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Abstract A new approach for the detection of virulence
factors of Staphylococcus aureus and Staphylococcus
epidermidis using an electrical protein array chip technol-
ogy is presented. The procedure is based on an enzyme-
linked sandwich immunoassay, which includes recognition
and binding of virulence factors by specific capture and
detection antibodies. Detection of antibody-bound virulence
factors is achieved by measuring the electrical current

generated by redox recycling of an enzymatically released
substance. The current (measured in nanoampere) corre-
sponds to the amount of the target molecule in the analyzed
sample. The electrical protein chip allows for a fast detection
of Staphylococcus enterotoxin B (SEB) of S. aureus and
immunodominant antigen A homologue (IsaA homologue)
of S. epidermidis in different liquid matrices. The S. aureus
SEB virulence factor could be detected in minimal medium,
milk, and urine in a concentration of 1 ng/ml within less than
23 min. Furthermore, a simultaneous detection of SEB of
S. aureus and IsaA homologue of S. epidermidis in a single
assay could be demonstrated.

Keywords Electrical protein array chips . Sandwich
immunoassay . Staphylococcus aureus . Staphylococcus
epidermidis . Virulence factors . Diagnostic

Introduction

Staphylococcus aureus is one of the most common
causes of nosocomial infections worldwide. Significant
morbidity and mortality are associated with these infections
(Bryan et al. 1984; Freeman et al. 1990; Crossley and Archer
1997; Todd 1997). Similar to S. aureus, Staphylococcus
epidermidis plays an important role in nosocomial infections.
S. epidermidis is responsible for more than 75% of catheter-
associated infections. Its pathogenicity is mainly due to the
ability to form biofilms on indwelling medical devices
(Vuong and Otto 2002). Staphylococci can cause various
diseases, such as pneumonia, inflammation of the heart and
skeletal muscle, encephalitis, and food poisoning (Archer
1998; Petti and Fowler 2003; Tenover and Gorwitz 2006).
Staphylococcal food poisoning results from the consumption
of food in which Staphylococcus, mainly S. aureus, has
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grown and produced exotoxins. Among these exotoxins are
enterotoxins (SEs) which may trigger vomiting and diarrhea
(Balaban and Roosley 2000; Mc Cormick et al. 2001).

Staphylococcus enterotoxin B (SEB) is an important
superantigen. Superantigens are characterized by the acti-
vation of large subpopulations of T lymphocytes by directly
cross-linking certain T-cell receptor Vβ domains with
conserved structures on major histocompatibility complex
class II molecules (Muraille et al. 1997; Proft and Fraser
1998, 2007).

Many Staphylococcus strains carry immunodominant
structures such as the immunodominant Staphylococcus
antigen homologues of S. epidermidis (IsaA homologue)
(Sellman et al. 2005; Ohlsen and Lorenz 2007). IsaA was
first described as a staphylococcal-specific antigenic struc-
ture, which is expressed in vivo during an S. aureus induced
sepsis and might thus be a potential target for the development
of antibody-based therapies against S. aureus infections
(Lorenz et al. 2000). While the functional impact of IsaA
homologue is still unclear, the protein is abundantly found in
supernatants of both S. aureus and S. epidermidis cultures
and is considered a virulence factor.

To date, the detection of Staphylococcus strains and their
exotoxins is achieved by various testing methods based
on different technologies. For example, identification of
Staphylococcus species and strains is carried out by
polymerase chain reaction (PCR)-based genotypification
assays (Mc Lauchlin et al. 2000; Stuhlmeier and Stuhlmeier
2003; Martin et al. 2003; Palomares et al. 2003; Hwang et
al. 2007; Sabet et al. 2007). Previous studies demonstrated
a combined detection of staphylococci by a PCR-enzyme-
linked immunosorbent assay (PCR-ELISA) (Wellinghausen
et al. 2004) or using latex agglutination tests (Summers
et al. 1998; Louie et al. 2001; Soloaga et al. 2004). Mass
spectrometry has been suggested for the identification of
specific virulence factors (Sellman et al. 2005; Alladyce
et al. 2006). For diagnostic purposes, mainly, ELISA
formats are applied (Park et al. 1996; Giletto and Fyffe
1998; Khreich et al. 2008). In addition, due to their higher
sensitivity, fluorescence-based immunoassays are fre-
quently used (Khan et al. 2003; Rucker et al. 2005; Medina
2006). A relatively new technique is the DELFIA® time-
resolved fluorometry assay system (Peruski et al. 2002),
which is highly sensitive.

However, most of these techniques are laborious and
expensive for routine use in laboratory diagnostics. Recently,
it has been demonstrated that electrical chips can be used as
an alternative technique for the detection and quantitative
analysis of biomolecules, such as DNA, rRNAs, and mRNAs
(Albers et al. 2003; Gabig-Ciminska et al. 2004; Jürgen et al.
2005; Pioch et al. 2008; Elsholz et al. 2006, 2009). In this
study, an enzyme-linked immunoassay was successfully com-
bined with the biochip technology for a fast and sensitive

diagnostics of staphylococcal virulence factors. The approach
was tested with the enterotoxin SEB of S. aureus and the IsaA
homologue of S. epidermidis as model virulence factors on
S. aureus and S. epidermidis. A fast and automated detection
of these selected staphylococcal exoproteins by electrical
protein array chips was investigated.

Materials and methods

Strains and sample preparation

The S. epidermidis strain RP62a (ATCC 35984) (Gill et al.
2005) is available from the ATCC biological resource center
(www.atcc.org). The S. aureus strain NCTC 8325 (Novick
1967) was obtained from the National Collection of Type
Cultures (NCTC) (www.hpacultures.org.uk/collections/nctc.
jsp). The strain S. aureus COL (Shafer and Iandolo 1979) is
available from The Staphylococcal Genetic Stock Center
of the John J. Iandolo Lab at the University of Oklahoma
Health Sciences Center in Oklahoma City, OK (www.
ouphysicians.com/body.cfm?id=4285).

The strains S. aureus NCTC8325, S. aureus COL, and
S. epidermidis RP62a were grown in tryptone soy broth
medium (Difco, Lawrence, Kansas, USA). Samples were
taken from exponentially growing cells and from cells of
the stationary phase. The samples were centrifuged at
13,000 rpm for 10 min and 4°C. The supernatant was stored
at −20°C until further processing.

Antibodies, enzymes, and substrates

In order to ensure high specificity, all assays were carried
out using target-specific polyclonal capture antibodies and
appropriate monoclonal antibodies for the detection of
bound targets. The monoclonal antibody facilitates the
binding of an enzyme-conjugate, which finally induces the
signal generation. For the capturing of the S. aureus SEB or
the S. epidermidis IsaA homologue, purified polyclonal
rabbit antibodies were used (Sigma Aldrich, Steinheim,
Germany; BioGenes GmbH, Berlin, Germany). The mono-
clonal mouse antibodies anti-SEB 148 and anti-IsaA
homologue 14017 (Helmholtz-Zentrum für Infektionsfor-
schung GmbH, Braunschweig, Germany) were used for the
detection of the bound target proteins SEB and IsaA
homologue. All antibodies applied in this study were first
tested by Western blot analyses to check for successful
specific antigen–antibody binding (data not shown). The
polyclonal antibodies were used as capture molecules with
a final concentration of 0.5 mg/ml [diluted in phosphate-
buffered saline (PBS), pH 7.4], and the monoclonal anti-
bodies were used in a concentration of 2 µg/ml [diluted
in Tris-buffered saline (TBS)–bovine serum albumin
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(BSA)–Tween buffer: 1% BSA, 0.01% Tween 20 in TBS
buffer, pH 8].

For the detection of purified SEB toxin in various
matrices, the monoclonal antibody against SEB toxin was
conjugated with biotin using the EZ-Link® Sulfo-NHS-LC-
Biotinylation Kit (Thermo Fisher Scientific, Rockford,
USA) according to the manufacturer’s instructions. Unbound
biotin was removed by dialysis against PBS (pH 7.4). The
monoclonal biotinylated detection antibody was used with a
final concentration of 5.5 µg/ml (diluted in PBS–BSA–Tween
buffer: 0.5% BSA, 0.02% Tween 20 in PBS buffer, pH 7.4).

As positive control for the streptavidin-β-galactosidase-
based assays, a biotinylated antibody (Sigma Aldrich,
Steinheim, Germany; 1 µg/ml solved in PBS buffer, pH
7.4), which does not cross-interact with any of the target
sequences was chosen. This antibody directly binds the
enzyme streptavidin-β-galactosidase. For the assays using
alkaline phosphatase as a reporter enzyme, the positive
control was Set15, a monoclonal antibody (Helmholtz-
Zentrum für Infektionsforschung GmbH, Braunschweig,
Germany; 0.1 mg/ml solved in PBS buffer, pH 7.4), which
directly binds the anti-mouse alkaline phosphatase conjugate
(Sigma Aldrich, Steinheim, Germany). The negative control
was, in all cases, BSA (0.1% in PBS buffer, pH 7.4).

For the multiplex assays, an anti-mouse alkaline phos-
phatase, which was diluted 1:1,000 in TBS–BSA–Tween
buffer (1% BSA, 0.01% Tween 20 in TBS buffer, pH 8),
was used as a reporter enzyme with the corresponding
substrate p-aminophenyl-phosphate (Universal Sensors,
Ireland; 0.5 mg/ml in TBS buffer, pH 8.0). For the analysis
of the detection limit of SEB in various liquid matrices a
streptavidin-β-galactosidase (Roche Diagnostics, Mannheim,
Germany) was applied as the reporter enzyme (1:400 diluted
in 0.5% BSA, 0.02% Tween 20, 1 mMMgCl2 in PBS buffer,
pH 7.4) with the corresponding substrate p-aminophenyl-β-
D-galactopyranoside (Sigma Aldrich, Steinheim, Germany;
1 mg/ml in 0.02% Tween 20, 1 mM MgCl2 in PBS buffer,
pH 7.4).

Spotting of the protein array chips

The capture antibodies for S. aureus SEB and S. epidermidis
IsaA homologue as well as the positive and negative control
were spotted on defined gold electrode positions on the array
chips using the GeSiM piezoelectric nanodispenser NP
2.0 (Grosserkmannsdorf, Germany). Twenty-four nanoliter
of the capture antibody solutions were dispensed at the
appropriate gold electrode position on the array chip with a
final concentration of 0.5 mg/ml in PBS buffer, pH 7.4.

After the spotting procedure, the chips were incubated
for 2 h at room temperature or overnight at 4°C in a
humidity chamber to allow immobilization of the antibodies
to the gold surface of the electrodes. Subsequently, the

protein chips were washed three times with 500 µl PBS and
blocked with 1% milk (Sigma Aldrich, Steinheim, Germany;
in PBS buffer pH 7.4) for 30 min in a humidity chamber,
followed by three washing steps with 500 µl PBS.

For the protein chips, a special trehalose treatment is
necessary. The trehalose film protects the immobilized capture
antibodies and enables a longer storage time of the protein
chips. For this purpose, the electrode positions were incubated
with 5% trehalose solution (Sigma Aldrich, Steinheim,
Germany; diluted in PBS buffer pH 7.4 and filtrated) for 1–
2 h in a humidity chamber. After trehalose incubation, the
chips were dried at room temperature (RT) and stored at RT
(few days) or at 4°C for approximately 3 months (AJ eBiochip
GmbH, Itzehoe, Germany).

Principles of the measurements with the eMicroLISA

The electrochemical detection was carried out using
the eMicroLISA device of AJ eBiochip GmbH (Itzehoe,
Germany). The electrical biochips are manufactured by an
industrial silicon semi-conductor technology (Paeschke
et al. 1995). The chips measure 9×10 mm and hold 16
working electrode positions of 500 µm in diameter. Each
electrode position consists of 2×204 interdigital gold array
electrode fingers with a gap of 400 nm between anode and
cathode fingers and a width of 800 nm. Nineteen contact
pads with eight anodes, eight cathodes, one counter electrode,
and one optional reference electrode are integrated on the
chip. For electrochemical reasons, the additional electrodes
are made of gold like the contact pads and working electrode
positions (Albers et al. 2003; Elsholz et al. 2006, 2009).

The detection of proteins with the electrical biochip
sensor eMicroLISA is based on an ELISA (Fig. 1). The
signal generation was achieved by reporter enzymes,
coupled either to an anti-mouse antibody (Fig. 1a) or
conjugated with streptavidin (Fig. 1b), which perform the
hydrolysis of the redox-inactive substrate to the electro-
chemically active product. The readout occurs as a mea-
surement of the electrical current, which is generated by
redox recycling (Niwa et al. 1990; Paeschke et al. 1995) of
the enzymatically released substance. After completion of
the measurement, the electric readout was obtained in a 4-
sec period in “stop flow mode.” The recorded data set was
transferred to the “Origin” software (OriginLab Corporation,
Northhampton, USA) for further evaluation in nanoampere
per minute.

The measurements were performed by applying a
potential of +350 mV to the anodic fingers and −150 mV
to the cathodic fingers of the interdigitated array electrodes.
The spotted chip was positioned into the chip adapter,
which facilitates the fluidic and electronic connections to
the eMicroLISA. Reagents and the sample were placed into
the separate reservoirs of the chip reader. The automatic
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program pumps all components sequentially into the flow
cell, in which the protein array chip is located.

An automated ELISA program for the detection of
staphylococcal proteins on the electrical protein chip
was established and optimized (Table 1). The final assay
program includes five washing steps with TBS buffer for
the alkaline phosphatase (1% BSA, 0.01% Tween 20 in
TBS buffer, pH 8) and PBS buffer for the streptavidin-β-
galactosidase (0.5% BSA, 0.02% Tween 20 in PBS buffer,
pH 7.4). In order to ensure stringent conditions for the
binding of the target proteins and of the detection anti-
bodies, 45°C was used (see Table 1). The complete assay
takes less than 23 min from loading the sample into the

device until the final signal readout. For each measurement
with the electrical protein array chips, a detection limit was
calculated. The detection limit is the lowest concentration
level that can be determined to be statistically different
from a blank, in our case, the so-called negative control.
For the calculation of the detection limit, the standard
deviation of the negative control was multiplied with three,
and then the calculated average of the three negative control
positions was added.

Detection of SEB and IsaA homologue in supernatants

For the multiplex protein array chip measurements, poly-
clonal capture antibodies against SEB and IsaA homologue
were spotted in five parallel controls with a concentration
of 0.5 mg/ml. The anti-SEB antibody was located on
positions 4–8 and the anti-IsaA homologue antibody on
positions 9–12 and 14 of the chip. The positive control, a
monoclonal mouse antibody (Set 15), was located on positions
1–3 on the protein array chip. The negative control BSA was
immobilized on positions 13, 15, and 16. The optimal final
concentration of the monoclonal secondary antibodies against
SEB toxin and IsaA homologue was 2 µg/ml.

For the simultaneous detection of SEB and IsaA
homologue, supernatants of S. aureus and S. epidermidis
cultures were used as samples, which were diluted 1:1 in
the corresponding medium. The automated program pumps
the supernatant, approximately 230 µl, into the flow cell, in
which the protein array chip is located, and the supernatant
is pumped 50 times bidirectionally over the chip. After a
washing step, the monoclonal secondary antibody was
pumped over the chip allowing for binding at the appropriate

Fig. 1 Schematic presentation of a the detection of the IsaA
homologue by means of the alkaline phosphatase as reporter enzyme
and the b streptavidin-β-galactosidase-based assay for the detection of
the SEB toxin with the electrical protein array chip. The capture
antibody, immobilized on the gold electrodes, facilitates the binding of
the target molecule out of the applied sample. Afterwards, an enzyme-

coupled detection antibody binds the target molecule and allows for
the enzymatic release of p-aminophenol (pAP) that causes a redox
recycling at the electrodes. This results in an electrical signal
measured in nanoampere that corresponds to the amount of bound
target molecule

Table 1 List of the different steps of the electrical protein array chip
protocol used for the detection of the staphylococcal virulence factors
SEB and IsaA homologue

Step number Program function Temperature (°C) Time (s)

1 Wash RT 21

2 Sample with
virulence factor

45 561

3 Wash 45 11

4 Secondary mouse
antibody

45 335

5 Wash 45 8

6 Conjugated enzyme 45 334

7 Wash 45 21

8 Substrate 45 14

9 Stop 45 30

10 Wash RT 13

Total 22.5 min
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target molecules, which were bound to the specific capture
antibody on the protein array chip. Subsequently, the anti-
mouse detection antibody coupled with the alkaline phospha-
tase was introduced. Both components were bidirectionally
pumped through the flow cell 30 times. For the detection, the
substrate p-aminophenyl-phosphate was added. This
electrode-inactive substrate is hydrolyzed by the alkaline
phosphatase into the electrode-active product p-aminophenol,
which is measured by the electrochemical redox-recycling
reaction as illustrated in Fig. 1a.

Detection of SEB in various matrices

The detection limit of recombinant staphylococcal SEB
toxin (Toxin Technology, Sarasota, FL) was determined
in different matrices (medium, milk, and urine). For this
purpose, different concentrations of purified SEB toxin
(1–10 ng/ml) were tested. In this protocol, the streptavidin-
β-galactosidase was used as the detection enzyme, which
converts the substrate p-aminophenyl-β-D-galactopyrano-
side into the product p-aminophenol (Fig. 1b).

The polyclonal capture antibody against SEB was spotted
on six parallel positions with a concentration of 0.5 mg/ml
(positions 7–12) on the chip. The positive control, a biotin-
labeled polyclonal antibody was located on positions 1–6 of
the chip. The negative control BSA was immobilized on
positions 13–16 of the protein array chip. The optimal
concentration of the biotinylated monoclonal detection
antibody was determined with 5.5 µg/ml final concentration.
In order to verify that the signals obtained with the electrical
protein array chips are specific for SEB, samples of a non-
SEB-producing strain (S. aureus 8325) were tested.

Results

In this study, we present a new analytical approach for the
detection of virulence factors of S. aureus and S. epidermidis
based on a sandwich immunoassay carried out on electrical
protein array chips with the eMicroLISA (AJ eBiochip
GmbH, Itzehoe, Germany). The established assay allows for
the detection of selected staphylococcal proteins in different
liquid matrices.

Detection of SEB and IsaA homologue on multiplex
protein array chips

Figure 2 shows the detection of the S. aureus enterotoxin
SEB (Fig. 2a), the S. epidermidis IsaA homologue
(Fig. 2b), and the simultaneous detection of both virulence
factors on a multiplex protein array chip (Fig. 2c). The
alkaline phosphatase was used as the detection enzyme in
these assays. In these experiments, the monoclonal anti-

body Set15 was used as a positive control for the assay
performance. The direct binding of the anti-mouse alkaline
phosphatase antibody with the monoclonal antibody Set15
showed a signal in a range of about 180–260 nA/min. The
single detection of SEB in the supernatant of the strain
S. aureus COL with the electrical protein array chip showed
specific and reproducible signals of up to 130 nA/min
(Fig. 2a). No cross-reactions were observed at electrode
positions with capture antibodies for the S. epidermidis
IsaA homologue. The application of the protein array chips
for the detection of the IsaA homologue in S. epidermidis
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Fig. 2 Detection of SEB toxin in the supernatant of the strain S.
aureus COL (a) and of IsaA homologue in the supernatant of S.
epidermidis (b) with the electrical protein array chips and the
simultaneous detection of SEB and IsaA homologue (c). All super-
natants were diluted 1:1 with medium, and the alkaline phosphatase
was used as a reporter enzyme. The error bars show the standard
deviation of ten independent measurements
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culture supernatant revealed reproducible signals of around
50 nA/min (Fig. 2b). No cross-reaction signals at control
electrode positions could be observed.

The simultaneous detection of SEB toxin and IsaA
homologue in one assay (Fig. 2c) gave signal intensities
comparable to the ones in the individual assays (Fig. 2a, b).
The interval of the signal intensity, represented by the
electrical current, of SEB toxin was in a range of 130.84
(±19.72) nA/min and that of the IsaA homologue was
53.61 (±8.13) nA/min in the supernatants (1:1 diluted).
The simultaneous detection showed signals of 135.88
(±22.29) nA/min for SEB toxin and 47.90 (±3.79)
nA/min for IsaA homologue. In all cases, signals were
obtained, which were clearly above the detection limit of
approximately 7 nA/min.

For all experiments, the standard variations within a
protein array chip measurement, the intra-assay variance as
well as the reproducibility of independent measurements of
protein array chips, and the inter-assay variance were
determined. The overall intra- and inter-assay variances
were <20%, whereas the general measurements showed
variations of <10%.

The streptavidin-β-galactosidase was tested as potential
alternative detection enzyme in comparison to the alkaline
phosphatase. For this enzyme, a better dynamic range was
suggested. The usage of the streptavidin-β-galactosidase as
detection enzyme resulted in an around tenfold increase of
the detected signals. However, unspecific signals were
observed in case of the IsaA homologue (data not shown).
These signals were obviously caused by the unspecific
binding of the polyclonal capture antibody anti-IsaA homo-
logue to the streptavidin-β-galactosidase. In contrast, the
readout of the capture antibody against SEB toxin showed no
unspecific binding with the streptavidin-β-galactosidase (data
not shown).

Detection of SEB in various matrices

Since the streptavidin-β-galactosidase showed no unspecific
binding with the antibody against S. aureus SEB but
generated about tenfold higher signals, this enzyme was
used for establishing an assay for the single monitoring of
SEB in liquid matrices and for the evaluation of the detection
limits of the established assay. The minimal detection limit of
S. aureus SEB amounts was analyzed using different
concentrations of commercially available, purified SEB toxin
ranging from 1 to 10 ng/ml SEB solved in medium (Fig. 3a),
milk (Fig. 3b), and urine (Fig. 3c). The protein chip analyses
showed a linear increase of the signal intensity by increasing
SEB concentrations. For all measurements, the standard
deviations of the signals were calculated. This is indicated by
error bars in Fig. 3. For the detection of SEB in medium
signals of 103.88 (±14.34) nA/min for a concentration of

10 ng/ml, 48.96 (±9.10) nA/min by 5 ng/ml, 28.20
(±3.30) nA/min for 3 ng/ml, and 8.16 (±2.11) nA/min for
1 ng/ml were achieved. The negative control BSA showed
signals of 1.66 (±0.89) nA/min. The overall intra- and inter-
assay variances were <20% except for the measurement with
the concentration of 1 ng/ml SEB toxin, in which a variance
of <30% was determined. The obtained data showed that the
limit of detection for SEB in liquid matrices is >1 ng/ml.
Although the standard deviations in this experiment were
higher compared to other measurements, the detected signals
were specific and significantly higher than those of the
negative control. In order to verify that the detection is
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Fig. 3 Detection of different concentrations of SEB toxin in medium
(a), milk (b), and urine (c) with the electrical protein array chips and
the streptavidin-β-galactosidase as a reporter enzyme. The error bars
show the standard deviation of 12 independent measurements
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specific for SEB, a non-SEB producing strain (S. aureus
8325) was analyzed. No significant signals were generated at
the positions with anti-SEB antibody after incubation with
culture supernatant of the SEB-deficient strain S. aureus
8325 (Fig. 4a). In addition, pure medium and supernatant of
S. epidermidis were used as further negative controls
(Fig. 4a) to analyze whether the capture antibodies show
unspecific cross-reactions with the samples. However, none
of these extracts led to a positive signal at the protein array
positions with the immobilized specific antibody against
SEB.

Comparison of the electrical protein array measurements
with a commercially available reference kit

In order to evaluate the protein chip results, a commer-
cially available reference kit for the detection of various
enterotoxins (enterotoxins A, B, C, D, and E) of S. aureus was
used. For this purpose, supernatants of S. aureus 8325,
S. aureus COL, and S. epidermidis were analyzed with
the electrical protein array chips in comparison to the
“Staphylococcal enterotoxin detection kit SIDVIA ID72” of

the company TECRA (Frenchs Forest, Australia) (Park et al.
1996). The staphylococcal enterotoxin visual immunoassay
kit from TECRA is designed for the detection of staphylo-
coccal enterotoxin types A to E and the sensitivity of the kit
for detection of SEB is >1 ng/ml. In the case of the SEB-
producing strain S. aureus COL, SEB could be clearly
detected in parallel samples of S. aureus COL supernatant
using the electrical protein array chips (Fig. 4a) and the
reference kit from TECRA (Fig. 4b). With the TECRA test
kit, signals with an extinction of >3.5 OD405/490 nm were
detected. The measurements using the electrical protein array
chips resulted in signal intensities of >750 nA/min. Both
methods revealed signal intensities that were significantly
above the detection limit. In contrast, the analysis of the
medium sample revealed that the supernatants of S.
epidermidis and of S. aureus 8325 did not give any positive
signals for SEB—neither with the SIDVIA ID72 kit nor with
the electrical protein array chips (Fig. 4a, b).

Discussion

The prevalence of S. aureus and S. epidermidis in nosoco-
mial infections with their increasing antibiotic resistance and
their great importance for food poisoning necessitates a
rapid detection. In this study, an alternative assay for the
detection of staphylococcal virulence factors by means of
electrical protein array chips could be established. This
technique is easy to handle and less time consuming than
other test systems. The sandwich immunoassay on the
protein array chips allows for a fast readout of the
electrochemically generated signal within less than 23 min.

For the measurements with the electrical protein array
chips, two different detection enzymes were tested in terms
of their specificity and sensitivity. The alkaline phosphatase
was characterized by a high specificity but, compared to the
streptavidin-β-galactosidase, it revealed a lower sensitivity,
which allowed a detection limit for SEB of around 10 ng/ml.
A clear increase of the signal intensity of around 10-fold was
achieved using the streptavidin-β-galactosidase as a reporter
enzyme. The increase in signal intensity resulted in a detection
limit for SEB of 1 ng/ml. The better signal generation not only
appeared to be due to the described higher dynamic range
of this enzyme, but was also accompanied by unspecific
signals raised from cross-reactions of the streptavidin-β-
galactosidase with the capture antibody of the S. epidermidis
IsaA homologue (data not shown). Both enzymes, the
alkaline phosphatase and the streptavidin-β-galactosidase,
are useful reporter enzymes for the measurements with the
electrical protein array chips. However, the choice of the
enzyme crucially depends on the applied antibodies and on
potential cross-reactions with components of the assay and
has therefore to be tested in advance. The analyses of
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Fig. 4 Comparison of the detection of SEB in supernatants of
different staphylococcal strains with the electrical protein array chips
using the streptavidin-β-galactosidase as a detection enzyme (a) and
by means of the commercially available TECRA test kit system (b)
(SIDVIA ID72, TECRA, Australia)
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multiplex protein array chips have revealed that the
simultaneous detection of staphylococcal protein SEB
among IsaA homologue is possible without cross-reaction,
depending on the capture antibodies and the reporter
enzyme.

In order to validate the feasibility of the electrical protein
chip assay, the commercially available reference kit from
TECRAwas used in this study. Although a direct comparison
of the signal intensity of both methods is not possible, since
the signals were read out with different technologies, it could
be shown that a comparable sensitivity in the detection of the
SEB toxin can be achieved with the protein chips. However,
in contrast to the electrical protein array chips, the application
of the staphylococcal enterotoxin visual immunoassay kit
from TECRA takes about 4 h.

Besides the visual immunoassay kit from TECRA, a
number of assays for the detection of staphylococcal
enterotoxins with a comparable detection limit have been
suggested. A previously described piezoelectric crystal
immunosensor obtained a detection of SEB in liquid
samples with 2.5–60 µg target protein per milliliter.
However, this promising assay requires several preparation
steps in advance, and the storage life of the prepared
immunosensor is only about a few days (Lin and Tsai
2003). A further method for the detection of SEB, called
piezoelectric-excited millimeter-sized cantilever, which
also uses a polyclonal capture antibody against SEB,
attained a detection limit between 12.5 and 50 pg/ml
(Campbell et al. 2007). However, this procedure is time
consuming. Alefantis et al. (2004) described a magnetic-
bead-based immunoassay combined with an optical read-
out. The method is highly sensitive and allows for a
detection of 100 pg target protein, but the method is
associated with a high cost factor.

In contrast to many of the time-consuming and laborious
test systems that are available to date, the assay established
in this study is characterized by an improved assay time of
only 23 min from loading of about 230 µl sample into the
device until the final signal readout. The process is fully
automated and does not require any additional steps. The
inexpensive protein array chips with the immobilized
antibodies can be manufactured in advance and can
subsequently be stored over a time period of at least
3 months. Furthermore, the 16 independent gold-electrode
positions on the array chips facilitate the simultaneous
detection of different target molecules in one sample.

The food industry demands a detection limit of entero-
toxins in the range of around 125–260 ng per 100 g or per
100 ml food (Jay 2000), since enterotoxin-originated food
poisoning causes gastrointestinal symptoms even at expo-
sure levels as low as 20–100 ng per person (Asao et al.
2003). The electrical protein chip assay of this study
allowed so far a detection limit of S. aureus SEB in liquids,

e.g., medium, milk, or urine, of >1 ng/ml. A further increase
of the sensitivity of this methodology for the detection of
staphylococcal toxins could be ensured by an optimized
antibody design and improved spotting techniques in the
future. Nevertheless, the presented protocol provides a fast
method with a promising potential for the application in the
detection of other toxins, antigens, or organisms.
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