transfer. Because the SAM is much more stable in the
buffered HCF(II/III) solution before exposure to light, it is assumed that CN- ions
are responsible for the removal of TA molecules. A possible mechanism is the
attack of the gold layer via pin-holes.

Mechanism of decreasing SAM quality
The assumption of etching of gold substrates by cyanide ions formed from

HCF after illumination has further been investigated using thin (50 nm) gold
layers on glass. The stability of these layers in a buffered HCF(II/III) solution has
been tested by measuring the thickness of the gold layer spectrophotometrically
(  = 550 nm) at regular time intervals (see also Chapter 3). As shown in Figure 10,
during 24 h in the dark only a slight decrease in thickness occurs compared to the
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decrease observed after illumination of the solution. This supports the assumption
that attack of SAMs proceeds by etching of the underlying gold.
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Figure 10. Thickness of a gold layer on glass as a function of time in buffered HCF(II//III)
solution, calculated from VIS (  = 550 nm) measurements. After 24 h, the solution is
exposed to light (indicated by the arrow).

A further indication of the complexity of the mechanism can be obtained from
comparison of the values of the circuit elements before SAM formation and at the
end of the experiment, as shown in Table 2. From the large differences found
between values for the SAMs and bare gold, it can be concluded that the effect of
illuminated buffered HCF(II/III) solution on the SAM is not a simple removal of
the SAM from the gold electrode. As is generally known, gold is never perfectly
clean, and contaminations influence the characteristics. However, because we
found that after cleaning (with our potential pulse treatment)47, 48 the gold still
behaves differently than before SAM formation, we assume that a change in the
structure takes place. This is probably caused by etching of the gold by CN-.

Table 2. Values of Rs, Rct, Rdiff, and Qdl (Y0 and n), and Qx (Y0 and n) found after incubation
of the TA and MUA SAMs in exposed buffered HCF(II/III) solution, compared to those
found for a bare gold electrode. The frequency scans are fitted using the CNLS method.50

Bare gold TA (56 h) MUA (42 h)  *

Rs (  cm2)
Rct (  cm2)
Rdiff (  cm2)

2.9 ± 0.03
10 ± 0.3
1.7 ± 0.2

9.6 ± 0.5
690 ± 5
133 ± 6

10.5 ± 0.1
211.9 ± 0.6

Qdl:Y0 (
-1 cm-2 sn)

        n
(1.4 ± 0.2) 10-4

0.88 ± 0.01
(3.09± 0.06) 10-5

0.822 ± 0.003
(9.8 ± 0.1) 10-6

0.932 ± 0.002

Qx: Y0 (
-1 cm-2 sn)

        n
(9.7 ± 0.07) 10-5

0.52 ± 0.004
(1.51 ± 0.08) 10-3

0.91 ± 0.03
G: Y0 = (2.70 ± 0.02) 10-3

K = 5.0

* Using the equivalent circuit shown in Figure 9, for further information, see text.
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Effect of changes at different frequencies
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Figure 11. Monitoring of Z' and Z" in time (flow rate = 10 L min-1, Edc = 0.2 V,
E0 = 10 mV) for a SAM of TA in buffered HCF(II/III) solution at (a) 113 Hz and (b) 0.5 Hz.
Note the different vertical scales.
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Figure 12. Monitoring of Z' and Z" in time (Edc = 0.2 V, E0 = 10 mV) for a SAM of MUA in
buffered HCF(II/III) solution at (a) 113 Hz and (b) 0.5 Hz. Note the different vertical scales.

Besides by recording frequency scans at regular time intervals, the impedance
can also be monitored at a single frequency. However, this frequency has to be
chosen carefully. In presence of a redox probe, mass transfer is more probable as
the frequency is lower. This means that in some cases, more or different
information is obtained, as the frequency is lower. From Figures 11a and 11b,
where the effect measured at 113 Hz and 0.5 Hz is shown, it can be observed that
light exposure causes a much larger change at 0.5 Hz. From comparison of Figures

b

a

a

b
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11 and 12, it can also be seen that the effect of light exposure of the buffered
HCF(II/III) solution is larger with MUA than with TA, as has also been concluded
above from the fits of the frequency scans.

From a mechanistically point of view, however, much less information can be
obtained from a simple scan at preselected frequencies, because the circuit
elements both influence Z' and Z".

CONCLUSIONS

The stability of SAMs of TA and MUA in buffered HCF(II/III) solutions
pH 7.4 has been investigated, both in the dark and exposed to light, with
impedance measurements at Edc = +0.2 V versus SCE, E0 = 10 mV and 10 kHz  f

 50 mHz. From CNLS-modelling of the frequency scans, it was found that
unmodified gold and a SAM of TA or MUA can be described by the same
equivalent circuit at 1 kHz  f  50 mHz, and using a weighting factor of -½ (with
different values of the elements).

As expected, before exposure to light, a MUA SAM is more stable and
provides a better shielding of the gold electrode, which is expressed in a
combination of lower values of Qdl and Qx and higher values of Rct and Rdiff. After
exposure to light, a relatively rapid decrease of the quality of the SAMs is
observed, and the MUA SAM is attacked faster than the TA SAM. Large changes
occur in the elements of the model, and in case of the MUA SAM, the model even
has to be modified.

The way in which the elements of the equivalent circuit change, suggests that
TA molecules are removed from the SAM gradually. A possible mechanism is
etching of the gold substrate by CN- ions through pin-holes in the SAM. Support
of this mechanism is obtained from the large difference in characteristics of the
gold electrode before SAM formation and after long-term incubation in
illuminated HCF(II/III), pointing to a change in the structure of the gold, and by
the observation that thin gold layers are etched in this solution.
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5
Development of an Electrochemical Immunosensor for Direct
Detection of Interferon-  using a Self-Assembled Monolayer of
Thioctic Acid

ABSTRACT

An electrochemical immunosensor for direct detection of the 15.5-kDa protein
interferon-  (IFN- ) has been developed. A self-assembled monolayer (SAM) of thioctic
acid is formed on an electropolished polycrystalline Au electrode. In an on-line procedure
in the flow (50 mM phosphate buffer pH 7.4, thermostatted at 23.0°C) a specific antibody
(MD-2) against IFN-  is covalently attached following carbodiimide/succinimide
activation of the carboxylic endgroups of the SAM. The formation of the immunosensor is
monitored impedimetrically at a frequency of 113 Hz, a potential of 0.2 V and a super-
imposed sinusoidal potential with an amplitude of 10 mV. Despite the fact that 2 fg mL-1

could be detected, this sensor is not yet applicable to determining IFN-  in samples
containing other proteins (i.e., interleukin-2), because specific and nonspecific adsorption
can not be distinguished.
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INTRODUCTION

An immunosensor is a device that is able to detect the interaction between an
antibody (Ab) and an antigen (Ag). Immunosensors are mainly applied in areas
where both a high sensitivity and a high selectivity are required.1 Direct detection
of the interaction is preferred over the use of labels. Although with direct detection
discrimination between specific and nonspecific proteins is often a problem, the
use of labeling means a larger analysis time, while the extra steps increase the
complexity of the procedure.

Direct detection can be performed with optical, e.g., surface plasmon resonance
(SPR),2 piezoelectrical, e.g., quartz crystal microbalance (QCM),3 surface
scanning, e.g., atomic force microscopy (AFM)4-6 and electrochemical7

transducers.
Electrochemical devices are very suitable for direct detection of low amounts.

The impedance technique is the most frequently used method (see Chapter 1)8 and
has been applied to detection of proteins with antibodies immobilized in
polypyrrole,9, 10 on Si/SiO2

11-14, on silanized metal9, 15-18 and on gold via self-
assembled monolayers (SAMs),19-23 that is, monolayers that are spontaneously
formed from sulfur-containing molecules on gold or silver.24

In immunosensors based on SAMs, antibodies are often immobilized after
activation of carboxylic groups with carbodiimide, usually in combination with N-
hydroxysuccinimide. Mirsky et al.21 used this procedure, after testing different
methods, for building an immunosensor for human serum albumin on SAMs of -
mercaptohexadecanoic acid, which has a high stability and a detection limit of
1 µg mL-1.21 However, using SAMs of shorter-chain molecules, much lower
detection limits have been obtained.25

Berggren and Johansson25 reported a method for sensitive measurement of
proteins in the pg mL-1 range using chronoamperometry, by sampling the current
with 50 kHz after application of a potential step (0 – 50 mV). Antibodies were
immobilized on mechanically polished and plasma-cleaned polycrystalline gold
rod electrodes via a carbodiimide-activated SAM of thioctic acid (TA), followed
by postcoating with 1-dodecanethiol. From the difference in current response
before and after injection of the analyte, the proteins interleukin-2 (IL-2), human
chorionic gonadotropin hormone (HCG) and human serum albumin (HSA) could
be detected, with detection limits in the pg mL-1 range. With antibodies
immobilized on cystamine after epoxy-activation, interleukin-6 (IL-6) could be
detected at a level of 10 fg mL-1.19

Reduction of nonspecific adsorption, or distinguishing between specific and
nonspecific adsorption, is an important topic in the development of immuno-
sensors.8 In SAM-based immunosensors, a large, not distinguishable, amount of
nonspecific adsorption has been found by Mirsky et al.21 and Taira et al.26

However, Berggren and Johansson19, 25 and Snejdarkova et al.27 report no influence
of nonspecific proteins on the signal.
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Another problem in SAM-based immunosensors is the reproducibility of sensor
formation. Berggren and Johansson25 reported that at least half of the electrodes
did not produce any changes in capacitance when antigens were injected. Taira et
al.26 found differences in the impedance of the SAMs, arising from poor
reproducibility of the roughness of the polished gold electrode. A method for
reproducible formation of stable SAMs of TA on polished gold electrodes has
been described. Reproducibility is accomplished on electropolished electrodes
when during formation a potential of +0.2 V versus SCE is applied to the
electrode.28, 29

In this chapter the development of a sensitive impedimetric immunosensor for
detection of interferon-  (IFN- ) is described. A SAM of TA is formed on an
electropolished gold electrode and antibodies against IFN-  (MD-2) are coupled to
the carboxylic endgroups of the SAM after carbodiimide/succinimide activation.30-

32 Spontaneous decay of the remaining succinimide groups is compared with
deactivation using ethanolamine.30-32 The sensitivity and selectivity of the sensor
are investigated.

EXPERIMENTAL SECTION

Chemicals
All chemicals were of analytical grade and used as received, unless mentioned

otherwise. DL-6,8-thioctic acid (> 99%), 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide (NHS), and
ethanolamine hydrochloride (EA) were purchased from Sigma (St. Louis, MO,
USA). All water used was demineralized. Solutions of EDC (0.4 M in water) and
NHS (0.1 M in water) were stored at -20°C. After thawing, equal volumes were
mixed prior to activation of a SAM. A solution of EA (1 M in water, adjusted to
pH 8.5 with NaOH) was prepared.

Phosphate buffer pH 7.4 (50 or 100 mM) was prepared by mixing solutions of
Na2HPO4 and NaH2PO4 (both from Merck, Darmstadt, Germany). 100 mM KCl
(Merck) solution was prepared in water. Recombinant interferon-  (IFN- ) and the
antibody MD-2 have been a kind gift from Dr. P. H. van der Meide (U-Cytech,
Utrecht, The Netherlands).33 Interleukin-2 (IL-2, Proleukin ) was kindly donated
by Dr. R.F.M. Rombouts (Chiron, Amsterdam, The Netherlands). After addition
of water to the freeze-dried samples of MD-2, IFN-  or IL-2, solutions of
0.1 mg mL-1 in 125 mM phosphate buffered saline pH 7.4 were prepared and
stored at -80 C. Prior to use they were thawed and further diluted with 50 mM
phosphate buffer pH 7.4. Trehalose, present in the MD-2 and IFN-  samples when
received, does not interfere in our measurements.
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Mechanical pretreatment of the electrodes
The working electrodes consist of a gold wire (99.99%, Engelhard-Clal,

Amsterdam, The Netherlands) with a diameter of 1.00 mm (geometric surface area
of 0.785 mm2) and are press-fitted in Kel-F. They are polished during 30 min with
Gamma micropolish B deagglomerated alumina suspension (0.05 µm, Buehler,
Lake Bluff, USA), using a Metaserve automatic polisher (Buehler, Coventry,
U.K.), with polishing cloth Alphacloth (Metprep, Coventry, U.K.). Finally the
electrodes are cleaned ultrasonically in water for 15 min.

Electrochemical equipment
For electrochemical measurements, a confined wall-jet flow-through cell is

used, with a saturated calomel reference electrode (SCE) and a glassy-carbon disc
auxiliary electrode.34 All potentials are versus SCE. The flow system further
consisted of a HPLC pump (LKB 2150, Bromma, Sweden) and PEEK capillaries.
The PEEK injector was provided with a 50-µL loop. For potential pulses an
Autolab PGSTAT10 digital potentiostat/galvanostat with GPES 4.5 software (Eco
Chemie, Utrecht, The Netherlands), and for impedance measurements a FRA
module with FRA 2.3 software (Eco Chemie) was used.

Electrochemical methods
After polishing, the electrodes were pretreated by application of triple-pulse

sequences ( 1.6, 0.0, 0.8 V, each 0.1 s) for 30 - 120 min in flow (0.1 mL min-1).28

Measurements of impedance in time have been performed in 100 mM phosphate
buffer pH 7.4 at an applied potential Edc of 0.2 V, with a superimposed
alternating potential with an amplitude E0 of 10 mV, at a frequency f of 113 Hz, in
flow (10 µL min-1). The real (Z') and imaginary (Z") component of the impedance
Z are plotted against time.

Formation and removal of self-assembled monolayers
SAMs were formed on potential-pulse pretreated electrodes from 50 mM

solutions of TA in 100 mM phosphate buffer pH 7.4 at room temperature by
adsorption at E = +0.2 V, in batch, while stirring. SAMs were removed from the
electrodes in 100 mM phosphate buffer pH 7.4 by application of potential pulses
(+1.6, 0.0, -0.8 V versus SCE, each 0.1 s) for 15 min in the flow (0.5 mL min-1).

RESULTS AND DISCUSSION

Immobilization of MD-2 antibodies
Mechanically polished gold electrodes are electropolished, and TA SAMs are

formed as described in the experimental section. MD-2 antibodies are covalently
coupled to the carboxylic groups of the SAM after activation with EDC/NHS
(Figure 1a), followed by deactivation of the remaining succinimide groups with
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ethanolamine (Figure 1b)30-32 or spontaneous decay. The formation of the
immunosensor has been performed in a flow of 10 µL min-1 of 50 mM phosphate
buffer pH 7.4 and monitored at Edc = +0.2 V, E0 = 10 mV and f = 113 Hz. At
113 Hz, an optimal signal-to-noise ratio is obtained and injections of IFN-  only
influences Z".
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Figure 1. (a) Activation of carboxylic groups with EDC, followed by NHS and coupling of
MD-2 antibodies. (b) Deactivation of remaining succinimide groups with ethanolamine.32

0

100

200

300

400

500

600

700

0.0 0.5 1.0 1.5
time (h)

Z
' a

nd
 Z

" 
(

 c
m

2 )

Z'

Z"

EDC/NHS

MD-2 EA

Figure 2. Monitoring of the immunosensor build up on a TA SAM. The real (Z') and the
imaginary (Z") component of the impedance Z as a function of time are shown, measured at
f = 113 Hz, Edc = +0.2 V, E0 = 10 mV, in 50 mM phosphate buffer pH 7.4, with a flow-rate of
10 µL min-1. The arrows indicate the start of an injection. First the SAM is activated with
EDC/NHS, next MD-2 (50 µg mL-1) is injected twice and finally, the remaining succinimide
groups are deactivated by a single injection of ethanolamine (EA).

As shown in Figure 2, activation of a TA SAM leads to a large increase in both
Z' and Z". Due to the difference in impedance between a solution with and without
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proteins, the impedance is larger during the time a protein-containing solution is in
contact with the electrode (5 min). The covalent attachment of MD-2 results in a
shift in both Z' and Z". Because, in general, no effect has been observed from a
third injection of MD-2 it is assumed that two injections are sufficient to saturate
the surface with antibody. Due to steric hindrance, it is not possible to use all
succinimide groups. To prevent antigens from binding to remaining succinimide
groups, these groups have to be deactivated before antigen is injected. This can be
achieved by either spontaneous decay or injection of ethanolamine.

From an UV-assay a half-life of 14 min has been observed for a succinimide
group.35 From Figure 3, where the decay of succinimide groups monitored with
impedance measurements is shown, it can be observed that after 2 h most
succinimide groups have decayed. However, still a small amount remains, which
can be derived from the (still) slowly decreasing impedance. To be certain that all
succinimide groups are deactivated, and to be able to build up the immunosensor
in less time, ethanolamine is used.

100

200

300

400

500

0 2 4 6
time (h)

Z
' a

nd
 Z

" 
(

 c
m

2 )

Z'

Z"

EDC/NHS

MD-2

Figure 3. Monitoring of Z' and Z" during activation with EDC/NHS, coupling of MD-2 and
decomposition of remaining succinimide groups, measured in 50 mM phosphate buffer pH
7.4, with flow-rate 10 µL min-1, at Edc = +0.2 V, E0 = 10 mV and f = 113 Hz. At the time
indicated by the upward arrow usually EA is injected.

Usually, characteristics of SAMs are described in terms of the double layer
capacitance (Cdl) and the charge-transfer resistance (Rct). The relation between
these and the SAM type has been investigated. It was found that Rct is larger and
Cdl smaller as the alkyl chain is longer. Further, Cdl decreases and Rct increases
with increasing hydrophobicity.36, 37
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Detection of IFN-
In contrast to activation, coupling of antibodies, and deactivation, binding of

IFN-  to the immobilized antibodies only leads to a shift in Z" (Figure 4a), while
in Z' only a temporal effect of a difference in composition of the injected solution
compared to the flowing buffer is observed (Figure 4b).
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Figure 4. Monitoring of the effect of an injection of IFN-  (2 fg mL-1) followed by a blank
one on MD-2 immobilized on a TA SAM. The (a) real (Z') and (b) imaginary (Z")
component of the impedance Z as a function of time are shown.

A clear effect can be observed from injections of IFN- -concentrations as low
as 2 fg mL-1. When the cumulative change in Z" from 5 subsequent injections is
plotted against the total injected amount, a linear relation (r2 = 0.9968) is obtained,
as shown in Figure 5.
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Figure 5. Calibration curve of IFN- . The cumulative change in Z" ( Z") is plotted as a
function of the total amount of IFN-  injected.

However, this result is not obtained each time the same procedure is
performed. This irreproducibility is also apparent from the difference in shift
caused by injection of EDC/NHS in Figures 2 and 3. This is a clear example of the
lack of reproducibility resulting from differences in the surface due to the use of
different electrodes, or the mechanical polishing treatment. Formation of an
immunosensor on a single gold electrode and detection of IFN-  is reproducible
within about 10%.28, 29 Also, injections of IL-2 lead to shifts in Z", thus we cannot
be sure whether the signal of IFN-  arises from specific adsorption, nonspecific or
a combination. This means that determination of the specific dynamic range is
impossible.

Nonspecific adsorption
A possibility for distinguishing specific and nonspecific adsorption was

expected in the removal of nonspecifically adsorbed proteins with injections of a
solution with a different ionic strength or pH. However, injections of phosphate
buffer pH 7.4 in concentrations higher than 50 mM have no effect, phosphate
buffer solutions with a higher or lower pH than 7.4 resulted in a negative or
positive shift in Z", respectively, and injections of NaCl or KCl lead to a positive
shift.

In Figure 6 the effect of KCl on the sensor is shown. The fact that injections of
KCl lead to an increase in Z" does not mean that no removal of nonspecifically
adsorbed proteins occurs. Possibly, the observed change is dominated by the effect
of KCl itself.

Further efforts will be put in the search for a solution of a substance able to
reduce nonspecific adsorption. The final goal of this study is to be able to measure
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a protein specifically in real samples. Because of the observed relation between
detection limit and thickness of the SAM, the possibility to detect concentrations
lower than 2 fg mL-1 by using (acetyl)cysteine will be investigated.
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Figure 6. Monitoring Z' and Z" during injections of IFN-  and 100 mM KCl on MD-2
immobilized on a TA SAM.

CONCLUSIONS

On MD-2 antibodies immobilized on SAMs of TA, unlabeled IFN-  can be
detected, using impedance measurements at Edc = 0.2 V, E0 = 10 mV and
f = 113 Hz. Detection of 2 fg mL-1 has been achieved, however, the selectivity of
the sensor is very low. We have not been able to distinguish specific and
nonspecific adsorption by injection of solutions with a different pH or ionic
strength.
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6
Development of an Electrochemical Immunosensor for Direct
Detection of Interferon-  at the Attomolar Level

ABSTRACT

An electrochemical immunosensor for direct detection of the 15.5-kDa protein
interferon-  (IFN- ) at attomolar level has been developed. Self-assembled monolayers
(SAMs) of cysteine or acetylcysteine are formed on electropolished polycrystalline Au
electrodes. IFN-  adsorbs physically to each of these SAMs. With injections of 100 mM
KCl, IFN-  can be removed in the flow without damaging the acetylcysteine SAM.
However, the cysteine SAM is affected by these KCl injections.

In an on-line procedure in the flow, a specific antibody (MD-2) against IFN-  is
covalently attached following carbodiimide/succinimide activation of the SAM. The
activation of the carboxylic groups, attachment of MD-2, and deactivation of the
remaining succinimide groups with ethanolamine are monitored impedimetrically at a
frequency of 113 Hz, a potential of +0.2 V versus SCE, and a superimposed sinusoidal
potential with an amplitude of 10 mV. Plots of the real (Z') and imaginary (Z") component
of the impedance versus time provide the information to control these processes.

In the thermostatted setup (23.0°C), samples of unlabeled IFN-  (in phosphate buffer
pH 7.4) are injected and the binding with immobilized MD-2 is monitored with impedance
or potential-step methods. While the chronoamperometric results are rather poor, the
impedance approach provides unsurpassed detection limits, as low as 0.02 fg mL-1 (~1 aM)
IFN- .

From a calibration curve (i.e., Z" versus the amount injected), recorded by multiple
50- L injections of 2 pg mL-1 of IFN- , a dynamic range of 0-12 pg mL-1 could be derived.
However, when nonspecific adsorption is taken into account, which has been found to be
largely reduced through injections of 100 mM KCl, a much smaller dynamic range of
0-0.14 fg mL-1 remains.

The immunosensor can be regenerated by using a sequence of potential pulses in the
flow by which the SAM with attached MD-2 and bound IFN-  is completely removed.
When the developed procedures described above are repeated, the response of the
immunosensor is reproducible within 10%.

                                                     
M. Dijksma, B. Kamp. J.C. Hoogvliet and W.P. van Bennekom, Anal. Chem, accepted.
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INTRODUCTION

Immunosensors are mainly applied in areas where both a high selectivity and a
high sensitivity are required.1 An immunosensor is a device that is able to detect
the interaction between an antibody (Ab) and an antigen (Ag). One of the binding
partners is immobilized, frequently, via a self-assembled monolayer (SAM), i.e., a
monolayer formed on a gold surface by spontaneous adsorption of sulfur-
containing molecules.2, 3 The recognition protein is covalently attached to these
sulfur compounds either before4-6 or after7-14 the SAM formation.

The conversion of the binding event into a measurable signal, in particular at a
low concentration of the analyte, the method of immobilization, the prevention or
elimination of nonspecific interactions, the regenerability, and reusability are,
among other topics, major challenges in immunosensor development research.

Direct detection of immunochemical interactions, i.e., when none of the
reaction partners is labeled, can be performed with optical, e.g., surface plasmon
resonance (SPR),15 piezoelectrical, e.g., quartz crystal microbalance (QCM),16

surface scanning, e.g., atomic force microscopy (AFM)17-19 and electrochemical20

transducers. Since the detection limit of SPR, QCM and AFM is usually in the nM
range, many strategies have been developed for improvement including, for SPR,
the use of liposomes,21 latex beads,22, 23 colloidal gold,24 or hydrogels25 and
plasma-polymerized films26 with stacked binding locations.27

Direct electrochemical detection of proteins can be performed, e.g., with
potential-step or impedance methods, by measuring (small) differences in
capacitance and/or resistance of an electrode. Mirsky et al.7 achieved with
impedance methods a detection limit of ~1 µg mL-1 (~15 nM) for human serum
albumin (HSA) with antibodies immobilized on a SAM of -mercapto-
hexadecanoic acid. Göpel and co-workers4, 5 impedimetrically measured a
concentration of 1.74 µg mL-1 (~12 nM) of an antibody using an immobilized
synthetic antigen.

A major break-through has been published by Berggren et al.8, 9 showing the
capability of a potential-step approach to determine (small changes of) the
interfacial capacitance. With antibodies immobilized on a SAM of thioctic acid or
cysteamine, detection limits as low as 1 pg mL-1 (~10 fM) were reported for
interleukin-2, interleukin-6, human chorionic gonadotropin hormone, and HSA.
While Mirsky et al.7 only used long-chain alkanethiols, Berggren et al.8, 9 showed
that much lower concentrations can be detected with antibodies immobilized via
sulfur-containing compounds with a shorter chain. Since the initial capacitance is
larger, the changes are relatively large when a protein is bound by the immobilized
antibody.9

As mentioned above, elimination or prevention of nonspecific adsorption is
another topic of paramount importance in immunosensor research. It has been
demonstrated (for SPR), that the amount of nonspecific binding at immuno-
globulin G (IgG) immobilized via a short-chain SAM is less than at physically
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adsorbed IgG.10 Cysteine, in particular, has very beneficial characteristics: it
exhibits a low amount of nonspecific adsorption, making detection of lower
concentrations with SPR possible,10 and it facilitates the immobilization of
proteins to surfaces because of the presence of a thiol group for binding to the gold
surface, and a carboxylic acid moiety for attachment of the recognition protein.
Cysteine has also been used to introduce a thiol moiety in proteins before self-
assembly.28-30 Other small molecules reported for attaching proteins via SAMs to
Au surfaces are cystamine31, 32 and cysteamine.9, 33, 34 Silin et al.35 reported a large
amount of nonspecific adsorption of IgG and bovine serum albumine on SAMs of
cysteine, probably due to charge interactions of these proteins with the protonated
NH2 groups of cysteine. Therefore, acetylcysteine would be, because of its
N-acetyl functionality, an alternative for immobilizing proteins.

Regeneration of immunosensors is not straightforward. The use of chaotropic
reagents to accomplish dissociation of the Ab:Ag interaction leads to damage of
the SAMs or decreased sensitivity of the sensor.4, 5, 8, 36 Reproducible sensing is
only accomplished by reproducible formation of a SAM on a smooth surface.
Using a small sulfur-containing molecule like thioctic acid, SAMs with similar
characteristics can be formed repeatedly on electropolished gold electrodes.37, 38

This procedure will be used for the cysteine- and acetylcysteine-based immuno-
sensors.

In this paper we describe the development of a sensitive impedimetric
immunosensor for detection of interferon-  (IFN- ), a relatively small protein of
15.5 kDa. On an electropolished polycrystalline Au electrode a SAM of cysteine
or acetylcysteine is formed to which, through activation with carbodiimide/
succinimide, an antibody (MD-2) against IFN-  is covalently attached. The
remaining succinimide groups are deactivated with ethanolamine.10, 13, 39 For
detection of IFN-  both impedance and potential-step methods are applied.

EXPERIMENTAL SECTION

Chemicals
All chemicals were of analytical grade and used as received, unless mentioned

otherwise. N-acetyl-L-cysteine, L-cysteine hydrochloride, 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide hydrochloride (EDC), N-hydroxy-sulfosuccinimide
(NHS), and ethanolamine hydrochloride (EA) were purchased from Sigma (St.
Louis, MO, USA). All water used was demineralized.

Solutions of EDC (0.4 M in water) and NHS (0.1 M in water) were stored at
-20°C. After thawing, equal volumes were mixed prior to activation of a SAM. A
solution of EA (1 M in water) was prepared.

Phosphate buffer pH 7.4 (10 or 100 mM) was prepared by mixing solutions of
Na2HPO4 and NaH2PO4 (both from Merck, Darmstadt, Germany). 100 mM KCl
(Merck) solution was prepared in water. Recombinant IFN-  and the antibody
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MD-2 have been a kind gift from Dr. P. H. van der Meide (U-Cytech, Utrecht, The
Netherlands).40 IL-2 (Proleukin ) was kindly donated by Dr. R.F.M. Rombouts
(Chiron, Amsterdam, The Netherlands).

After addition of water to the freeze-dried samples of MD-2, IFN-  or IL-2,
solutions of 0.1 mg mL-1 in 125 mM phosphate buffered saline pH 7.4, were
prepared and stored at -80 C. Prior to use they were thawed and further diluted
with 10 mM phosphate buffer pH 7.4. Trehalose, present in the MD-2 and IFN-
samples when received, does not interfere with our measurements.

Mechanical polishing of the electrode
The working electrodes consist of a gold wire (99.9%, Engelhard-Clal,

Amsterdam, The Netherlands) with a diameter of 1.00 mm (geometric surface area
of 0.785 mm2) and are press-fitted in Kel-F. They are polished during 30 min with
gamma-micropolish B deagglomerated alumina suspension (0.05 µm, Buehler,
Lake Bluff, IL) using a Metaserve automatic polisher (Buehler, Coventry, U.K.).
Finally, the electrodes are cleaned ultrasonically in water for 15 min.

Experimental setup
For electrochemical pretreatment of the Au working electrodes a confined

wall-jet flow-through cell is used, with a saturated calomel reference electrode
(SCE) and a glassy-carbon disk auxiliary electrode. The distance between the
working and auxiliary electrode is 100 µm. Details of this homemade flow-
through cell were described previously.41 All potentials mentioned are versus SCE.
The flow system further consisted of an HPLC pump (LC-10AD, Shimadzu,
Kyoto, Japan), a packed HPLC column for additional reduction of flow variations,
PEEK capillaries, a fixed-loop injector (50 L), and a thermostat/cryostat (Julabo
F12, Julabo Labortechnik, Seelbach, Germany).

For application of the potential pulses or steps an Autolab PGSTAT10 digital
potentiostat/galvanostat was used with GPES 4.5 software (Eco Chemie, Utrecht,
The Netherlands). The potential-step measurements were performed with an
additional module (Eco Chemie) that allows the current to be sampled at a
frequency of 750 kHz. For impedance measurements a FRA-2 module with
software version 4.7 (Eco Chemie) was used.

Formation of the immunosensor
After mechanical polishing, the Au electrodes are electropolished by

application of potential pulses (+1.6, 0.0, -0.8 V, each 0.1 s) for 30-120 min in
100 mM phosphate buffer, flow 0.1 mL min-1, until a minimum surface roughness
has been obtained.37 Such a pretreated smooth electrode is immersed in a
phosphate solution of 1 M cysteine or acetylcysteine (pH 1.25 and 2.30,
respectively) during at least 17 h at room temperature. After thoroughly rinsing
with water, the electrode with the cysteine or acetylcysteine SAM is transferred to
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a thermostatted (23.0 C) flow-through cell. The immunosensor is built up in flow
(10 µL min-1 of 10 mM phosphate buffer pH 7.4), by successive injections of
EDC/NHS, MD-2 (50 µg mL-1) and EA. Then, the antigen IFN-  is injected in
various concentrations. Formation of the immunosensor and detection of IFN-
have been monitored with both impedance methods and chronoamperometry. IL-2
is used to investigate the nonspecific adsorption.

Chronoamperometry
In chronoamperometry, after each injection, potential steps were applied from

0 to 50 mV versus SCE until successive current-time responses became identical.
The current after potential-step application is sampled at a frequency of 750 kHz,
usually for 2 ms, i.e., generating about 1500 data points.

According to Berggren et al.8, 9 the current-time response of an electrode
modified with antibody before and after antigen binding, can be described by an
equivalent circuit consisting of the solution resistance (Rs) and a double-layer
capacitance (Cdl) in series. This non-faradaic process can be described by
Equation 1:

dlss

exp)(
CR

t

R

E
tI (Equation 1)

where I(t) is the current as a function of time t and E is the potential step. From
the slope and intercept of the (linear part of the) log I(t)-t plot, Rs and Cdl could be
calculated.8, 9

Impedance method
In the impedance measurements42 an alternating potential (Eac), with an

amplitude of 10 mV at various frequencies (f) in the range from 10 kHz to 3 Hz,
superimposed on a fixed potential (Edc = +0.2 V versus SCE) is applied to the
electrode. The impedance Z is expressed in terms of a real (Z') and an imaginary
(Z") component. Monitoring has been performed at f = 113 Hz.

Repeatability of SAM formation
For reproducible formation of the acetylcysteine or cysteine SAM, the method

described for thioctic acid SAMs was used.38 After removal of the SAM from the
electrode with a sequence of potential pulses, a new SAM can be formed
reproducibly on the same electrode. Then SAMs have more or less identical
characteristics. However, we used a large set of Au electrodes, each with slightly
different characteristics. This explains (at least partly) the differences in the
impedance between experiments.
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RESULTS AND DISCUSSION

Selection of the measurement method
SAMs of cysteine or acetylcysteine were formed on electropolished

polycrystalline gold electrodes. To detect the binding between MD-2 immobilized
via the SAM and IFN-  in solution, both impedance and chronoamperometry8, 9

can be used. In immunosensing with impedance measurements, usually,
measurements at a single optimized frequency as a function of time provide the
required analytical information.4, 5, 7 The best signal-to-noise ratio is obtained in
the frequency range from 80 to 240 Hz. We have adopted a frequency of 113 Hz,
following Göpel and co-workers.4, 5

Because the goal of our work was to find a method for direct detection of very
low concentrations of IFN- , impedance and chronoamperometry were compared.
The SAM is formed in batch on an electropolished Au electrode. Before and after
(see “Au” and “cysteine” in Figure 1b) the SAM formation, potential steps are
applied for characterization. Then, in the flow, the SAM is activated with
EDC/NHS, MD-2 is immobilized, and the remaining succinimide groups are
deactivated with EA.10, 13, 39 These processes are impedimetrically monitored at
f = 113 Hz (Figure 1a). Before IFN-  is injected, the ac monitoring is interrupted
for recording the potential-step response (see (1) in Figures 1a and 1b). The ac
monitoring is reestablished and IFN-  is injected (Figure 1a). Finally, the ac
monitoring is terminated for applying a potential step again (see (2) in Figures 1a
and 1b).

In Figure 1a, at f = 113 Hz, Z" shows the immunosensor buildup and detection
of IFN- . The shift ( Z"), the consequence of binding of IFN-  to immobilized
MD-2, is clearly detected (see (2) in Figure 1a). However, the chronoampero-
metric response of the immunosensor before and after binding of IFN-  is almost
identical (see (1) and (2) in Figure 1b). The difference becomes more clear in a log
I(t)-t plot (Figure 1c) but remains very small. Apparently, at larger delay times (>
1 ms), the difference increases. This is, at least partly, masked by an increase of
noise (see Figure 1c). Moreover, a linear part of the log I(t)-t plot as reported by
Berggren et al.8, 9 is absent in our experiments which becomes even more clear in
Figure 1d.

We cannot fully explain the discrepancy, but there are differences. Berggren et
al.8, 9 used a homemade four-electrode system, used other SAM-forming
compounds, and sampled the current at 50 kHz usually for 0.2 ms after potential-
step application, i.e., generating 10 data points for fitting the RC circuit (see
Chronoamperometry).43 Moreover, it turns out that the equivalent circuit of our
systems is much more complicated than their simple RC circuit (data not shown).
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Figure 1. Monitoring of the various stages during immunosensor buildup on a cysteine
SAM with impedance measurements and chronoamperometry, and the detection of IFN- .
Experimental conditions: (a) impedance measurements, the imaginary component of the
impedance (Z") is recorded with Edc = 0.0 V, E0 = 10 mV, f = 113 Hz; (b)
chronoamperometry, the potential is stepped from 0 to +50 mV; (c) logarithmic I(t)-t plot of
the data presented in (b); (d) log I(t)-t plot of the data shown in (b) using the time window as
applied by Berggren et al.8, 9 The current is plotted from 60 to 260 µs; linear regression fits
of (1) give a slope of-1.76 and an intercept of -4.90 (r2 = 0.973) and of (2) a slope of -1.80
and an intercept = -4.91 (r2 = 0.973). The experiments are performed in a FIA setup (flow 10
µL min 1 of 10 mM phosphate buffer pH 7.4). Injections (50-µL) of EDC/NHS, MD-2
(50 µg mL-1), EA, and IFN-  (1 µg mL-1). The start of an injection is indicated by an arrow.

It can be concluded that the difference in capacitance caused by binding of
IFN-  to immobilized MD-2 is too small to be measured chronoamperometrically
with our instrumentation. Therefore, since for an acetylcysteine-based immuno-
sensor comparable results have been obtained (data not shown), it is clear that for
our equipment the impedance method is superior and thus preferred over the
potential-step method.

Note: The binding of antibody MD-2 (~160 kDa) to IFN-  (15.5 kDa)
immobilized via a cysteine SAM, gives rise to clear differences in the current-time
response (data not shown).

a b

c d
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Selection of acetylcysteine
Although from impedance measurements SAMs of cysteine and acetyl-cysteine

appear to have comparable characteristics and nonspecific adsorption takes place
on both, acetylcysteine has a beneficial characteristic in the possibility to remove
nonspecifically adsorbed proteins such as IFN-  with an injection of 100 mM KCl.
Figure 2 shows that IFN-  (injections 1 and 3) physically adsorbs to the
acetylcysteine SAM. However, after injection of 100 mM KCl (injections 2 and 4)
the signal returns to the baseline, which indicates that IFN-  is completely
removed without damaging the SAM. On the other hand, injections of KCl on
cysteine SAMs leads to an increase in Z". Therefore, acetylcysteine SAMs will be
used for the further development of the electrochemical immunosensor.
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Figure 2. Influence of KCl injections on the desorption of physically adsorbed IFN-  from
an acetylcysteine SAM. The imaginary component of the impedance (Z") is shown.
Injections of (1) 20 fg mL 1 IFN- , (2) 100 mM KCl, (3) 0.2 fg mL 1 IFN- , and (4)
100 mM KCl as indicated by the arrows. Experimental conditions: Edc = +0.2 V,
E0 = 10 mV, f = 113 Hz, flow 10 µL min 1 of 10 mM phosphate buffer pH 7.4, injection
volume; 50 µL.

Immobilization of MD-2 antibodies
The buildup of an immunosensor on an acetylcysteine SAM was monitored

impedimetrically. In Figures 3a and 3b the real Z' and the imaginary Z" part of the
impedance Z, measured at 113 Hz during this immobilization process, are shown,
respectively. The acetylcysteine SAM is activated using EDC/NHS. Then, the
MD-2 antibodies are immobilized. For deactivation of the remaining succinimide
groups EA was used.
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Figure 3. Monitoring of the immunosensor buildup on an acetylcysteine SAM. The (a) real
(Z') and (b) imaginary (Z") component of the impedance Z as a function of time are shown.
The arrows indicate the start of an injection. First the SAM is activated with a single
injection of EDC/NHS. Next, MD-2 (50 µg mL-1) is injected 3 times. Finally the remaining
succinimide groups are deactivated by a single injection of EA. Experimental conditions, see
Figure 2.

After three injections of MD-2 both Z' and Z" are more or less stable indicating
maximal coverage of the surface area. From Z" (Figure 3b) it can be concluded
that each MD-2 injection leads to a further increase in Z", indicating attachment of
more MD-2 molecules. By the injection of EA, physically adsorbed MD-2 is
desorbed and the remaining succinimide groups are inactivated. EA has a large
effect on the configuration/conformation of the sensing layer and the electrical
double-layer of the electrode, as reflected by the very long time required for
returning to a stable baseline.

a

b
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Detection of IFN-
Using this immunosensor, IFN-  can be detected with a very high sensitivity.

The result of repeated injections of IFN-  (2 pg mL 1) is shown, both in Z'
(Figure 4a) and Z" (Figure 4b).
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Figure 4. Monitoring of the binding of IFN-  to MD-2 immobilized via an acetylcysteine
SAM. The (a) real (Z') and (b) imaginary (Z") components of the impedance Z as a function
of time are shown. IFN-  (2 pg mL 1) is injected 6 times. In the inset (Figure 4b) the
determination of Z" due to a 50- L injection is illustrated. Experimental conditions, see
Figure 2.

While activation, attachment of MD-2 and deactivation of the remaining
succinimide groups leads to changes both in Z' and Z" (see Figure 3), binding of
IFN-  primarily leads to changes in Z" (see Figures 4a and 4b). The effect of each
injection was determined by extrapolating the baseline (see inset in Figure 4b).

a

b
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The corresponding calibration curve is shown in Figure 5 where the change in Z"
( Z") is plotted versus the cumulative amount of IFN-  injected. The IFN-
immunosensor appears to have a reasonable dynamic range at least from 0 to
0.6 pg corresponding to 0 to 12 pg mL 1.
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Figure 5. Calibration curve of IFN- . The cumulative change in Z" ( Z") is plotted as a
function of the total amount of IFN-  injected. Experimental conditions, see Figures 2 and 4.

Nonspecific interactions
However, it turns out by injections of other proteins, including IL-2, that the

response is a combination of specific and nonspecific interactions. This
nonspecific adsorption is a major problem in immunosensing, since nonspecific
adsorption cannot be distinguished from specific adsorption in (capacitive)
electrochemical sensing of unlabeled antigens. Therefore, an additional procedure
is required to correct for (or to eliminate) the nonspecific contribution. Many
agents in various concentrations have been tested (e.g., KCl, glycine, buffers with
various pH) for achieving the desired result: return of the impedance to the
baseline after injection. We found that nonspecifically adsorbed proteins can be
removed for the greater part by tuning the ionic strength, i.e., by injection of a low
concentration of KCl (100 mM in water) without damaging the SAM, the
immobilized antibody (and thus maintaining the sensitivity), or desorbing
specifically bound antigen. Higher concentrations of KCl result in an instable
baseline (Z"), probably caused by a damage of the SAM.8, 36

In Figure 6, the effect of several injections of 100 mM KCl on adsorbed
proteins is shown. Buffer (1, 2), 0.2 fg mL 1 IFN-  (3, 4), and 100 mM KCl (5)
were injected, successively. As expected due to injections (3, 4) Z" increases, but
after the KCl injection (5) a decrease in Z" occurs, which is assumed to correspond
to the removal of nonspecifically adsorbed IFN- . An injection (6) of 20 pg mL 1
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IL-2 leads to a shift in Z", but Z" returns to the baseline after injections of KCl (7,
8). An injection (9) of 20 pg mL 1 IFN-  leads again to a shift, of which a residual
shift remains after injections of KCl (10, 11). From these experiments it can be
concluded that by the 100-mM KCl injections the nonspecific adsorption (i.e.,
IL-2) is removed. Moreover, it is assumed that nonspecifically adsorbed IFN-  is
also removed by the KCl injections.
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Figure 6. Influence of KCl injections on the desorption of nonspecifically adsorbed proteins
from MD-2 immobilized via an acetylcysteine SAM. Z" as a function of time is shown. As
indicated by the arrows, injections of 10 mM phosphate buffer (1, 2), 0.2 fg mL 1 IFN-  (3,
4), 100 mM KCl (5), 20 pg mL 1 IL-2 (6), 100 mM KCl (7, 8), 20 pg mL 1 IFN-  (9), and
100 mM KCl (10, 11). Experimental conditions, see Figure 2.

By performing multiple injections of a low concentration of IFN-  the
cumulative change in Z" is determined. The calibration curve is shown in Figure 7.
The result of 12 injections of 0.02 fg mL 1 IFN- , each followed by an injection of
100 mM KCl, is shown. In this experiment, initially no desorption of protein
(IFN- ) after injection of KCl was observed. However, after multiple injections
either no shift occurs upon injection of protein, or the shift is undone by injection
of 100 mM KCl. This means that all available specific binding locations are
occupied; i.e., the surface is saturated.

After 7 injections, no IFN-  is bound anymore, because the sensor becomes
saturated. Assuming that 7 ag of IFN-  / 50 L injection can be bound by the
sensor, the upper limit of the dynamic range for application can be approximated
by about 0.14 fg mL 1. From Figure 7 it is clear that 1 ag IFN- /50- L injection
can be detected, so the detection limit of the sensor is better than 0.02 fg mL 1. As
revealed in Figure 7, the statistical variation due to the 50- L injections is very
low. However, the repeatability (the same electrode) is within 10%, since the exact
position of the electrode as well as the distance between working and auxiliary
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electrode has to be adjusted manually. These uncertainties introduce systematic
errors because the effective cell volume will vary to some extent, in addition to the
variations in the immunochemical layer (see Repeatability of SAM formation).
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Figure 7. Calibration curve of IFN- . The cumulative change of Z" ( Z") of multiple
injections of IFN-  (0.02 fg mL 1), each injection followed by a 100 mM KCl injection, is
shown. Experimental conditions, see Figure 2.
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Figure 8. Effect of multiple 100 mM KCl injections on specifically bound IFN- . Z" is
shown as a function of time. Injection of 2 pg mL 1 IFN-  (1), followed by 5 injections of
100 mM KCl (2-6). Experimental conditions, see Figure 2.

It turns out that the shift caused by the first injection of IFN-  is always larger
than the shift caused by a subsequent indentical injection. This means that the
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change in impedance of a clean surface with only MD-2 is different from that of a
MD-2 surface with IFN-  bound.

In Figure 8 is shown that an injection of 2 pg mL-1 IFN-  causes a shift of
2.5  cm2. After several injections of 100 mM KCl, a shift of 1.9  cm2 remains,
which is explained by specifically bound IFN- . We assume that nonspecifically
adsorbed IFN-  is removed by the first KCl injection(s).

Research is in progress to investigate the applicability of this method in the
determination of IFN-  and other proteins in real samples (e.g., plasma and
serum). We are also extending the research for measuring simultaneously the
impedance and the response of SPR. In this study, the quantitative and mechanistic
aspects of the immunosensor are being investigated further and in more detail.

CONCLUSIONS

An electrochemical immunosensor for direct detection of IFN-  at attomolar
level has been developed. SAMs of cysteine or acetylcysteine, formed on
electropolished polycrystalline Au electrodes, have in phosphate buffer pH 7.4
comparable electrochemical characteristics as turns outs from impedance
measurements. IFN- , that physically adsorbs to these SAMs, can be removed in
the flow from the acetylcysteine SAM without damage by use of 100 mM KCl
injections. The cysteine SAM is affected by this treatment. Therefore
acetylcysteine is preferred over cysteine.

In an on-line procedure in the flow, the carboxylic groups of the SAM are
activated by EDC/NHS, a specific antibody (MD-2) against IFN-  is covalently
attached, and the remaining succinimide groups are inactivated with EA. These
processes are controlled by monitoring both Z' and Z" at f = 113 Hz, Edc = +0.2 V,
and E0 = 10 mV.

In the thermostatted setup (23.0°C), samples of unlabeled IFN-  (in phosphate
buffer pH 7.4) are injected and the binding with immobilized MD-2 is monitored
with impedance or potential-step methods. While the impedance approach
provides unsurpassed detection limits, as low as 0.02 fg mL-1 (~1 aM) IFN- , the
chronoamperometric results are rather poor.

The results as published by Berggren et al.8, 9
 could not be reproduced for

detecting IFN-  with immobilized MD-2. However, MD-2 can clearly be detected
chronoamperometrically with immobilized IFN- . Therefore, for our goals,
impedance methods are preferred.

From a Z"-concentration calibration curve, a dynamic range of 0-12 pg mL-1

IFN-  was established. However, when nonspecific adsorption is taken into
account, which can largely be reduced through injections of 100 mM KCl, a much
smaller range of IFN-  remains (0-0.14 fg mL-1).

The immunosensor can be regenerated by using a sequence of potential pulses
in the flow by which the SAM with attached MD-2 and bound IFN-  is completely
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removed. When the developed procedures are repeated, the response of the
immunosensor is reproducible within 10%.

It is assumed that these extremely low levels of IFN-  could be detected
because of our optimized experimental setup: the thermostatted flow-system, a
low flow rate, the electrochemical confined wall-jet flow-through cell for
favorable mass-transfer, the electrode pretreatment for optimal smoothness, the
immobilization of MD-2 via the acetylcysteine SAM as well as the impedance
method employed.
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7
General Conclusions and Perspectives

The achieved improvement in the sensitivity of electrochemical
immunosensors (as described in Chapter 6) has been accomplished by optimizing
all experimental conditions. It is assumed that extremely low amounts could be
detected because of the thermostatted flow-system, the low flow rate, the favorable
mass-transfer of the electrochemical confined wall-jet flow-through cell, the
developed electrode pretreatment for optimal smoothness, immobilization of the
antibody MD-2 via the acetylcysteine SAM as well as the impedance method
employed.

Discrimination between specifically and nonspecifically bound proteins can be
accomplished by injections of KCl. It remains to be investigated if this approach
can be applied in general, for achieving the final goal: direct measurement of
proteins in real samples like plasma or serum.

Another strategy to be investigated would be the use of antibody fragments,
i.e., Fab' or F(ab)2. It is expected that, because of the smaller size of these
fragments, a better sensitivity of electrochemical immunosensing can be achieved.

The possibility to detect very small amounts of proteins and peptides offers
various opportunities. Diseases can be diagnosed in a much earlier stage. An
example of a protein indicating a disease is IFN- , which is used as model
compound in this Ph.D. thesis. This protein is elicited in reaction to inflammation.
Another example would be the early detection of, e.g., toxins in low concentration,
a major problem in biotechnology.

Furthermore, the sensor may be applied in the investigation of the kinetics of
interaction, since the sensor responds in real time.

Application of this type of sensor in a multichannel setup, with a different
antibody immobilized in each channel, affords detection of different proteins in a
single sample at the same time. Using high-throughput screening a range of
compounds can be tested for interaction with a certain protein or peptide,
immobilized on an electrode. This method may be explored in combinatorial
chemistry and proteomics.

A reproducibility of about 10% in the results is found, because of variation in
the position of the working and auxiliary electrode. The reproducibility can be
improved by performing all actions in the flow, which was one of our goals.
However, for a SAM to be reproducible and stable it has to be allowed to form
during at least 17 h. We have not applied this prolonged pumping of TA through
the cell.
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Good reproducibility is achieved on a single electrode. Non-reproducibility
arises for the larger part because of the inherent sensitivity of the impedance
method applied. A small difference in the SAM structure causes large differences
in the impedance results. To solve the problem of the differences in SAM
formation on different electrodes, their cause has to be found. By using
hexacyanoferrate(II/III) more information about the SAM formation can be
obtained. However, in the presence of this redox probe, the characterization
method influences the SAM characteristics. The differences in structure of the
surface and the SAM can be further investigated using surface characterization
methods like scanning tunnelling microscopy or atomic force microscopy.

Currently, electrochemistry is being applied in combination with surface
plasmon resonance (SPR). These methods are complementary in some cases. For
example, while binding of a large compound to a layer, that has a very low
capacitance, is not observed in impedimetry, in SPR the binding results in a large
shift. A combination of electrochemistry and quartz crystal microbalance (QCM)
yields information on changes in resistance, capacitance and mass. Combinations
can be made with various methods to obtain the required information.

Another problem we encountered which remains to be solved, is the large
difference in behaviour for SAM formation on thin-layer versus polycrystalline
gold electrodes. Since the SPR and QCM methods use evaporated gold layers on
glass with a titanium or chromium adhesion layer, the "polycrystalline" results
cannot be extrapolated directly to "thin-layer" results.
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Summary

In this Ph.D. thesis, the development of an immunosensor for direct
electrochemical detection of unlabeled proteins is described. This immunosensor
is based upon antibodies immobilized on a self-assembled monolayer (SAM) of
sulfur-containing molecules on a gold electrode. Because a reliable sensor has to
be both stable and reproducible, preparation of stable SAMs was of paramount
importance. Further, to be able to measure extremely low protein concentrations, a
sensing layer with a high capacitance (i.e., a thin layer) is required. Also, the
sensor has to be specific and reusability is preferred.

In Chapter 1, an overview of literature on electrochemical immunosensors
capable of measuring unlabeled proteins has been given. Sensors have been
described based on antibodies (or antigens) immobilized in or on silanized
Si/SiO2, silanized metal, polypyrrole, SAMs on gold electrodes and bilayer lipid
membranes. Various electrochemical detection methods have been used, including
amperometry and impedimetry. While the research on most methods is not
continued because of the many disadvantages, sensors based on SAMs offer
opportunities for sensitive and direct detection of unlabeled proteins and peptides.

For the formation of reproducible and stable SAMs, the actual state of the gold
surface plays an important role. In Chapter 2, a method for decreasing the surface
roughness of mechanically polished gold electrodes is described. This electro-
polishing effect is obtained by alternately oxidizing and reducing the gold in a
flow system (100 mM phosphate buffer pH 7.4). The most effective method is a
triple pulse potential of +1.6, 0.0, and –0.8 V versus SCE and pulse widths of 100
ms for each potential, for prolonged time (2000 - 5000 s).

The investigation of the influence of the conditions and time of SAM formation
on the characteristics is described in Chapter 3. SAMs are characterized with
impedimetry at 0.2 V versus SCE and a superimposed sinusoidal potential with an
amplitude of 10 mV, in the frequency range from 10 kHz to 50 mHz. Stable SAMs
of thioctic acid (TA) are reproducibly formed on electropolished gold electrodes
from a stirred 50 mM solution in 100 mM phosphate buffer pH 7.4 at an applied
potential of 0.0 or +0.2 V versus SCE. The TA SAMs are stable in 100 mM
phosphate buffer pH 7.4, and when protected from light, also in buffered 2 mM
hexacyanoferrate(II/III) solution. Using the triple pulse treatment for 15 min, the
TA SAM can be removed completely, recovering the initial state of the gold
electrode, as deduced from potential-step experiments (chronoamperometry). This
way TA SAMs can be formed and removed repeatedly and reproducibly on a
single electrode.

In Chapter 4, the influence of hexacyanoferrate(II/III), a redox probe often
applied in the characterization of SAMs and impedimetric immunosensing, on
SAMs of TA and 11-mercaptoundecanoic acid (MUA) is described. The change in
characteristics of these SAMs is studied in the dark and during subsequent
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exposure of the solution to light, with impedimetry by recording frequency scans
(ranging from 10 kHz to 50 mHz) at regular time intervals at 0.2 V versus SCE
and a superimposed sinusoidal potential with an amplitude of 10 mV. These
frequency scans have been modelled with an electrochemical equivalent circuit.
From this model it was found that, as expected from the chain lengths of TA and
MUA, charge transfer and diffusion of the redox probe are hindered more by a
MUA SAM than by a TA SAM, and that the capacitive component is lower in
case of a MUA SAM.

After exposure of the solution to light, a relatively rapid decrease in the
resistances and increase in the double-layer capacitance is observed. The manner
in which resistances and capacitances change in case of the TA SAM, suggests
that TA molecules are gradually removed from the SAM. A possible mechanism is
etching of the gold substrate by CN- ions through pin-holes in the SAM. Support
of this mechanism is obtained from the large difference in characteristics of the
gold electrode before SAM formation and after long-term incubation in
illuminated buffered hexacyanoferrate(II/III) solution, pointing to a change in the
structure of the gold, and the etching of thin gold-layers in this solution.

It can be concluded that, because stability is an important property of an
immunosensor, measurements can better be performed in absence of this redox
probe.

In Chapter 5 the development of an impedimetric immunosensor based upon
SAMs of TA on an electropolished gold electrode is described. In an on-line
procedure in the flow (50 mM phosphate buffer pH 7.4, thermostatted at 23.0°C) a
specific antibody (MD-2) against interferon-  (IFN- , a small protein with
molecular weight 15.5 kDa) is covalently attached following carbodiimide/
succinimide activation of the carboxylic groups of the SAM. This procedure is
monitored impedimetrically at a frequency of 113 Hz, a potential of 0.2 V versus
SCE and a superimposed sinusoidal potential with an amplitude of 10 mV. Despite
the fact that 2 fg mL-1 could be detected, this sensor is not yet applicable to
determine IFN-  in samples containing other proteins (i.e., interleukin-2), because
specific and non-specific adsorption could not be distinguished.

The application of SAMs of cysteine and acetylcysteine has been studied in an
immunosensor for IFN-  using both chronoamperometry and impedimetry, as
described in Chapter 6. SAMs of acetylcysteine are found to have beneficial
characteristics in the possibility to remove non-specifically adsorbed proteins with
injections of 100 mM KCl, which leads in case of cysteine SAMs to damage. In
the thermostatted setup (23.0°C), samples of unlabeled IFN-  (in phosphate buffer
pH 7.4) are injected and the binding with immobilized MD-2 is monitored with
impedimetry or chronoamperometry. While the chronoamperometric results are
rather poor, the impedance approach provides unsurpassed detection limits.

From a calibration curve (i.e., Z" versus the amount injected), recorded by
multiple 50- L injections of 2 pg mL-1 of IFN- , a dynamic range of 0-12 pg mL-1
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could be derived. However, when non-specific adsorption is taken into account,
which has been found to be largely reduced through injections of 100 mM KCl, a
much smaller dynamic range of 0-0.14 fg mL-1 remains. The detection limit is as
low as 0.02 fg mL-1 (~1 aM) IFN- .

These immunosensors can be regenerated by using a sequence of potential
pulses in the flow by which the SAM with attached MD-2 and bound IFN-  is
completely removed. When repeating the developed procedures described above,
the response of the immunosensor is reproducible within 10%.

In conclusion, a tremendous improvement in the sensitivity of immunosensing
has been accomplished by optimizing the experimental conditions, including
pretreatment of the gold, the formation of thin SAMs, and the measurement
method. This method can, for example, be applied in the early detection of
diseases. In a multichannel set-up, with a different protein immobilized in each
channel, detection of various proteins in a sample at the same time is possible.
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Samenvatting

In dit proefschrift wordt de ontwikkeling van een immunosensor voor directe
electrochemische detectie van ongelabelde eiwitten beschreven. De immunosensor
bestaat uit antilichamen geïmmobiliseerd op een zelf-assemblerende monolaag
(SAM) van zwavelbevattende moleculen op een goudelectrode. Omdat een sensor
alleen betrouwbaar is als deze stabiel en reproduceerbaar is, is de vorming van een
stabiele SAM (de basis van de sensor) van groot belang. Om een zeer lage
concentratie eiwit te kunnen meten, is het bovendien vereist dat de sensorlaag een
grote electrische capaciteit heeft (d.w.z. dun is). Daarnaast moet de sensor
specifiek zijn en bij voorkeur regenereerbaar.

In Hoofdstuk 1 wordt een overzicht gegeven van de literatuur over
electrochemische immunosensoren waarmee ongelabelde eiwitten kunnen worden
gemeten. De beschreven sensoren zijn gebaseerd op antilichamen (of antigenen),
geïmmobiliseerd in of op gesilaniseerd Si/SiO2, gesilaniseerd metaal, polypyrrool,
SAMs op goudelectroden en lipide dubbellaag membranen. Verscheidene
electrochemische detectietechnieken zijn toegepast, waaronder amperometrie en
impedimetrie. Hoewel het onderzoek aan de meeste methoden inmiddels gestopt
is, vanwege de vele nadelen, blijken sensoren op basis van SAMs uitstekende
mogelijkheden te bieden voor gevoelige en directe detectie van ongelabelde
eiwitten en peptiden.

Voor de vorming van reproduceerbare en stabiele SAMs is de staat van het
goudoppervlak van groot belang. In Hoofdstuk 2 wordt een methode beschreven
om de oppervlakteruwheid van mechanisch gepolijste goudelectroden te
verminderen. Dit electropolijsten van het goudoppervlak wordt bereikt door
afwisselend te oxideren en te reduceren in een doorstroomsysteem (100 mM
fosfaat buffer pH 7,4). De meest effectieve methode is het aanleggen van een
pulspotentiaal van +1,6, 0,0 en -0,8 V versus de verzadigde calomel electrode
(SCE) met pulsbreedten van 100 ms voor elke potentiaal, gedurende langere tijd
(2000 – 5000 s).

In Hoofdstuk 3 wordt het onderzoek naar de invloed van condities en tijdsduur
van SAM-vorming op de eigenschappen van die SAM beschreven. De SAMs
worden gekarakteriseerd met impedimetrie bij een potentiaal van 0,2 V versus
SCE en een gesuperpositioneerde wisselspanning met een amplitude van 10 mV
en frequencies van 10 kHz tot 50 mHz. Stabiele SAMs van thioctic acid (TA)
worden reproduceerbaar gevormd op geëlectropolijste goudelectroden in een
50 mM oplossing van dit disulfide in 100 mM fosfaatbuffer pH 7,4 bij een
aangelegde potentiaal van 0,0 of +0,2 V versus SCE, onder roeren. De TA SAMs
zijn stabiel in 100 mM fosfaatbuffer pH 7,4, en indien afgeschermd van licht ook
in een gebufferde (pH 7,4) 2 mM hexacycanoferraat(II/III) oplossing. Door de
eerder genoemde pulsmethode toe te passen gedurende 15 minuten, wordt de TA
SAM volledig verwijderd. Uit potentiaalstap experimenten (chronoamperometrie)
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kan worden afgeleid dat de goudelectrode hierdoor inderdaad terugkomt in zijn
begintoestand. Op deze manier kunnen TA SAMs reproduceerbaar worden
gevormd op en verwijderd van één enkele electrode.

In Hoofdstuk 4 wordt de invloed van hexacyanoferraat(II/III), een redoxkoppel
dat regelmatig is toegepast in de karakterisering van SAMs en bij impedimetrische
immunosensoren, op SAMs van TA en 11-mercapto-undecaanzuur (MUA)
beschreven. De verandering in de karakteristieken van deze SAMs is bestudeerd in
het donker en de daaropvolgende blootstelling aan licht, met impedimetrie door
het regelmatig opnemen van frequentiescans (met een bereik van 10 kHz tot
50 mHz) bij 0,2 V versus SCE en een gesuperpositioneerde wisselspanning met
een amplitude van 10 mV. Vervolgens is er een equivalent circuit afgeleid
waarmee deze frequentiescans kunnen worden beschreven. Uit dit model bleek,
zoals verwacht op basis van de ketenlengte van TA en MUA, dat ladings-
overdracht en diffusie van het redoxkoppel meer gehinderd wordt door een MUA
SAM dan door een TA SAM en dat de capacitieve component van de MUA SAM
lager is.

Na blootstelling aan licht nemen de weerstanden relatief snel af terwijl de
dubbellaagcapaciteit toeneemt. De manier waarop weerstand en capaciteit
veranderen in het geval van de TA SAM wijst erop dat TA moleculen geleidelijk
uit de SAM worden verwijderd. Een mogelijk mechanisme is etsing van het
goudsubstraat door CN- ionen via kleine openingen (zogenaamde pin-holes) in de
SAM. Verdere aanwijzingen hiervoor zijn: het grote verschil in de eigenschappen
van de goudelectrode vóór de SAM-vorming en ná een lange incubatie van de
SAM in een belichte gebufferde hexacyanoferraat(II/III) oplossing (wat wijst op
verandering in de goudstruktuur), en het feit dat dunne goudlagen worden geëtst in
die oplossing.

Aangezien een immunosensor stabiel moet zijn, is het gebruik van dit redox-
koppel af te raden.

In Hoofdstuk 5 wordt de ontwikkeling van een impedimetrische immuno-
sensor op basis van TA SAMs op een geëlectropolijste goudelectrode beschreven.
In een doorstroom systeem (50 mM fosfaatbuffer pH 7,4, gethermostreerd bij
23,0ºC) wordt een specifiek antilichaam (MD-2) tegen interferon  (IFN- , een
klein eitwit met een molecuulgewicht van 15,5 kDa) covalent gebonden aan de
SAM na activering van de carboxylgroepen met carbodiimide/succinimide. Deze
procedure is impedimetrisch gevolgd bij een frequentie van 113 Hz, een potentiaal
van 0,2 V versus SCE en een gesuperpositioneerde wisselspanning met een
amplitude van 10 mV. Ondanks het feit dat 2 fg mL-1 gedetecteerd kon worden, is
deze sensor vooralsnog niet toepasbaar om IFN-  te detecteren in monsters die ook
andere eitwitten bevatten (b.v. interleukine-2), omdat geen onderscheid gemaakt
kan worden tussen specifieke en niet-specifieke adsorptie.

Het gebruik van SAMs van cysteine en acetylcysteine in een immunosensor
voor IFN-  is bestudeerd met chronoamperometrie en impedimetrie, zoals
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beschreven in Hoofdstuk 6. Met SAMs van acetylcysteine blijkt het mogelijk te
zijn om niet-specifiek geadsorbeerde eiwitten te verwijderen met injecties van
100 mM KCl, terwijl SAMs van cysteine hierdoor worden aangetast. In de
gethermostreerde opstelling (23,0ºC) worden monsters van IFN-  (in fosfaat-
buffer pH 7,4) geïnjecteerd. De binding aan geïmmobiliseerd MD-2 wordt gevolgd
met impedimetrie of chronoamperometrie. De chronoamperometrische techniek
leverde slechte resultaten op, met de impedimetrische techniek werden daaren-
tegen onovertroffen detectielimieten bereikt.

Uit een ijkcurve (Z  versus de geïnjecteerde hoeveelheid) opgenomen door
meerdere malen 50 L van 2 pg mL-1 IFN-  te injecteren, kon een dynamisch
bereik van 0-12 pg mL-1 worden afgeleid. Echter, als rekening wordt gehouden
met de niet-specifieke adsorptie, die sterk gereduceerd blijkt te kunnen worden
door injecties van 100 mM KCl, blijft er een dynamisch bereik van 0-0.14 fg mL-1

over. De detectielimiet is 0.02 fg mL-1 (~1 aM) IFN- , wat betekent dat extreem
kleine hoeveelheden gedetecteerd kunnen worden.

Deze immunosensoren kunnen worden geregenereerd met de pulsmethode.
Hierbij wordt de SAM met gebonden MD-2 en IFN-  volledig verwijderd. Na
herhaling van bovenstaande procedure is de respons van de immunosensor
reproduceerbaar binnen 10%.

Concluderend, er is een enorme verbetering in gevoeligheid van dit type
immunosensoren bereikt door de experimentele omstandigheden te optimaliseren
met inbegrip van de voorbehandeling van het goud, de vorming van de SAM en de
keuze van de meetmethode. Deze methode kan bijvoorbeeld worden toegepast
voor diagnose van bepaalde ziektes in een vroeg stadium. In een meerkanaals-
opstelling, waarbij in ieder kanaal een ander eiwit is geïmmobiliseerd, is detectie
van verschillende eiwitten in een monster tegelijkertijd mogelijk.
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vrienden van belang. Hierover had ik niet te klagen, al bleef het moeilijk uit te
leggen dat ik niet bezig was met “afstuderen” of mijn “scriptie”. Mijn ouders
hebben me altijd gestimuleerd om zoveel mogelijk te doen met mijn capaciteiten
en hebben herhaaldelijk getracht me mijn onzekerheid over mijn eigen kunnen uit
het hoofd te praten. Het is eindelijk doorgedrongen dat een beetje meer
zelfvertrouwen wel op zijn plaats is. Ook Wouter heeft gelijk gekregen met zijn
“Niet zeuren zus, je haalt het toch wel, dat is al vaker gebleken.” Ik vind het wel
jammer dat je dit nu in Mexico-stad moet lezen en niet bij de promotie aanwezig
zult zijn. Ik en vele anderen hadden je graag eens gezien in een chique pak (als
paranimf).

En dan Martijn. Je wordt als laatste genoemd, maar dat wil zeker niet zeggen
dat je het minst belangrijk was. Integendeel, met je rustige en begrijpende aard
ben je de afgelopen jaren een enorme steun voor me geweest. Naast het geven van
morele steun heb je ook concreet bijgedragen aan dit proefschrift. Het uniform
maken van de grafieken was opeens een stuk eenvoudiger toen je er een makro
voor geschreven had (waar overigens ook door anderen al dankbaar gebruik van
wordt gemaakt). Ook was je hulp bij de tekstopmaak zeer welkom. Sommigen
zetten er vraagtekens bij of het wel verstandig was om in het laatste jaar van mijn
promotieonderzoek te trouwen. Ik heb er zelf geen moment spijt van gehad.
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