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a b s t r a c t

A Dynabeads-labeled magnetic immunoassay (MIA) has been developed by using an integrated giant
magnetoimpedance (GMI) biosensor for the detection of alpha-fetoprotein (AFP). The GMI biosensor
(Cr/Cu/NiFe/Cu/NiFe/Al2O3/Cr/Au films) integrated magnetic sensing elements and a biomolecular
immunoplatform. Au film was modified with 11-Mercaptoundecanoic acid (11-MUA) for the immobi-
lization of AFP monoclonal antibody. Double antibody sandwich immunoassay was used to specifically
capture and label AFP antigen. Functionalized Dynabeads were conjugated to AFP antigen by
streptavidin–biotin binding assay. GMI responses were measured for sensitive detection of AFP from
1 to 10 ng/ml. Our results revealed that the presence of AFP on the biosensor improved the GMI effect
owing to the induced magnetic dipole of superparamagnetic Dynabeads, and the GMI ratio was greatly
increased at high frequency. Specificity of MIA was tested through the use of 1% bovine serum albumin
(BSA). The underlying biophysical mechanisms responsible for the enhanced GMI effect in the detection
of AFP were discussed. This work provides a complex lab-on-chip MIA for the detection of biomarker,
which may open up a new way for the development of GMI-based MIA in clinical trials.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, many efforts have been made to develop a new
generation of compact bioanalytical system incorporated with mag-
netic sensor. Fluxgate sensor (Heim et al., 2009), hall sensor (Lee
et al., 2009a), giant magnetoresistance sensor (Pannetier et al., 2011)
and spin valve sensor (Ferreira et al., 2002) have been proposed as a
biosensor for biomagnetic measurements. Giant magnetoimpedance
(GMI) effect has become an interesting topic in magnetic materials
research due to its potential for the development of high-
performance magnetic sensors (Vacher et al., 2007; Phan and Peng,
2008; Tehranchi et al., 2011; Moulin et al., 2011). GMI effect is the
great change of the alternating current (AC) impedance in soft
magnetic materials when an external magnetic field is applied
(Panina and Mohri, 1994; Panina et al., 1995). In soft magnetic thin
films, the GMI effect is caused by the skin effect (Jackson, 1975;
Landau and Lifshitz, 1975) as a consequence of the changes in the
penetration depth induced by the direct current (DC) applied
magnetic field through modification of the transverse permeability
(Panina and Mohri, 1994; Panina et al., 1995; Phan and Peng, 2008).
This effect has been extensively studied in soft amorphous ferro-
magnetic wires (Qin et al., 2010; Zhukov et al., 2012), thin films (Zhou

et al., 2001; Peksoz et al., 2010; NazariNejad et al., 2013 and ribbons
(Phan et al., 2006; Dwevedi and Markandeyulu, 2010; Laurita et al.,
2011) for the development of GMI-based sensors in the last decade.
GMI sensors have attracted considerable attention because of their
several advantages over the conventional magnetic sensors (Ripka
et al., 2001; Panina et al., 1995; Phan and Peng, 2008), such as higher
sensitivity, smaller size, quicker response and lower cost. The GMI
sensors have been introduced into the field of biosensing as a
biosensor prototype (Chiriac et al., 2005, 2007; Chiriac and Herea,
2007; Kim et al., 2008; Blanc-Béguin et al., 2009; Yang et al., 2010;
Chen et al., 2011) in order to develop a new generation of bioana-
lytical system.

Magnetic beads have appealed considerable research interest
because of their wide applications in magnetic labeling and separa-
tion (Sun et al., 2008; Shen et al., 2012; Zhang et al., 2012; Liang et al.,
2012; Suaifan et al., 2013; Chen et al., 2013). Dynabeads are uniform
polymer spherical magnetic beads that have been made magnetiz-
able and superparamagnetic. Streptavidin-coupled Dynabeads are
the gold standard for isolation and handling of biotinylated nucleic
acids, antibodies or other biotinylated ligands and targets.

Detection of biomarkers shows great promise for early prediction
of related disease. Alpha-fetoprotein (AFP) is a major plasma protein
that is produced mainly by the yolk sac and the liver during fetal
development. AFP level in serum albumin is related to many
diseases, for instance, AFP has been used as a biomarker for
monitoring hepatocellular carcinoma, and a raised AFP level is often
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used in the clinical diagnosis of primary liver cancer (Johnson, 2001).
Moreover, elevation of AFP is also used as one factor in the diagnosis
of other diseases (Szabó et al., 1990; Johnson, 2001; Rosen and
D’Alton, 2005; Taylor and Byrd, 2005; Sturgeon et al., 2009; Krantz
et al., 2010). Until now, a variety of methods (Chester et al., 1991; Ito
et al., 1999; Lee et al., 2009b; Zhang et al., 2011) have been used for
the detection of AFP. However, few works have been done for the
detection of AFP using an integrated GMI biosensor.

In the GMI-based biosensing experiment, detection of biologi-
cal analyte can be realized by measuring the GMI responses of two
sets of samples: samples with magnetic-labeled analyte and label-
free samples. The functionality basis is supposed to be similar to
that proposed earlier for biosensors working on the principle of
magnetic field measurements (Baselt et al., 1998; Miller et al.,
2002; Kurlyandskaya, 2009): the fringe fields induced by the
magnetic particles employed as analyte labels provide a means
for transfer of information. In the phase of the analyte detection,
the GMI responses are compared for two states: with and without

magnetic particles in a tested sample. The differences between the
GMI responses can be used to determine the presence, level or
absence of the analyte. In this study, an integrated GMI biosensor
combined with double antibody sandwich immunoassay was
firstly employed to detect AFP. The aim of this study is to explore
the possibility and clinical significance of the GMI-based MIA for
early diagnosis of cancers.

2. Experimental section

2.1. Reagents

Human AFP antigen, mouse anti-human AFP monoclonal
antibody, and Biotinylated mouse anti-human AFP monoclonal anti-
body were purchased from LNC-Bio (Shanghai Linc-Bio Science Co.,
Ltd.,). N-Hydroxysuccinimide (NHS) was purchased from Medpep

Fig. 1. The integrated GMI biosensor with a meander-line structure. (A) Top view of the sample with 6 turns. (B) Top view of the sample with 3 turns. (C) Illustration of the
stepwise process for GMI biosensor fabrication.
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(Shanghai Medpep Co., Ltd.,). 11-Mercaptoundecanoic Acid (11-MUA)
was purchased from J&K Chemical Ltd.,. (Shanghai, China). 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide (EDC) hydrochloride was pur-
chased from Aladdin Chemistry Co. Ltd., (USA). Phosphate buffer
tablets (pH 7.4) were purchased from Medicago AB (Uppsala,
Sweden). Dynabeadss MyOne™ Streptavidin C1 were purchased
from Invitrogen. Hydrochloric acid (HCl) was purchased from Sin-
pharm Chemical Reagent Co. Ltd. (Shanghai, China). Sodium hydro-
xide (NaOH) was purchased from pinghu chemical reagent (Pinghu,
China). Bovine serum albumin (BSA) was purchased from wegene
(Shanghai, China). Ethanol (CH3CH2OH) was purchased from Yan-
gyuan Chemical (Changshu, Co. Ltd.). Acetone (C3H6O) was pur-
chased from lingfeng chemical reagent (Shanghai, Co. Ltd.). In the
experiments, deionized water was used.

2.2. Instruments

GMI responses were measured by Hewlett-Packard (HP) 4194A.
AFP-conjugated Dynabeads were characterized by Scanning
Electron Microscopy (SEM) system [ULTRA1M 55, Energy Disperse
Spectroscopy (EDS)–INCA PentaFET-x3]. Atomic Force Microscope
(AFM) [UHV-SPM] was used for characterization of Au film.
Self-assembled monolayer (SAM) was examined by X-ray Photo-
electron Spectroscopy (XPS) [AXIS UltraDLD].

2.3. Design and fabrication of the GMI biosensor

The designed GMI biosensor is composed of Cr/Cu/NiFe/Cu/
NiFe/Al2O3/Cr/Au films with a meander-line structure. Fig. 1A and
B shows the top views of the GMI biosensors. NiFe/Cu/NiFe films
were served as GMI sensing elements. Cu film was surrounded by
the NiFe films. Au film was used as the biomolecular immunoplat-
form for double antibody sandwich immunoassay and streptavi-
din–biotin binding assay. Al2O3 film was used as an insulation
layer between the sensing elements and the immunoplatform.
Transverse and longitudinal directions were defined as that
transverse to the straight segment and along the straight segment,
respectively. The GMI biosensor was fabricated by Micro-Electro-
Mechanical-Systems (MEMS) technology. The fabrication pro-
cesses (Fig. 1C) were reported in our previous work (Wang et al.,
2013). The electroplated NiFe has good soft magnetic properties,
which are in accordance with the early reported results (Park and
Allen, 2000; Wang et al., 2013). High field sensitivity of GMI can be
obtained in sandwich ferromagnetic/conducting/ferromagnetic
films with a meander geometrical structure due to the additional
inductance from the sample shape (Xiao et al., 1999; Rivero et al.,
2003; Wang et al., 2012). Hence, sandwich NiFe/Cu/NiFe films with
a meander-line structure were used as GMI sensing elements for
biomagnetic measurement in this work.

2.4. Complex immunoassay for capturing and labeling AFP

Dynabeads-labeled immunoassay for AFP was performed on Au
film of the GMI biosensor. During the immunoassay, phosphate
buffered solution (PBS, pH 7.4) was used as washing liquid. Double
antibody sandwich immunoassay and streptavidin–biotin binding
assay were employed for the immobilization and labeling of AFP.
The immunoassay procedure follows the 8 steps as described
below: 1, washing of Au film: the GMI biosensor was incubated in
acetone for 15 min, after that it was incubated in 1 M NaOH
solution for 10 min and followed by incubation in 1 M HCl solution
for 10 min. The GMI biosensor was washed with deionized water
and ethanol, then dried in air. 2, 11-MUA served as SAM on Au
film: the GMI biosensor was incubated in 30 mmol/l 11-MUA
solution at room temperature for 3 h and washed with ethanol,
then dried in air. 3, activation of 11-MUA by using EDC and NHS:

the GMI biosensor was incubated in the mixture of 200 mM EDC
and 50 mM NHS for the activation of 11-MUA at room temperature
for 1 h, then washed with PBS for thrice and dried in air. 4,
Immobilization of AFP monoclonal antibody: 8 ml of AFP mono-
clonal antibody with a concentration of 1.06 mg/ml was dropped
onto Au film, then the GMI biosensor was incubated at 4 1C for
24 h and then washed with PBS (1% BSA and 0.2% Tween 20) for
5 times. 5, BSA was used to block the nonspecific adsorption sites:
the GMI biosensor was incubated in blocking solution (PBS
containing 1% BSA) at 4 1C for 2 h, then washed with PBS for
5 times. 6, Immobilization of AFP antigen: 10 mL of AFP antigen
with desired concentration was dropped onto Au film, and the
GMI biosensor was incubated at room temperature for 1 h and
then washed with PBS (1% BSA and 0.2% Tween 20) for 5 times. 7,
Immobilization of biotinylated AFP antibody: 6 mL of biotinylated
AFP antibody (1 mg/ml) was dropped onto the Au film, and the
GMI biosensor was incubated at room temperature for 1 h and
then washed with PBS for 5 times. 8, Immobilization of
streptavidin-coated Dynabeads: 20 mL of Dynabeadss MyOne™
Streptavidin (10 mg/ml) was dropped onto Au film, and the GMI
biosensor was incubated at room temperature for 20 min. Finally,
the GMI biosensor was washed with PBS for 5 times. The complex
immunoassay is shown in Fig. 2.

2.5. Examination of surface-functionalized Au film

Supplementary information (Figs. S1 and S2, and Tables S1
and S2) shows the Atomic Force Microscope (AFM) characteriza-
tions, X-ray Photoelectron Spectroscopy (XPS) measurements, and
functional modifications of 11-MUA on Au film. Fig. S1 shows AFM
characterizations of Au film and 11-MUA-modified Au film, evi-
dently, the surface morphology of Au film differs from that of 11-
MUA-modified Au film. XPS measurements for the 11-MUA are
shown in Table S1 (before activation) and Table S2 (after activa-
tion). EDC and NHS were used to activate the carboxyl group
(COOH) of 11-MUA, and H of COOH would be substituted by N
after activation. The functional modification procedure is shown in
Fig. S2. It is apparent that S (2p) and C (1 s) account for relatively
large proportion after 11-MUA was formed on Au film. The atomic
concentration and mass concentration of O (1s) and N (1s) were
greatly increased while the atomic concentration and mass con-
centration of S (2p) and Au (4f) were decreased significantly after
activation of 11-MUA. AFM and XPS observations confirm that
11-MUA was well constructed and activated on Au film.

2.6. GMI-based measuring method for the detection of Dynabeads-
labeled AFP

The fundamental principle for detection of AFP based on the
GMI sensor is that Dynabeads are employed as magnetic labels of
AFP antigen, and AFP can be monitored by detecting the fringe

  AFP antigen 

GMI sensing elements

SAM 

AFP monoclonal antibody 

Biotin

Streptavidin 

Dynabeads 

Au film

Fig. 2. Complex immunoassay on Au film of the GMI biosensor for capturing and
labeling AFP.
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field (Hf) of Dynabeads using magnetic sensing elements, as is
shown in Fig. 3. During the test, a high-frequency (f ) AC (10 mA
and 0.1–5 MHz) provided by HP 4194A flowed through the GMI
sensor, which produced a transverse AC magnetic field (Ht). A
direct current (DC) external magnetic field (He) was applied along
the longitudinal direction of the sensor in order to induce strong
changes in the skin depth. Superparamagnetic beads became
strongly magnetized in the presence of He and Ht, causing the
beads to produce a Hf, thereby modifying superimposed magnetic
fields and then altering the magnetoimpedance of the sensing
elements. The relative change in impedance (GMI ratio) with He

was defined as theGMIratio¼ 100%� ½ZðHÞ�ZðH0Þ�=ZðH0Þ, where
Z(H) and Z(H0) were the magnetoimpedance with and without He,
respectively.

2.7. Characterizations of AFP-conjugated Dynabeads

Dynabeadss MyOne™ Streptavidin C1 are superparamagnetic
streptavidin-coated beads with a diameter of 1 mm. SEM images of
AFP-conjugated Dynabeads (10 ng/ml and 1 ng/ml) are shown in
Fig. 4. It is clear that the numbers of Dynabeads increase with
increasing AFP concentration. Elemental analysis of sample was
performed by EDS-INCA PentaFET-x3. It is apparent (Table S3) that
Fe constitutes a high proportion of elements, which is in accor-
dance with the fact that Fe is the main component of the super-
paramagnetic Dynabeads. The SEM observations confirm that
Dynabeads-labeled AFP was immobilized on Au film of the GMI
biosensor.

3. Results and discussion

3.1. Magnetoimpedance measurements for sensitive detection of AFP

In this study, three GMI biosensors (biosensor I, biosensor II
and biosensor III) were tested. These GMI biosensors were fabri-
cated by MEMS technology in the same batch of the process.
Biosensor I and biosensor III have the same structure (3 number of
turns), as shown in Fig. 1B. Biosensor II has the same structure as
the other two biosensors except that it has 6 number of turns (see
Fig. 1A). Fig. 5A shows the field dependence of the GMI ratio for
the biosensor I with and without 10 ng/ml AFP, which are regarded
as positive value and negative value, respectively. There is no
significant change in the GMI ratio under weak magnetic fields (o
8 Oe) as shown in Fig. 5A, this can be explained by the magnetiza-
tion rotation model: weak He directly determines the low rota-
tional magnetic permeability which is positive correlated with the
GMI effect. Furthermore, weak magnetic fields can result in a very
low-level magnetization of Dynabeads, and therefore the fringe
field is too small to affect the sensing elements. Evidently, the
significant change appears in the presence of strong He which
leads to increased rotational magnetization, and thus resulting in
an enhanced GMI effect. The difference between positive value and
negative value firstly increases with He until the maximum change
is obtained near the anisotropy field (Phan and Peng, 2008), then
the difference decreases with He. This is because the transverse
permeability begins to decrease as He is further increased, the GMI
ratio thereby gradually drops and the impedance becomes inde-
pendent of stronger He. The maximum change of the GMI ratio at
f¼2 MHz is 8.6% when He¼24 Oe. Fig. 5B shows the frequency
dependence of the GMI ratio for the biosensor I with and without
the 10 ng/ml AFP at He¼24 Oe. Obviously, there is a small change
of the GMI ratio at low frequency but large change of the GMI ratio
occurs at high frequency as shown in Fig. 5B.

Fig. 5C and D shows the field dependence and the frequency
dependence of the GMI ratio for the biosensor II with and without
1 ng/ml AFP, which are regarded as positive value and negative
value, respectively. Obviously, the changing trend of the GMI ratio
as shown in Fig. 5C is similar to that shown in Fig. 5A, and the GMI
ratio increases due to the presence of AFP when He is more than
20 Oe. Fig. 5D shows that the GMI ratio is considerably increased
in the presence of AFP when 1 MHzo fo4.5 MHz, and the
difference between positive value and negative value firstly
increases and then decreases with the increase of frequency. This
is because the GMI effect originates mainly from the skin effect
owing to a strong change in the effective permeability caused by
the applied DC magnetic field. In the case of small skin effect at
low frequency, the sensing elements are insensitive to the fringe
field, therefore, the GMI biosensor II provides a relatively small
change of GMI ratio. The GMI effect is greatly enhanced at high
frequency (100 kHz–10 MHz) because both domain wall motion

Fig. 4. SEM characterizations of AFP-conjugated Dynabeads at different concentrations (A) 10 ng/ml and (B) 1 ng/ml.

Fig. 3. Double antibody sandwich immunoassay and streptavidin–biotin binding
assay were carried out on Au film of the GMI biosensor. Detection of AFP was
realized by detecting the magnetic signal of AFP-conjugated Dynabeads.
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and magnetic moment rotation contribute to the transverse
permeability. This can be understood in terms of derived impe-
dance equation (Phan and Peng, 2008) where the impedance is
proportional to the square root of frequency and transverse
permeability. In other words, the GMI biosensor II is more
sensitive to external magnetic field or fringe field at high
frequency. The difference between positive value and negative
value begins to go down as frequency is further increased, which is
related to domain wall motion damped by the eddy current effect.
The greatest change of GMI ratio has taken place near the
frequency at which the GMI ratio reaches the maximum, there is
an increase of 6.4% at f¼2 MHz when He¼24 Oe.

3.2. Magnetoimpedance measurements for the investigation of
specificity

In this case, 1% BSA (PBS solution) served as nonspecific target
for testing the specificity of GMI-based MIA with the biosensor III.
The whole specificity test was in accordance with that of sensi-
tivity test except that BSA was used instead of AFP antigen. We
have carefully examined the surface of biosensor III after specifi-
city test and found that there was only a small quantity of
Dynabeads left on the biosensor. The GMI responses of the
biosensor III with and without BSA (Blank) are shown in Fig. 6,
obviously, there has been a small difference of the GMI ratio
between 1% BSA and Blank as shown in Fig. 6. The average change
of the GMI ratio is just 2.59% at He¼24 Oe. In the specificity test,
both the field dependence and the frequency dependence of the
GMI ratio showed a slight reduction. It is worthwhile to note that
there is no positive signal detected after replacing AFP with BSA.
The differences of GMI responses between the sensitivity test and
the specificity test will be discussed systematically in subsequent
chapters.

3.3. Detection limit and linear range

From the viewpoint of immunomagnetic assay, 1 pg/ml AFP
with a volume of 10 mL contains about 100,000 AFP molecules, in
regard to the immune reaction efficiency, supposing the reaction
efficiency is 0.1 in each step, about 100 magnetic beads will be
captured on Au film. Moreover, please note that 90 magnetic beads
have been detected in our early work (Wang et al., 2013), thus, the
expected detection limit will be 1 pg/ml AFP. As you know, the
number of magnetic beads is proportional to AFP concentration
and thereby the GMI response should be increased with increasing
AFP concentration. However, excessively high AFP concentration
can result in ferromagnetic effect due to the high-intensity clusters
of magnetic beads, which may cause magnetic saturation. Hence,
the linear range of GMI responses for AFP detection should be
from 1 pg/ml to the magnetic saturation concentration.

3.4. Reproducibility and stability

In order to test the reproducibility of the GMI biosensor for the
detection of 10 ng/ml AFP, ten repetitive measurements on one
GMI biosensor were performed, which yielded reproducible GMI
responses with a relative standard deviation of 1.81%. The study of
storage stability demonstrated that the GMI biosensor (10 ng/ml
AFP) could retain about 97.2% of its initial response after its storage
in the refrigerator at 4 1C for 30 days. The test results indicate that
the GMI biosensor exhibits good stability and reproducibility
toward detection of AFP.

3.5. Potential biophysical mechanisms and quantitative methods for
the detection of biomolecules

It has been observed that AFP-conjugated Dynabeads on the
GMI biosensor can give rise to an enhanced GMI effect in the
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sensitivity test. This phenomenon is consistent with the early reports
(Kurlyandskaya and Levit, 2005; Chiriac et al., 2007; Chiriac and
Herea, 2007; Yang et al., 2010; Devkota et al., 2013a). Up to now, the
physical mechanism of the enhanced GMI effect caused by the
magnetic beads is still unclear. Several theories (Kurlyandskaya,
2009; Taysioglu et al., 2009; Peksoz et al., 2010; Laurita et al., 2011;
Devkota et al., 2013b) have been proposed to explain the mechanism
of the enhanced GMI effect in the presence of coating. Nevertheless,
we suggest that the rotational magnetic permeability of the sensing
elements is modified by the fringe field, thereby leading to an
increase in transverse permeability; thus, magnetic moment rotation
is the main contribution to the enhanced GMI effect at high
frequency. Further study is needed to better understand the physical
origin of the enhanced GMI effect. However, a reverse trend has been
observed in the specificity test, namely, the GMI ratio showed a slight
reduction at high frequency. Presumably both the Dynabeads dis-
tribution and the measurement error lead to this reduction. After
careful examination, we found that only a small quantity of Dyna-
beads was left on the biosensor, and it was distributed mainly near
the edge of Au film. This phenomenon could be explained in view of
the fact that the immune reaction would not occur by replacing AFP
with BSA, thus, the Dynabeads cannot be securely attached to Au film
and most of them were washed away by PBS, and only a few
Dynabeads were left on the edge of Au film of the biosensor. The
Dynabeads may have an edge effect on the sensing elements, this is
roughly similar to that of our earlier work (Wang et al., 2013) in
which the GMI ratio is greatly reduced since the fringe field appears
near the edge of sensing elements.

At present, it is impossible for us to use this lab-on-chip format
to perform quantitative detection because the GMI sensors fabri-
cated by electroplating have different GMI properties. In order to
quantify the biomarker using different GMI sensors, it is required
to have the same GMI properties in fabricated GMI sensors, while
there are some problems for us to achieve the uniformity of GMI
sensors using the electroplating. Nonuniform solution tempera-
ture, external magnetic field and current density are influential
factors to film uniformity. Perhaps the difference in magnetic
properties of the electroplated NiFe film is the main cause of the
difference in the GMI effect. Therefore, the electroplated films
always have different GMI properties even if they are in the same
batch fabrication. In order to achieve quantitative determination
using this lab-on-chip format, we could choose the sputtered
magnetic film or amorphous ribbon because they have nearly the
same magnetic properties. Previous reports (Devkota et al., 2013a,
2013b; Kurlyandskaya, 2009) about the quantitative analysis of
magnetic beads can be used as references for further investigation
on the quantification of biomarker. In our early work (Wang et al.,
2013), quantitative analysis of Dynabeads was achieved by using a

single GMI sensor. Measuring method can be briefly described as
that PBS containing magnetic beads with the desired concentra-
tion was dropped onto a separate Au film, then the Au film was
fixed on a position very close to the GMI sensor for testing.
Quantitative determination of magnetic beads was obtained in
the linear range of 0.1–5 μg/ml. This method based on the single
GMI sensor may also be useful for the quantification of biomarker.
In a word, GMI sensor is promising for highly sensitive detection of
immunomagnetic bead-labeled biomolecules.

4. Conclusions

In summary, a GMI biosensor was designed, fabricated and tested
as an immunosensor prototype, and a GMI-based MIAwas developed
for the detection of AFP. The GMI biosensor adopted an integrated
design for magnetic biosensing and immune reactions. 11-MUA was
self-assembled and activated on Au film for the immobilization of
AFP monoclonal antibody. Superparamagnetic Dynabeads were con-
jugated to SAM as the magnetic labels of AFP antigens by double
antibody sandwich immunoassay and streptavidin–biotin binding
assay. The GMI-based MIA showed high sensitivity and specificity in
the detection of AFP, and an enhanced GMI effect was observed due
to the bindings of magnetic beads. The results indicate that the GMI
biosensor has potential application in the detection of magnetically
labeled biomolecules. In future work, investigation on the quantifica-
tion of biomarker will be carried out by using highly sensitive GMI
biosensor.
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