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Abstract: A novel giant magnetoresistive sensor and uniform high-magnetic-moment FeCo nanopatrticles
(12.8 nm)-based detecting platform with minimized detecting distance was developed for rapid biomolecule
quantification from body fluids. Such a system demonstrates specific, accurate, and quick detection and
quantification of interleukin-6, a low-abundance protein and a potential cancer biomarker, directly in 4 uL
of unprocessed human sera. This platform is expected to facilitate the identification and validation of disease
biomarkers. It may eventually lead to a low-cost personal medical device for chronic disease early detection,

diagnosis, and prognosis.

Introduction

Traditional technologies for disease biomarker detection are
enzyme-linked immunosorbent assays (ELISA)," Western blot-
ting, immunohistochemistry, DNA-based genomics, and mass
spectrometry-based proteomics and metabolomics.? With no
exception, these approaches have intrinsic common limitations,
including expensive equipment, long processing time, extensive
professional training, and low signal-to-noise ratio.” Methods
that can rapidly and specifically quantify disease biomarkers
from unprocessed human body fluids with low cost is expected
to greatly facilitate disease biomarker validation and disease
early detection. Sensing based on the combination of giant
magnetoresistive (GMR) sensors and magnetic nanoparticles has
attracted much attention as a promising alternative,*”'* since
such a system has the unique merits of portability,” low cost,®
rapid detection,’ ease for integration into lab-on-a-chip sys-
tems,'® and lack of magnetic background in biological samples.
Nevertheless, most GMR biosensor application has been
confined to proof of detecting concept,'' model studies,'* or
detection of spiked biomolecules, or only in animal samples,
the integrated testing conditions have not been confirmed for
the physiologically relevant ones, e.g. for unprocessed human
samples,”'*'* mainly because its theoretical sensitivity, speci-
ficity and monotonicity have not been achieved under physi-
ological conditions for unprocessed human samples.

This study reports the first realization of specific, accurate,
and rapid quantification of interleukin-6 (IL-6), a low-abundance
protein and a potential cancer biomarker,"> in unprocessed
human sera, by employing our novel GMR sensor with our
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uniform high-magnetic-moment FeCo nanoparticles and mini-
mizing the detecting distance between nanoparticles and GMR
sensing. Such integration led to significant improvement in
detecting sensitivity and accuracy. The near 0° magnetization
design of the GMR sensor also eliminates the need for a high
magnetic field for detection, which opens the opportunity for
portable device. Our platform therefore has a significant impact
on magnetic sensor-based biomolecule detection with the
potential to develop a lab-on-a-chip device, practical for frequent
biomarker detection and monitoring.

Results and Discussion

Sensitivity and Accuracy Enhancement with a Novel GMR
Sensor and Usage of Uniform High-Magnetic-Moment FeCo
Nanoparticles. With respect to the GMR transfer curve, most
groups seek high linearity by employing a 90° ground state for
the device magnetization direction.’ '* This configuration,
however, generally has 3 times lower sensitivity compared to a
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Figure 1. Two GMR sensor and magnetic nanoparticle-based biomolecule detection schemes. (A) Three-layer (sandwich) approach: the GMR sensors are
first functionalized with capture antibodies. The analyte binds to the capture antibody. Subsequently, detection antibodies labeled with magnetic nanoparticles
are then applied and bind to the captured analyte. (B) Two-layer approach: after the functionalization of the GMR sensor with capture antibodies, the
magnetic nanoparticle-modified analyte is directly applied and captured on the GMR biosensors. (C) GMR biosensor working principle. The GMR biosensor
can detect the dipole field generated by the magnetic nanoparticles captured on the sensor surface, which is sensitive to distance (Supporting Information,

p S4).

GMR sensor with a near 0° ground state.'* Moreover, a GMR
sensor with a near 0° ground state would require a much lower
working field (10 Oe) compared to the GMR sensor with a 90°
ground state (80 Oe or more), more amenable for low cost and
portability.'* The GMR sensors used in this study therefore have
a near 0° ground state for magnetization.

With respect to nanoparticles, high magnetic moment leads
to increased signal, thereby higher sensitivity. We have pio-
neered the design, implementation, and application of high-
magnetic-moment nanoparticles for biosensing.'*'®!” With the
same nanoparticle volume, the net magnetic moment of one
FeCo nanoparticle is 7—11 times higher than that of one Fe;O,
nanoparticle (commercialized) at an applied field of 10 Oe
(Supporting Information, Table S1). Regarding nanoparticle
uniformity, the magnetic signal depends on the size and shape
of the particle. Thus, homogeneity of magnetic nanoparticles
is critical for accurate quantification, especially for low-
abundance proteins, because signal heterogeneity introduced by
non-homogenous nanoparticles can lead to significant quanti-
fication error. Our high-magnetic-moment FeCo nanoparticles
are highly homogeneous in size (12.8 £ 1.58 nm) and shape
(cubic).'* We thus expect that quantification of low-abundance
proteins would be more accurate with our uniform high-
magnetic-moment FeCo nanoparticles.
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Sensitivity and Monotonicity of Two-Layer Detection and
Three-Layer Detection. Based on the detecting principle,’ the
sensitivity of a GMR sensor strongly depends on the distance
(d) between the center of the magnetic particle and the free layer
of the sensor: the magnetic signal decreases as the distance
increases, the signal being proportional to 1/d* (Supporting
Information, p S4). Currently, all GMR detection of protein-
based biomolecules employs a three-layer (sandwich)-based
approach (Figure 1A).>~'* This increases the distance between
the nanoparticle and sensor by incorporating a detecting
antibody, compared to a two-layer approach (Figure 1B,C), thus
compromising the detection sensitivity (a two-layer approach
theoretically would enhance the detecting sensitivity over the
three-layered approach by 3.4—39 times, depending on the size
and orientation of the antibodies and biomolecule; for details,
see Supporting Information, p S4). Moreover, the signal detected
by the three-layer approach does not necessarily provide a 1:1
correspondence between signal and biomarker concentration as
the two-layer competition approach would do (Supporting
Information, Figures S1 and S2), limiting its usage to unequivo-
cally quantify proteins from unprocessed body fluid, given the
high abundance variation of any proteins in body fluid among
different individuals.'?

As shown in Figure 2, our device can detect IL-6 at a
concentration as low as 20.76 pM using the three-layer approach
(the densities of both capture antibodies and detection antibodies
have been optimized to maximize its sensitivity, see Supporting
Information, pp S7—S9). In contrast, the detecting sensitivity
of our device based on the two-layer approach reaches 373 fM
for IL-6, 55 times more sensitive than the three-layer approach.
These results confirmed the superior detecting sensitivity of the
two-layer approach over the traditional three-layer approach.
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Figure 2. Sensitivity differences between sandwich and two-layer detecting 10°

approaches by comparing their dose—response curves. Data points, mean;
bar, standard deviation (6 < n < 10). For the sandwich approach, the same
amount of detection antibody-modified FeCo magnetic nanoparticles was
applied to each sensor with different amounts of unlabeled IL-6 molecules.
For the two-layer approach, different amounts of FeCo magnetic nanoparticle
labeled with IL-6 molecules were applied on each sensor.

Competition-Based IL-6 Quantification in Unprocessed
Human Sera. To practically employ the two-layer approach for
IL-6 quantification in unknown samples, we developed a two-
layer competition-based approach (Figure 3A) and established
the dose—response curve. Briefly, a mixture of 4.15 pM
magnetic nanoparticle-labeled (MNL) IL-6 molecules and varied
concentrations of unlabeled IL-6 (4 uL) was applied onto the
GMR sensor surface with signal measured. Figure 3B shows
the dose—response curve of the competition detection approach,
which provides a wide detection range of IL-6 from 125 fM to
41.5 pM. We also demonstrated that the testing background
(either buffer or serum) has no effect on IL-6 detection and
quantification (Supporting Information, Figure S8) and that the
dose—response curve established under buffer background can
be utilized for the quantification of IL-6 in sera.

The concentrations of IL-6 in human serum samples were then
quantified following this two-layer competition-based approach.
Ten human serum samples were evaluated. Five of them were from
healthy individuals, which were labeled NS1—NSS5. The other five
were from lung cancer patients, labeled CS1—CS5 (Supporting
Information, Table S3). Briefly, MNL IL-6 molecules (4.15 pM)
were mixed with the unprocessed human serum sample (4 uL)
and applied onto the GMR sensor surface (~4 nL of unprocessed
human serum samples per sensor area). The concentration of IL-6

A
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Figure 4. Comparison of IL-6 levels in human serum samples determined
by ELISA and competition-based GMR biosensor. Columns, mean; bars,
standard deviation (2 < n < 8); NS1—NSS5 represent human serum samples
from five healthy individuals; CS1—CS5 represent human serum samples
from five lung cancer patients (see Supporting Information, p S12 for
detailed information about the serum samples). “Processed serum” means
that CS1 was diluted 80 times for ELISA quantification, while “unprocessed
serum” means the serum sample was evaluated as such. ELISA failed to
detect IL-6 in NS2—NSS5.

Table 1. Comparison of IL-6 Levels in Human Serum Samples
Determined by ELISA and GMR Biosensor

IL-6], M
NS1 NS2 NS3 NS4 NS5  CS1  CS2 CS3 CS4 CS5

ELISA 219 N/A® N/A“ N/A“ N/A® 192 140” 552 742 3928 757
GMR 248 122 56 203 112 195981 567 597 3681 627

“ Not detectable by ELISA. © After 80-fold dilution.

in sera was determined by using the above established competition-
based dose—response curve (Figure 3B). Figure 4 compares the
levels of IL-6 in human sera quantified by our GMR system and
by commercial ELISA (R&D systems). A significant amount of
IL-6 can be detected and quantified by our GMR system in all 10
unprocessed serum samples, while ELISA failed to detect IL-6 in
four of the five sera from healthy individuals, NS2—NS5. The
levels of IL-6 in sera NS1 and CS2—CS5 quantified by our GMR
sensor are comparable to those determined by ELISA. However,
there is a significant discrepancy of IL-6 abundance in unprocessed
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Figure 3. (A) Competition-based two-layer detection scheme: the magnetic MNL IL-6 and unlabeled IL-6 are applied on the capture antibody-functionalized
GMR biosensor and compete for the binding sites. (B) Two-layer competition-based dose—response curve between 4.15 pM FeCo MNL IL-6 and varied
concentrations of unlabeled IL-6 molecules. The solid curve is the nonlinear dose fitting curve. Data points, mean; bars, standard deviation (5 < n =< 8).
Resistance change is statistically significant for IL-6, ranging from 125 fM to 41.5 pM in comparison to control sensors and background.
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Figure 5. Detecting specificity, dynamics, and reproducibility. (A) Resistance change in the absence or presence of IL-6-depleted serum with MNL IL-6
molecules: (a) control, no IL-6-depleted serum; (b) IL-6-depleted serum from NSI; (c) IL-6-depleted serum from CS1. Columns, mean; bars, standard
deviation; n = 2. Comparison among groups a—c showed no statistically significant difference. (B) Resistance change in the presence of other proteins with
MNL IL-6 molecules (1.25 pM MNL IL-6): (a) control, no competition; (b) 1.25 x 10° pM IL-8; (c) 1.25 x 10° pM VEGF; (d) 1.25 x 10° pM FAS; (e)
1.25 x 10" pM HAS, Columns, mean; bars, standard deviation (n > 4), Comparison among groups a—e showed no statistically significant difference. (C)
Time course binding study. Columns, mean; bars, standard deviation; n = 4—5. (D) Resistance change due to competition of unlabeled recombinant human
IL-6 with MNL IL-6 molecules on the sensor surface: (a—d) competition results from four independent experiments that were performed with a 1-week
interval between two experiments. Columns, mean; bars, standard deviation; n = 5—8. Comparison among groups a—d showed no statistically significant

difference.

serum CS1 between the results from ELISA (2.42 x 10* fM) and
our device (1.96 x 10° fM). We hypothesize that the IL-6 level in
CS1 is relatively high, out of the linear detecting range of ELISA,
and that the result from ELISA underestimates the quantity of IL-6
in CS1. To test this hypothesis, serum CS1 was diluted 80 times
based on our GMR data so that the level of IL-6 would be within
ELISA’s linear detecting range. The diluted sample was then re-
evaluated by ELISA. The ELISA result from this diluted measure-
ment (1.92 x 10° fM) agreed nicely with our GMR data (Figure
4, Table 1), demonstrating the accuracy and wide detecting range
of our GMR sensor-based detecting system. Excitingly, the levels
of IL-6 in the five sera from lung cancer patients are all significantly
higher than those in the sera from healthy individuals, preliminarily
supporting IL-6 as a potential lung cancer biomarker.

Detection Specificity. We then performed a series of experi-
ments to examine the detecting specificity of our device. One
approach for evaluating the detecting specificity to IL-6 in sera
was to determine whether serum samples depleted of IL-6 would
introduce any signals. IL-6 in serum samples NS1 and CS1 was
depleted by an immunoprecipitation approach (Supporting
Information, p S12). The depleted sera were then used in
competition with MNL IL-6, following the same procedure. The
results (Figure 5A) demonstrate that IL-6-depleted sera, ir-
respective of their disease state and original IL-6 level, show
no competition at all against MNL IL-6, establishing the
detecting specificity of our device to IL-6. The detecting
specificity against other specific serum proteins of varied
abundance was also evaluated. MNL IL-6 was mixed with 10°-
fold human recombinant interleukin-8 (IL-8), human vascular
endothelial growth factor (VEGF), human recombinant fatty acid
synthase (FAS), or 10'°-fold human serum albumin (HAS) for
competition detection. Again, we detected no signal changes

due to the nonspecific binding of these serum proteins, even
when they are in high excess compared to IL-6 (Figure 5B).

Detection Time and Reproducibility. Finally, the detection
time and reproducibility of our biosensing system were pre-
liminarily evaluated. The time course for binding of MNL IL-6
to the GMR sensor was studied. As show in Figure 5C, 94%
signal was achieved within 1 min, and the binding reached
equilibrium for quantification within 5 min, demonstrating the
feasibility to realize quick detection. The system also demon-
strates high reproducibility, as shown in Figure 5D: different
GMR sensors, when used to quantify 4.15 pM IL-6 at four
different time points, produce the same results.

Experimental Methods

GMR Sensor and High-Magnetic-Moment Nanoparticle
Fabrication and Magnetoresistance Measurement. Fabrication
of GMR sensor and nanoparticles and magnetoresistance measure-
ments were carried out following the same procedures as described
in our earlier report.'*

Sensor Surface Modification. The GMR sensor surface was
sequentially modified with (3-aminopropyl)triethoxysilane (APTES)
followed by capture antibody attachment through 1-[3-(dimethyl-
amino)propyl]-3-ethylcarbodiimide (EDC) coupling chemistry.
After each step, the surface was thoroughly washed with water to
remove unbound ligands, which were collected for quantification.
For each step of modification, bound ligands were quantified using
the following equation: amount of bound ligand on the surface =
amount of total ligand added — amount of ligand recovered (for
detailed procedures, see Supporting Information).

Cubic FeCo Nanoparticle Surface Modification. i. APTES
Modification. A solution of APTES (100 ug in 500 uL of ethanol)
and ammonium hydroxide (5 uL, 29%) was added to cubic FeCo
nanoparticles (100 u#g) and sonicated for 4 h.

ii. Human Recombinant IL-6 Modification. To a dispersion
of APTES-modified nanoparticles (300 uL, PBS buffer, pH 7.2;
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30 ug of FeCo) were added dylight 488-labeled human recombinant
IL-6 (10 uL, 100 ug/mL in PBS buffer, pH 7.4) and EDC (10 uL,
5 mg/mL in PBS, pH 7.4), and the mixture was shaken overnight
at 4 °C under light-protected conditions.

iii. IL-6 Detection Antibody Modification. To a dispersion of
APTES-modified nanoparticles (250 4L, PBS buffer, pH 7.2; 25
ug of FeCo) were added dylight 488-labeled antihuman IL-6
antibody (7 4L, 1 mg/mL in PBS buffer, pH 7.4) and EDC (100
uL, 10 mg/mL in PBS, pH 7.4), and the mixture was shaken
overnight at 4 °C under light-protected conditions.

After each modification, nanoparticles were harvested by an
external magnet, and modified nanoparticles were thoroughly
washed with water to remove unbound ligands for quantification
(see Supporting Information, p S9).

Three-Layer Assay for Human IL-6 Detection. Varied con-
centrations of IL-6 were added to capture antibody-modified sensors
(20.8 pM—2.08 nM). After that, the optimal MNL detection
antibody for IL-6 was applied. Control sensors without capture
antibody were used to determine any nonspecific binding of
detection antibody—nanoparticle conjugate (see Supporting Infor-
mation, p S10).

Two-Layer Assay for Human IL-6 Detection. Varied concen-
trations of MNL IL-6 were added to capture antibody-modified
sensor spots (250—2500 fM). Control sensors without capture
antibody were used to determine any nonspecific binding (see
Supporting Information, p S10).

Competition-Based Two-Layer Assay for Human IL-6. MNL
IL-6 (1.67 x 107 mol per sensor area, 41.5 pM) was mixed with
4 uL of human serum (4 nL per sensor area) to compete for 1.67
x 10720 mol of capture antibodies (per sensor area) on the sensor
surface (see Supporting Information, p S11). The resistance change
of the GMR sensor was measured. The amount of IL-6 in the serum
was then determined on the basis of the dose—response curve
(Figure 3B).

Conclusions

In summary, we have developed an ultrasensitive, highly
specific and reproducible, and rapid sensing platform with a
wide detecting range. This platform consists of the integration
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of a near 0° GMR sensor with a uniform high-magnetic-moment
FeCo nanoparticle-based device and a competition-based detect-
ing principle. We demonstrated the feasibility of this system to
directly quantify IL-6 in unprocessed human serum samples in
5 min. Although 4 uL of serum was used for this analysis, only
4 nL of the serum is indeed responsible for the signal, because
we have not achieved sensor area-specific modification, in that
the capture-antibody-modified area includes the sensor and its
surrounding region. The surrounding region is ~1000 times the
area of the sensor (see Supporting Information, p S10). Hence,
upon achieving sensor-specific modification, our sensor platform
would require only 4 nL of serum for detection, or it could
quantify IL-6 from serum at a much lower IL-6 concentration,
which is currently under investigation. The detecting specificity
of this system was rigorously established by demonstrating that
IL-6-depleted sera introduced no signal at all. Rapid detection
(5 min) and reproducibility were also achieved for this system.
Such a platform paves the practical way for the identification
and validation of biomarkers involved in the etiology of various
diseases. It may eventually lead to a low-cost and hand-held
medical device for early detection of chronic diseases.
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