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Microarray-based sandwich immunoassays can simulta-
neously detect dozens of proteins. However, their use in
quantifying large numbers of proteins is hampered by
cross-reactivity and incompatibilities caused by the im-
munoassays themselves. Sequential multiplex analyte
capturing addresses these problems by repeatedly prob-
ing the same sample with different sets of antibody-
coated, magnetic suspension bead arrays. As a miniatur-
ized immunoassay format, suspension bead array-based
assays fulfill the criteria of the ambient analyte theory, and
our experiments reveal that the analyte concentrations
are not significantly changed. The value of sequential
multiplex analyte capturing was demonstrated by probing
tumor cell line lysates for the abundance of seven differ-
ent receptor tyrosine kinases and their degree of phos-
phorylation and by measuring the complex phosphoryla-
tion pattern of the epidermal growth factor receptor in the
same sample from the same cavity. Molecular & Cellu-
lar Proteomics 9:2474–2481, 2010.

Phosphorylation of proteins is an integral part of the sig-
nal transduction of eukaryotic cells as it modulates the
activity of complex protein networks. Although Western
blot- and immunoprecipitation-based MS approaches (1, 2)
can lead to detailed insights into these processes, most of
the integrated approaches only allow a static view of protein
phosphorylation because they are not suitable for the
screening of hundreds of samples. Either planar or bead
array-based sandwich immunoassays can be used to analyze
the quantity and activation state of signaling molecules in
multiplex, enabling the systematic profiling of protein abun-
dance and post-translational modifications (3–6) in hundreds
of samples. However, multiplex immunoassays are only suit-
able for the simultaneous analysis of a limited number of
proteins. The detection of comprehensive phosphorylation
patterns is difficult as this involves assay systems that are
incompatible with multiplexing.

In principle, two sandwich immunoassay setups are possi-
ble for probing the phosphorylation state of a protein. The first
setup applies a capture antibody specific for a non-modified
part of the protein and uses a phosphorylation state-specific
detection antibody. When applied to an array-based format,
however, this setup does not allow for the simultaneous
measurement of the abundance and the degree of phosphor-
ylation (3, 4). A mixture of detection antibodies, one specific
for the phosphorylation site and one specific for the non-
modified site of the protein, would bind simultaneously to the
two different epitopes, and assay signals could not be further
deconvoluted by the spatial or color code of the array. The
second sandwich immunoassay setup for the analysis of pro-
tein phosphorylation applies a phosphorylation state-specific
capture antibody and a protein-specific detection antibody. In
such a setup, an anti-phosphotyrosine antibody (e.g. mAb
4G10) cannot be applied as a capture antibody because a
huge variety of tyrosine phosphorylated proteins would be
captured, and specific signals could rarely be deconvoluted.
Using capture antibodies that bind to phosphorylated epi-
topes in the context of their flanking amino acids is not a
problem until a multiplex readout is desired. If one antibody
specific for the phosphosite and one antibody specific for the
abundance of a protein are used together in a multiplex assay
panel they might compete for their analyte. The situation
becomes even more complex if the protein of interest con-
tains various phosphorylation sites such as e.g. the epidermal
growth factor receptor. Several capture antibodies target dif-
ferent epitopes of the same protein and therefore compete for
the overall amount of targeted protein in the sample, thus
making a valid simultaneous measurement problematic.

Although different ways of tackling the problem of assay
multiplexing are in use, we demonstrated the feasibility to
sequentially perform such incompatible assays from the same
sample using a magnetic particle handler that moves particles
through the samples and reagents (Fig. 1). Using a model
assay, we confirmed that suspension bead array-based im-
munoassays work under ambient analyte conditions. As de-
scribed by Roger Ekins (7), decreasing of the amount of
capture antibody in a sandwich immunoassay setup from a
macrospot (e.g. a microtiter plate assay) to a microspot gen-
erates a scenario where only a tiny fraction of the present
target analytes is captured on the microspot. Therefore, the
overall concentration of the analyte molecules in the sample
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does not change significantly even in the case of low target
concentrations and high affinity binding reactions. Further-
more, as the initial concentration of the analyte is not signifi-
cantly changed when performing a miniaturized sandwich
immunoassay, multiple post-translational modifications within
the same protein can be measured either in sequence or in
parallel in the same multiplex panel.

By probing tumor cell lines for the abundance of seven
different receptor tyrosine kinases and their generic tyrosine
phosphorylation, we generated complex phosphorylation
patterns and thereby demonstrated the potential of this
approach. More importantly, demonstrating ambient ana-
lyte conditions allowed the parallel detection of phosphor-
ylation at different sites of the EGFR1 using phosphorylation
site-specific antibodies as capture molecules with one assay
panel. Phosphorylation of eight different sites and the abun-
dance of the EGFR could be quantified relative to one another
without any interference of the different immunoassays during

multiplexing because competition for the analyte can be pre-
vented by running the assays under ambient analyte
conditions.

EXPERIMENTAL PROCEDURES

Cell Culture Treatment—106 A431 cells were seeded in T75 flasks
and cultured in DMEM (Invitrogen) supplemented with 2 mM gluta-
mine and 10% fetal calf serum (Invitrogen) until 80% confluence. Cells
were cultured in 5% CO2 atmosphere and at 37 °C. 16 h before
treatment cultures were starved in culture medium lacking fetal calf
serum. Epidermal growth factor (EMD Chemicals) was dissolved 10
mM acetic acid (EMD Chemicals) and 0.1% bovine serum albumin
(EMD Chemicals) to give a concentration of 100 �g/ml. For stimula-
tion experiments, the growth factor was diluted 1:1000 in starving
medium and applied for 10 min. The phorbol ester phorbol 12-myris-
tate 13-acetate (PMA; EMD Chemicals) was dissolved at a concen-
tration of 10 mg/ml in DMSO (EMD Chemicals). Cells were treated for
60 min with a concentration of 100 ng/ml in culture medium lacking
fetal calf serum. Pervanadate (Merck KGaA) and H2O2 (Merck KGaA)
were applied to the cells in a concentration of 10 mM for 10 min.

Preparation of Cell Lysates—After treatments, cells were rinsed
two times with ice-cold Tris-buffered saline (Sigma-Aldrich). Pro-
teins were extracted using a cell extraction kit (EMD Chemicals).
Extraction buffer (2 ml) freshly supplemented with phosphatase
inhibitor mixture set V (EMD Chemicals), protease inhibitor mixture
set III (EMD Chemicals), and Benzonase (EMD Chemicals) was
applied per cell culture dish. Sample preparation was completed
after 20 min of gentle rocking at 4 °C. Cell debris were removed us-
ing a centrifuge (Eppendorf) at a speed of 10,000 relative centrifugal
force at 4 °C. Protein concentration was determined using a BCA
protein assay (Thermo Scientific).

1 The abbreviations used are: EGFR, epidermal growth factor
receptor; HER2, human epidermal growth factor receptor 2; HGFR,
hepatocyte growth factor receptor; IGF-1R, insulin-like growth fac-
tor 1 receptor; PDGFR�, platelet-derived growth factor receptor �;
PMA, phorbol 12-myristate 13-acetate; RTK, receptor tyrosine ki-
nase; SAPE, streptavidin-conjugated R-phycoerythrin; Tie-2, tyro-
sine kinase with immunoglobulin and EGF repeats 2; VEGFR2, vas-
cular endothelial growth factor receptor 2; biotin-PE, biotinylated
R-phycoerythrin.
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FIG. 1. Sequential multiplex analyte capturing. Magnetic suspension bead array assays can be performed sequentially, reusing the same
sample material (indicated by the blue arrow). The use of a magnetic particle handler enables the quantitative transfer (black arrow) of the
magnetic beads from the sample well into the wells containing washing solutions or other assay reagents. Magnetic beads from the first bead
array panel are incubated with the samples to capture their respective analyte. Then the magnetic beads are subjected to washing and
detection steps and are finally transferred into the readout plate (first row). After retracting the magnetic suspension bead array of the first assay
panel from the sample, a bead array from the second assay panel is added and processed as described above but using different detection
antibodies (second row). A third bead array assay panel can be applied after removing the second panel (third row) and so on.
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Antibody Coupling—Capture antibody goat anti-biotin (Sigma-
Aldrich) was covalently coupled to magnetic carboxylated fluorescent
beads (Luminex Corp.) according to the manufacturer’s protocol. In
brief, 200 �l of each bead set (2.5 � 106 magnetic beads) were
captured for 2 min using a magnetic bead separator (Invitrogen), and
the supernatant was removed. The beads were washed twice with
100 �l of activation buffer (0.1 M Na2HPO4, pH 6.2; EMD Chemicals)
and resuspended in 80 �l of the same buffer. Beads were activated by
adding freshly prepared solutions of N-hydroxysulfosuccinimide so-
dium salt (50 mg/ml; Thermo Scientific) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (50 mg/ml; Thermo Scien-
tific) in activation buffer. 10 �l of each solution were added to each
reaction and kept for 20 min at room temperature in the dark while
rotating. Subsequently, the microspheres were washed twice with
500 �l of coupling buffer (50 mM 2-morpholinoethanesulfonic acid, pH
5.0; Sigma-Aldrich) followed by adding 12.5 �g of antibody (50 �g/ml)
in 250 �l of the same buffer. The suspension was incubated on a
shaker for 2 h at room temperature in the dark. Excess protein was
removed by two washing steps using 1 ml of washing buffer (0.1%
Tween (v/v) in PBS, pH 7.4). Finally, microspheres were resuspended
in 100 �l of PBS containing 1% BSA (w/v) (Carl Roth), 0.05% NaN3

(w/v) (Sigma-Aldrich) and stored in the dark at 2–8 °C.
Biotinylated R-phycoerythrin (Biotin-PE) Immunoassay—Biotin-PE

(Invitrogen) was diluted to concentrations of 300, 80, 20, 5, and 1 pM

in Blocking reagent for ELISA (Roche Applied Science). 100 �l of each
solution were pipetted into a PCR microtiter plate (Abgene). Magnetic
beads coated with a goat anti-biotin IgG were added to these sam-
ples using a magnetic particle handler (KingFisher 96, Thermo Scien-
tific). Beads were incubated for a 30-min period at RT followed by a
collection and transfer step to a second microtiter plate (Abgene) for
the readout in a Luminex instrument. The assay was performed five
times from the same sample. Parameters of the magnetic bead han-
dler protocol for the biotin-PE immunoassay can be found in Table I.

Samples were analyzed in triplicates. The data were acquired with a
Luminex 100 instrument (Luminex Corp.) according to the manufac-
turer’s instructions.

Sequential Multiplex Analyte Capturing: Receptor Tyrosine Kinase
Profiling—Three different bead-based assay kits for receptor tyrosine
kinase profiling were used for the sequential multiplex analyte cap-
turing experiment: (i) WidescreenTM site-specific phospho-EGFR
panel, (ii) Widescreen receptor tyrosine kinase panel for assaying
generic tyrosine phosphorylation, and (iii) Widescreen receptor tyro-
sine kinase panel for the quantification of the seven different receptor
tyrosine kinases (EMD Chemicals). Assays were performed sequen-
tially as follows. All assay steps besides the first incubation step were
done using a magnetic particle handler (KingFisher 96, Thermo Sci-
entific). All reagents including wash buffer, detection antibody mix-
ture, and streptavidin-phycoerythrin were prediluted as recom-
mended by the manufacturer and placed in the magnetic particle
handler. Protein concentration of the extract was adjusted to 1 mg/ml
in lysis buffer (EMD Chemicals). Subsequently, samples were diluted
to a concentration of 0.1 �g/ml using assay diluent (EMD Chemicals)
and pipetted into a 96-well PCR plate (Abgene). Magnetic beads of
the first assay panel were transferred into the samples using the
magnetic particle handler. Protein extracts were incubated with the
suspension bead arrays overnight at 8 °C in a 96-well PCR plate while
shaking (750 rpm; Eppendorf) outside the magnetic particle robot.
After the first incubation step, magnetic beads were transferred from
the assay plate to wash plates, and the bead array of the following
assay panel was added by the magnetic particle handler. Incubation
of the first array panel with the detection antibody mixture was carried
out for 60 min and with streptavidin-phycoerythrin conjugate as de-
scribed in Table II. The second and third assay panels were pro-
cessed as described above 24 and 48 h later. The data were acquired
with a Luminex 100 instrument (Luminex Corp.) according to the
manufacturer’s instructions. Samples were analyzed in triplicates.

TABLE I
Parameters of magnetic bead handler protocol for biotin-PE immunoassay

Step Plate content Volume
Mixing parameters

Time Temperature Speed

�l

1) Transfer Magnetic bead array 50
2) Analyte capture Sample 100 30 min RT 750 rpm
3) Wash � transfer Wash buffer 100 20 s RT Slow
4) Wash � transfer Wash buffer 100 20 s RT Slow
5) Bead release to assay plate Assay buffer 100 20 s RT Slow

TABLE II
Parameters of magnetic bead handler protocol for sandwich immunoassay

Step Plate content Volume
Mixing parameters

Time Temperature Speed

�l

1) Transfer Magnetic bead array 50
2) Analyte capture Crude cell culture lysate 100 Overnight 8 °C 750 rpm
3) Wash � transfer Wash buffer 100 20 s RT Slow
4) Wash � transfer Wash buffer 100 20 s RT Slow
5) Detection antibody (5 cycles) Detection antibody mixture 100 10 min, pause

2 min RT Very slow
6) Wash � transfer Wash buffer 100 20 s RT Slow
7) Wash � transfer Wash buffer 100 20 s RT Slow
8) Detection reagent (4 cycles) SAPE solution 100 10 min, pause

2 min RT Very slow
9) Wash � transfer Wash buffer 100 20 s RT Slow
10) Wash � transfer Wash buffer 100 20 s RT Slow
11) Bead release to assay plate Assay buffer 100 20 s RT Slow
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The background readings for each capture antibody were obtained by
incubating the bead panels with 10% cell extraction kit (EMD Chem-
icals). Parameters of the magnetic bead handler protocol for the
sandwich immunoassay can be found in Table II.

RESULTS

Measurements under Ambient Analyte Conditions—The
“ambient analyte theory,” as coined by Roger Ekins (7), states
that only a small fraction of analyte is captured from the
sample when using a microarray-based assay system. As a

result, the concentration of analyte is not significantly
changed by the assay itself even at low analyte concentra-
tions and for high affinity binding reactions. This implies that
the same sample can be analyzed more than once for the
same analyte as no depletion should occur when a miniatur-
ized assay system is applied. This should therefore enable
the simultaneous detection of different phosphorylations in
the same assay panel or allow the multiplex detection of the
different modification states of a protein in a sequential mode
without any interference that might arise from different analyte
variants competing for capture proteins.

We proved ambient analyte conditions for suspension bead
arrays by repeatedly probing the same sample for the same
analyte. A magnetic particle handler involving 96 magnetic
rods was used to move the antibody-coated particles through
the samples and reagents. A model assay involving an anti-
biotin antibody as capture molecule and a biotin-PE analyte
was used to assess the validity of ambient analyte conditions
in suspension bead arrays. Magnetic beads coated with goat
anti-biotin IgG were used to capture the biotin-PE in five
sequential assays (Fig. 2). The beads were sequentially added
to the sample containing different analyte concentrations
(300, 80, 20, 5, and 1 pM), incubated for 30 min, and trans-
ferred to a second microtiter plate for subsequent analysis
with a flow cytometer-like system (Luminex 100). The signal
intensity of the biotin-PE analyte remained virtually un-
changed in all five assays (Fig. 2). The overall signal intensity
decrease after each assay was less than 5% (Table III), which
is in line with the ambient analyte theory of Ekins (7).

Based on these results, the quantities of seven recombinant
receptor tyrosine kinase standards were measured. Two
measurements were carried out from the same standard di-

FIG. 2. Ambient analyte theory: repetitive measurement of bio-
tin-PE from same sample. The diagram shows the results for five
sequentially performed analyses of the same protein from the same
sample from the same well. A model assay using biotin-PE and a
biotin-specific capture antibody was used. Anti-biotin antibody-
coated magnetic beads were incubated with biotin-PE at five different
concentrations (300, 80, 20, 5, and 1 pM) in triplicates. After a 30-min
incubation period, the beads were removed from the sample, and
new antibody-coupled magnetic beads were added. This procedure
was repeated four times, and the assay was read out on a Luminex
100 reader. No analyte limitations were detectable over the five mea-
surements. The data from the first measurement were used for a
five-parametric logistic fit. Using the parameters of this fit, the raw
assay data were transformed to analyte concentrations (see Table III).
After five assays, an analyte decrease of 20% was observed in total,
suggesting a captured amount of less than 5% per assay.

TABLE III
Ambient analyte theory: repetitive measurement of biotin-PE from same sample

Shown are the results for five sequentially performed analyses of biotin-PE from the same sample from the same well. The data from the first
measurement were used for a five-parametric logistic fit. Using the parameters of this fit, the raw assay data were transformed to analyte
concentrations. After five assays, an analyte decrease of 20% was observed in total, suggesting a captured amount of less than 5% per assay.
AU, arbitrary units.

Biotin-PE
First

measurement
Second

measurement
Third

measurement
Fourth

measurement
Fifth

measurement

Mean %CV Mean %CV Mean %CV Mean %CV Mean %CV

pM AU AU AU AU AU

Blank 8 8 8 16 8 8 8 13 8 13
1 82 2 82 3 80 1 72 3 70 2
5 315 2 309 1 293 1 271 1 253 3
20 1139 2 1158 3 1071 0 1015 1 981 3
80 3466 2 3580 1 3366 1 3211 2 3131 1
300 6181 1 6191 1 5996 0 5926 2 5895 1

pM %CV pM %CV pM %CV pM %CV pM %CV

1 1 2 1 3 1 1 1 3 1 2
5 5 2 5 1 5 1 4 1 4 3
20 19 2 20 3 18 0 17 1 17 3
80 78 2 83 1 75 1 69 2 67 1
300 312 1 314 1 276 0 265 2 260 1
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lution curve on 2 separate days. Color-coded magnetic beads
coated with capture antibodies that are specific for different
RTKs (EGFR, HER2, HGFR, IGF-1R, PDGFR�, VEGFR2, and
Tie-2) were incubated overnight with different concentrations
of standard recombinant receptor proteins. The beads were
subsequently removed with the magnetic particle handler,
and a new batch of color-coded magnetic beads coated with
the same capture antibodies was added to the same RTK
solutions and incubated overnight. The beads were washed
and incubated with the respective biotinylated detection an-
tibodies. Streptavidin-conjugated R-phycoerythrin (SAPE)
was used as a reporter molecule. No significant differences
were observed between the first and second measurements
(Fig. 3, A–G). For EGFR, a correlation of r2 � 1.000 and a
deviation of 0.042 from the optimal slope 1 was calculated

(Fig. 3, A and H). Experimental results for the other RTKs gave
similar correlations and values (Fig. 3H). It can therefore be
assumed that sequential measurements of the same analyte
from the same sample do not lead to signal intensity losses
resulting from sample depletion or protein denaturation. A se-
quential assessment was subsequently made of the presence
of EGFR and the degree of tyrosine phosphorylation in a protein
extract from an epidermal growth factor (EGF)-stimulated A431
cell culture by comparing the order in which the two assays
were carried out. In one assay, the quantification of EGFR was
followed by the quantification of phosphorylated EGFR, and in
the other, the quantification of phosphorylated EGFR was fol-
lowed by the quantification of EGFR. Only slight differences
were found regardless of whether the phosphorylation or the
total amount of protein was measured first or second (Fig. 4).

FIG. 3. Repetitive measurements of seven receptor tyrosine kinases from same sample. The diagrams show the results of two
sequentially conducted multiplex sandwich immunoassays for the EGFR (A), HER2 (B), HGFR (C), IGF-1R (D), PDGFR� (E), VEGFR2 (F), and
Tie-2 (G) using the same dilution series. Antibody-coupled beads were incubated with recombinant standards at seven different 4-fold dilutions
starting for EGFR, HER2, and PDGF�R at 20,000 pg/ml; for IGF-1R and VEGFR at 100,000 pg/ml; for HGFR at 50,000 pg/ml; and for Tie-2 at
10,000 pg/ml. A mixture of biotinylated antibodies specific for the respective RTK, together with SAPE, was used to detect the analytes in the
readout system (Luminex 100). The median fluorescence intensities (MFI) of the two sequential assays were plotted against each other and
fitted linearly. Standard deviations were calculated from three technical replicates. The table (H) contains slopes, intercepts, and correlation
coefficients of the fits for the seven assays. The calculated correlations and slopes close to 1.000 confirm the hypothesis that the analyte can
be analyzed twice without changing the concentration of the analyte itself. AU, arbitrary units.
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These experiments established the basis for performing (a) a
sequential assessment of the modification of a protein and its
absolute amount and (b) a parallel analysis of the modification of
a protein and its concentration in the same sample.

Sequential Multiplex Analyte Capturing: Receptor Tyrosine
Kinase Profiling—Consequently, different multiplex sandwich
immunoassays were performed using the same sample three
times sequentially. Lysates from A431 cells treated with either
EGF, PMA, or a combination of sodium orthovanadate and
hydrogen peroxide were probed with three different bead
array sandwich immunoassay panels. Fig. 5 shows the results
and a schematic of (i) a 9-plex sandwich immunoassay used
for the analysis of eight EGFR phosphorylation sites, (ii) a
7-plex sandwich immunoassay used to analyze the generic
tyrosine phosphorylation of seven different RTKs, and (iii) a
7-plex sandwich immunoassay used to measure the relative
quantities of the seven RTKs. As expected, the amount of the
four RTKs EGFR, HER2, HGFR, and IGF-1R did not change in
the differentially treated cells. The receptors PDGFR�, Tie-2,
and VEGFR2 could not be detected. EGF stimulation led to a
generic increase in tyrosine phosphorylation of EGFR and a
slight increase in tyrosine phosphorylation of HER2 (8). The
EGFR phosphorylation status examined with a 9-plex assay
confirmed previously published results: phosphorylation at
tyrosine 1045 (9); tyrosines 1068, 1086, and 1173 (9–11);
threonine 669 (12, 13); serine 1047 (14); and tyrosine 845 (13,
15). PMA stimulation showed a higher degree of phosphory-
lation of threonine 654 (16) and serine 1047 (14). The treat-

ment of the A431 cells with the phosphatase inhibitor sodium
orthovanadate and reactive oxygen species resulted in an
elevated phosphorylation of all phosphosites investigated.

DISCUSSION

A key driver for the development of multiplexed immuno-
assays is the demand for detailed information on the amount
and on the modification/activation state of a multitude of
proteins. With the growing knowledge on cellular signaling
processes, a more detailed understanding of their complexity
has been obtained (17–19). Signaling cascades have been
elucidated, and the cross-talk between different pathways
has been described, and it is now clear that the description of
signaling processes requires information on a large number of
proteins and on their activation state (20, 21). Here classical
approaches like the Western blot, microtiter plate-based im-
munoassays, and mass spectrometry-based methods show
their limitations because the workload and the required
amount of material exceed the possibilities of a single labo-
ratory (18, 22). Miniaturization and parallelization of immuno-
assays address these problems, and protein microarrays us-
ing beads and planar surfaces that allow the sensitive
detection of proteins from a low amount of sample material
are available (2–4, 23). Nevertheless, limitations caused by
the cross-reactivity of antibodies and the availability of
matched antibody pairs often make multiplexing of sandwich
immunoassays difficult (24, 25). Here we show that the use of
paramagnetic beads for suspension bead array-based immu-
noassays opens the possibility to sequentially run multiplexed
assays from the very same sample, and this approach allows
circumventing incompatibility or cross-reactivity problems of
antibodies. For the strategy used, smaller sets of compatible
assay panels are defined and performed in sequence from the
same initial sample. The use of magnetic bead handlers
makes this approach feasible, and although the degree of
multiplexing within one measurement is lower, the repeated
measurements keep the advantages of assay multiplexing. To
test the value of this strategy, we first decided to look at the
ambient analyte theory as described by Ekins (7). Ekins
showed that the maximum sensitivity in a miniaturized assay
system is obtained when the capturing process does not
change the analyte concentration in the sample. This also
means that repeated measurements under these conditions
can be performed without resulting in significant changes in
analyte concentration in the sample. Using a simple model
assay, it was shown that the measured concentration of ana-
lyte was not changed in five repetitive measurements (Fig. 2).
This shows that the ambient analyte theory that rules minia-
turized assay systems is applicable and that the small amount
of capture antibody used in a suspension bead array causes
a negligible depletion of analyte in the sample.

As mentioned above, profiling of signaling pathways re-
quires the determination of protein phosphorylation as a sur-
rogate for protein activity or inactivity (e.g. kinase). The deter-

FIG. 4. Sequential measurement of EGFR and tyrosine phosphor-
ylation of EGFR from same sample. An EGF-stimulated A431 cell line
was used for the sequential measurement of EGFR and the generic
tyrosine phosphorylation of EGFR. The median fluorescence intensities
(n � 3) obtained in two experiments are plotted in the diagram. The left
panel shows the results for the experimental order EGFR followed by
tyrosine phosphorylated EGFR measurement, and the right panel shows
the inverted order. The results do not differ significantly. AU, arbitrary
units.

Sequential Multiplex Analyte Capturing

Molecular & Cellular Proteomics 9.11 2479



mination of the absolute amount of a protein and its
phosphorylation state is often not possible within one multi-
plex immunoassay. The determination of multiple phosphor-
ylation sites therefore requires independent measurements
because antibodies used for one sandwich assay will interfere
with antibodies from another sandwich immunoassay.

Here the sequential multiple analyte capture concept shows
its value. The system allows the analysis of multiple phosphor-
ylations of receptor tyrosine kinases from the very same sample
by sequential measurements, but no significant changes in ana-
lyte concentration after each of the sequential measurements
are observed. This was tested in a sequential analysis of a
protein extract prepared from an EGF-stimulated cell line as
shown in Fig. 4. The analysis of differentially treated cell
culture samples was performed, and the degree of phosphor-
ylation of seven receptor tyrosine kinases and eight known
phosphorylation sites of the epidermal growth factor receptor
were measured. Treatment of the cell line A431 with EGF,

PMA, and oxidative stress led to the detection of the changes
in EGFR and RTK phosphorylation that have been described
in the literature (8–16). However, our work flow allowed the
generation of a picture of the changes in the phosphorylation
patterns using 20 times less sample material and a fraction of
hands-on time. This concept is therefore of special interest if
limited material like biopsies or laser capture-microdissected
sample material has to be analyzed. The sequential use of
different array-based assays should allow gathering informa-
tion of up to 50 different proteins or protein modifications
requiring only 10 �g of protein extracts. In addition, the ap-
proach provides a practical workaround of some of the prac-
tical limitations of multiplexing namely assay incompatibilities
and the cross-reactivity of the antibodies.
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