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ABSTRACT

Protein detection and quantification is routinely performed in laboratories around the world for in-vitro diagnostics. Many
different sensing platforms, such as mass spectrometry, optical biosensors, electrochemical biosensors, magnetic
biosensors, etc., have been developed for quantitatively detection. The sandwich immunoassay is widely used as a labeled
detection method due to its high specificity and flexibility allowing multiple different labels. While optical sensors use
enzyme and fluorophore labels to detect proteins with high sensitivity, they often suffer from high background signal and
present challenges in miniaturization. Magnetic biosensors, including nuclear magnetic resonance sensors, oscillator-based
sensors, Hall-effect sensors, and magnetoresistive sensors, use the specific binding events between magnetic nanoparticles
(MNPs) and target proteins to measure the analyte concentration. Compared with other biosensing techniques, magnetic
sensors take advantage of the intrinsic lack of magnetic background in biological samples to achieve high sensitivity and
high specificity, and are compatible with semiconductor-based fabrication processes to enable low-cost and small-size
devices for point-of-care (POC) applications. Although still in development, magnetic biosensing is a promising technique
for in-home testing and portable disease monitoring.
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1. INTRODUCTION

The advent of the post-genomic era has revealed that, while incredibly powerful and informative, sequencing alone is not
sufficient to elucidate the full physiological state of an organism. Where genomics stops at measuring mRNA gene
expression, proteomics measures further downstream after translation and post-translational modifications enabling large-
scale investigation of protein expression, function, pathways, and protein-protein interaction. Proteomics provides accurate
and timely information about biological systems that directly reflect the current physiological state. Quantitative
proteomics®~ is the study of steady-state protein expression and perturbation-induced changes caused by diseases, such as
cancer, which have significant time-dependent protein expression changes® 2. As such, quantitative proteomics is the
cornerstone of modern diagnostics and plays an increasingly important role in identifying new disease-specific biomarkers
and therapeutic targets.

Historically, mass spectrometry (MS)* and tandem mass spectrometry (MS/MS)** have been the workhorses for large-
scale proteomic studies. Detection strategies have been developed for both top-down proteomics that measure intact
proteins (<50 kDa) or large peptide fragments and bottom-up proteomics that is used for peptides from proteolytic
digestion. Both techniques require significant sample pretreatment (e.g., depletion of highly abundant proteins, enrichment
of relevant complexes, and protein fractionation), demand extensive data post-processing to interpret the data, and are not
highly quantitative. Despite tremendous interest and effort, MS remains a laboratory-based technique with significant
barriers to miniaturization.

Biosensors, based today primarily on optical sensors®>2¢ and electrochemical sensors?-#2, have been developed as a
compact, low-cost, and ease-of-use platform for quantitative proteomics**-#5. Unlike mass spectrometry, these sensors are
miniaturizable and thus innately portable. These biosensors can be broadly categorized depending on if a label is used in
the detection process (i.e., label-free and labeled). Although label-free biosensing techniques (e.g., ChemFET*649,
microcantilever®®52) can be very sensitive via direct measurement of an intrinsic property of the analyte (i.e., charge,
mass)®3, labeled detection is more specific and often preferred given the large heterogeneity of analytes in clinical
samples**54. Furthermore, external forces (e.g., magnetic force) can be used to manipulate the tagged analytes for precise
positioning®"*> or separation®®. Most labeled detection schemes use a variant of the sandwich immunoassay, as shown in
Figure 1, where the analyte is flanked on both sides by a recognition molecule, the second of which is attached to the label.
A sandwich assay first immobilizes analyte specific receptors (e.g., antibodies, aptamers, etc.) on the surface of the sensor
that selectively bind to the target analytes (antigens). This is followed with a second binding event using analyte specific
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receptors conjugated to a label (e.g., an enzyme, fluorophore, or magnetic nanoparticle) that is detected by a corresponding
sensor. As such, these affinity biosensors indirectly measure the analyte concentration via the number of labeled complexes
tethered to the surface.
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Figure 1. Illustration of sandwich immunoassay using (a) enzyme-labeled optical sensor, (b) fluorophore-labeled optical
sensor, (c) enzyme-labeled electrochemical sensor, and (d) MNP-labeled magnetic sensor for quantitative proteomics.

Optical biosensors are highly sensitive and specific, easy to parallelize for multiplex detection, and low-cost?. While some
optical biosensors, such as surface plasmon resonance (SPR), are label-free>!6, most are enzyme-based*®*°, fluorescence-
based??2%, or chemiluminescence-based?*2 labeled immunoassays. The enzyme-linked immunosorbent assay (ELISA),
which uses an enzyme label that reacts with a substrate solution to generate a colorimetric signal (Figure 1a), is currently
the gold standard in immunology. Whereas many other biosensing techniques have yet to make it out of research
laboratories, this technique is currently one of the most widely used techniques?. Alternative formats using fluorophores?
and quantum dots®”8, where a laser excites the label and the fluorescent signature is measured (Figure 1b), have shown
better sensitivity and quantification as there is a one-to-one relationship between the analyte and the label compared to the
enzymatic assay where a single enzyme can repeatedly convert substrate. As such, traditional ELISAS require tight control
over timing and routine calibration, often with every assay. These are not issues with fluorescent assays; however,
fluorescent readout requires much more complex optical setups with narrow-band optical filters tuned to the excitation
and emission frequencies. Chemiluminescence-based biosensors detect light emission due to a chemical reaction and
therefore forego the excitation source, reducing the instrumentation complexity. Chemiluminescence-based biosensors
also have very large dynamic range, up to 6 decades, and high sensitivity due to the low background signal®*%°. However,
tradeoffs between different types of chemiluminescence-based sensors result in none of them achieving high sensitivity,
low cost, rapid assay time, and high quantum yield simultenously?>2°,

Electrochemical biosensors have been by far the most successful commercial biosensor to date, largely due to the
glucometer, a critical device in managing healthcare for millions of diabetics worldwide®®. Figure 1c illustrates an assay
with an enzyme that catalyzes the substrate, resulting in an oxidation-reduction reaction?-2°. Common electrochemistry
techniques include potentiometry®®-33, amperometry®*%, and impedance spectroscopy®®+'. Glucometers are an example
of an amperometry-based biosensor where the concentration of a byproduct (e.g., hydrogen peroxide) generated by an
enzyme (e.g., glucose oxidase) reacting with glucose is detected and quantified. Although electrochemical biosensors have
advantages of being very low-cost, easy to operate and miniaturize, they often suffer from high background, low
specificity, dependence on pH and ionic strength of the solution, and may require highly specific enzymes?",

Despite the success of optical and electrochemical biosensors, there remains an unmet need for quantitative proteomics
platforms that are low-cost, highly sensitive with wide dynamic range, miniaturizable, require little to no sample
pretreatment, and are scalable for point-of-care (POC) diagnostics. The remaining sections describe and compare different
types of magnetic biosensors that address this need.

2. MAGNETIC BIOSENSING

Compared with its optical counterpart, magnetic biosensors do not require optical lasers, filters, or detectors. Thus, they
can be more compact while maintaining the benefit of low-cost, high volume production due to the semiconductor-based
fabrication process. This fabrication process also allows tight integration between the sensors and readout circuits



eliminating the need for external connections while simultaneously making large arrays of sensors possible. Another
benefit of magnetic sensing is that biological samples are intrinsically non-magnetic, so the detection environment has
very low background and does not require any sample pretreatment (i.e., the measurement is matrix-insensitive)®’. As a
result, magnetic sensors have very high sensitivity (down to femtomolar concentrations) % with wide dynamic range (6
decades)®:%2 and compact size, making them ideal for point-of-care applications*36465, Recently, several types of magnetic
detectors have been demonstrated, including nuclear magnetic resonance (NMR)®-68 oscillator-based sensors®-72, Hall-
effect sensors’"°, and magnetoresistive sensors®:-%380-8_ Although these sensors all use superparamagnetic nanoparticles
to quantitatively detect analytes, their operation mechanisms are quite different.

2.1 Nuclear Magnetic Resonance
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Figure 2. (a) Spin-spin relaxation time T2 for pure water, antibody-coated magnetic particles, and antibody-protein

complexes® and (b) measured NMR calibration curve®”.
NMR is an indirect method to detect proteins by measuring the spin-spin relaxation time (T2) of water molecules®. The
setup requires at least one permanent magnet to provide a DC bias field By and one electromagnet to provide an RF
excitation field B1%. By setting the frequency of B to the Larmor frequency of the protons in water, which is proportional
to By, the protons periodically absorb the energy from B, perturbing their alignment from Bo. Due to the proton-proton
interaction, some protons will be out-of-phase and the total magnetic moment decays over time as the protons precess after
Bs is removed. The rate of the decay is characterized by the spin-spin relaxation time, T,. By adding antibody-coated
magnetic nanoparticles (MNPS) to the sample, the T, signal decreases as antibody-antigen complexes are formed, as shown
in Figure 2a. These binding events produce large aggregates, further intensifying the perturbation and shortening the T,
signal thus allowing the concentration to be quantified. Biological experiments have shown avidin detection with a
dynamic range of 80 dB®’.

Miniaturization is the key challenge for this technique. Since it requires a permanent magnet and an electromagnet, the
system is usually bulky®’. A miniaturized NMR system, which can be held in the palm of a hand, was recently
demonstrated®®. However, since the signal amplitude is quadratically proportional to the DC bias field By, reducing the
magnet size for portable applications significantly degrades the sensitivity. As a result, this NMR system only achieved a
sensitivity of 3 nM®” (Figure 2b) compared to benchtop equivalents which have a sensitivity of 140 fM®2. Further improving
the sensitivity and system size is difficult due to the fundamental tradeoff between the signal amplitude and the magnet
size.

2.2 Oscillator-based Biosensor

Oscillator-based biosensors are usually tuned LC resonators where the resonant frequency is dependent on the number of
tethered MNPs. Figure 3a shows one such example where a sandwich immunoassay labeled with MNPs is assembled on
the surface of an inductor. The magnetic field generated by current passing through the inductor magnetizes the MNPs,
which alters the inductance, and thus changes the resonant frequency® . These sensors are very attractive as they do not



need an external magnetic field and are fully CMOS compatible allowing them to be compact and low-cost. Techniques
such as correlated double counting (CDC) have been employed to reduce correlated noise and environmental conditions
such as temperature drift allowing detection of a single 1 um MNP (Figure 3b)”. However, these sensors often have
reproducibility issues due to the non-uniform magnetic field resulting in spatial dependency and non-linearities. This issue
can be remedied using a bowl-shaped inductor, but this requires more exotic fabrication and is not always CMOS
compatible™. Although this technique was not used for detecting proteins, it has successfully detected DNA® and cells™.
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Figure 3. (a) lllustration showing how tethered MNPs cause a resonance frequency shift in an LC oscillator® and (b)
measured calibration curve’.

2.3 Hall-effect Sensor

Hall-effect sensors measure an induced voltage caused by the force a perpendicular magnetic field exerts on a charge
carrying ion. These sensors can be realized using the diffusion layer (n-well) of a transistor and thus are compatible with
standard semiconductor fabrication processes. However, the diffusion layer is the bottom layer in a CMOS process, so
post-processing is required to remove all (or most) metal and interlayer dielectric material above the sensor to minimize
the distance between the sensors and MNPs™. Figure 4a shows a sandwich immunoassay on top of a Hall-effect sensor
with an integrated electromagnet to magnetize the MNPs. The presence of the MNPs induces a voltage on the underlying
sensor that is readout by the nearby circuitry.
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Figure 4. (a) Illustration of a Hall-effect sensor detecting a single captured MNP and (b) measured concentrations with

optical images for various concentrations of HSA at concentrations as low as 1ng/mL (15 pM)™.
Researchers have demonstrated both magnetometry-based biosensing” "> and relaxation-based biosensing’®’’, where
instead of leaving the magnetic field on constantly and measuring the perturbation, the magnetic field is pulsed and the
temporal dynamic response is measured as the MNPs relax back to equilibrium. The detail of these mechanisms will be




discussed further in Section 3, but it should be noted that the relaxation of the MNPs is different from NMR sensors, which
are based on the proton-proton interaction of water molecules. To maximize the signal in this work, the sensor was sized
comparable to a single 4 um MNP and thus each sensor can detect only one MNP’8, To have a reasonable dynamic range,
a large array containing 10k pixels was built with single MNP sensitivity and a dynamic range of 80 dB by combining all
of the small sensors into one effective sensor™. This sensor array was used to detect Human Serum Albumin (HSA) with
a sensitivity of 15 pM (Figure 4b). By limiting the design to one MNP per sensor and using relaxometry-based biosensing
technique, Hall-effect sensors resolve the MNP location dependency and field non-uniformity issue that impedes
oscillator-based sensors. However, one MNP per sensor requires a very large array to achieve sufficient dynamic range,
which becomes a bottleneck for Hall-effect sensors.

2.4 Magnetoresistive Sensor

Oscillator-based sensors and Hall-effect sensors can both detect a single 1 pm MNP; however, micrometer sized MNPs
diffuse very slowly in solution and are much, much larger than the target proteins, thus they require washing steps to
remove unbound MNPs and have longer assay time*:. Magnetoresistive sensors are used extensively in commercial
applications as the read-head in a hard disk drive. These sensors are elaborately engineered stacks of magnetic and non-
magnetic thin films (Figure 5a) and have much higher transduction efficiency, allowing them to detect nanometer sized
MNPs. The operation of these sensors is deeply rooted in quantum mechanics and beyond the scope of this paper. At a
high level, the tethered MINPs alter the local magnetic field and thus the sensor resistance (Figure 5b), which is measured
by the readout circuitry to quantify the analyte concentration. Giant magnetoresistive (GMR) sensors and magnetic tunnel
junction (MTJ) sensors are the two major types of magnetoresistive sensor used today.

GMR sensors have shown exceptional sensitivity compared to the other magnetic sensors. As few as 20 MNPs with a
diameter of 16 nm have been detected® 8!, A 256-pixel GMR biochip was reported that achieved a sensitivity of 10 fM
while detecting a cancer biomarker, secretory leukocyte peptidase inhibitor (SLP1)%. In multiplexed protein assays (10
analytes), high sensitivity (5 fM limit of detection) and broad dynamic range (120 dB) were demonstrated, detecting
another cancer biomarker, carcinoembryonic antigen (CEA) (Figure 5¢)®162, To achieve this level of performance, several
calibration routines are required including a temperature correction scheme®. Notably, this work also performed a head-
to-head comparison using the same antibodies in a traditional ELISA assay format and found that the magnetic
immunoassay was over 1,000x more sensitive and had a larger dynamic range!62. Although a more complicated
fabrication process is required, GMR sensors have been successfully fabricated on CMOS chips®384,

MTJ sensors have even higher magnetoresistance than GMR sensors, potentially making them even more sensitive;
however, they also have issues of higher noise®® and pinhole defects®, diminishing their utility. Despite these issues, they
have found applications in hard disk drives and random-access memory. Researchers have used MTJ sensors to detect
DNA and proteins, but with limited sensitivity (nanomolar concentrations)®®, Nevertheless, given the high transduction
efficiency, small size, and compatibility with semiconductor technology, MTJ biosensors remain extremely attractive.
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Figure 5. (a) GMR filmstack containing multiple magnetic and non-magnetic layers, (b) Plot of sensor resistance as a
function of the external magnetic field®3, and (c) Measured calibration curve demonstrating extremely high sensitivity (5
fiv1)6L,

3. MAGNETIC BIOSENSING TECHNIQUES

While NMR uses a solution phase assay to measure the analyte concentration, all the other magnetic sensors share the
same sandwich immunoassay with a magnetic nanoparticle label tethered to the surface of the sensor. There are two



common detection techniques that can be used with the aforementioned surface-based affinity assays: magnetometry and
relaxometry, both of which are illustrated in Figure 6. In the absence of a magnetic field, the magnetic moment of the
MNPs is randomly distributed resulting in zero net field for the underlying magnetic sensors. When an external magnetic
field (DC or AC) is applied, the magnetic moments all align with the field generating a stray magnetic field that opposes
the applied field at the sensor. Magnetometry measures the field difference with and without MNPs to quantify the number
of tethered MNPs. For relaxometry, the applied magnetic field is rapidly removed and the sensors temporally monitor the
change in magnetic field as the MNPs slowly randomize, capturing the dynamics.
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Figure 6. Illustration depicting magnetometry- and relaxometry-based biosensing techniques®.
3.1 Magnetometry-based Biosensing

As the most straightforward method to detect MNPs, magnetometry-based biosensing was widely used by oscillator-based
sensors®®-72, Hall-effect sensors’>7°, and GMR sensors®-638-84 However, this technique suffers from several drawbacks.
First, the miniscule signal from the MNPs is superimposed on a large baseline signal from the applied field demanding
very high dynamic range from the readout circuitry. This baseline can be rejected by a reference sensor, if one is able to
achieve good matching between the sensors, which unfortunately is not always possible. Second, this technique requires
a uniform external field to remove positional dependency, especially in low-concentration measurements. This is often
accomplished using an off-chip electromagnet®® or a special structure for an on-chip coil”. Lastly, magnetometry is
sensitive to temperature drift, process variation, and environmental perturbation that requires precise calibration and signal
processing to overcome®?,

3.2 Relaxometry-based Biosensing

Relaxometry-based biosensing technique resolves most of these issues. While there is no literature for oscillator-based
sensors using relaxometry, Hall-effect sensors’®"® and GMR sensors®" have been demonstrated. By detecting the
relaxation of the MNPs temporally after turning off the applied field, this technique pushes the difficulty from accuracy in
amplitude to accuracy in time. It accordingly overcomes the low signal-to-baseline ratio and eases the field uniformity
requirement. Furthermore, techniques such as magnetic correlated double sampling (MCDS) that repeat the relaxation and
use the same sensor for correlated sampling remove the need for reference sensors and are immune to slowly changing
environmental perturbations’#. Since different sized MNPs have different relaxation times and dynamics, relaxometry
introduces another degree of freedom that enables multiplexed bioassays’®%’.

However, relaxometry-based biosensing has some drawbacks that still need to be investigated. First, the applied magnetic
field cannot collapse instantaneously resulting in a deadzone that makes detection of MNPs with very fast relaxation times
impossible. Off-chip electromagnets have been reported to have a deadzone as low as 1.4 ps, which is still not fast enough
for detecting some MNPs®:8, On-chip striplines can reduce the deadzone to just 16 ns”’, but suffer from area and device
heating constraints’™. Moreover, the relaxation signal decreases over time, thus high-speed readout circuitry is required to



capture the signal. As a result, low noise and high speed are both required for the readout circuitry, but they are often at
odds with each other.

4. CONCLUSION

This paper reviewed the most commonly used magnetic biosensors for quantitative proteomics. Like an ELISA, magnetic
sensors use MNPs instead of enzymes or fluorophores as labels to detect captured analytes in magnetic immunoassay.
Magnetic biosensors take advantage of the low background signal since biological samples are non-magnetic and the
compatibility with the semiconductor technology for low cost production. Table 1 summarizes the magnetic sensors and
their respective performance. Each type of sensor and each sensing technique (e.g. magnetometry and relaxometry) has
advantages and drawbacks, which make them suitable in different applications. Specifically, high sensitivity and wide
dynamic range make magnetoresistive sensors a good candidate for measuring extremely low concentration analytes,
which is usually the case in early stage disease detection. Due to low background and compact size, magnetic sensors have
great potential for POC applications, such as in-home testing and continuous disease monitoring.

Table 1. Comparison of the magnetic sensors.

Sensor Type NMR® Oscillator-based™ Hall-effect™ GMR®L62
MNP Diameter 38 nm 1 um 1 um 50 nm
1JI;/I(i?i'\rr/lulilmPSDetectabIe N/A 1 1 70
Sensitivity 3nM N/A 15 pM 5fM
Dynamic Range 80 dB 74.5dB 80 dB 120 dB
Pixel Size N/A 0.0144 mm? 0.6 mm?* 0.01 mm?

# of Pixels 1 48 1* 64
Readout Time/Pixel N/A 10 ms 8s 62.5 ms
Technique N/A Magnetometry Relaxometry Magnetometry

* Hall-effect biosensors use the whole sensor array as an effective single sensor for biological experiment.

REFERENCES

[1] Phizicky, E., Bastiaens, P. 1. H., Zhu, H., Snyder, M. and Fields, S., “Protein analysis on a proteomic scale,”
Nature 422(6928), 208-215 (2003).

[2] Pandey, A. and Mann, M., “Proteomics to study genes and genomes,” Nature 405(6788), 837-846 (2000).

[3] Ong, S.-E., Blagoev, B., Kratchmarova, 1., Kristensen, D. B., Steen, H., Pandey, A. and Mann, M., “Stable
Isotope Labeling by Amino Acids in Cell Culture, SILAC, as a Simple and Accurate Approach to Expression
Proteomics,” Mol. Cell. Proteomics 1(5), 376-386 (2002).

[4] Nesvizhskii, A. 1., Keller, A., Kolker, E. and Aebersold, R., “A Statistical Model for Identifying Proteins by
Tandem Mass Spectrometry,” Anal. Chem. 75(17), 46464658 (2003).

[5] Aebersold, R. and Mann, M., “Mass spectrometry-based proteomics,” Nature 422(6928), 198-207 (2003).

[6] Bantscheff, M., Schirle, M., Sweetman, G., Rick, J. and Kuster, B., “Quantitative mass spectrometry in
proteomics: a critical review,” Anal. Bioanal. Chem. 389(4), 1017-1031 (2007).

[7] Wasinger, V. C., Zeng, M. and Yau, Y., “Current Status and Advances in Quantitative Proteomic Mass
Spectrometry,” Int. J. Proteomics 2013 (2013).



[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]
[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]
[29]

Blagoev, B., Ong, S.-E., Kratchmarova, 1. and Mann, M., “Temporal analysis of phosphotyrosine-dependent
signaling networks by quantitative proteomics,” Nat. Biotechnol. 22(9), 1139-1145 (2004).

Ma, C., Cheung, A. F., Chodon, T., Koya, R. C., Wu, Z., Ng, C., Avramis, E., Cochran, A. J., Witte, O. N.,
Baltimore, D., Chmielowski, B., Economou, J. S., Comin-Anduix, B., Ribas, A. and Heath, J. R.,
“Multifunctional T-cell Analyses to Study Response and Progression in Adoptive Cell Transfer
Immunotherapy,” Cancer Discov. 3(4), 418-429 (2013).

Ma, C., Fan, R., Ahmad, H., Shi, Q., Comin-Anduix, B., Chodon, T., Koya, R. C., Liu, C.-C., Kwong, G. A.,
Radu, C. G,, Ribas, A. and Heath, J. R., “A clinical microchip for evaluation of single immune cells reveals high
functional heterogeneity in phenotypically similar T cells,” Nat. Med. 17(6), 738-743 (2011).

Altschuler, S. J. and Wu, L. F., “Cellular Heterogeneity: Do Differences Make a Difference?,” Cell 141(4), 559—
563 (2010).

Shi, Q., Qin, L., Wei, W., Geng, F., Fan, R., Shin, Y. S, Guo, D., Hood, L., Mischel, P. S. and Heath, J. R.,
“Single-cell proteomic chip for profiling intracellular signaling pathways in single tumor cells,” Proc. Natl.
Acad. Sci. 109(2), 419-424 (2012).

Ahrens, C. H., Brunner, E., Qeli, E., Basler, K. and Aebersold, R., “Generating and navigating proteome maps
using mass spectrometry,” Nat. Rev. Mol. Cell Biol. 11(11), 789-801 (2010).

Thompson, A., Schafer, J., Kuhn, K., Kienle, S., Schwarz, J., Schmidt, G., Neumann, T. and Hamon, C.,
“Tandem Mass Tags: A Novel Quantification Strategy for Comparative Analysis of Complex Protein Mixtures
by MS/MS,” Anal. Chem. 75(8), 1895-1904 (2003).

Boozer, C., Kim, G., Cong, S., Guan, H. and Londergan, T., “Looking towards label-free biomolecular
interaction analysis in a high-throughput format: a review of new surface plasmon resonance technologies,”
Curr. Opin. Biotechnol. 17(4), 400-405 (2006).

Pimkova, K., Bockova, M., Hegnerova, K., Suttnar, J., Cermak, J., Homola, J. and Dyr, J. E., “Surface plasmon
resonance biosensor for the detection of VEGFR-1--a protein marker of myelodysplastic syndromes,” Anal.
Bioanal. Chem. 402(1), 381-387 (2012).

Bruls, D. M., Evers, T. H., Kahlman, J. a. H., Lankvelt, P. J. W. van, Ovsyanko, M., Pelssers, E. G. M.,
Schleipen, J. J. H. B., Theije, F. K. de, Verschuren, C. A., Wijk, T. van der, Zon, J. B. A. van, Dittmer, W. U.,
Immink, A. H. J., Nieuwenhuis, J. H. and Prins, M. W. J., “Rapid integrated biosensor for multiplexed
immunoassays based on actuated magnetic nanoparticles,” Lab. Chip 9(24), 3504-3510 (2009).

Engvall, E. and Perlmann, P., “Enzyme-linked immunosorbent assay (ELISA) quantitative assay of
immunoglobulin G,” Immunochemistry 8(9), 871-874 (1971).

Van Weemen, B. k. and Schuurs, A. h. w. m., “Immunoassay using antigen—enzyme conjugates,” FEBS Lett.
15(3), 232-236 (1971).

Damborsky, P., Svitel, J. and Katrlik, J., “Optical biosensors,” Essays Biochem. 60(1), 91-100 (2016).

Dey, D. and Goswami, T., “Optical Biosensors: A Revolution Towards Quantum Nanoscale Electronics Device
Fabrication,” J. Biomed. Biotechnol. 2011 (2011).

de Silva, A. P., Gunaratne, H. Q. N., Gunnlaugsson, T., Huxley, A. J. M., McCoy, C. P., Rademacher, J. T. and
Rice, T. E., “Signaling Recognition Events with Fluorescent Sensors and Switches,” Chem. Rev. 97(5), 1515—
1566 (1997).

Dwight, S. J., Gaylord, B. S., Hong, J. W. and Bazan, G. C., “Perturbation of Fluorescence by Nonspecific
Interactions between Anionic Poly(phenylenevinylene)s and Proteins: Implications for Biosensors,” J. Am.
Chem. Soc. 126(51), 16850-16859 (2004).

Zhang, Q.-Y., Chen, H., Lin, Z. and Lin, J.-M., “Comparison of chemiluminescence enzyme immunoassay based
on magnetic microparticles with traditional colorimetric ELISA for the detection of serum a-fetoprotein,” J.
Pharm. Anal. 2(2), 130-135 (2012).

Rongen, H. A. H., Hoetelmans, R. M. W, Bult, A. and Van Bennekom, W. P., “Chemiluminescence and
immunoassays,” J. Pharm. Biomed. Anal. 12(4), 433-462 (1994).

Dodeigne, C., Thunus, L. and Lejeune, R., “Chemiluminescence as diagnostic tool. A review,” Talanta 51(3),
415-439 (2000).

Grieshaber, D., MacKenzie, R., Voros, J. and Reimhult, E., “Electrochemical Biosensors - Sensor Principles and
Architectures,” Sensors 8(3), 1400-1458 (2008).

Chaubey, A. and Malhotra, B. D., “Mediated biosensors,” Biosens. Bioelectron. 17(6), 441-456 (2002).
Ghindilis, A. L., Atanasov, P., Wilkins, M. and Wilkins, E., “Immunosensors: electrochemical sensing and other
engineering approaches,” Biosens. Bioelectron. 13(1), 113-131 (1998).



[30]
[31]
[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]
[46]
[47]
[48]
[49]

[50]

[51]

[52]

Goda, T. and Miyahara, Y., “Label-free and reagent-less protein biosensing using aptamer-modified extended-
gate field-effect transistors,” Biosens. Bioelectron. 45, 89-94 (2013).

Lee, C.-S., Kim, S. K. and Kim, M., “Ion-Sensitive Field-Effect Transistor for Biological Sensing,” Sensors 9(9),
7111-7131 (2009).

Hafeman, D. G., Parce, J. W. and McConnell, H. M., “Light-addressable potentiometric sensor for biochemical
systems,” Science 240(4856), 1182-1185 (1988).

Ercole, C., Gallo, M. D., Pantalone, M., Santucci, S., Mosiello, L., Laconi, C. and Lepidi, A., “A biosensor for
Escherichia coli based on a potentiometric alternating biosensing (PAB) transducer,” Sens. Actuators B Chem.
83(1), 48-52 (2002).

Ronkainen-Matsuno, N. J., Thomas, J. H., Halsall, H. B. and Heineman, W. R., “Electrochemical immunoassay
moving into the fast lane,” TrAC Trends Anal. Chem. 21(4), 213-225 (2002).

Wang, J., Ibafiez, A., Chatrathi, M. P. and Escarpa, A., “Electrochemical Enzyme Immunoassays on Microchip
Platforms,” Anal. Chem. 73(21), 5323-5327 (2001).

Dai, Z., Yan, F., Chen, J. and Ju, H., “Reagentless Amperometric Immunosensors Based on Direct
Electrochemistry of Horseradish Peroxidase for Determination of Carcinoma Antigen-125,” Anal. Chem. 75(20),
5429-5434 (2003).

Wilson, M. S., “Electrochemical Immunosensors for the Simultaneous Detection of Two Tumor Markers,” Anal.
Chem. 77(5), 1496-1502 (2005).

Katz, E. and Willner, 1., “Probing Biomolecular Interactions at Conductive and Semiconductive Surfaces by
Impedance Spectroscopy: Routes to Impedimetric Immunosensors, DNA-Sensors, and Enzyme Biosensors,”
Electroanalysis 15(11), 913-947 (2003).

Ouerghi, O., Touhami, A., Jaffrezic-Renault, N., Martelet, C., Ouada, H. B. and Cosnier, S., “Impedimetric
immunosensor using avidin—biotin for antibody immobilization,” Bioelectrochemistry 56(1), 131-133 (2002).
Manickam, A., Chevalier, A., McDermott, M., Ellington, A. D. and Hassibi, A., “A CMOS Electrochemical
Impedance Spectroscopy (EIS) Biosensor Array,” IEEE Trans. Biomed. Circuits Syst. 4(6), 379-390 (2010).
Jiang, H., Sun, A., Venkatesh, A. G. and Hall, D. A., “An Audio Jack-Based Electrochemical Impedance
Spectroscopy Sensor for Point-of-Care Diagnostics,” IEEE Sens. J. 17(3), 589-597 (2017).

Sun, A., Venkatesh, A. G. and Hall, D. A., “A Multi-Technique Reconfigurable Electrochemical Biosensor:
Enabling Personal Health Monitoring in Mobile Devices,” IEEE Trans. Biomed. Circuits Syst. 10(5), 945-954
(2016).

Lee, J.-R., Magee, D. M., Gaster, R. S., LaBaer, J. and Wang, S. X., “Emerging Protein Array Technologies for
Proteomics,” Expert Rev. Proteomics 10(1), 65-75 (2013).

Kosaka, P. M., Pini, V., Ruz, J. J., Silva, R. A. da, Gonzalez, M. U., Ramos, D., Calleja, M. and Tamayo, J.,
“Detection of cancer biomarkers in serum using a hybrid mechanical and optoplasmonic nanosensor,” Nat.
Nanotechnol. 9(12), 1047-1053 (2014).

Ahmed, M. U., Saaem, 1., Wu, P. C. and Brown, A. S., “Personalized diagnostics and biosensors: a review of the
biology and technology needed for personalized medicine,” Crit. Rev. Biotechnol. 34(2), 180-196 (2014).
Huang, C.-C., Lee, G.-Y., Chyi, J.-I., Cheng, H.-T., Hsu, C.-P., Hsu, Y.-R., Hsu, C.-H., Huang, Y .-F., Sun, Y .-
C., Chen, C.-C., Li, S.-S., Andrew Yeh, J., Yao, D.-J., Ren, F. and Wang, Y .-L., “AlGaN/GaN high electron
mobility transistors for protein—peptide binding affinity study,” Biosens. Bioelectron. 41, 717-722 (2013).

Gao, X. P. A., Zheng, G. and Lieber, C. M., “Subthreshold Regime has the Optimal Sensitivity for Nanowire
FET Biosensors,” Nano Lett. 10(2), 547-552 (2010).

Kimura, J. and Kuriyama, T., “FET biosensors,” J. Biotechnol. 15(3), 239-254 (1990).

Wang, Y.-L., Huang, C.-C. and Kang, Y.-W., “Incorporation of ligand-receptor binding-site models and
transistor-based sensors for resolving dissociation constants and number of binding sites,” IET Nanobiotechnol.
8(1), 10-17 (2014).

Wee, K. W, Kang, G. Y., Park, J., Kang, J. Y., Yoon, D. S., Park, J. H. and Kim, T. S., “Novel electrical
detection of label-free disease marker proteins using piezoresistive self-sensing micro-cantilevers,” Biosens.
Bioelectron. 20(10), 1932-1938 (2005).

Arntz, Y., Seelig, J. D., Lang, H. P., Zhang, J., Hunziker, P., Ramseyer, J. P., Meyer, E., Hegner, M. and Gerber,
C., “Label-free protein assay based on a nanomechanical cantilever array,” Nanotechnology 14(1), 86 (2003).
McKendry, R., Zhang, J., Arntz, Y., Strunz, T., Hegner, M., Lang, H. P., Baller, M. K., Certa, U., Meyer, E.,
Guntherodt, H.-J. and Gerber, C., “Multiple label-free biodetection and quantitative DNA-binding assays on a
nanomechanical cantilever array,” Proc. Natl. Acad. Sci. 99(15), 9783-9788 (2002).



[53] Cooper, M. A., “Label-free screening of bio-molecular interactions,” Anal. Bioanal. Chem. 377(5), 834-842
(2003).

[54] Luo, X., Morrin, A., Killard, A. J. and Smyth, M. R., “Application of Nanoparticles in Electrochemical Sensors
and Biosensors,” Electroanalysis 18(4), 319-326 (2006).

[55] Lee, H, Liu, Y., Ham, D. and Westervelt, R. M., “Integrated cell manipulation system—CMOS/microfluidic
hybrid,” Lab. Chip 7(3), 331-337 (2007).

[56] Safarik, I. and Safarikova, M., “Magnetic techniques for the isolation and purification of proteins and peptides,”
Biomagn. Res. Technol. 2, 7 (2004).

[57] Pavlov, V., “Enzymatic Growth of Metal and Semiconductor Nanoparticles in Bioanalysis,” Part. Part. Syst.
Charact. 31(1), 36-45 (2014).

[58] Grinyte, R., Barroso, J., Moller, M., Saa, L. and Pavlov, V., “Microbead QD-ELISA: Microbead ELISA Using
Biocatalytic Formation of Quantum Dots for Ultra High Sensitive Optical and Electrochemical Detection,” ACS
Appl. Mater. Interfaces 8(43), 29252-29260 (2016).

[59] Newman, J. D. and Turner, A. P. F., “Home blood glucose biosensors: a commercial perspective,” Biosens.
Bioelectron. 20(12), 2435-2453 (2005).

[60] D’Orazio, P., “Biosensors in clinical chemistry,” Clin. Chim. Acta 334(1), 41-69 (2003).

[61] Gaster, R. S., Hall, D. A, Nielsen, C. H., Osterfeld, S. J., Yu, H., Mach, K. E., Wilson, R. J., Murmann, B., Liao,
J. C., Gambhir, S. S. and Wang, S. X., “Matrix-insensitive protein assays push the limits of biosensors in
medicine,” Nat. Med. 15(11), 1327-1332 (2009).

[62] Hall, D. A, Gaster, R. S., Lin, T., Osterfeld, S. J., Han, S., Murmann, B. and Wang, S. X., “GMR biosensor
arrays: a system perspective,” Biosens. Bioelectron. 25(9), 2051-2057 (2010).

[63] Hall, D. A., Gaster, R. S., Makinwa, K. A. A., Wang, S. X. and Murmann, B., “A 256 Pixel Magnetoresistive
Biosensor Microarray in 0.18 um CMOS,” IEEE J. Solid-State Circuits 48(5), 1290-1301 (2013).

[64] Gaster, R. S., Hall, D. A. and Wang, S. X., “nanoLAB: An ultraportable, handheld diagnostic laboratory for
global health,” Lab. Chip 11(5), 950-956 (2011).

[65] Wang, H., “Magnetic Sensors for Diagnostic Medicine: CMOS-Based Magnetic Particle Detectors for Medical
Diagnosis Applications,” IEEE Microw. Mag. 14(5), 110-130 (2013).

[66] Sun, N, Liu, Y., Lee, H., Weissleder, R. and Ham, D., “CMOS RF Biosensor Utilizing Nuclear Magnetic
Resonance,” IEEE J. Solid-State Circuits 44(5), 1629-1643 (2009).

[67] Lee, H., Sun, E., Ham, D. and Weissleder, R., “Chip—NMR biosensor for detection and molecular analysis of
cells,” Nat. Med. 14(8), 869-874 (2008).

[68] Sun,N., Yoon, T.J., Lee, H., Andress, W., Weissleder, R. and Ham, D., “Palm NMR and 1-Chip NMR,” IEEE
J. Solid-State Circuits 46(1), 342—352 (2011).

[69] Wang, H., Chen, Y., Hassibi, A., Scherer, A. and Hajimiri, A., “A frequency-shift CMOS magnetic biosensor
array with single-bead sensitivity and no external magnet,” 2009 IEEE Int. Solid-State Circuits Conf. - Dig.
Tech. Pap., 438-439,439a (2009).

[70] Wang, H., Kosai, S., Sideris, C. and Hajimiri, A., “An ultrasensitive CMOS magnetic biosensor array with
correlated double counting noise suppression,” 2010 IEEE MTT- Int. Microw. Symp., 616-619 (2010).

[71] Wang, H., Mahdavi, A., Tirrell, D. A. and Hajimiri, A., “A magnetic cell-based sensor,” Lab. Chip 12(21),
44654471 (2012).

[72] Wang, H., Sideris, C. and Hajimiri, A., “A frequency-shift based CMOS magnetic biosensor with spatially
uniform sensor transducer gain,” IEEE Cust. Integr. Circuits Conf. 2010, 1-4 (2010).

[73] Skucha, K., Liu, P., Megens, M., Kim, J. and Boser, B., “A compact Hall-effect sensor array for the detection
and imaging of single magnetic beads in biomedical assays,” 2011 16th Int. Solid-State Sens. Actuators
Microsyst. Conf., 1833-1836 (2011).

[74] Aytur, T., Foley, J., Anwar, M., Boser, B., Harris, E. and Beatty, P. R., “A novel magnetic bead bioassay
platform using a microchip-based sensor for infectious disease diagnosis,” J. Immunol. Methods 314(1), 21-29
(2006).

[75] Besse, P.-A., Boero, G., Demierre, M., Pott, V. and Popovic, R., “Detection of a single magnetic microbead
using a miniaturized silicon Hall sensor,” Appl. Phys. Lett. 80(22), 4199-4201 (2002).

[76] Liu, P., Skucha, K., Megens, M. and Boser, B., “A CMOS Hall-Effect Sensor for the Characterization and
Detection of Magnetic Nanoparticles for Biomedical Applications,” IEEE Trans. Magn. 47(10), 3449-3451
(2011).



[77]

[78]

[79]

[80]

[81]
[82]
[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]
[92]

[93]

[94]

Liu, P. P, Skucha, K., Duan, Y., Megens, M., Kim, J., Izyumin, L. I., Gambini, S. and Boser, B., “Magnetic
Relaxation Detector for Microbead Labels,” IEEE J. Solid-State Circuits 47(4), 1056-1064 (2012).

Skucha, K., Gambini, S., Liu, P., Megens, M., Kim, J. and Boser, B. E., “Design Considerations for CMOS-
Integrated Hall-Effect Magnetic Bead Detectors for Biosensor Applications,” J. Microelectromechanical Syst.
22(6), 1327-1338 (2013).

Gambini, S., Skucha, K., Liu, P. P., Kim, J. and Krigel, R., “A 10 kPixel CMOS Hall Sensor Array With
Baseline Suppression and Parallel Readout for Immunoassays,” IEEE J. Solid-State Circuits 48(1), 302-317
(2013).

Li, G., Sun, S., Wilson, R. J., White, R. L., Pourmand, N. and Wang, S. X., “Spin valve sensors for ultrasensitive
detection of superparamagnetic nanoparticles for biological applications,” Sens. Actuators Phys. 126(1), 98-106
(2006).

Wang, S. X., Bae, S.-Y., Li, G., Sun, S., White, R. L., Kemp, J. T. and Webb, C. D., “Towards a magnetic
microarray for sensitive diagnostics,” J. Magn. Magn. Mater. 293(1), 731-736 (2005).

Hall, D. A., Gaster, R. S., Osterfeld, S. J., Murmann, B. and Wang, S. X., “GMR biosensor arrays: correction
techniques for reproducibility and enhanced sensitivity,” Biosens. Bioelectron. 25(9), 2177-2181 (2010).

Han, S. J., Xu, L., Yu, H., Wilson, R. J., White, R. L., Pourmand, N. and Wang, S. X., “CMOS Integrated DNA
Microarray Based on GMR Sensors,” 2006 Int. Electron Devices Meet., 1-4 (2006).

Han, S.J., Yu, H., Murmann, B., Pourmand, N. and Wang, S. X., “A High-Density Magnetoresistive Biosensor
Array with Drift-Compensation Mechanism,” 2007 IEEE Int. Solid-State Circuits Conf. Dig. Tech. Pap., 168—
594 (2007).

Denoual, M., Saez, S., Kauffman, F. and Dolabdjian, C., “Magnetorelaxometry using Improved Giant
MagnetoResistance Magnetometer,” Sens. Actuators Phys. 159(2), 184-188 (2010).

Zhou, X., Huang, C. C. and Hall, D. A., “Giant Magnetoresistive Biosensor Array for Detecting
Magnetorelaxation,” IEEE Trans. Biomed. Circuits Syst. 11(4), 755-764 (2017).

Huang, C.-C., Zhou, X. and Hall, D. A., “Giant Magnetoresistive Biosensors for Time-Domain
Magnetorelaxometry: A Theoretical Investigation and Progress Toward an Immunoassay,” Sci. Rep. 7,
srep45493 (2017).

Shen, W., Schrag, B. D., Carter, M. J. and Xiao, G., “Quantitative detection of DNA labeled with magnetic
nanoparticles using arrays of MgO-based magnetic tunnel junction sensors,” Appl. Phys. Lett. 93(3), 033903
(2008).

Lei, Z. Q., Li, L., Li, G. J., Leung, C. W., Shi, J., Wong, C. M., Lo, K. C., Chan, W. K., Mak, C. S. K., Chan, S.
B., Chan, N. M. M,, Leung, C. H., Lai, P. T. and Pong, P. W. T., “Liver cancer immunoassay with magnetic
nanoparticles and MgO-based magnetic tunnel junction sensors,” J. Appl. Phys. 111(7), 07E505 (2012).

Perez, J. M., Josephson, L., O’Loughlin, T., Hogemann, D. and Weissleder, R., “Magnetic relaxation switches
capable of sensing molecular interactions,” Nat. Biotechnol. 20(8), 816-820 (2002).

Bruker Optics., “The Minispec TD-NMR Analyzers,” <http://www.brukeroptics.com/minispec.html>.

Koh, I., Hong, R., Weissleder, R. and Josephson, L., “Sensitive NMR Sensors Detect Antibodies To Influenza,”
Angew. Chem. Int. Ed Engl. 47(22), 4119-4121 (2008).

Mazumdar, D. and Liu, X., “Thermal stability, sensitivity, and noise characteristics of MgO-based magnetic
tunnel junctions (invited),” J. Appl. Phys. 101(9), 09B502 (2007).

Teixeira, J. M., Ventura, J., Carpinteiro, F., Araujo, J. P., Sousa, J. B., Wisniowski, P. and Freitas, P. P., “The
effect of pinhole formation/growth on the tunnel magnetoresistance of MgO-based magnetic tunnel junctions,” J.
Appl. Phys. 106(7), 073707 (2009).



