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Spintronics

Spintronics is one of the most rapidly emerging research areas 
in these years [1-3]. While traditional electronic devices are 
manipulating the charge of the electron, spintronic devices are 
also exploiting the spin of the electron. To date, the most often 
studied spintronic devices are anisotropic magnetoresistance 
(AMR) device, giant magnetoresistance (GMR) device, magnetic 
tunnelling junction (MTJ), and spin-torque oscillator (STO), etc. 
Many of them have been used practically in magnetic random 
access memory (MRAM) and hard disk drive (HDD) read 
head [4-6]. Besides tremendous applications in data storage 
and information transport, spintronic devices also show great 
potential in biomedical areas. For example, GMR and MTJ 
magnetic field sensors have been widely used in disease diagnosis 
and biological activity recording (e.g., brain and cardiac imaging) 
[7-11]. Specifically, a biosensing platform based on GMR is a 
robust method for quantitatively detecting biological analytes such 
as proteins, nucleic acid, and whole cells. It has been proved by 
many research groups that GMR biosensors can detect foodborne 
pathogens, toxins, cancer biomarkers, etc., with high sensitivity 
[12-14]. Compared to conventional bioassay platforms such as 
enzyme-linked immunosorbent assay (ELISA), GMR biosensors 

use magnetic labels instead of fluorescence tags for quantitative 
detection of target biomarkers. The biological samples usually 
are nonmagnetic, which enables a lower background noise level, 
and thus a better detection limit of GMR biosensors than optical 
biosensors. Also, unlike optical labels, magnetic labels are more 
stable and will not lose their integrity over time [15]. All of these 
benefits make GMR biosensors competitive candidates for sensing 
platforms in food safety and disease diagnosis.

Giant Magnetoresistance (GMR) Effect

GMR effect is the giant electrical resistance change of metallic 
layered structures when the magnetizations in the ferromagnetic 
(FM) layers are reoriented upon the application of an external 
magnetic field. This effect was firstly reported in 1988 by the 
Albert Fert and Peter Grünberg teams, independently [16, 
17] Later recognized by the 2007 Nobel Prize in Physics. GMR 
is a quantum mechanics phenomenon found in multilayers 
composed of alternating ferromagnetic (FM) and nonmagnetic 
(NM) conductive layers. The physical origin of the GMR effect 
is the spin-dependent scattering of the conducting electrons. In 
a magnetically ordered material, the electrical resistance of the 
system is dependent on the scattering of conducting electrons on 
the magnetic sub lattices of the crystals. This scattering is weaker 
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Figure 1: Schematic views of (A) GMR multilayer structure, (B) GMR spin valve structure, and (C) granular GMR, and the R-H transfer 
curves of each type of GMR structure.

when the electron spin and magnetization in the FM layer are 
parallel and stronger when antiparallel. For a more detailed 
explanation of spin-dependent scattering as well as the GMR 
working principal, please refer to Reference [8].

Different Types of GMR Sensors

As is aforementioned, the GMR effect is reported in magnetic 
multilayer systems consisting of alternating ferromagnetic (FM) 
and nonmagnetic (NM) conductive layers, as shown in Figure 
1(A). The electrical resistance of a GMR FM/NM multilayer 
system is relatively low when the magnetizations of neighboring 
FM layers are in parallel alignment (denoted as Rap), whereas 
the resistance is relatively high when in antiparallel alignment 
(denoted as R

ap
). One important characteristic of GMR structure 

is the GMR ratio, which is defined as (R
ap

-R
p
)/R

p
, unit: %. This 

GMR ratio and the detectivity are two figures of merit to evaluate 
the performance of GMR sensors. The detectivity is also known 

as the field equivalent noise level, which is corresponding to the 
noise spectra divided by the sensitivity [18]. A detailed definition 
of detectivity can be found in Reference [15].

The second type of GMR structure is the spin valve. As shown 
in Figure 1(B), spin valves are tri-layer structures that consist of 
two FM layers separated by a thin NM conducting layer. The 
antiferromagnetic (AFM) layer underneath is serving as the 
pinning layer to fix the magnetization in the neighboring FM 
layer to one direction (also called the “pinned layer”). While 
the magnetization of the other FM layer is free to rotate, also 
called the “free layer”. The spin valves are more widely used in 
biomedical applications due to their linear R-H transfer curve 
and simple layer structure. This linear response curve allows 
for quantitative detection of bio-magnetic fields or magnetically 
labeled biomarkers for disease diagnosis.

The third type of GMR structure is named granular GMR, denoted 
as g-GMR, as shown in Figure 1(C). The g-GMR is firstly reported 
by Berkowitz AE, et al. (1992) and Xiao G, et al. (1993) [19, 20]. 
In this kind of GMR system, magnetic nanoparticles (MNPs) 
are either dispersed in conductive gel matrices or embedded in 
metallic matrices.

GMR Biosensors: Surface Functionalization and 
Bioassay Strategies

For GMR-based bioassays, the GMR sensor surfaces are typically 
deposited with insulating layers such as SiO

2
, Al

2
O

3
, Si

3
N

4
, etc. 

[21, 22]. This insulating layer has three major functions: 1) Isolate 
the GMR sensors from the external biological environment 
since some bio fluidic samples are corrosive and some magnetic 
materials from GMR thin film stacks are cytotoxic; 2) Prevent the 
leakage current from GMR sensors to the biological samples; 3) 
Lay the foundation for next step GMR sensor surface chemical 
modification. This thin insulating layer should be biocompatible 
and non-toxic; thus, the chemical vapor deposition (CVD) 
technique is not allowed for depositing this layer, and physical 
vapor deposition (PVD) is suggested by Moretti D, et al. (2018) 
[23]. In addition since the magnetic signal from the magnetic label 
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decays fast over distance, this insulating layer is recommended to 
be thinner to avoid degrading the GMR sensor sensitivity and 
thick enough to effectively isolate the sensors from the external 
environment. Therefore, the insulating layer is usually reported 
in the range of tens to hundreds of nanometres thick. On top of 
this insulating layer, the GMR sensor surface is further chemically 
modified for bioassay purposes. To achieve the best effect of 
surface chemical modification, the GMR sensor chips should 
be cleaned thoroughly to remove contaminants. For example, 
the GMR chips are sequentially washed with acetone, methanol, 
isopropanol, and de-ionized water, blow-dried, then exposed to 
oxygen plasma or UV ozone for several minutes to remove organic 
residues. There are two most popular methods for sensor surface 
modification: 1) The APTES and Glu method [24, 25]; 2) The 
NHS and EDC method [21, 26]. Both modification methods 
activate the GMR sensor surface for effective coupling with free 
amine containing biomolecules such as the capture antibodies, 
oligonucleotides and aptamers.

GMR Biosensor Arrays for Multiplexed Cancer 
Biomarker Detection

GMR biosensors use magnetic labels, such as magnetic 
nanoparticles (MNPs) and magnetic beads (MBs), for quantitative 
and specific detection of target biomarkers. For simplicity, these 
magnetic labels are collectively referred to as MNPs in this paper. 
The MNPs bind to target biomarkers through specific antibody-
antigen or DNA/DNA recognition and are immobilized on the 
GMR sensor surface (see Figures 2(A) & (B)). Under an external 
magnetic field, the immobilized MNPs generate magnetic stray 
fields that changes the electrical resistance (as well as MR ratio) of 
the GMR sensor, as shown in Figures 2(C) & (D). This resistance 
change, ΔR, or MR ratio change, ΔMR, is proportional to the 
number of MNPs captured to the sensor surface, which in turn 
proportional to the number of targeted biomarkers. Quantitative 
detection of the biomarkers can then be realized. Depending on 
the type of the biomarkers, many different structures of bioassays 
have been adapted [27-30]. If cancer biomarkers are DNA 
fragments, then the assays are usually DNA-based assays with a 
typical structure shown in Figure 2(A). If biomarkers are cancer 
cells or antigens, the assays are usually built based on specific 
binding between antibodies and antigens. The most common 
bioassays, in this case, are the sandwich assay, of which the 
structure is shown in Figure 2(B) [31]. The establishment of such 
bioassay starts with immobilizing capture antibodies onto the 
GMR sensor surface. Next, targeted antigens specifically bind to 
capture antibodies, and then the biotinylated detection antibodies 
are added and specifically bind to antigens. Finally, streptavidin-
coated MNPs bind to detection antibodies via the interaction of 
streptavidin and biotin. The whole building-up process can take 
over ten hours due to the involvement of multiple incubation and 
washing steps.

Benefiting from powerful nanofabrication techniques, tens to 
hundreds or thousands of GMR sensors can be integrated with 
an area the size of a fingernail. For example, Hall D, et al. (2013) 
reported a 256-pixel GMR biosensor array in 0.18 μm CMOS. 
They demonstrated a real-time detection of an ovarian cancer 
biomarker, secretory leukocyte peptidase inhibitor (SLPI), with 
a limit of detection (LOD) of 10 fM [32]. Assembled in one 
chip, GMR sensors work independently, and, by functionalizing 
different capture probes on individual GMR sensors, it is possible 
to detect more than one type of target biomarkers from one 
sample, in one test. This kind of multiplexed bioassay not only 
improves the accuracy of diagnosing particular cancer but also 
increases the efficiency of diagnosing by screening for various 
cancers simultaneously (see Figure 2(E)). For example, Klein et al. 
successfully quantified three different ovarian cancer biomarkers 
on a single 4 × 4 GMR sensor array. To realize multiplex detection, 
three types of capture antibodies are used. Those are antibodies 
against cancer antigen 125 (CA125 II), human epididymis protein 
4 (HE4), and interleukin 6 (IL6). During the detection process, 
those three capture antibodies and negative control of bovine 
serum albumin (BSA) were printed on individual sensors in four 
replicates [27]. The negative control of BSA was used as a reference 
for the background signal level. By establishing such a multiplex 
assay, multiplex detection of CA125 II, HE4 and IL6 were 
successfully achieved with LOD of 3.7 U/mL, 7.4 pg/mL, and 7.4 
pg/mL, respectively. The real-time testing results of these ovarian 
biomarkers are shown in Figures 3(C) & (D). Sharing the same 
idea of using multiple biomarkers, Gao Y, et al. (2019) reported a 
multiplexed detection of twelve tumor biomarkers on one GMR 
chip containing 40 individual sensors [30]. They functionalized 
individual GMR sensors with different capture antibodies. 
Another example of multiplex detection of cancer biomarkers was 
reported by Xu L, et al. (2019) for prostate cancer (CaP) diagnosis 
[33]. They developed a multiplex assay to detect six biomarkers on 
a single chip, including four CaP-related autoantibodies, prostate-
specific antigen (PSA), and free/total PSA ratio. In addition to 
cancer diagnostics, multiplexed GMR biosensors are also capable 
of monitoring response to cancer therapy. For instance, Nesvet J, 
et al. (2021) analyzed different circulating tumor DNA (ctDNA) 
epidermal growth factor receptor (EGFR) mutations with a GMR 
sensors array [34]. This analysis is critical for selecting appropriate 
treatment options for patients with non-small cell lung cancer 
(NSCLC). Combined with PCR amplification, they reached 
a detection sensitivity of 87.5% and 90%, for Exon19 deletion 
and L858R mutation, respectively. Conventional detection of 
cancer biomarkers usually occurs in laboratories and requires 
well-trained staff to perform the test, which is often expensive 
and time-consuming. Therefore, point-of-care (POC) devices have 
attracted increasing research interest since they are portable, easy 
to operate, and cost-efficient. The small size of the GMR chip 
allows it to be integrated into portable devices, making the GMR 
biosensing platform a good candidate for POC devices.
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Figure 2: Schematic diagrams of (A) DNA-based assay structure and (B) Sandwich assay structure. (C) MNPs generate stray fields that 
alter the magnetization in the underlying FM layer, thus, causes the resistance and MR ratio change in (D). (E) A multiplexed bioassay 
on a GMR sensor array.

To date, GMR-based POC diagnostic platforms have been 
reported by several research groups. One example of GMR POC 
devices is the Z-Lab developed by the University of Minnesota 
research group, as shown in Figures 3(A) & (B) [24]. The Z-Lab 
platform consists of a disposable cartridge used for sample 
loading, a handheld device acting as the reader station, and an 
electrical interface connecting the GMR chip to the device (see 
Figure 3(B)). Z-Lab can communicate with smartphones, tablets, 
and computers wirelessly or via a USB connection. The research 
group from Stanford University also reported a similar GMR 
POC device, the Eigen Diagnosis Platform [35] This platform has 
been demonstrated to be able to detect HIV and leukocytosis. 
Another example of a GMR-based POC platform was reported 

by one group from the Chinese Academy of Sciences [30]. 
Compared to the other two platforms, this one has an additional 
micro fluid channel system, which makes a fully automatic 
bioassay achievable. Therefore, a future direction for GMR POC 
devices would be integrating microfluidic channels into the 
sensing platform. Such microfluidic channels are often made 
by injecting polymeric materials such as PDMS into molds [36, 
37] Challenges of the integration lie in the design of the channel 
and the bonding between the channel and the GMR chip. The 
development of GMR POC devices can be largely promoted if 
the cost of the individual fully packed microfluidic package can 
be resolved.

Figure 3: (A) Z-Lab device can communicate with smartphones, tablets, laptops, and desktop computers. (B) An optical image of 
the plastic cartridge, the electrical interface, the handheld device. (C & D) Realtime GMR signals of BSA and three ovarian cancer 
biomarkers. (C) Concentrations of IL6, CA125 II, and HE4 are 7.4 pg/mL, 3.7 U/mL and 7.4 pg/mL, respectively. (D) Concentrations 
of IL6, CA125 II, and HE4 are 200 pg/mL, 100 U/mL and 200 pg/mL, respectively. (A & B) Reprinted with permission from ref. 21. 
Copyright 2017 American Chemical Society. (C & D) Reprinted with permission from reference [24]. Copyright 2019 Elsevier.
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Conclusion

Since biological matrices are nonmagnetic and magnetic labels 
are stable in different temperature and pH environments. 
Magnetic sensors have become an emerging research area for 
biomedical applications. In addition to disease diagnosis, GMR 
biosensors have also been applied in other areas such as food and 
drug regulation, genotyping, brain and cardiac imaging, etc. [8]. 
One issue that confronts the development of GMR biosensing 
is that most reported literature was testing processed biological 
samples and requires a long sample preparation time and trained 
technicians. To overcome this problem, a wash-free bioassay 
strategy has been proposed by Su D, et al. (2019) [38]. Where the 
detection antibodies, biological samples, and magnetic labels are 
premixed to avoid redundant washing steps. This strategy reduced 
the assay time to a large extent. The other optimization direction 
for GMR biosensors is employing microfluidic channels with 
filtration functions in the sensing platform. The integration of 
such a channel with an on-chip filter will not only allow direct 
detection of the unprocessed biological samples but also reduce 
the assay time. Combining wash-free stratifies and microfluidic 
channels, the next generation of GMR biosensing platform will 
be ready to be realized. With the development of such a lab-on-
chip sensing platform, affordable on-site or at-home detection of 
cancer biomarkers can be made by patients at ease. Therefore, 
future GMR biosensors will pave a broad way for daily screening, 
early-stage diagnosis, and continuous monitoring of cancer.
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