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A B S T R A C T

Though the magnetoimpedance effect was discovered two decades ago, the biomedical applications of the
magnetoimpedance sensor are still in their infancy. In this review, the authors summarized the magnetoimpe-
dance effect in soft ferromagnetic wires, ribbons and thin films for biosensing applications. Recent progress and
achievements of the magnetoimpedance-based biosensing applications including the detection of magnetic
Ferrofluid, magnetic beads, magnetic nanoparticles, magnetically labeled bioanalytes and biomagnetic fields of
living systems were reviewed. The modification effect of the biochemical liquids, agglomeration effect of the
magnetic particles, and the effect of the stray magnetic field on magnetoimpedance were investigated in this
review. Some constructive strategies were proposed for design of the high-performance magnetoimpedance
biosensor, for quantitative and ultrasensitive detection of magnetically labeled biomolecules. The theoretical
and experimental results suggest that the magnetoimpedance sensors are particularly suitable for highly
sensitive detection of low-concentration biomolecules, and might be used for early diagnosis and screening of
cancers.

1. Introduction

Superparamagnetic particles such as magnetic beads ( < 100 µm)
and magnetic nanoparticles ( < 100 nm) are of great interest for
researchers from a wide range of the disciplines (Drozdov et al.,
2016; Fuentes et al., 2005; Huang et al., 2015; Jahanbani et al.,
2016; Liang et al., 2012; Palecek et al., 2007; Paul et al., 2012; Pflipsen
et al., 2013; Sun et al., 2008; Uddin et al., 2016) because of their
unique physical and chemical properties, including magnetic fluids,
catalysis, magnetic resonance imaging, data storage, environmental
remediation, biotechnology and bioengineering. magnetic particles are
commonly composed of magnetic elements, such as iron, nickel, cobalt
and their oxides. Superparamagnetic particles can be magnetized only
if subjected to an external magnetic field, so no residual magnetization
retains in the absence of magnetic field. They are also easily functio-
nalized with different biochemical substances that can be used to
capture deoxyribonucleic acid, protein, enzymes and cells.
Physicochemical stability of the superparamagnetic particles enables
the detection and magnetic manipulation both in vitro and in vivo,
without affecting the biological interactions. Functionalized super-
paramagnetic particles are widely used for biomedical applications
such as immunoassay (Rong et al., 2016), magnetic resonance imaging
(Bi et al., 2015), telomerase activity (Zhou et al., 2008), nucleic acid

isolation (Berensmeier, 2006) and magnetic separation (Yavuz et al.,
2006) due to their easy-to-functionalization, superparamagnetism,
physicochemical stability and biocompatibility.

Living systems can produce biomagnetic fields because they are
electrically excitable. Magnetic sensors with sufficiently high sensitivity
are able to detect the biomagnetic fields produced by the biologic
tissues or organs, thus providing a non-invasive mean to detect the
activity of the living systems.

The investigation of magnetic biosensor can be traced back to 1998.
Baselt et al. (1998) used a magnetoresistive sensor to detect the
presence of micron-sized magnetic particles which can be used as
bimolecular labels. Since then, Resonant coil sensor (Lu et al., 2006;
Richardson et al., 2001; Stevenson et al., 2005), Fluxgate sensor (Heim
et al., 2009; Ludwig et al., 2005a, 2005b), Hall sensor (Besse et al.,
2002; Ejsing et al., 2004; Østerberg et al., 2013; Lee et al., 2009;
Manzin et al., 2012; Sandhu et al., 2007; Sinha et al., 2014), Tunnel
magnetoresistive sensor (Albon et al., 2009; Li et al., 2014; Shen et al.,
2005), Giant magnetoresistance sensor (Albisetti et al., 2013; Choi
et al., 2016; De Boer et al., 2007; Gaster et al., 2009; Hall et al., 2010;
Koets et al., 2009; Lee et al., 2014; Manteca et al., 2011; Mujika et al.,
2009; Ng et al., 2016; Miller et al., 2001; Oh et al., 2013; Pannetier
et al., 2011; Rife et al., 2003; Shoshi et al., 2013; Srinivasan et al.,
2009), Spin valve sensor (Ferreira et al., 2002; Graham et al., 2002,
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2003; Martins et al., 2009; Serrate et al., 2012), anisotropic magne-
toresistance sensor (Jiang et al., 2006; Miller et al., 2002; Rizzi et al.,
2014) and Superconducting quantum interference (Drung et al., 2007;
Hao et al., 2011; Matz et al., 1999) were proposed as a biosensor for
biomagnetic detections. Recently, giant magnetoimpedance (GMI)
effect has attracted much attention because of its potential application
in magnetic field sensing. The GMI effect (Beach and Berkowitz, 1994;
Knobel et al., 2002; Panina et al., 1994, 1995; Phan et al., 2008) is
considered as a large variation of the complex impedance of the soft
magnetic materials carrying an alternating current (AC) upon the
application of an external magnetic field (He), as shown in Fig. 1. When
the external magnetic field was applied along the longitudinal direction
of the soft magnetic materials, we call it longitudinal GMI effect. When
the external magnetic field was applied along the transverse direction
of the soft magnetic materials, we call it transverse GMI effect. When
the external magnetic field was applied perpendicularly to the direction
of materials thickness, we call it perpendicular GMI effect. So far, much
attention has been focused on longitudinal GMI effect due to its many
advantages in sensor applications. The GMI effect can be characterized
by the relative ratio of the impedance, GMI ratio or MI ratio (ΔZ/Z),
see Eq. (1). The impedance can be expressed by Eq. (2), thus, the
change in AC giant magnetoresistance (GMR) and giant magnetoreac-
tance (GMX) with the applied field at a given frequency of the driving
current can be defined as the GMR ratio or MR ratio (ΔR/R) and GMX
ratio or MX ratio (ΔX/X) according to Eqs. (3) and (4), respectively.
The GMI effect can be understood in terms of the combination of high-
frequency skin effect (Jackson, 1975; Landau and Lifshitz, 1975;
Wheeler, 1942) of AC and a strong field dependence of the magnetic
permeability associated with a particular magnetic domain structure
(Beach and Berkowitz, 1994; Knobel et al., 2002; Panina et al., 1994,
1995; Phan et al., 2008) in soft magnetic materials. Skin effect is the
tendency of an AC to become distributed within a conductor such that
the current density is largest near the surface of the conductor, and
decreases with greater depths in the conductor. The penetrate depth
below the conductor surface in which the AC falls on the surface is
called as the skin depth (Jackson, 1975; Landau and Lifshitz, 1975;
Wheeler, 1942). The skin effect causes the effective resistance of the
conductor to increase at higher frequencies where the skin depth is
smaller, thus resulting in the high-frequency GMI effect. It was
reported that the magnetic-field sensitivity of GMI in quenched wires
(Vazquez et al., 2001), quenched ribbons (Phan et al., 2006) and
multilayer films (Morikawa et al., 1996) can reach an extremely large
value of several hundred%/Oe at high frequency ( > 1 MHz).
Consequently, the GMI effect is very useful for development of highly
sensitive magnetic sensors. Furthermore, it is possible to develop GMI-
based biosensors for detection of the magnetic beads, the magnetic
nanoparticles, the magnetic labeled bioanalytes, even the biomagnetic
fields of the living systems.
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2. Detection of magnetic particles

2.1. Detection of magnetic Ferrofluid

The GMI sensor was introduced into the field of biosensors by
Kurlyandskaya et al. (2003). They reported a GMI biosensor prototype
based on a commercial Vitrovac® CoFeMoSiB ribbon
(1×0.02×100 mm) for detection of Ferrofluid, which opens the gate
for GMI-based biosensing applications. Magnetoimpedance was mea-
sured by the four-point technique, two of which were used for exciting
current contacts. The other two Cu-leads were used for measuring
contacts. During the testing, Ferrofluid® (10 nm) was spread uniformly
on the ribbon in a direct-contact way, a bias magnetic field ( ± 150 Oe)
was applied by using a pair of Helmholtz coils parallel to the ribbon
axis, and a sinusoidal drive current (0.3–10 MHz) flowed through the
sample along the longitudinal ribbon axis, see Fig. 2(a) (Kurlyandskaya
et al., 2003). Superparamagnetic beads became strongly magnetized in
the presence of He and the transverse AC magnetic field, thus causing
the beads to produce a stray magnetic field, thereby modifying super-
imposed magnetic fields and then altering the magnetoimpedance of
the sensing elements.

Experimental results [Fig. 2(b)] show that the GMI response is
greatly enhanced at high frequency (1–10 MHz) in the presence of
Ferrofluid. Although the detection sensitivity may be improved by
testing the particles on the ribbon in a direct-contact way, the
biochemical fluids such as acid can contaminate and even damage
the GMI sensitive elements in the biosensing experiments.
Theoretically speaking, the no-contact testing is probably a better
way to detect the magnetic particles. In addition, they observed an
interesting phenomenon: the GMI effect enhances ( < 6 Oe) first and
then drops ( > 6 Oe) due to the presence of magnetic Ferrofluid, as
shown in Fig. 2(c). Unfortunately, theoretical explanations for this
phenomenon are absent.

In 2014, a GMI sensor based on [FeNi/Cu]4/FeNi/Cu/[FeNi/
Cu]4FeNi films has been used to detect the spherical iron particles
(500 µm) and the ferrofluids containing iron oxide nanoparticles
(Yuvchenko et al., 2014). Basically, the more the spherical iron
particles, the stronger the stray magnetic fields, and the larger changes
the impedance. It is worthwhile to note that the presence of the
ferrofluid residue (4% concentration) on the surface of the sensor has
caused a drop (Fig. 3) in GMI effect (Yuvchenko et al., 2014), which is
completely different from the previous results (Kurlyandskaya et al.,
2003). This will be discussed in subsequent chapters.

Recently, Kurlyandskaya et al. (2012) reported an electroplated
CuBe/FeCoNi wire for detection of magnetic ferrofluid. They observed
that the presence of ferrofluid led to a significant reduction of the GMI
ratio and an increase of the high-field hysteresis of GMI. However,
Amirabadizadeh et al. (2016) studied the GMI effect in a CoFeSiB
amorphous wire surrounded by the magnetite ferrofluid. They ob-
served that the GMI effect was greatly enhanced due to the presence of
magnetite ferrofluid on the sensor. In the presence of ferrofluid, the
maximum GMI ratio increases from 315% to 417% and also the
sensitivity increases about 150% at frequency of 4.5 MHz. There is
no appreciable difference between the two testing methods. This is
most likely due to the different superimposed magnetic fields induced
by different ferrofluid distributions.

IacHe

Soft magnetic materials

Fig. 1. The GMI effect in the soft magnetic materials.
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2.2. Detection of magnetic beads

2.2.1. Detection of Dynabeads® M-450 using a CoFeMoSiB ribbon
In order to explore the possibilities of using GMI sensor for

magnetic beads-labeled bioassay, a GMI sensor based on an amor-
phous CoFeMoSiB ribbon was used to detect Dynabeads® M-450
(4.5 µm) (Kurlyandskaya et al., 2005). In the experiments, the GMI
responses of two samples were measured by standard four point
technique, one of which was the ribbon with phosphate buffered saline
(PBS) containing the Dynabeads, another was only the ribbon with
PBS. Experimental results (Kurlyandskaya et al., 2005) show there is a
clear difference in the GMI responses between the samples with and
without Dynabeads, and the presence of Dynabeads causes a significant
enhancement in GMI effect. It’s worth noting that Kurlyandskaya et al.
(2005) also used the direct-contact testing method to detect the
Dynabeads in this study.

2.2.2. Detection of Dynabeads® M-480 using sandwiched films
In 2008, Kurlyandskaya (2009) detected the Dynabeads® M-480

(8.8×106, 4.4×107 beads/ml) using a GMI sensor based on sand-
wiched films (NiFe/Cu/NiFe), the results are shown in Fig. 4. As can be
seen from Fig. 4(a) and (b), the GMI response enhances ( > −6 Oe)
firstly and then drops ( < −6 Oe), which is in accordance with the
results reported in previous study (Kurlyandskaya et al., 2003). As the
curve shifts due to the presence of particles, we call it offset GMI effect.

It’s worth noting that Kurlyandskaya (2009) have fabricated a GMI
sensor consisting of a ribbon sandwiched between two Au films. The
good biocompatibility of the Au films makes the GMI sensor possible
for biosensing applications. However, the skin effect of AC current
flowing through the ribbon was greatly undermined because the Au
films (non-magnetic) became the major paths of AC due to their high
conductivity. Thus, the GMI effect was greatly reduced, as shown in
Fig. 4(c) (Kurlyandskaya, 2009). The low GMI effect may result in low
sensitivity in detecting weak magnetic field. Alternatively, in order to
protect and maintain good performance of the GMI sensor, an
insulating layer is needed to insert between the Au film and the soft
magnetic layers.

2.2.3. Detection of magnetite microparticles and Dynabeads® M-450
under continuous flow

Most of the past GMI-based biosensing researches focus on
detecting the presence of magnetic microparticles in a static regime,
which largely restricts the biosensing applications of the GMI sensor

Fig. 2. (a) Scheme of testing the Ferrofluid using a GMI sensor; (b) Frequency and (c)
Field dependence of the MI response of uncovered and Ferrofluid-covered sensitive
element (Kurlyandskaya et al., 2003).

Fig. 3. Relative change in MI versus the magnetic field strength in the absence and in the
presence of the ferrofluid residue (4%) on the surface of the meander (Yuvchenko et al.,
2014).
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since many bioassaies need to be performed in a dynamic state such as
liquid chromatogram, polymerase chain reaction, electrophoresis and
magnetophoresis analysis etc. Recently, Kurlyandskaya et al. (García-
Arribas et al., 2011) designed a microfluidic GMI sensor for detection
of the magnetic beads under continuous flow of the carrier fluid, which
lays a solid foundation for development of GMI-based lab-on-chip
device. This microfluidic sensor was comprised of a 10 µm chamber
with two channels situated on top of the soft magnetic materials. It was
capable of detecting the presence of magnetic particles in continuous
flow (García-Arribas et al., 2011), as shown in Fig. 5.

2.2.4. Detection of Co microparticles and Estapor beads
In 2005, a wire-based GMI biosensor in combination with the

magnetic labeling technique for detecting biomolecules was proposed
by Chiriac et al. (2005), the detection scheme is shown in Fig. 6(a). In
this scheme, a polymer layer was coated on the sensing element for
capturing the target biomolecules such as deoxyribonucleic acid (DNA).
Subsequently, the target biomolecules were hybridized with tagged
molecule such as biotin. Thereafter, the magnetic particles functiona-
lized with specific bioprobe such as avidin were introduced to mark
DNA through the biotin-avidin bond. Hence, detection of DNA can be
realized by probing the magnetic dipole fields of the magnetized
magnetic particles using the GMI sensor. The proposed scheme
provides theoretic guidance for development of GMI sensor in mag-
netic immunoassay. Significantly, Chiriac et al. proposed that the
magnetic particles could be detected by the microwire under a
perpendicular magnetic field. In our view, the microwire is not suitable
for on-chip (in-situ) magnetic labeling detection owing to its circular
structure. However, the on-chip (in-situ) magnetic labeling detection
using perpendicular magnetizing method may be particularly applic-
able to films or ribbons because the magnetic particles can be
distributed uniformly on the films or ribbons in the presence of the
perpendicular magnetic field (Kurlyandskaya and Levit, 2007). This
magnetizing method will be discussed in more detail at a later stage.
During the detection of Co magnetic microparticles, Chiriac et al.
(2005) observed that the impedance response of the CoFeSiB amor-
phous microwire remained stable when the particles exceeded 2000, as
shown in Fig. 6(b). Later in 2007, Chiriac et al. (Chiriac et al., 2007)
used a GMI sensor formed by several CoFeSiB amorphous microwires
to detect the Estapor beads (1.9 µm). They found that the presence of
beads caused a decline in magnetoimpedance, and the detection
sensitivity increased with increasing the number of microwire, as

Fig. 4. GMI responses of FeNi/Cu/FeNi element in presence of Dynabeads M-480®

(C0=0, C1=8.8×106, C2=4.4×107 (beads/ml)) (a) Field dependency and (b) Frequency
dependency; (c) GMI responses of the CoFeCrSiB ribbon and the Au-coated CoFeCrSiB
ribbon (Kurlyandskaya, 2009).

Fig. 5. Impedance changes of a GMI sensor in the presence of PBS with Dynabeads in
continuous flow (a) amorphous ribbon (b) multilayer films (García-Arribas et al., 2011).
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shown in Fig. 6(c) (Chiriac et al., 2007). Hence, it is possible to
fabricate high-sensitive GMI biosensor based on microwires through
integrating multiple microwires.

2.2.5. Quantitative detection of Dynabeads® Protein A using
multilayered films

There are two major issues in the previous GMI-based particle
detections: One is that the early studies focus on qualitative or half-
quantitative level, but there have been few studies reporting on
quantitative detection of magnetic beads by using GMI sensors. The
other is that the direct-contact testing method was used in most of the
previous GMI-based particle detections. Recently, we adopted two non-
contact testing methods (Wang et al., 2013a, 2014a) for quantification
of magnetic beads: separated-type testing method and in-situ testing
method, as shown in Fig. 7(a) and (b).

In 2013, we fabricated a GMI biosensor based on multilayered films
(Cr/Cu/NiFe/Cu/NiFe/Al2O3/Cr/Au) for biosensing applications. In
this structure, NiFe/Cu/NiFe films were used as the sensitive elements,
Au film was used for immobilization of magnetic beads, and Al2O3 film
was used as an insulating layer for protecting the sensitive elements
from contamination. We used a separated-type testing method based
on the GMI biosensor for quantitative analysis of magnetic beads
(Wang et al., 2013a). During the experiments, Dynabeads® protein A
(2.8 µm) were immobilized on a quadrate Au film other than on the
sensitive element, then the Au film was placed near the sensor (Cr/Cu/
NiFe/Cu/NiFe/Al2O3/Cr/Au) for testing, as shown in Fig. 7(a) (Wang
et al., 2013a). After applying a constant longitudinal external magnetic
field (0–125 Oe), the superparamagnetic Dynabeads were magnetized
longitudinally near the sensor, and the intrinsic magnetic moments of
Dynabeads should be uniformly rotated to the longitudinal direction.
The magnetic moments give rise to a small stray magnetic field that
influences the GMI. It was found that the GMI effect was reduced in the
presence of Dynabeads, as shown in Figs. 7(c) and 7(d) (Wang et al.,
2013a). This differs from some reported results (Kurlyandskaya et al.,
2005; Kurlyandskaya et al., 2003) where the presence of magnetic
particles has caused an enhanced GMI effect. Kurlyandskaya et al.
observed a similar phenomenon lately, the presence of ferrofluid
residue (4% concentration) on the sensor also resulted in a drop of
GMI (Yuvchenko et al., 2014). Quantitative detection of low-concen-
tration Dynabeads® protein A (0.1–5 μg/ml) was realized by using the
separated-type testing method, as shown in Fig. 7(e). This method is
simple, fast in running and easy to use, which lays the foundation for
quantitative analysis of bioanalytes.

We also have developed a non-contact in-situ testing method of
combining the GMI biosensor based on multilayered films (Cr/Cu/
NiFe/Cu/NiFe/Al2O3/Cr/Au) for quantitative determination of the
magnetic beads, as shown in Fig. 7(b) (Wang et al., 2014a).
Quantification of low-concentration Dynabeads® protein A (0.1–
10 μg/ml) was achieved by using the GMI biosensor, as shown in
Figs. 7(f), 7(g) and 7(h) (Wang et al., 2014a).

It’s worth noting that high detection sensitivities for magnetic
particles are often obtained near the maximum GMI ratio, as seen in
Fig. 7 (Wang et al., 2013a, 2014a). This is attributed to not only the
large stray magnetic fields induced by the strong external magnetic
field, but also the high field-sensitivities obtained at the anisotropy
field. The transverse permeability reaches the maximum at the
anisotropy field as a result of the large contribution from rotational
magnetization (Panina et al., 1995). The GMI response of the beads
becomes smaller at higher external magnetic field ( > 30 Oe). This is
because the stray magnetic fields may be strongly overwhelmed by the
overlarge external magnetic field. There is no obvious changes in GMI
ratio at low external magnetic field ( < 10 Oe), which can be explained
by the low-level magnetization of the magnetic particles and the
magnetic hysteresis in GMI sensor at low external magnetic field.

As can be seen from Fig. 7 (Wang et al., 2013a, 2014a), the high
detection sensitivities are obtained at medium frequency (several
MHz). This is because the GMI sensor is highly sensitive to the external
magnetic field at medium frequency since domain wall displacement
and spin rotation both contribute to the transverse permeability, thus
leading to the high detection sensitivities at medium frequency (Panina

Fig. 6. (a) Schematic diagram of using the GMI biosensor to detect DNA; (b) The
relationship between the impedance response and the magnetic particle concentrations;
(c) Relative change in MI response of different microwire arrays for different bead
concentrations (Chiriac et al., 2005, 2007).
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Fig. 7. (a) The GMI-based separated-type testing method for detecting Dynabeads® Protein A; (b) The GMI-based in-situ testing method for detecting Dynabeads® Protein A; (c) Field
dependence of GMI responses of detecting the Dynabeads® protein A (separated-type); (d) Frequency dependence of GMI responses of detecting the Dynabeads® protein A (separated-
type); (e) the linear relationship between the concentration of Dynabeads® Protein A and GMI response (separated-type); (f) Field dependence of GMI responses of detecting the
Dynabeads® protein A (in-situ testing method); (g) Frequency dependence of GMI responses of detecting the Dynabeads® protein A (in-situ); (h) the linear relationship between the
concentration of Dynabeads® Protein A and GMI response (in-situ) (Wang et al., 2013a, 2014a).
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et al., 1995). As the frequency is further increased ( > 5 MHz), domain
wall displacement becomes strongly damped, only the spin rotation
mechanism contributes to the effective permeability, the GMI effect is
thus rather weak, and resulting in low detection sensitivities. At low
frequency ( < 1 MHz), the skin effect of AC is rather weak, and the field-
sensitivities of GMI sensor are very low, thus resulting in low detection
sensitivities. Due to the good biocompatibility of the Au film, this GMI
biosensor is very promising for in-situ detection of biomolecules
through magnetic labeling them on the Au film of the biosensor.

2.2.6. Detection of Dynabeads® MyOne™ Streptavidin C1 and
Dynabead® M-280 Streptavidin

Lately, a Co-based GMI sensor with a multilayer structure was
adopted for detecting the Dynabeads® MyOne™ Streptavidin C1 and
Dynabead® M-280 Streptavidin by Zhou et al. (Yang et al., 2015a). This
GMI sensor consists of SiO2/ribbon/polyimide/SiO2/Cr/Au films. The
SiO2 layer was used as an insulating layer for protecting the ribbon
from contamination. Detection of Dynabeads with various concentra-
tions (1–100 μg/ml) was performed on the GMI sensor. The detection
limit for Dynabeads (2.8 µm) can be as low as 700 Dynabeads. This Au-
coated GMI sensor based on an amorphous ribbon can be also used as a
magnetic biosensor for in-situ detection of biomolecule.

2.3. Detection of magnetic nanoparticles

2.3.1. Detection of Nanomag-D beads using an acid-treated ribbon
Phan et al. introduced an acid-treated ribbon to detect the

Nanomag-D beads (Devkota et al., 2013a). It was found that the
detection sensitivity of the acid-treated ribbon was higher than that of
the plain ribbon, as seen in Fig. 8 (Devkota et al., 2013a), which is
probably related to the effect of the microholes-pattern produced by the
acid on the surface of ribbon. This study provides a new method to
improve the sensitivity of GMI sensor in biosensing applications.

2.3.2. MI, MR and MX sensors for detection of Fe3O4 nanoparticles
In 2013, Phan et al. adopted a method of combining the MR, MX,

and MI effects in an amorphous 2714 A ribbon to detect Fe3O4

nanoparticles (Devkota et al., 2013b). Differing from the direct-contact
testing methods in previous studies (Kurlyandskaya et al., 2005, 2003,
Chiriac et al., 2007), Phan et al. used a non-contact testing method to
detect the presence of Fe3O4 nanoparticles, namely, a thin parafilm
paper was coated on the ribbon to load the nanoparticles in order to
protect the sensitive element during the testing. It was found that the
MX sensor showed the higher sensitivity than the MR and MI sensors,
as shown in Fig. 9 (Devkota et al., 2013b). Therefore, the MX effect is
very useful for development of highly sensitive magnetic biosensors.
It’s worth noting that the MR, MX and MI responses remain almost
unchanged for high particle concentrations ( > 124 nM), see Fig. 9(d)
(Devkota et al., 2013b), thus, the MR, MX and MI sensors seem more
promising for detection of low-concentration superparamagnetic na-
noparticles.

2.3.3. Meander-multilayer films for detection of Ni nanoparticles
Recently, Kurlyandskaya et al. reported a GMI sensor based on

meander-multilayer films [FeNi/Cu]4/FeNi/Cu/[FeNi/Cu]4/FeNi for
detection of Ni nanoparticles (Lodewijk et al., 2014). It was found that
the GMI sensor was not able to quantify the Ni nanoparticles, and the
GMI response was not linear with the particle concentration, as seen in
Fig. 10 (Lodewijk et al., 2014).

2.3.4. Multilayer films for detection of ferrogel
Recently, [FeNi/Ti]3/Cu/[Ti/FeNi]3/Ti sensitive elements are em-

ployed for detection of ferrogels synthesized by radical polymerization
of acrylamide in a stable aqueous suspension of r-Fe2O3 magnetic
nanoparticles (Kurlyandskaya et al., 2015). Ferrogel is a multicompo-
nent system that consists of MNPs dispersed in an elastic cross-linked

polymeric net-work swollen in water. Ferrogel falls within the range of
the typical values for Young modulus of biological tissues, which makes
it an adequate model for the tissues with absorbed magnetic nanopar-
ticles. Precise measurements of the stray magnetic fields of magnetic
nanoparticles were realized using either total impedance or its real part
variation, which can be used for evaluating the model properties of
natural tissues (Kurlyandskaya et al., 2015). Impedance (Z), its real
part (R), and imaginary part (X) of the GMI sensor with and without
the ferrogels were measured in the frequency range of 1 < f < 600 MHz.
It was found that ΔZ/Z and ΔR/R had similar sensitivity of 50%/Oe,
nevertheless, the field interval was higher in the ΔZ/Z, as shown in
Fig. 11 (Kurlyandskaya et al., 2015).

2.3.5. A mathematical model and a microfluidic microsystem for
detecting nanoparticles

There have been many reports on experimental studies on the
detection of magnetic particles based on the GMI effect, but, as yet,
there is lack of accurate theoretical analysis on the GMI-based particle
detection. Recently, Senez et al. proposed a mathematical model
(Denoual et al., 2011; Fodil et al., 2013, 2014, 2016a, 2016b) for
calculating the nanoparticles’ magnetic induction induced by a per-
pendicular magnetic field. The nanoparticles’ magnetic induction
component along the sensitive axis of the GMI sensor was simulated
with different plug lengths, different distances between the sensor and
the microchannel, and the time-dependent simulations were also
presented. X-direction and Y-direction magnetic induction of the
magnetic particles were also theoretically analyzed. It was found that
the maximum of X-direction magnetic induction was twice higher than
the one of Y-direction magnetic induction. In the experiments, the

Fig. 8. Magnetic field dependence of magnetoimpedance in untreated ribbon with
nanoparticles (P-Nmag) and without nanoparticles (P), acid-treated ribbon with nano-
particles (A-Nmag) and without nanoparticles (A) (Devkota et al., 2013a).
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magnetic nanoparticles were magnetized perpendicularly to the sensi-
tive axis of the sensor and the microchannel in order to obtain better
response in detecting the particles, sensitive static and dynamic
detection of the magnetic nanoparticles were both achieved by means
of detecting their stray magnetic fields using a microfluidic channel

Fig. 9. Magnetic field and frequency dependences of MR (a), MX (b), and MI (c) Ratios
for detection of different concentrations of Fe3O4 nanoparticles; (d) Relative particle
concentration dependence of MR, MX, and MI for detection of the nanoparticles
(Devkota et al., 2013b).

Fig. 10. Magnetic field dependence of GMI ratio for detection of different concentration
of Ni nanoparticles (a) Sensor 1 and (b) Sensor 2 (Lodewijk et al., 2014).

Fig. 11. Field dependences of impedance and its real and imaginary parts of [FeNi/Ti]3/
Cu/[Ti/FeNi]3/Ti sensitive element (inset shows GMI and GMR ratios) (Kurlyandskaya
et al., 2015).
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involving a microwire-based GMI sensor. The good agreement between
theoretical calculations and experimental measurements (Fodil et al.,
2014) implies the possibility of using this model to optimize the
biosensing system for detecting magnetic nanoparticles.

Senez et al. also developed a microfluidic microsystem integrating a
GMI sensor based on a microwire for detection of the magnetic
nanoparticles in liquid medium (Denoual et al., 2011; Fodil et al.,
2013, 2014, 2016a, 2016b). Differing from the previous works
(Devkota et al., 2013b; Kurlyandskaya et al., 2005; Kurlyandskaya
et al., 2003; Wang et al., 2013a), they used a perpendicular AC
magnetic field to magnetize the magnetic nanoparticles along the
microchannel in order to obtain high dynamic range measurements
and prevent the saturation of the wire-based GMI sensor, see Fig. 12(a)
(Denoual et al., 2011). It was shown that the microfluidic microsystem
was capable of detecting the passage of magnetic nanoparticles in
liquid medium, see Fig. 12(b) (Fodil et al., 2013), so it has great
potential application in flow-dynamic-state biologic microanalyses
involving DNA hybridization, polymerase chain reaction reactions,
electrophoresis and magnetophoresis analysis etc. Lately, detection of
the superparamagnetic iron oxide (20 nm) nanoparticles has been
carried out using a GMI-based microsystem. The minimum detectable
concentration was as small as 5.47×10−9 mol. This research towards a
proof of using the GMI sensor combined with superparamagnetic
nanoparticles for in-vivo and ex-vivo bio-fluids analyses.

2.4. The agglomeration effect of magnetic particles on GMI

In another our previous work (Wang et al., 2013b), the separated-
type testing method was also used to detect Dynabeads in the
concentration range of 0.1–100 μg/ml. It has been observed that the
GMI response of Dynabeads is not proportional to the Dynabeads’
concentration, as seen in Fig. 13(a) and (b) (Wang et al., 2013b), the
largest GMI signal is obtained at the lowest concentration (0.1 μg/ml).
In this case, we did not disperse the liquid droplet containing the
magnetic beads after dropping them on Au film, thus resulting in a
cluster of magnetic beads on Au film even at low particle concentration
(Wang et al., 2013b). We suggested that the adjacent exciting fields of
the Dynabeads had cancelled each other out due to their high-intensity
clusters. A similar phenomenon can be seen in Fig. 13(c) and (d)
(Wang et al., 2014b), the maximum GMI response of Dynabeads is
obtained at a low concentration of 0.1 μg/ml. As can be seen from the
Fig. 13, the magnetic beads are unequally distributed at 1 μg/ml, and
then start to cluster above 1 μg/ml (Wang et al., 2014b). This is
believed to be caused by both inhomogeneous distribution and high-
density cluster of Dynabeads. Similar results were also reported by
Kurlyandskaya et al. (Lodewijk et al., 2014), Chiriac et al. (2005) and
Phan et al. (Devkota et al., 2013b).

Similar results have also been reported in giant magnetoresistive-
based biosensing applications (Rife et al., 2003), as shown in Fig. 14.
Rife et al. (2003) suggested that the opposing dipole fields of the
adjacent beads would reduce the average induced field as the bead
density increased, thus the resultant giant magnetoresistive signals
became weaker in the presence of high-density magnetic beads (above
1000 beads). They have calculated the stray magnetic field for 2.8 µm
bead in a hexagonal array, it was showed that the stray magnetic field
was reduced by 9% for adjacent beads separated by a gap of 2.8 µm
(1156 beads), and by 23% when the gap was reduced to 1 µm (2530
beads). Martins et al. (2008) also observed a similar phenomenon
when the particle concentration exceeds certain value.

To detect high-concentration magnetic beads by using the GMI
sensor, there are two main issues that need to be resolved. Firstly, the
magnetic beads should be distributed uniformly on the testing platform
to avoid the offset effect of stray magnetic fields. It was reported
(Kurlyandskaya and Levit, 2007) that the perpendicular magnetic field
could induce an ordered self-assembling process of beads and make
them distribute uniformly on the fixed platform. Therefore, the

Fig. 12. (a) Schematic view of the general setup for detection of magnetic particles in a
microchannel under a perpendicular AC magnetic field; (b) Measured magnetic field
during the passage of a given volumes of the nanoparticles in the microchannel (Denoual
et al., 2011; Fodil et al., 2013, 2014, 2016a).
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perpendicular GMI effect may be better suited for detecting the
magnetic beads. Secondly, to prevent the high-density accumulation
of beads, the size of the fixed platform has to be large enough to load all
the beads in a single-layer distribution, and the separation distance
(between each two beads) needs to be set at least equal to the bead
diameter. For example, if a 3×3 mm2 (3000 µm×3000 µm) Au film is
used to immobilize magnetic beads (1 µm), almost 3000×3000 mag-
netic beads can be immobilized on the Au film. To avoid the offset effect
of stray magnetic fields in high-density beads, at least, a bead-diameter
distance needs to be set. Roughly speaking, at most 1500×3000 beads
are allowed to be immobilized on the Au film.

2.5. The effect of the stray magnetic field of magnetic particles on
GMI

Up to now, the physical mechanisms of the enhanced GMI effect,
reduced GMI effect or offset GMI effect caused by the magnetic
particles are still unclear. Kurlyandskaya et al. (2005) suggest that
the enhanced GMI effect can be interpreted as a result of disturbances
of the uniform applied magnetic field by the fringe fields of magnetic
particles, the presence of stray magnetic fields of the particles changes
the superposition of the constant applied field and the alternating field,
and thus altering the GMI. Phan et al. (Devkota et al., 2013a) suggest
that the major magnetic beads were magnetized in the transverse
direction, thus resulting in increased transverse permeability and the
enhanced GMI effect. With regard to the enhanced GMI effect, we
suggest that the enhanced GMI effect may be caused by the pinning
effect of superparamagnetic Dynabeads on the magnetic domain of the
sensing elements. The Dynabeads’ pinning field may play a role in
suppressing the domain-wall movement but strengthening the mag-
netic moment rotation. Hence, the transverse permeability of soft
magnetic layers is greatly increased due to the rotational magnetic
permeability modified by the stray magnetic field. In other words,
magnetic moment rotation is the main contribution to the enhanced
GMI effect at high frequency (Wang et al., 2014a). With regard to the
reduced GMI effect, we suggest that the longitudinal stray magnetic
field could cause the phenomena of the field inhomogenicity, thereby
reducing the effective permeability and thus the GMI effect (Wang
et al., 2013a). Until now, the theoretical explanations for the offset GMI
effect (Kurlyandskaya et al., 2003; Kurlyandskaya, 2009) are still
absent. Qualitatively, we suggest that the presence of the stray
magnetic field has strengthened or undermined the external magnetic
field, thus shifting the GMI curve.

2.6. Detection of magnetically labeled bioanalytes

Kurlyandskaya (2009) proposed the GMI-based biological analyti-

Fig. 13. (a) Field dependence of GMI responses of different-concentration Dynabeads®

protein A, (b) Frequency dependence of different-concentration Dynabeads® protein A;
(c)Field dependence of GMI responses of different-concentration Dynabeads® MyOne™
Streptavidin C1, (d) Frequency dependence of different-concentration Dynabeads®

MyOne™ Streptavidin C1 (Wang et al., 2013b, 2014b).

Fig. 14. The output signals of the giant magnetoresistive sensor for detection of different
concentration of beads (Rife et al., 2003).
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cal method using the magnetic particles as labels (Kurlyandskaya,
2009). The principles of detecting the magnetically labeled bioanalytes
are as follows: the target bioanalytes were first labeled by magnetic
particles through functionalization and specific biochemical reactions
After applying a magnetic field to magnetize the magnetic particles
conjugated with bioanalytes, they can produce a stray magnetic field to
modify the GMI of the sensor. Thus, the target bioanalytes can be
detected by monitoring the GMI changes induced by the stray magnetic
field of magnetic particles.

2.6.1. Detection of human embryonic kidney cells
In 2007, Kurlyandskaya et al. (Kumar et al., 2007) used the

CoFeCrSiB ribbon-based GMI sensor to detect the human embryonic
kidney (HEK) 293 cells labeled by the magnetic Fe3O4 nanoparticles. In
this work, Fe3O4 nanoparticles were embedded inside human embryo-
nic kidney cells by the intracellular uptake with a concentration of ~105

particles/cell, detection of the cells was performed on the ribbon in a
contact-type way. Interestingly, the presence of cell-conjugated mag-
netic nanoparticles on the ribbon had reduced the GMI ratio (Kumar
et al., 2007), which is in agreement with that reported in the recent
literature (Yuvchenko et al., 2014). This study first introduces the GMI
biosensor for detection of magnetic nanoparticles conjugated with
bioanalytes, it paves the way for GMI-based biosensing applications.

2.6.2. Detection of the prostate adenocarcinoma cells in rat
Blanc-Béguin et al. (2009) reported that the GMI sensors based on

Co-rich amorphous microwires were able to detect Fe2O3 nanoparticles
conjugated with prostate adenocarcinoma cells in rat. A semi-quanti-
tative analysis was accomplished through detecting different concen-
trations of cell-adsorbed Fe2O3 nanoparticles (0.05–2 mg/ml) on GMI
sensitive elements (Blanc-Béguin et al., 2009). This semi-quantitative
analysis lays a solid foundation for development of GMI biosensor in
determining biomolecules, which shows great potential applications in
the field of target detection.

2.6.3. Genotyping of human papilloma virus type 16/18
Unfortunately, the existent GMI-based biosensing researches

mostly focus on detecting magnetic particles, not on the bioanalysis
of bioanalytes. To explore the biomedical significance of the GMI effect,
quick and parallel genotyping of human papilloma virus (HPV) type
16/18 using the GMI sensor was performed by Zhou et al. (Yang et al.,
2010). This study firstly presented a microchannel encapsulated with
polydimethylsiloxane (PDMS) for genotyping of human papilloma
viruses that were labeled by magnetic nanoclusters through biotin-
streptavidin bond, as shown in Fig. 15 (Yang et al., 2010). Importantly,
this research focuses on the detection of the biotargets rather than the
magnetic particles.

2.6.4. Specificity detection of gastric cancer cells
A GMI-based biosensing system combining with the magnetic

labeled technology was used to detect gastric cancer cells (Chen
et al., 2011). Detailed bioassaies including the preparation and
characterization of magnetic Fe3O4 nanoparticles, the magnetic label-
ing procedure and the specific detection of the gastric cancer cells were
introduced in this study, as shown in Fig. 16 (Chen et al., 2011). The
insight of this research lies in that: Firstly, it provides a typical in-situ
testing method based on GMI effect for detecting gastric cancer cells.
Secondly, prior to this research, the specificity detection of bioanalytes
using GMI sensors had never been systematically studied.

2.6.5. Detection of Curcumin
A MX biosensor based on a HNO3-treated amorphous ribbon has

been used to detect superparamagnetic Fe3O4 nanoparticles tagged
with Curcumin (Devkota et al., 2014a). Quantification of Curcumin-
conjugated Fe3O4 nanoparticles was realized at low particle concentra-
tions (0–50 ng/ml). A stable GMI response was observed (Devkota

et al., 2014a) when the particle concentration was over 50 ng/ml. This
MX biosensor is well suited for supersensitive detection of magnetically
labeled bioanalytes. Phan et al. also reported a GMI biosensor based on
an amorphous ribbon for detection of Fe3O4 nanoparticles functiona-
lized with Curcumin (Devkota et al., 2014b). This study provides
essential information for development of GMI biosensor in detecting
anticancer drugs.

2.6.6. A MX sensor for detection of Lewis lung carcinoma cancer cells
Lately, Phan et al. presented a MX biosensor based on an acid-

treated amorphous ribbon for detecting the manganese oxide (MnO)
nanoparticles embedded into Lewis lung carcinoma (LLC) cancer cells
(Devkota et al., 2015). It was shown that the sensitivity of the MX
sensor can reach almost 3.6% for detecting the MnO nanoparticles at
low frequency, which was one order of magnitude higher than that
(~0.4%) of MI sensor (Devkota et al., 2015). The MX-based biosensor
may be developed as a magnetic resonance imaging tool for diagnosis
of cancers.

2.6.7. One-step quick detection of cancer cell surface markers
Bao et al. (2013) reported a GMI sensor based on NiFe/Cu/NiFe

films for quick detection of the surface markers of cancer cells labeled
by magnetic nanoparticles, involving human lung carcinoma cells
(A549), human lung epithelial adenocarcinoma cells (Calu-3), human
epithelial cells (HEK293), human epithelial cervix adenocarcinoma
cells (Hela), Human umbilical vein endothelial cells (HUVEC) and
carcinoma associated lung fibroblasts (CaFbr). Since the films-based
GMI sensors are easily applied to mass production and integrating, the
obtained results show the potential of GMI sensor in clinical applica-
tion. Unfortunately, this study only focuses on the qualitative analysis
of cell surface markers, quantitative and specific detections of biomar-
kers are still absent.

Fig. 15. (a) Schematic diagram of microchannel, (b) Detection principle of GMI-based
microchannel system, and (c) Schematic diagram of the microchannel analysis for
genotyping of human papilloma virus type 16/18 (Yang et al., 2010).
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2.6.8. In-situ detection of alpha-fetoproteins
Generally speaking, quantitative data, detection limit, linear range

and specificity test are needed in a bioassay, but most of which are
absent in the early GMI-based bioassaies. In order to explore the
biomedical significance of the GMI sensor, we used an integrated GMI
sensor based on multilayered films (Cr/Cu/NiFe/Cu/NiFe/Al2O3/Cr/
Au) involving Dynabeads-labeled sandwich immunoassay for in-situ
detection of alpha-fetoprotein (AFP) antigens (Wang et al., 2014c). In
this case, all the immunoassay steps were performed on the Au film of
the sensor, and there was no contact between the biochemical liquids
and the sensitive elements because the Al2O3 layer was covered on the
soft magnetic films, as shown in Fig. 17(a) (Wang et al., 2014c).
Qualitative detection of low-concentration AFP (1 ng/ml and 10 ng/
ml) and specific test were realized by using the integrated GMI sensor.
Unfortunately, we found it impossible to perform the quantitative
detection of AFP antigens by using different electroplating-prepared
GMI sensors due to the performance difference between them. Similar
results were also reported in another work (Wang et al., 2015a). In
order to quantify the biomarker using different GMI sensors, it is
required to have the same GMI properties in the GMI sensors.
However, it is impossible for us to fabricate identical GMI sensors
using the electroplating technology. Nonuniform solution temperature,
external magnetic field and current density are influential factors to the

uniformity of films. Thus, the electroplated films always have different
GMI properties even if they are fabricated in the same batch. Probably
the difference in magnetic properties of the electroplated NiFe film is
the main cause of different GMI properties. Theoretically, there are two
options to perform quantitative analysis of the biomarkers: Firstly, we
could choose the sputtered magnetic film or amorphous ribbon as the
GMI sensitive elements because they have nearly same magnetic
properties. Secondly, since quantification of Dynabeads was achieved
by using the separated-type testing method based on one GMI sensor
(Wang et al., 2013a), it is possible for us to fulfil the quantitative
analysis of the biomarkers using the separated-type testing method. In
addition, the separated-type testing method can prevent the chemical
solutions from contaminating the sensor. Hence, the GMI sensor can
be reused easily without washing. We also used the separated-type
testing method to quantify the AFP antigens. The quantitative detec-
tion results are shown in Fig. 17(b) and (c), clearly, the GMI ratio
increases with increasing AFP concentration from 1 pg/ml to 1 ng/ml.
As can be seen from Fig. 17(d), the GMI response is linear with the AFP
concentration in the range of 1 pg/ml to 1 ng/ml. Thus, the low-
concentration AFP (1 pg/ml to 1 ng/ml) can be determined by using
the GMI-based separated-type testing method. The GMI response is
not proportional to the AFP concentration while it is over 0.2%.
Consequently, the high-concentration AFP antigens cannot be quanti-
fied due to the accumulation of high-density Dynabeads. In addition,
1% bovine serum albumin (BSA) was used as a nonspecific target for
specificity detection. It was shown that there was no obvious positive
signal detected in the experiments due to the presence of 1% BSA.
Therefore, the GMI-based magnetic immunoassay is of good specificity.

2.6.9. Supersensitive detection of alpha-fetoprotein and
carcinoembryonic antigens

In the following work (Wang et al., 2015b), a GMI-based separated-
type testing method was used to quantify carcinoembryonic antigens
(CEA) that were captured in a Micro-cavity consisting of Au film and
SU-8 photoresist. Quantification of low-concentration CEA (1 pg/ml to
10 ng/ml) was achieved by using the GMI sensor, and the minimum
detectable concentration for CEA can be as low as 1 pg/ml, as shown in
Fig. 18 (Wang et al., 2015b). On the one hand, Since the high-
concentration biomolecules can conjugate a large number of magnetic
particles, which also induces the cancellation effect in particles’ stray
magnetic fields, it is infeasible to quantify the high-concentration CEA
( > 10 ng/ml) due to the high-density cluster of Dynabeads (Lodewijk
et al., 2014; Chiriac et al., 2005; Devkota et al., 2013b; Wang et al.,
2014b). On the other hand, washing steps are needed after labeling the
biomolecules by magnetic particles. Therefore, the accumulation of
magnetic particles is absent, which weakens the cancellation effect
when high-concentration biomolecules are tested. As you can see
Fig. 18(c), the GMI response shows a good linear relationship with
CEA concentration in the range of 1 pg/ml to 10 ng/ml. Consequently,
the GMI sensor is particularly suited for ultrasensitive detection of low-
concentration biomarkers.

As can be seen from Fig. 17 and Fig. 18, the upper detection limit
for AFP antigens (1 ng/ml) is much lower than that for CEA antigens
(10 ng/ml). This is because the actual number of AFP antigens is much
more than the number of CEA antigens under the same volumes of
solution. Consequently, AFP sample can bind with more beads than
CEA sample under equal-volume solution.

2.6.10. Detection of Escherichia coli O157:H7
Recently, we used a GMI biosensor to detect the Escherichia coli

O157:H7 (Yang et al., 2015c, 2016). In the experiment, Escherichia
coli was captured and labeled with Dynabeads by sandwich assay
combined with biotin-streptavidin bond on several Au films. Different-
concentration Escherichia coli (100, 300 and 500 cfu/ml) was first
immobilized on Au films, and then placed on the surface of GMI sensor
for no-contact testing, respectively. It has been shown that the GMI

Fig. 16. (a) GMI response of six different samples at a frequency of 10 MHz; (b)
Standard deviation analysis of 10 repeated test results of six different samples (1, MGC-
803s without nanoparticles; 2, MGC-803s with Fe3O4@chitosan; 3, MGC-803s incubated
with RGD-Fe3O4 @chitosan plus RGD; 4, MGC-803s incubated with RGD-Fe3O4@
chitosan; 5, GES-1s without nanoparticles; 6, MGC-803s with RGD-4C) (Chen et al.,
2011).

T. Wang et al. Biosensors and Bioelectronics 90 (2017) 418–435

429



ratio was significantly improved due to the presence of Dynabeads-
labeled Escherichia coli, and the GMI ratio increased with increasing
the concentration of Escherichia coli. Later, the Escherichia coli was
labeled with Dynabeads on the Au film in a open-surface microfluidic
cavity which was composed of SU-8 photoresist, then, the open-surface
microfluidic cavity was immobilized on the edge of GMI sensor for
testing (Yang et al., 2016), as shown in Fig. 19 (a), (b) and (c).
Quantification of the Escherichia coli was realized by using a separated-
type testing method based on GMI effect, as shown in Fig. 19 (d) (Yang
et al., 2016). This study opens a new way for quantification of
Escherichia coli, which is very useful for development of GMI-based
microfluidic cavity in determining bacterium.

2.6.11. Quantitative determination of C-reactive protein
In 2015, C-reactive protein (CRP) was detected by using an Au-

coated GMI biosensor (Yang et al., 2015b), as shown in Fig. 20 (a) and
(b). Sandwich assay combined with biotin-streptavidin assay was
carried out on the Au film of the GMI biosensor for labeling the CRP
with Dynabeads. Quantitative determination of CRP was achieved in
the CRP concentration range of 1–10 ng/ml, as shown in Fig. 20 (c)
(Yang et al., 2015b), demonstrating a good linear relationship between
the GMI response and the CRP concentration.

Until now, AFP, CEA, CRP, HPV type 16/18, HEK 293 cells, gastric
cancer cells, A549, Calu-3, HEK293, Hela, HUVEC, CaFbr and
Escherichia coli O157:H7 have been detected by using the GMI
biosensor combined with magnetic labeling technique. The results of
detecting magnetically labeled bioanalytes were summarized in
Table 1.

2.7. Label-free detection

2.7.1. The modification effect on GMI
One of the label-free biologic detection is based on monitoring the

GMI changes that are caused by the modification effect of biochemical
reagents on the sensitive element. In other words, the geometry,
surface morphology or surface anisotropy of the sensitive element
can be modified when it is exposed to the biochemical reagents, thus
altering the GMI response of the sensor.

Kurlyandskaya and Miyar (2007) have studied the GMI effect of the
FeCoSiB ribbon whose surface was modified with human urine. Great
changes have taken place in GMI due to the modification effect on the
ribbon, as shown in Fig. 21. In order to develop label-free magne-
toimpedance spectroscopy which can be used for monitoring the
surface effect of magnetic electrodes, the influence of surface modifica-
tion of as-quenched FeCoSiB ribbons and FeCoCrSiB ribbons on GMI
effects was studied by measuring the GMI responses of them in
different corrosive fluids (Kurlyandskaya et al., 2007): distilled water,
physiological solution, phosphate buffer saline, and orthophosphoric
acid. It can be observed that there was a noticeable transformation in
the GMI effect after modifying the ribbons with orthophosphoric acid
(Kurlyandskaya et al., 2007). The observed effects can be explained as
that the orthophosphoric acid has changed both the thickness and the
effective magnetic anisotropy of the ribbons, and thus the GMI effect.
Therefore, it is possible to develop a GMI biosensor based on the
principle of electrochemical magnetoimpedance spectroscopy for direct
detection of the biochemical liquids.

To explore label-free magnetic sensing technology based on GMI
effect, the acid-modification effect on GMI in a CoFeNiSiB amorphous
ribbon has been investigated systematically (Devkota et al., 2014c). It

Fig. 17. (a) Schematic diagram of AFP detection using the in-situ testing method; (b) Magnetic field dependency of GMI response for quantification of AFP antigens (1 pg/ml to 100 ng/
ml) using the separated-type testing method; (b) Frequency dependency of GMI response for quantification of AFP antigens (1 pg/ml to 100 ng/ml) using the separated-type testing
method (d) The linear relationship between AFP concentration and GMI response (Wang et al., 2014c).
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was shown that the GMI response decreased in all the acid-treated
ribbon relative to their plain sample (Devkota et al., 2014c), and the
GMI response decreased with increasing concentration of the treated
acid. This can be understood by considering the fact that the surface
irregularity of the ribbon is increased since it is etched with a stronger
acid, the transverse permeability is thus greatly reduced, and leading to
the reduced GMI effect. The results are of practical importance in

developing label-free GMI detector for monitoring the state of acid-
based solutions.

2.7.2. Detection of the biomagnetic fields in living systems
In 2009, detection of the biomagnetic field for both the human body

and the selected tissue sample were carried out by using a GMI sensor
based on an amorphous wire (Uchiyama et al., 2009). Unlike the
particles-labeled biosensing technology, the GMI sensor was directly
used to detect the biomagnetic fields in biological tissues. The GMI
sensor can not only detect the magnetic cardiogram signals but also the
localized biomagnetic fields generated by the biologic samples with
millimetre size, reaching a detection sensitivity of pico-Tesla
(Uchiyama et al., 2009). Later, Nakayama et al. and Uchiyama et al.
reported a GMI biosensor based on a CoFeSiB amorphous wire for
detecting the biomagnetic fields in the musculatures of the stomach in
a guinea-pig with spontaneous electric activity (Nakayama et al., 2011;
Uchiyama et al., 2011). Since the musculatures only produce very weak
magnetic fields (pico-Tesla level) due to their organic compounds, a
highly sensitive biosensing system consisting of sample-and-hold
circuits, power supply, high/low-pass filters, GMI sensitive element,
analog-digital converter was established to detect the biomagnetic
fields of the musculatures (Nakayama et al., 2011; Uchiyama et al.,
2011). This GMI sensor with the sensitivity of a pico-Tesla level
enabled quasi-real time recordings of the magnetic fields for biological

Fig. 18. Detection of CEA antigens (1 pg/ml to 100 ng/ml) using the separated-type
testing method (a) Magnetic field dependency of GMI ratio; (b) Frequency dependency of
GMI ratio; (c) The linear relationship between CEA concentration and GMI response
(Wang et al., 2015b).

Fig. 19. (a) Surface modification of gold film; (b) Immunoassay for capturing and
labeling Escherichia coli; (c) Graphical illustration of the experimental setup; (d) GMI
responses in relation to the Escherichia coli concentration (Yang et al., 2015c, 2016).
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electric activity because of the sufficient short operation interval (1 μs).
The detection results are shown in Fig. 22. The findings indicate that
the GMI sensor is a promising tool for non-invasive detection of cell
activity or function through the biomagnetic measurements, which
could be an effective non-invasive method for diagnosis of diseases
with high sensitivity.

3. Concluding remarks and future perspectives

The use of high-concentration biomolecules can induce the high-
density aggregation or even cluster of the particles. The adjacent
exciting fields of the particles will cancel each other out due to the
agglomeration of particles, which make the GMI sensor infeasible to
perform quantitative analysis. In order to detect high-concentration
magnetic particles, three main issues need to be sorted out: Firstly, the
particles are not dispersed after dropping them on a testing platform. It
is necessary to disperse the particles after dropping them on a testing
platform. Secondly, the testing platform is too small to load the
particles. To prevent the high-density accumulation of the particles,
the size of the testing platform needs to be large enough to load all the
particles in a single-layer distribution, and the separation distance
(between each two beads) is set at least equal to the particle diameter.
Thirdly, the magnetic particles cannot be distributed uniformly on a
flat surface is also an important factor. Since the perpendicular
magnetic field can make the magnetic particles distribute uniformly

Fig. 20. (a) Schematic of testing CRP using the Au-coated GMI biosensor; (b)
Magnetization of Dynabeads (c) GMI responses in relation to the CRP concentration
(Yang et al., 2015b).

Table 1
The results of detecting the magnetically labeled bioanalytes based on GMI biosensors.

Target
bioanalytes

Specificity and
qualitative analysis

Linearity
range

Upper
detection
limit

Lower
detection
limit

References

AFP Good specificity
(1% BSA)

1 pg/ml
to 1 ng/
ml

1 ng/ml 1 pg/ml Wang
et al.,
2014c

CEA 1 pg/ml
to 10 ng/
ml

10 ng/ml 1 pg/ml Wang
et al.,
2015b

CRP 1 ng/ml
to 10 ng/
ml

10 ng/ml 1 ng/ml Yang et al.,
2015b

Coli O157:
H7

50 cfu/
ml to 500
cfu/ml

500 cfu/
ml

50 cfu/ml Yang et al.,
2016

Gastric
cancer
cells
MGC-803

Good specificity
(80% confluent)

Chen
et al.,
2011

HPV 16/18 Good specificity 4 copies
to 400
copies

400
copies

4 copies Yang et al.,
2010

A549, Calu-
3,
HEK293,
Hela,
HUVEC,
CaFbr

Qualitative results
(12.0%, 3.7%,
14.0%, 6.6%,
84.5%, 12.5%)

Bao et al.,
2013

Fig. 21. GMI responses of the FeCoSiB ribbons modified with human urine (a) Field
dependency under different modification time; (b) Time-dependent modification results
(Kurlyandskaya and Miyar, 2007).
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on a flat surface, the perpendicular GMI effect in films or ribbons may
be more suitable for on-chip (in-situ) biosensing applications.
Moreover, the perpendicular magnetization method is probably also
suited for use in the magnetoresistance-based biosensing applications
such as Giant magnetoresistance, Tunnel magnetoresistance,
Anisotropic magnetoresistance. However, the microwire-based GMI
sensor is not appropriate for on-chip (in-situ) magnetic labeling
detection due to its circular structure.

Enhanced GMI effect, reduced GMI effect and offset GMI effect
were observed in the presence of magnetic particles on the GMI sensor
(with and without the protective layer) or near the GMI sensor.
Nevertheless, the physical mechanisms of these phenomena are still
not clear. In order to thoroughly understand the effect of the stray
magnetic field of particles on GMI, an accurate theoretical model needs
to be established in future work. More confirmatory experiments such
as the magnetic domain observations after coating the magnetic
particles on the sensitive elements (with and without the protective
layer) or immobilizing the magnetic particles near the sensitive
elements are needed in the further research.

There are several ways to improve the sensitivity of the GMI sensor
for detection of magnetically labeled bioanalytes. Wire: As the coupled
microwires can obtain enhanced detection sensitivity, the microwire
array is a better choice in magnetic bioanalysis. Film: it is better to use
the multilayer structure to detect magnetic particles due to its high
field-sensitivity. Ribbon: the detection sensitivity can be improved
significantly by using the acid-treated ribbons.

In order improve the detection efficiency and sensitivity, it is better
to quantify the biomolecules using different GMI sensor and on-chip
testing method. The soft magnetic films are more suitable for fabrica-
tion of GMI biosensors because they own more optimal structure,
better homogeneity and integrating than the wires and ribbons. Until
now, it is difficult to fabricate the homogeneous GMI sensors based on
films using the electroplating technology owing to its instability.

Alternatively, the sputtered magnetic film is probably a better choice
for GMI-based biosensing applications because they have nearly the
same magnetic properties.

Detections of AFP antigens, CEA antigens, CRP antigens, HPV type
16/18, HEK 293 cells, gastric cancer cells, A549, Calu-3, HEK293,
Hela, HUVEC, CaFbr and Escherichia coli O157:H7 were achieved by
using the GMI sensor combined with the magnetic labeling technique.
These results lay solid foundations for clinical applications of the GMI
sensor. The minimum detectable concentration for CEA antigens and
AFP antigens can both be as low as 1 pg/ml, thus, the GMI sensor is
very promising for supersensitive detection of the low-concentration
biomarkers. The next step is to detect these biological targets in the
human blood or tissues, and to explore the possibility of using the GMI
sensor in clinical diagnosis.

The GMI-based biosensing system is capable of detecting the
biomagnetic fields in the musculatures of the stomach, taenia caeci,
portal vein and urinary bladder of a guinea-pig. The biomagnetic field
of human musculatures is roughly equivalent to that of the guinea-pig,
alternately, the next step is to detect the biomagnetic field in the
musculatures of human organs using the GMI sensor. Furthermore, the
GMI sensor may be used to screen the lesions of human musculatures
through detecting the difference in the biomagnetic fields of muscu-
latures tissues of different organs.
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