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Dynamic Range Expansion of the C Reactive Protein Quanti cation
with a Tandem Giant Magnetoresistance Biosensor
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ABSTRACT: In this study, we report a convenient analytical
method for a full-range quanti cation of the C-reactive protein
(CRP), a blood biomarker of infection and cardiovascular events.
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concentration range in undiluted human blood serum in a single * ’J‘L -
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(“Hook” e ect), which characterizes the one-step sandwich assay
at high CRP concentrations. The sensor covers a linear detection
range for CRP concentration from 3 ng/mL to 350 g/mL, the detection limit (s/n = 3) is 1 ng/mL. The prominent features of the
chip-based method are its expanded dynamic range and low sample volume (50 L), and the need for a short measurement time of
15 min. These gures of merit, in addition to the low detection limit equal to the established assay instrumentation, make it a viable
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candidate for use in point-of-care diagnostics.

1. INTRODUCTION

CRP, mainly synthesized in the liver upon an acute
in ammatory stimulus, has been found to be a potent
biomarker of infection and pathological cardiovascular events.
The levels of C-reactive protein (CRP) are increased in many
disorders, and it is regarded as a very good predictor of disease
state, particularly cardiac risk strati cation." * If the levels of
CRP in serum are below 1.0 g/mL, the risk of cardiovascular
diseases is considered low; levels between 1 and 3 g/mL
indicate a moderate risk and levels greater than 3 g/mL are
considered a signi cant indicator for chronic cardiovascular
disease, including acute coronary syndromes.*® Elevated levels
between 10 and 50 g¢g/mL can also be detected in viral
infections and late pregnancy, and levels between 50 and 200

g/mL are typically associated with bacterial infections and
active in ammation.® Values >200 g/mL are comparatively
rare, which indicate severe health issues of the a ected
individuals. Bacterial infections account for the majorit}/ of
instances of extreme CRP elevation, and mortality is high.” To
design a universal CRP assay that is useful in diverse disease
contexts, it should span the whole concentration range, which
characterizes the clinically relevant levels of CRP, i.e., from
<1.0 to >200 g¢g/mL.

The most commonly utilized analytical techniques currently
employed for the quanti cation of CRP include the enzyme-
linked immunosorbent assay (ELISA), biosensors,” ** and
lab-on-a-chip devices,"**> with good gures of merit including
low detection limits reaching picomolar concentrations. The
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methods derived from these techniques typically detect CRP in
diluted human whole blood and serum. Moreover, approved
clinical detection methods of CRP generally require expensive
analytical equipment, elaborate and time-consuming exper-
imental procedures, and trained personnel, which also make
automated and high-throughput analyses rather di cult.

To develop an alternative analytical biomarker test for
application in clinical test practice, one or more signi cant
bene ts are required. Such bene ts would include the direct
use of undiluted blood serum and direct access to the clinically
relevant concentration range of CRP in a single analysis.
Dilution is generally the preferred method to circumvent the
“Hook” e ect, but it would prevent the detection of low-
abundance species. As CRP is typically determined in
conjunction with low-abundance infection biomarkers, the
dilution of the serum poses a serious practical problem. A chip
format using a sensor array for simultaneous analysis of several
biomarker species with individual dynamic ranges would not
only be capable of solving this problem but also be a promising
prerequisite for automated and rapid analysis.
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Figure 1. POCT assay cartridge used in the study. A scheme of the channel architecture has been published elsewhere.'® (A) Schematic view of the
full micro uidic sample handling device with on-chip sample wells. (B) GMR sensor chip contained in the cartridge, featuring 12 individual sensors.
(C E) Successive magni cations of a single GMR sensor array chip, obtained by optical microscopy and scanning electron microscopy (SEM).
The two selected sensor units used in tandem are marked by a blue square in (C).

In our work toward such an improvement, we used a fully
integrated point-of-care testing (POCT) platform based upon
a giant magnetic resistance (GMR) biosensor array, combined
with micro uidic sample handling circuitry. The platform was
modi ed to implement a new sensor con guration, designed to
expand the dynamic range of CRP sensing. This allows for
applying undiluted samples, which not only simpli es the
existing measurement procedure but also opens pathways
toward direct and simultaneous multianalyte quanti cation of
both high- and low-abundance biomarkers.

In the setup, two individual sensors located on a chip array
are di erentially coated to become the foundation for
complementary assay formats. On one sensor surface, a
capture antibody is immobilized for a one-step sandwich
assay, which uses a matched antibody pair: an immobilized
capture antibody and a detection antibody mixed with the
sample, both with a nity to CRP. On the other sensor, the
surface features immobilized antigens for a competitive assay,
which binds to the detection antibody in competition to CRP
present in the sample. This tandem arrangement is capable of a
single-run detection of CRP in concentration ranges typical for
a variety of medical conditions.

The one-step sandwich assay is currently the most used
format in clinical and point-of-care immunoassays due to its
high speed. The major drawback is the accessible concen-
tration range, which is commonly limited by the so-called
“Hook” e ect, i.e., a multivalued dose response relation-
ship.*®*" The “Hook” e ect, only observed in one-step assays,
is caused by the excess of analyte and prevents simultaneous
binding of solid-phase and liquid-phase antibodies. Even
though the use of excess antibody postpones the “Hook”
e ect to a certain extent in theory, it also greatly increases the
cost of immunoassay.

In the GMR sensor array, the sandwich assay on sensor | will
determine the full dose response relationship, which results in
the conventionally undesirable “Hook”-shaped curve as the
concentration increases toward the upper limit, while the
competitive assay on sensor Il detects at the peak point of the
“Hook” curve, which indicates whether the “Hook” e ect
occurred or not in the sandwich assay. The combination of
both assays is used to determine the overall signal, which
allows for a full-range measurement. Moreover, since this
arrangement requires only 2 out of the 12 on-chip sensors per
analysis, the remaining spare channels can be utilized for
complementary assays targeting additional biomarkers.

2. MATERIALS AND METHODS

2.1. Regents and Materials. Na,HPO,, NaHCO,, KCI,
Na,CO;, NaH,PO,, NaCl, and bovine serum albumin (BSA)
were purchased from Sigma Aldrich (Merck). NHS-Biotin was
purchased from Thermo Fisher Scienti ¢, Inc. Streptavidin-
conjugated magnetic particles (MNP, 100 nm) were purchased
from Ademtech (France). Tween-20 was purchased from
AMRESCO. A laboratory quantity of polystyrene-grafted
maleic anhydride (PS-g-MA, graft ratio 17%) was provided
free of charge by Longjia Plastics Fabrication (Jilin, China).
Heterophilic blocking reagent (HBR1) was obtained from
Scantibodies Laboratory, Inc. and heterophilic immunoglobu-
lin elimination reagent (Fapon Block: HIER-E-010) from
Fapon Biotech Inc. (China). All commercial reagents were of
analytical grade.

Antihuman CRP antibodies (Capture antibody:MCPO1,
Detection antibody:MCP02) and CRP antigen were purchased
from Hangzhou Yibaixin Biotechnology Co., Ltd. (China).
Undiluted clinical serum samples were received as a donation
from the Zhujiang Hospital of Southern Medical University
(China).

The GMR immunoassay analyzer (Bosh M16) and the
polymer assay cartridge were manufactured by Dongguan Bosh
Biotechnologies, Ltd. (China). The use of this device has been
reported elsewhere. 8"

Carbonate bu er (CB, 0.1 M, pH 9.6) was used for the
immobilization of the capture antibody and capture antigen.
CBTB, used to prepare and redissolve the MNP solution, was
CB bu er spiked with 0.05% Tween-20 and 10% BSA.
Phosphate-bu ered saline (PBS, 10 mM, pH 7.4) was created
by mixing NaH,PO, and NaH,PO,. PBSB, composed of 10
mM PBS spiked with 10% BSA, was used to prepare the
labeling antibody solution. PBST, prepared by PBS spiked with
0.1% Tween-20, was used as a washing bu er. The MNP
solution, used in the assay, was washed three times and diluted
1:10 by CBTB. The detection antibody was biotinylated using
NHS-biotin?® and diluted by PBSB. Fetal bovine serum (Sigma
Aldrich) was used for the preparation of the he CRP standard
solutions.

2.2. GMR Chip Preparation. The GMR measurement is
based on the Wheatstone bridge principle. The resistance
change in the sensor is compensated, and the ratio (R Ry)/
Ry % 100 is stated as the rate of resistance change, where R is
the resistance of the GMR sensor after immunoreaction in the
speci ¢ magnetic eld and R, is the resistance of blank sensor
without the magnetic eld.
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