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It is very challenging to perform sample enrichment for protein biomarkers because proteins can easily
change conformation and denature. In this paper we demonstrate protein enrichment suited for high-
sensitivity integrated immuno-biosensing. The method enhances the concentration of the biomarkers and
simultaneously removes matrix components that could interfere with the immunoassay. Biomarkers are
captured using antibody coated magnetic particles and the biomarker antibody complexes are released
by enzymatic elution. The eluted complexes are subsequently detected in a sandwich immunoassay
biosensor. A scaling study of the enrichment process demonstrates an enrichment factor of 15 in buffer
and plasma. We analyze the enrichment factor in terms of the three basic steps of the assay (capture,
concentration, elution) and we quantify their respective efficiencies. The process is suited for integration

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In vitro diagnostics have seen the emergence of many bioan-
alytical tools and methods aiming at fast, accurate and specific
detection (Lenshof et al., 2009; Rissin et al., 2010; Vo-Dinh and
Cullum, 2000; Yang et al., 2008). The methods of sample prepa-
ration are often specific to the detection technology, to the matrix
(Baltussen et al., 2002; Chen et al., 2008) and to the class of analyte,
e.g. nucleic acids (Chen and Ismagilov, 2006; den Dulk et al., 2010;
Duetal., 2009; Lehmann et al., 2006; Lei et al., 2009; Liu et al., 2004;
Pipper et al., 2008), cells (Baudoin et al., 2007; Guerquin-Kern et al.,
2005; Herring et al., 2007; Walther and Mann, 2010; Zimmerman
etal., 2008) or proteins (Hennion and Pichon, 2003). Sample prepa-
ration methods for nucleic acids use large differences in pH, salt
concentrations or temperature to extract and purify the analyte.
Such conditions strongly affect protein conformation, so cannot be
applied for the enrichment of protein biomarkers in immunoas-
says (Reek et al., 1995). Whole cell sample preparation methods
often exploit the size and mass of biological cells (Kielhorn et al.,
2002). Immunoprecipitation is applied to prepare samples for pro-
tein mass spectrometric analysis. It relies on the specific capture
of biomarkers and a release via an extreme pH or a salt concentra-
tion change, which often denatures the proteins and gives variable
recoveries. Therefore these methods, which all have their merits,
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are not generally applicable for protein immunoassay biosensing
(Firestone and Winguth, 1990).

In this paper we describe a widely applicable sample prepara-
tion method for protein biomarkers, based on biomarker capture
onto antibody coupled magnetic particles and enzymatic elution of
the biomarker antibody complexes into a small volume. The use of
magnetic particles allows enrichment of the biomarker molecules
in the fluid, while the use of a mild enzymatic elution process allows
subsequent detection of the protein biomarkers by an affinity assay.
The assay relies on the following steps (Scheme 1): specific cap-
ture by magnetic particles, then concentration into a small volume,
and then purification and elution. Finally, the biomarker is recap-
tured in an immunoassay for detection. In the first step, antibody
coated magnetic particles (P)in avolume Vp are added to the sample
volume (Vs) containing the biomarker molecules (B). In the com-
bined volume Vcapt, the biomarker is captured by the antibodies
Aby which are immobilized on the particles via a DNA linker. The
particles are then transferred to a clean solution with a smaller vol-
ume (Vq), where the biomarker antibody complexes (Ab;-B) are
eluted from the particles by restriction or degradation of the DNA
linker. As a last step, the eluted complex is detected in a sandwich
immunoassay employing two antibodies Ab, and Abs, binding to
different epitopes than Ab;.

The enrichment assay in Scheme 1 is compatible with a wide
range of immunoassay detection methods, e.g. labeled as well
as label-free detection (Stern et al., 2008). Philips Research has
developed an optomagnetic biosensor technology in which super-
paramagnetic particles are used as detection label (Bruls et al.,
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Scheme 1. Enrichment assay (panel a) and reference assay (panel b). Particles P coated with antibodies (Ab, ) capture the biomarker proteins (B). The particles are concentrated
into a clean matrix of a smaller volume (V¢ ), wherein the capturing antibodies are eluted from the particles by enzymatic elution. The biomarkers are detected in a sandwich
immunoassay in step 5. In our experiment, the biomarkers are detected using an antibody coated sensor surface and antibody coated magnetic particles as labels (L). The

labels are detected by optical scattering in an f-TIR biosensor (Bruls et al., 2009).

2009). The particles are actuated by magnetic fields to allow rapid
and specific biological binding of the nanoparticles onto the sensor
surface, while unbound or weakly bound particles are removed by
magnetic forces. Particles bound at the sensor surface are detected
by scattering and absorption of an evanescent optical field, so-
called frustrated total internal reflection (f-TIR). We have used
the optomagnetic immunoassay biosensor in the enrichment assay
because of the small sample volume (7 wL) and the short time to
result (5min). The enrichment assay was investigated using total
prostate specific antigen (PSA) as the biomarker. Prostate cancer is
one of the leading causes of death in men and PSA is clinically used
for screening and diagnostics (Botchorishvili et al., 2009).

2. Materials and methods

All buffer materials were supplied by Sigma Aldrich Corporation
unless otherwise stated. Superparamagnetic particles function-
alized with carboxylic acid groups or streptavidin (MasterBeads
500nm diameter) were purchased from Ademtech. Monoclonal
anti-PSA antibodies were purchased from Fujirebio (a-PSA-10, a-
PSA-36,and a-PSA-66). Calibrators were prepared from human PSA
complex (Fujirebio PSA kit) by diluting either in pure human hep-
arin plasma pool from 20 apparently healthy donors (purchased
from Innovative) or in 5% BSA in PBS (for buffer experiments).
DNase was purchased from Qiagen and diluted in sterile RNase
free water. All DNA strands were purchased from IBA GmbH. NEB
EcoRI buffer (10x concentrated from NEBiolabs) was used as elu-
tion buffer.

Antibodies were conjugated to a single strand of DNA using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma
Aldrich) chemistry in 1x phosphate buffered saline (PBS) for
1h at room temperature with shaking (Hermanson, 2008). The
conjugates were purified with a TSK-Gel SuperSW 3000 column
(Tosoh Biosciences, 300 x 4.6 mm, 4 um particles, 25nm mean
pore size), run at a flow rate of 0.25 mL of 60 mM phosphate buffer,
pH 6.8, per minute at ambient temperature, monitored at 260 and
280 nm. The concentration of antibodies coupled with the single
strand of DNA was assessed by UV-vis spectroscopy. The single
strand of DNA coupled to a-PSA-10 was hybridized in PBS with
its biotinylated complementary strand prior to addition to the
particles. Capture particles were prepared as follows: a mixture
of 1:1 streptavidin particles at 2mg/mL and biotinylated DNA
coupled a-PSA-10 IgG at 500 nM was incubated for 20 min. Then,
the particles were washed and re-suspended at 2 mg/mL in 5% BSA

in PBS. 50 L capture particles at 2 mg/mL were mixed with PSA
sample for 15 min, then the particles were washed magnetically
and re-suspended in 1:1 DNase (1500 units in RNase free water)
and NEB EcoRI buffer 1x. After 10 min elution, the particles were
removed magnetically. 3.5 L eluate and 3.5 pL a-PSA-36 coated
magnetic particles at 2 mg/mL were mixed and directly injected
into the disposable f-TIR biosensor cartridge. The cartridges were
printed and assembled as explained in the article from Dittmer
et al. (2010).

3. Results and discussion
3.1. Biomarker capture by magnetic particles
The efficiency of biomarker capture is a key factor in the enrich-

ment assay. Capture particles were used as depicted in the inset
of Fig. 1. The particles are streptavidin coated magnetic particles
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Fig. 1. Determination of the capturing time constant. A sandwich immunoassay
was performed with a-PSA-66 coated on the sensor surface and a-PSA-10 on the
capture particles. The following assay parameters were used: mp=0.01 mg, Vp =5 pL,
Vs =45 pL, 5 pM PSA in the sample, and Veape= 50 L. In this assay mp =m; due to the
absence of elution. The solid line represents a curve of Eq. (1) with = 660 s; the upper
dashed lines is a curve with t=(660 — 160) =500s, the lower dashed line is a curve
with 7=(660+160)=820s. The inset shows a sketch of the molecular architecture
of the linker on the capture particles. A streptavidin coated magnetic particle is
coupled to biotinylated double stranded DNA coupled to an antibody. The double-
stranded DNA was formed from one biotinylated strand and one complementary
strand conjugated to the antibody with EDC/NHS chemistry.
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coupled with a fixed amount of DNA conjugated antibodies. The use
of magnetic particles is advantageous for a high surface-to-volume
ratio, the possibility to manipulate the particles by magnetic fields,
and the possibility to use the particles directly in the optomagnetic
f-TIR detection system. When the concentration of antibodies is
much larger than the concentration of biomarker molecules, the
capture process can be modeled as a first order reaction with a
capture efficiency &capt (Irwin et al., 2002, 2003):

1 1
kon[ADb] . kon[P] (M

where tcapt is the incubation time for the capture step (step 1 of
the enrichment process), T is the capture time constant, kop is the
association rate constant (in M~!s=1), [Ab] is the concentration of
antibodies in the fluid (in M), and [P] is the concentration of parti-
cles in the solution (in M). 7 is the time required to capture 63% of
the biomarker molecules. 7 is inversely proportional to the concen-
tration of antibodies, so also inversely proportional to the amount
of particles as the amount of antibodies per particle was fixed in
our experiments. When tcapt > 7, then gcapt approaches 100% and
the sample is depleted of biomarker molecules during the capture
step. When fcapt < 7, then é&capt is low and can be approximated
by &capt & teapt/T, S0 it is proportional to the amount of magnetic
particles in solution.

Fig. 1 shows data on the time-dependence of the capture pro-
cess, for an amount of 0.01 mg magnetic particles suspended in
50 uL, i.e. a particle concentration of 0.2 mg/ml. The molecular
architecture on the particles is shown in the inset of Fig. 1. Anti-
bodies were provided with biotinylated DNA (details have been
provided in Section 2) and thereafter coupled to the 500 nm strepta-
vidin coated magnetic particles. The capture of biomarker proteins
by the particles was immediately followed by detection in an f-TIR
cartridge (so without an intermediate elution step). The data show
an increase of signal as a function of incubation time until satura-
tion of the signal, in agreement with Eq. (1). The curves in Fig. 1
give a time constant t of 660 +160s, which we will use to calcu-
late the capture time constants and capture efficiencies in other
experiments.

— .
Ecapt = 1 — exp (%) with 7=

3.2. Three epitopes assay and elution conditions

The enrichment assay depicted in Scheme 1 targets three epi-
topes on the biomarker. Therefore we have evaluated the potential
hindrance of the sandwich immunoassay by the presence of a third
antibody. We compared sandwich assays with and without DNA
coupled Abq spiked into the PSA solution. The results are shown in
Fig. 2. The dose-response curves are very similar and both show a
detection limit of about 1 pM. Therefore, we conclude that the three
epitopes binding is a valid detection format for the PSA enrichment
assay.

Elution was carried out by enzymatic cleavage of the linker
between particle and antibody. The DNA strand in the linker con-
tains 10 nucleotides of single stranded DNA on each side of a
48 bp of double stranded DNA chain (see the inset of Fig. 1). The
two single-stranded extensions enhance the molecular flexibility
and give the DNase space to access the cleavage segment. The
formulation of the elution buffer was determined by analyzing
DNase cleavage products with gel electrophoresis. PBS (pH 7.2), Tris
buffer (pH 7.4) and NEB EcoRI buffer (pH 7.2) were shown to yield
equal degradation of DNA linker molecules. Five minutes at room
temperature with DNase in NEB EcoRI buffer were sufficient to
effectively degrade the DNA linker (93-100% as determined by gel
electrophoresis). Furthermore, we investigated potential interfer-
ences with the detection immunoassay. It appeared that the f-TIR
immunoassay is not impacted by the presence of the DNA linker,
the DNase, or the elution buffer components.
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Fig.2. Interference investigation of the three epitopes binding in the sandwich assay
for detection. The reference assay was performed as depicted in Fig. 1 with o-PSA-
66 antibodies on the sensor surface and a-PSA-36 antibodies on the label particles.
In the 3-epitope assay, an additional a-PSA-10 antibody was spiked into the PSA
sample for 10 min at a concentration of 400 nM. In these assays mp =m,. due to the
absence of elution. The dashed lines represent the blank plus three times the stan-
dard deviation of the blank. The dashed lines are similar for the two dose-response
curves.

3.3. The enrichment assay

The enrichment assay was investigated using a total assay time
of 30 min, consisting of 15 min for the capture step, 10 min for the
elution, and 5 min for the detection immunoassay. Dose-response
curves were measured for different ratios of sample volume to elu-
tion volume (Vs/Ve) and compared to the reference assay, as shown
in Fig. 3. Experimental details are listed in Table 1. The sample vol-
ume varied from 5 to 400 p.L. A fixed amount of magnetic particles
(0.1 mg) was added to the sample for the capturing process.

The capture time constant T was derived from the time constant
in Fig. 2 and scaled with the magnetic particle concentration used
in the experiment (mp/Vcapt). After the capture step, the particles
were magnetically concentrated and subsequently the biomarker
antibody complexes were eluted into a volume of 5 L. In the final
step, the eluate was detected in an f-TIR immunoassay biosensor
cartridge. Fig. 3 shows data points as well as linear fits to the data.
For increasing volumetric ratios, the curves show an increase of
slope on linear-linear scales (panel a) and a shift to lower con-
centrations on logarithmic-logarithmic scales (panel b). Over the
total range of volumetric ratios, the dose-response curves show an
increase of the slope and a shift to lower concentrations by a factor
50.

For every dose-response curve, we determine the enrichment
factor (£) by dividing the slope of the curve by the slope of the ref-
erence curve. The steepest curve shows an enrichment factor of 15
with respect to the reference assay. The maximum enrichment fac-
tor of 15 is lower than the applied volumetric ratio of x80. In order
to be able to quantitatively understand the values of the enrich-
ment factors, we express the enrichment factor as a product of the
underlying processes, namely capture, concentration and elution:

&= Ecapt-Econc-Eel = 8capt-“//75-5el (2)
el

where éecapt is the capture efficiency (ranging between 0 and 1),
&conc 1S the concentration efficiency which equals the ratio of the
sample volume to the elution volume (Vs/V,)), and &g is the elution
efficiency (ranging between 0 and 1). The capture efficiency of each
reaction could be determined from Eq. (1). Consequently the elution
efficiency could be derived from Eq. (2). The parameters and results
are summarized in Table 1.



Table 1

Experimental parameters and experimental results for the enrichment assays shown in Fig. 3. The total assay time was 30 min (15 min for capture, 10 min for elution, and 5 min for detection). The slope of the curves was derived

from a linear fit to the data in Fig. 3. The enrichment efficiency & is the ratio of the slope of the enrichment dose-response curve divided by the slope of the dose-response curve of the reference. The capture time constant t was

derived from the time constant in Fig. 1 scaled with the respective magnetic particle concentration (mp/Vcapt ). Using the value of 7, the capture efficiency (ecapt) was calculated from Eq. (1) with teape equal to 15 min. The elution

efficiency (g¢) was derived from Eq. (2), using the values of €conc, £, and ecape. The error on the slopes was determined by a linear fit. The error on &capc Was derived from Eq. (1). The error on & was derived from Eq. (2).

Experimental results

Experimental parameters

Vs (L)

Curves

Eel

Ecapt

T(s)

£

Slope (% per pM)

Econc = VS/VCI

my (mg)

0.01
0.01
0.01
0.01
0.01

mp (mg) Vcapt (H’L) Ve] (“‘L)

Vp (L)

0.41 + 0.01
0.12 + 0.01
1.19 + 0.08
5.07 + 0.71
6.09 + 0.52

Ref
x1

0.29 + 0.02
0.30 + 0.06
0.34 + 0.13
0.24 + 0.16

(0.999<e<1)
0.97 (0.93<¢e<1)

1.0

36+3
264 + 32
367 + 80

0.29 + 0.02
291 +£0.22
124 + 1.3

148 + 1.1

1+0.02
10 £ 0.2
40 + 1

10
100
250
450

0.1

0.1

50
50
50

50
200
400

x10
x40
x80
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Fig. 3. Enrichment assay for various volumetric ratios in buffer. The total assay time
was 30 min (15 min capture, 10 min elution and 5 min detection). The optical signal
is plotted versus the sample concentration of PSA. The sample volume varied from
5 to 400 p.L while the elution volume was fixed at 5 L. See details in Table 1. Panel
a) shows the data on a linear-linear scale. Panel b) shows the data on log-log scale.
The lines represent linear fits to the data, fitted by a least squares method in panel
a).

For increasing sample volume, the capture time constant t
increases and therefore the capturing efficiency ecapt decreases. The
decrease becomes apparent when the value of tcapt approaches the
value of 7. The derived values of the elution efficiency are in good
agreement over the different assays, which gives support that the
relationship in Eq. (2) is indeed applicable to the assays. The elu-
tion efficiency of biomarker antibody complexes from the magnetic
particles is about 0.3, which is significantly lower than the cleavage
efficiency of the pure linker molecules (>0.93 as was determined
by gel electrophoresis). We attribute the difference to steric hin-
drance by the magnetic particles; the diffusion of enzymes may be
hindered by the volume of the particles, or the particle surface may
hinder the molecular cleavage process itself. We have performed
a x1 enrichment assay as described in Table 1 and one with a ten
times lower amount of magnetic particles (mp=0.01 mg); the lat-
ter assay showed an elution efficiency of about 0.7, which indicates
that particle-induced hindrance of enzyme transport indeed plays
arole (data not shown).

It is important to consider the effectiveness of the enrichment
assay in complex biological samples. To this end, we have also
performed a x80 enrichment assay using a heparin plasma pool as
sample input. To avoid interferences due to native PSA, the plasma
was first depleted of PSA by exposing the sample to particles with
anti-PSA. Thereafter an accurate concentration of PSA was spiked
into the sample, which dilutes the plasma by only 2%. To minimize
further dilution of the matrix, the first step of the enrichment assay
(i.e. the addition of capturing particles) was performed with
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Fig. 4. Dose-response curves of the enrichment assay (x80) in a heparin plasma
pool compared to the dose-response curve of the same assay carried out in buffer.
Experimental parameters are listed in Table 1 (with the only difference that Vp ~0
in the plasma assay).

minimal carry-over volume (Vpa0). Fig. 4 shows the
dose-response curves for the enrichment assay in the plasma
pool and in buffer. The curves are in very good agreement, which
demonstrates the compatibility of the enrichment assay steps with
the use of a complex biological matrix.

4. Conclusions

We have designed and investigated a protein enrichment assay
based on biomarker antibody elution from magnetic particles. The
biomarker antibody complexes are eluted by enzymatically cleav-
ing dsDNA linker molecules between the antibodies and magnetic
particles. The process is very mild and preserves the proteins, so
that these can be sensitively and specifically detected in a subse-
quent immunoassay. The method performs two functions at the
same time, namely the enrichment as well as the purification
of the sample. Enrichment is achieved by molecular capture and
subsequent volume reduction. Purification is achieved by trans-
fer to a clean elution buffer, wherein cleavage takes place and
the biomarker antibody complexes are released. We have anal-
ysed the assay in terms of the basic steps (capture, concentration
and elution) and studied dose-response curves for a range of sam-
ple volumes (5-400 p.L). Over the range of sample volumes, the
dose-response curves show a shift to lower concentrations and an
increase of the slope by a factor 50. Compared to a reference assay,
the net enrichment obtained for an 80-fold volume reduction was
a factor 15, determined by a limited capture efficiency (about 0.8)
and elution efficiency (about 0.3) in the assay. We have demon-
strated that the enrichment process is also effective when plasma
is used as input.

The enrichment assay is very flexible. The method can be applied
to multiplexing assays when different antibodies are used in com-
bination with sequence specific elution of the DNA linkers. The
present paper has focused on a three-epitope format. An alterna-
tive format is an assay in which the linker contains a tag molecule,
which can be used to recapture and detect the biomarker antibody
complex, for example by using anti-tag antibodies. The enrichment
assay is suited for labeled detection as well as for label-free detec-
tion. The sample purification achieved by our enrichment assay can

be particularly beneficial for label-free detection principles which
are generally very sensitive to matrix properties. We conclude that
the protein enrichment method described in this paper is well
suited for use in a wide range of bio-analytical platforms.
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