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Abstract
The authors describe an integrated microfluidic chip for immunodetection of the prostate specific antigen (PSA) by using giant
magnetoimpedance (GMI) sensor. This chip contains an immunoreaction platform and a biomarker detection system. The
immunoreaction platform contains an incubation chamber and a reactive chamber to implement immunological reaction in
microfluidics. The system can detect PSA rapidly with ultra-high sensitivity. Both are fabricated by MEMS technology.
Immunomagnetic beads (If PSA binds to its antibody (that is labeled with immunomagnetic beads; IMBs) it will be trapped
on the surface of self-assembled film. Trapped IMBs generate a stray magnetic field under the magnetization of the external
applied magnetic field and can be detected by the GMI sensor. The chip can detect PSAwith a detection limit as low as 0.1 ng ∙
mL−1 and works in the 0.1 ng ∙mL−1 to 20 ng ∙mL−1 concentration range. Compared to established GMI biosensors, the magnetic
microfluidic chip reduces assay time, and lends itself to fast detection. It also avoids complex handling steps, enhances reaction
efficiency and decreases experimental errors.
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Introduction

Prostate cancer (PCa) has become the second most common
cause of cancer and is the sixth leading cause of death by cancer
for male in the worldwide [1]. Diagnosis and prognosis of PCa
are in increasing demands and require the development of detect-
ing PCa-related biomarkers sensitively and accurately. Prostate
specific antigen (PSA) is themost reliable tumor biomarker in the
early clinical diagnosis and subsequent treatment of PCa [2]. In
healthy males, the concentration of PSA in serum samples is in

the range of 1 − 4 ng ∙mL−1. For a PSA level of 4 − 10 ng ∙mL−1,
there exists a 22− 27% likelihood of developing PCa, while for
values above 10 ng ∙mL−1, the risk increases to 67% [3].

Many sensitive quantitative detection techniques, for in-
stance, Enzyme Linked Immunosorbent Assay (ELISA) [4,
5], electrochemical immunoassay [6] and bioluminescent
immunoassay [7], have been widely conducted on clinical
sample measurements. In recent years, micro-magnetic sen-
sors have been applied into biosensing chips for the advan-
tages of low background signal, fast response speed, envi-
ronmental friendly and high flexibility [8]. Comparing with
other micro-magnetic sensors (e.g., giant magnetoresis-
tance (GMR) based sensors [8, 9], micro-hall sensors [10]
and micro-fluxgate sensors [11]), giant magnetoimpedance
(GMI) based sensors have the property of ultra-high sensi-
tivity and high detection threshold [12, 13]. So GMI sensors
have attracted much attention of their potential application
in biomarker detection [14]. Up to now, GMI biosensors are
mainly fabricated by soft amorphous ferromagnetic ribbons
[15] and thin films [14, 16]. GMI biosensors fabricated by
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ribbons have the advantages of brief steps and compatible
with biochip in microfabrication process, capable of inte-
grating with immunoreaction platform as well as excellent
magnetic performance.

Immunomagnetic beads (IMB) process excellent
superparamagnetic properties and biocompatibility [16, 17],
which are used as magnetic labels in biomarker detection.
Utilizing magnetic biosensors to detect IMB labeled bio-
markers has generated considerable research interest. One ad-
vantage of IMB is the low background noise in immunoreac-
tion because all other components are essentially non-magnetic.
In addition, IMB induce stray field under the magnetization of
external DC magnetic field and can be detected by magnetic
sensor. As a result, IMB are well applied to magnetic biosens-
ing chip. For high effective immunoreaction of PSA before
magnetic detection, PSA labeled by IMB can be immobilized
on the surface of self-assembled Au film by double antibody
sandwich immunoassay and streptavidin-biotin binding assay.
In biomarker detection system, IMB were employed as mag-
netic labels to generate stray magnetic field and the variation of
magnetic signal was detected by GMI sensor.

Point-of-care (PoC) diagnostics which have the characteristics
of disposability, cost-effectiveness, ease of use and portability,
offer great potential to detect and monitor diseases at resource-
limited settings [18]. Up to now, a few biomarkers have been
detected by traditional GMI biosensing systems [14, 19, 20],
however, these systems are hard to be adapted for PoC testing
for the following factors. First, traditional detectionmethods have
a complex series of steps in immunoassay, so they require com-
plicated operations and are difficult to reach integration in one
chip. Second, owing to solutions are dropwise added on the
reaction Au film, the distributions of IMB labeled biomarkers
on Au film are prone to vary between laboratories and produce
different magnetic signals in different experiments. Thus, it is
difficult to achieve reproducibility in experiment, particularly at
low biomarker concentrations. Third, it is hard to identify the
position relationship between immunoreaction platform and
GMI sensor accurately in separable detection. Therefore, exper-
iment errors caused by the inaccurate position relationship in
magnetic signal test are increased. Based on the discussion
above, an integrated magnetic microfluidic chip requires to be
designed and fabricated to satisfy PoC testing rapidly.

Microfluidics offers the advantages such as analyzing bio-
markers accurately and efficiently, small and constant volume,
short assay time, as well as test platform integrated [21, 22].
Microfluidics-based analysis system is well positioned to con-
tribute in detecting various biomarkers conveniently and holds
promise for further PoC diagnosis. To accomplish PSA
immunodetection rapidly, immunoreaction, IMB labeled
PSA trapping and magnetic signal testing processes are im-
plemented in a microfluidics-based analysis chip.

In our work, an integrated magnetic microfluidic chip was
designed and microfabricated by MEMS technology. This

chip contains an immunoreaction platform and a biomarker
detection system. The chip can detect PSA rapidly, and has
promise in PoC diagnostic applications. In order to implement
immunological reaction in microfluidics, the immunoreaction
platform contains incubation chamber and reactive chamber.
The immunodetection is implemented in microfluidics: PSA
is conjugated with IMB labeled PSA antibody and is trapped
on the surface of self-assembled Au film. Trapped IMB gen-
erate stray magnetic field under the magnetization of the ex-
ternal applied DC magnetic field. The change of impedance
induced by IMB is detected by GMI sensor in biomarker
detecting system. To the best of authors’ acknowledge, this
report describes the first demonstration of a microfluidic chip
using a GMI sensor to detect biomarker.

Methods

Materials and reagents

Photoresist was supplied by AZ Electronic Material Ltd.
(Suzhou, China, https://suzhou0260244.3566t.com/). SU-8
negative photoresist was purchased from Micro Chem
(Wes t bo rough , USA , h t t p : / /m i c r o chem . com / ) .
Polydimethylsiloxane (PDMS, Sylgard 184) was purchased
from Dow Corning (Michigan, USA, https://consumer.dow.
com/). Polyimide was supplied by Beijing POME
Technology Co. Ltd. (Beijing, China, http://www.pome.com.
cn/).

Hydrochloricacid (HCl), acetone and hydrogen peroxide
(H2O2) were sourced from Sinopharm Chemical Reagent
(Shanghai, China, https://www.reagent.com.cn/). Nitric Acid
(HNO3) was purchased from Lingfeng Chemical Reagent Co.
Ltd. (Shanghai, China, http://www.yonghuachem.com/).
Ethanol was purchased from Shanghai Titan Scientific Co.
Ltd. (Shanghai, China, http://www.titansci.com/). Sodium
hydroxide (NaOH) was supplied by Pinghu Chemical
Reagent (Pinghu, China, http://phhg.nbchem.com/).

Human PSA, mouse PSA antibody and biotinylated mouse
PSA antibody were purchased from Linc-Bio Science Co. Ltd.
(Shanghai, China, http://www.linc-bio.cn/). Dynabeads®
Myone™ streptavidin M-280 and DynaMag™-Spin Magnet
were purchased from ThermoFisher Scientfic (Waltham,
USA, https://www.thermofisher.com/). 3-Mercaptopropionic
acid (MPA) was purchased from Shanghai Titan Scientific
Co. Ltd. (Shanghai, China, http://www.titansci.com/). 1-ethyl-
3-[3-dimethylaminoprop-yl] carbodiimide (EDC) hydrochlo-
ride was purchased from Aladdin Chemistry Co. Ltd.
(Bei j ing, China, ht tp: / /www.aladdin-e.com/) . N-
Hydroxysulfosuccinimide sodium salt (NHS) was purchased
from Medpep Co. Ltd. (Shanghai, China, http://www.
medpep.com/). Albumin from bovine serum (BSA) was pur-
chased from Via-gene pro bio Technologies Co. ltd. (Shanghai,
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China, https://www.wegene.com/). Phosphate buffer saline
(PBS) and PBS with 0.05% Tween™ 20 tablets were supplied
by Medicago AB (Uppsala, Sweden, http://www.medicago.
se/). In all experiments, deionized water was used.

Instrumentations

Magnetic-field annealing oven A1241A-JD was purchased
from Shanghai Zhen Dong Engineering and Equipment
Research Institute (Shanghai, China, http://www.
shzhendong.com/). Syringe pump LSP01-1A and LSP02-1B
were sourced from Longer Precision PumpCo. Ltd. (Baoding,
China, https://www.longerpump.com/). Real-time tracking of
biomarkers and magnetic beads was implemented using a
VHX-5000 optical microscope with CCD camera and
image/video recording system (Osaka, Japan, https://www.
keyence.com.cn/). The magnetoimpedance effect was
measured by impedance analyzer Hewlett-Packard (HP)
4194A (California, USA, https://www.keysight.com/).

Design and simulation of magnetic trapping array

To rapidly and efficiently manipulate PSA, the integrated
magnetic microfluidic chip contains immunoreaction platform
and biomarker detection system. The schematic plot of inte-
grated magnetic microfluidic chip is shown in Fig. 1a. In im-
munoreaction platform, double antibody sandwich immuno-
assay was employed for PSA immobilization and
streptavidin-functioned IMB were binding with biotinylated
PSA antibody for labeling as biomarker. Trapping IMB effec-
tively is of great importance to guarantee the efficiency of
antigen-antibody reaction.

On the macroscale, immunomagnetic beads (IMBs) which
essentially act as magnetic dipoles were acted by magnetic
force. Due to the dipole-dipole interaction, IMB tended to
form chains oriented along the magnetic field direction . The

magnetic force Fmag
��!

generated from magnetic field was used
to manipulate the IMBs, which is given by [23].

Fmag
��! ¼ μ f V MP

�!∙ ∇
!� �

Ha
�!

where μf is the permeability of the transport fluid, V and MP

are the mean volume and magnetization of the IMBs, and Ha

represents the applied magnetic field excited by magnets. To
trap IMBs efficiently, not only strong absolute magnetic field
intensity but also large magnetic field gradient is required.
Comparing with a strong but uniform permanent magnet, al-
ternately arranged magnets with opposite polarities next to
each other make a large magnetic field gradient. According
to our work, a large magnetic field gradient is induced by the
alternating arrangement of six permanent magnets, as shown
in Fig. 1b. The magnetic flux density characteristics of

permanent magnet array were simulated by the COMSOL
software. Each side length of magnet is 2 mm. Figure 1c dis-
plays the magnetic flux density of permanent magnet array.

In addition, magnetic ribbon has the property of high per-
meability and high saturation induction. Magnetic sensor fab-
ricated by magnetic ribbon can enhance the trapping force of
IMBs in the microchannel. Figure 1d plots the simulated mag-
netic flux density distribution at the bottom of microchannel.
Strong magnetic field intensity and large magnetic field gra-
dient are mainly induced by the edges of each magnet in the
magnetic array and the edges of magnetic ribbon. Figure 1e
displays the simulated magnetic flux density distribution at
top (500 μm above the surface) of microchannel. The edges
of magnets induce strong magnetic field intensity and the
edges of ribbon produce large magnetic field gradient.

Fabrication of the GMI sensor

Biomarker detection system applies Cobalt-based GMI sensor
fabricated by MEMS technology in PSA detection. Co-based
alloy ribbon with a nominal composition of CoFeSiNiB, has a
thickness of 15 μm. Figure 2a displays Scanning Electron
Microscope (SEM) characterizations of Co-based ribbon and
it can be inferred that the ribbon processes the irregular surface
topography. Before GMI sensor fabrication, the ribbon was
implemented by magnetic field anneal in magnetic-field an-
nealing oven to release the residual stress and reduce the hys-
teresis loss. In this way, the performance of soft magnetic
material was enhanced.

The GMI sensor was fabricated by standard UV photoli-
thography and wet etching technique, which has been de-
scribed elsewhere [24]. As shown in Fig. 2b, the meander-
line structure GMI sensor consists of 3 turns in serial connec-
tion with the strip length 5000 μm, the width 150 μm, and the
interval of strips 450 μm.

Design and fabrication of the integrated magnetic
microfluidic chip

To integrate immunoreaction platform and biomarker detec-
tion system in one magnetic microfluidic chip, Au film was
sputtered on the GMI sensor to implement immunoreaction in
microfluidics. GMI-based magnetic immunoassay which fab-
ricated by sandwich NiFe/Cu/NiFe film with a meander-line
structure has been reported in the detection of biomarkers in
situ testing previously [19]. However, as for the living tech-
nology and condition, it is hard to fix Au film above the GMI
sensor fabricated by soft amorphous ferromagnetic ribbon in a
predefined position. In our work, electroplating position
marks are first adopted to fix GMI sensor in a certain position.
Therefore, the relationship between GMI sensor and Au film
is confirmed. This procedure solves the problem of fixing Au
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film on the GMI sensor, increases the fabrication success rate
and standardizes process flow.

The biomarker detecting system is fabricated by standard
microfabrication technology and Fig. 3 displays fabrication
procedure of magnetic microfluidic chip. The detail processes
are as follows: To start the fabrication of platform, a 100 nm
Cr/Cu seed layer was sputtered on a cleaned glass substrate. A
15 μm photoresist layer was spin-coated onto the seed layer
and patterned using exposure and development. Then, copper
was electroplated on the seed layer as position marks.
Photoresist was removed by acetone and the seed layer was
removed by reactive ion etching (RIE) (Step 1). The patterned
Co-based GMI sensors were glued on the substrate by thin
polyimide and their position was accurately fixed by position
marks (Step 2). After solidification in oven, another thin coat-
ing of polyimide was spin-coated on the wafer, solidified in
oven again and fine polished. Electrodes were microfabricated
using the sequence of sputtering seed layer, lithography,
electroplating copper, spin-coating polyimide and polish,
which is similar to fabrication process of position marks. In

particular, polyimide film was served as an isolating layer
between GMI sensor and biological reactive solution (Step
3). Au film in reactive chamber was fabricated by lift-off tech-
nology: A 5 μm photoresist layer was spin-coated onto the
polyimide film and a 200 nm Au/Cr film was sputtered on the
photoresist. The total area of Au film is 6 mm × 4 mm.
Photoresist was removed by acetone and Au film was
remained above GMI ribbon (Step 4).

In order to implement immunological reaction in
microfluidics, the platform contains incubation chamber
and react ive chamber. Microfluidic channel was
microfabricated using the standard molding technique of
replicating a PDMS structure from an SU-8 mold. SU-8, a
negative photoresist, was spin-coated onto a clean silicon
substrate at a thickness of 500 μm after a 2 h bake above
180°C. The substrate was exposed by UV lithography to
form the desired pattern through a photomask. Once the
mold is complete, PDMS pre-polymer and curing agent
were mixed according to 10:1 by weight and PDMS struc-
ture was formed by pouring the mixed PDMS on the

Fig. 3 Fabrication procedure of
the integrated magnetic
microfluidic chip
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substrate. After thermal coagulation in an oven at 80°C for
30 min, PDMS structure was peeled off from the mold and
cut to a size (Step 5). The picture of the microfluidics
(pumping Safranin T into microchannel) is shown in
Fig. 4a. In order to seal microchannel to the substrate, a thin
PDMS film was spin-coated (spin speed of 5000 rpm for
30 s) on the biomarker detecting system and coagulated in
an oven at 80°C for 30 min. PDMS film covering Au film
was removed and other space was retained to reinforce the
interaction between microchannel and biomarker detecting
system. The PDMS microchannel was bonded to the device
above after oxygen plasma treatment.

For PDMS has well bonding strength with glass substrate,
magnet array was fixed into PDMS and bonded on the reverse
side of glass substrate (with substrate thickness, h = 1mm).
The distance and position between magnet and magnetic rib-
bon can be changed via adjusting the thickness and bonding
space of PDMS film (Step 6).

Microfluidic sandwich immunoassays

The processes of microfluidic sandwich immunoassay are
shown in Fig. 5. Double antibody sandwich immunoassay
and streptavidin-biotin binding assay are used for capturing
and labeling PSA. Four major steps are employed in
microfluidic sandwich immunoassay:

1. Preprocess Au film to form self-assemble monolayer: Au
film was preprocessed before bonding the microchannel
to biomarker detecting system. The Au film on biomarker
detecting system was ultrasonic cleaned by 1 M NaOH,
1 M HCl, alcohol and deionized water, respectively. To
form a self-assemble monolayer on the surface of Au
biomarker detecting film, thiols was adsorbed onto the

surface of Au film by incubating in 30 mMMPA solution
at room temperature for 3 h. The Au film was then flushed
with ethanol and deionized water. The biomarker detec-
tion system was treated with a solution of 0.2 M EDC and
0.05 M NHS for 40 min at room temperature for activa-
tion. Then the activated film was washed with PBS
(saline) and dried in air.

2. Immobilization of PSA antibody: Before microfluidic
process, PSA antibody was labeled with streptavidin-
functionalized IMB. The detail processes are as follows:
First, streptavidin-functionalized immunomagnetic beads
IMBs were diluted with PBS to obtain the concentration
of 100 μg ∙mL−1. Biotinylated PSA antibody was diluted
with PBS to obtain the concentration of 1 mg ∙mL−1.
20 μL IMB was mixed with 20 μL PSA antibody and
incubated at 37°C in thermostatic water bath for 40 min.
Five times of magnetic separation were carried out using
DynaMag™-Spin Magnet to remove excess biotinylated
antibody and solution. Finally, 100 μL immobilized PSA
antibody solution was extracted and reserved at 4°C.

3. Immobilization PSA antibodies onto Au film and
blocking: After bonding the microchannel with biomark-
er detecting system, 12 μL PSA antibody solution with a
concentration of 1mg ∙mL−1 was pumped into the reac-
tive chamber using Syringe pump and incubated at 37°C
for 1 h. Au film was washed by pumping PBS (including
1% BSA and 0.05% Tween 20) into reactive chamber.
Next, to block the nonspecific adsorption sites, 12 μL
BSA solution (including 1% BSA) was pumped into the
chamber and incubated at 4°C for 2 h. Unreacted BSA
was washed by phosphate buffered saline (PBS).

4. Immunoassay in microfluidics: In order to implement im-
munological reaction in microfluidics, the immunoreac-
tion platform contains incubation chamber to conjugate
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PSAwith immobilized PSA antibody, and reactive cham-
ber to trap IMB then capturing PSA.

a) Conjugate PSA with immobilized PSA antibody in
incubation chamber: PSA was diluted with PBS to a
series of concentrations (0.1 ng ∙mL−1 − 100 ng ∙
mL−1). Immobilized PSA antibody solution was
pumped into the microchannel from Inlet 1 through
Teflon tubing and PSA was pumped into the
microchannel from Inlet 3. The temperature of incu-
bation is 37°C and detail parameters such as design of
tortuous incubation chamber, flow rate and volume of
reactive solutions are discussed in BCharacters of
microfluidic immunoreaction platform^ section.

b) Trap IMB and capture PSA: Conjugated PSA was
pumped into reactive chamber and trapped on the
surface of Au film due to the magnetic force between
IMB and permanent magnet array. PBS was
completely pumped into and filled with reaction
chamber from Inlet 2 after removing magnet array.
The chip was then incubated at room temperature
for 1 h and unimmobilized IMB were washed out
with PBS. The sample was prepared for the detection
experiments. Figure 4b displays the micrographs and
immunodetec t ion method of microf lu id ic
immunoassay.

PSA trapping and analytical system

Trapped IMB was employed as magnetic labels of PSA to
generate stray magnetic field and cause a disturbance under
the magnetization of the external applied DC magnetic field.
In biomarker detection system, the basic principle is, by using
GMI sensor, detecting the variation of magnetic signal which
caused by IMB labeled PSA.

During the experiment, two electrodes of GMI sensor
were connected to the Impedance Analyzer. The funda-
mental of GMI effect is that the AC impedance in soft
magnetic materials changes significantly with the variation
of external DC magnetic field [25, 26]. The AC current
was injected into the GMI sensor with the frequency of
0.1 − 40 MHz at a constant amplitude of 10 mA. For the
maximum transverse GMI ratio is much less than longitu-
dinal GMI ratio in meander-structured GMI sensor [27],
external magnetic field of 0 − 80 Oe was applied in longi-
tudinal direction. Under the external magnetic field mag-
netization, the direction of stray magnetic field produced
by IMB is opposed to the external field. GMI effect was
represented by the relative variation of impedance, which
is referred to as GMI ratio: GMI ratio (%) = ΔZ/
Zmax = [Z(Hex) − Z(Hmax)]/Z(Hmax) × 100%, where Z(Hex)
is the impedance under external magnetic field Hex, and
Zmax is the impedance under the maximum external

Fig. 5 The processes of microfluidic sandwich immunoassay
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magnetic field Hmax. In this way, PSA can be monitored by
detecting the change of GMI ratio using GMI sensor.

Results and discussions

Characters of microfluidic immunoreaction platform

It is well known that response time and reaction efficiency are
two of the main influence factors in immunoassay. Therefore,
decreasing assay time and enhancing reaction efficiency are of
great importance for PoC testing. In microfluidic immunore-
action, reactants inside the microchannel have large surface-
to-volume ratio. Shorter reaction time and higher reaction ef-
ficiency give this platform obvious advantages over traditional
GMI sensors. Besides, circuitous channel increases reaction
rate and efficiency in immunoassay.

According to our design, the volume of tortuous incubation
chamber is approximately 13 μL. To acquire the optimum
reaction efficiency, IMB-labeled PSA antibody solution was
pumped into the microchannel from Inlet 1 through Teflon
tubing at the flow rate of 25 μL ∙ h−1and PSA was pumped
into from Inlet 3 at the rate of 15 μL ∙ h−1. Therefore, the time
of incubation is 19.5 min, which is suitable for conjugating
PSA with antibody. Besides, hydrodynamic drag force is far
smaller than magnetic force produced by magnetic trapping
array when the flow rate is not high enough. In this way, it
meets the needs of trapping IMB labeled PSA in microfluidics
efficiently. The volume of immobilized PSA antibody solu-
tion is 50 μL and the volume of PSA is 30 μL. After immu-
noreaction in the reactive chamber, some of the
unimmobilized IMB which affect test and analysis were
remained in the reactive chamber. Phosphate buffered saline
was pumped into the reactive chamber from Inlet 2 to wash
out unimmobilized IMB.

Property of magnetic sensors

In our work, immunomagnetic beads were detected by GMI
sensor to confirm the reliability of the biochip before PSA
immunoassay. Then, PSAwas detected by integrated magnet-
ic microfluidic chip. During IMB detection, under the magne-
tization of external DC magnetic field, IMB generated stray
magnetic field and caused a field disturbance. This distur-
bance can be detected utilizing meander-line structure GMI
sensor by the variation of GMI ratio. And in PSA
immunodetection by magnetic microfluidic chip, trapped
IMB were employed as magnetic labels of PSA to cause a
field disturbance. The variation of magnetic signal caused by
IMB labeled PSAwas measured by using GMI sensor.

As mentioned above, each GMI sensor is integrated into
the biochip and hard to separate after measurement. To avoid
two experiments interfered with each other, two meander-line

structured sensors, namely Sensor-1 and Sensor-2, were cho-
sen for capturing IMB and PSA rather than using single sensor
for all samples testing. Two GMI sensors were fabricated into
same structure and the detail microfabrication process of GMI
sensors is provided in BFabrication of the GMI sensor^
section.

The influence of driving AC frequency and the external DC
magnetic field intensity on GMI response was evaluated by
Impedance Analyzer to determine optimum experiment pa-
rameters using Sensor-1. The impedance change of GMI sen-
sor is little after magnetic field intensity reaches above
150 Oe. In this way, 150 Oe is used as the maximum field
intensity Hmax in GMI ratio calculation (Hmax = 150 Oe).
Figure 6a shows the frequency dependences of GMI ratio
for the magnetic sensor under different magnetic field inten-
sities. To acquire the maximum GMI ratio, which represents
the optimum magnetic property in GMI sensor, an external
magnetic field intensity of 0 Oe − 80 Oe is applied along lon-
gitudinal direction of the meander-structured GMI sensor.
Obviously, there is a slight change of impedance under weak
external magnetic field (<5 Oe) and impedance decreases with
the increase of driving frequency. However, under relatively
strong external field (≥10 Oe), as driving frequency increases,
GMI ratio increases sharply and decreases slightly. Figure 6b
displays the field dependence of GMI ratio with the frequency
from 0 MHz to 40 MHz. With the increase of magnetic field
intensity, GMI ratio increases sharply before magnetic field
reaches saturation and has a small decrease after saturation
field. The optimum GMI ratio is acquired around saturation
field.

Biomarker detection system for immunomagnetic
beads detection

In this GMI sensor, the immunomagnetic beads (IMB) are
supposed to be fully magnetized in order to be detected sen-
sitively. The saturation magnetization of Dynabeads®
Myone™ streptavidin M-280 is 14 kA · m−1, so IMB have
not achieved saturation when external magnetic field intensity
is not more than 80 Oe. In order to achieve significant mag-
netic flux density, external field applied on IMB should gen-
erate strongest possible stray magnetic field. However, when
the intensity of external field is more than 50 Oe, GMI ratio
has a tendency to decrease. In this way, the applied external
field was 50 Oe in Sensor-1.

Next, the immunomagnetic beads were pumped into
microchannel, trapped by permanent magnet in reaction
chamber and detected by GMI sensor. Figure 7a displays the
SEM characterization of IMB sample. To acquire the GMI
ratio at different concentrations, IMB solutions with a series
of concentrations (0.1 μg ∙mL−1, 1 μg ∙mL−1, 10 μg ∙mL−1

and 100 μg ∙mL−1) were diluted by phosphate buffered saline,
respectively. The volume of the IMB solution was 10 μL.
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Figure 7b shows the frequency dependence of GMI ratio
with different IMB concentrations under 50 Oe. At low driv-
ing frequency (≤10 MHz), GMI ratio decreases when IMB
sample, especially low concentration, was pumped into the
reactive chamber. At high driving frequency (≥15 MHz),
GMI ratio is considerably increased with the increase of
IMB concentration. Two main factors are considered in IMB
detection: the stray magnetic field induced by IMB, and mag-
netic moment rotation at high frequency. The direction of stray
magnetic field is opposed to the external magnetic field under
external field magnetization, as a result, stray field decreases
the response of GMI sensor. However, enhanced magnetic
moment rotation can raise transverse permeability, so that
GMI property increases. At low frequency, the stray magnetic
field induced by IMB decreases GMI ratio when IMB con-
centration is low and the magnetic moment rotation is not
evident. With the increase of IMB concentration, the impact
of magnetic rotation is more significant than the impact of
stray magnetic field, which increases the response of GMI
sensor. When IMB concentration achieves 100 μg ∙mL−1,
stray magnetic field and magnetic moment rotation nearly
offset each other in the effect on GMI property. When driving

frequency achieves high frequency, strong rotational magne-
tization takes the dominant position. The effect of rotational
magnetization on IMB with high concentration is more evi-
dent than with low concentration. Therefore, GMI ratio is
considerably increased with the increase of IMB
concentration.

The external field dependence of GMI ratio under the fre-
quency of 23 MHz with different concentrations is shown in
Fig. 7c. Under weak magnetic field (≤5 Oe), the difference
between IMB samples with different concentrations and con-
trol group is small, which is probably attributed to two reasons:
the sensitivity of GMI sensor is relatively low and the magne-
tization of IMB is not large enough to generate strong stray
field. Nevertheless, under strong external magnetic field (30
− 60 Oe), the signal difference between IMB samples with
different concentrations and control group is evident and this
finding may be attributable to the following factors. First, the
transverse permeability is increased due to the strong rotational
magnetization in the presence of strong external magnetic field
[26]. Second, with the increase of external field, IMB tend to be
saturation and the stray magnetic field is relative large. From
the measurement results, the signal difference between IMB
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sample and control group is obvious around saturation magnet-
ic field. Furthermore, GMI ratio increases with the increase of
IMB concentration. The sensitivity of GMI sensor is ultrahigh
and a minimum detectable concentration of 0.1 μg ∙mL−1 has
been achieved. Besides, the linear fitting result of GMI ratio
and IMB concentration by performing 5 independent measure-
ments is shown in Fig. 8. The fitting curve is Y = 1.92X +
100.24, in which X presents the concentration and Y presents
GMI ratio. Hence, it is expected to detect IMB in biomarker
detection system.

PSA detection by integrated magnetic microfluidic
chip

As mentioned above, immunodetection of PSA sample is of
significance for PCa detection. Five test samples with PSA
concentration of 0 ng ∙mL−1, 0.1 ng ∙mL−1, 1 ng ∙mL−1,
5 ng ∙mL−1 and 20 ng ∙mL−1 were prepared respectively and
Sensor-2 was chosen for PSA detection. Similar to the mea-
surement in Sensor-1, the optimum parameters were evaluated
in Sensor-2. The optimum driving AC frequency is 35 MHz
and the applied external magnetic field is 20 Oe. Samples
were pumped into biochip and their impedances were de-
tected by Impedance Analyzer in turn. Figure 9a displays
the external field dependence of GMI ratio at the frequency
of 35 MHz with a series of PSA concentrations, especially
under the external field from 5 Oe to 50 Oe. And Fig. 9b

shows SEM characterization of IMB labeled PSA sample.
GMI ratio is overall increased due to the increase of PSA
sample concentration because the concentration of PSA
bonded IMB raises. A concentration of 0.1 ng ∙mL−1 was
successfully detected by GMI sensor, which can be used
for further quantitative analysis. The linear fitting result of
GMI ratio and PSA concentration by performing 5 inde-
pendent measurements is shown in Fig. 10. The fitting
curve is Y = 0.80X + 76.16, in which X presents PSA con-
centration and Y presents GMI ratio. A relative standard
deviation (RSD) of 0.25% was obtained on 1 ng ∙mL−1,

Fig. 8 The linear fitting result of GMI ratio and IMB concentration

Fig. 7 a The SEM characterization of immunomagnetic beads (IMB) sample. b Frequency dependence of GMI ratio with different IMB concentrations
under 50 Oe. c External field dependence of GMI ratio under the frequency of 23 MHz with a series of IMB concentrations
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which indicated an acceptable reproducibility in this chip.
Besides, according to the previous works in our group [14],
GMI biosensor system shows excellent stability after stor-
age in a refrigerator at 4°C for 30 days (the GMI biosensor
retained about 98.93% of its initial response).

The specificity of this integrated chip for PSA
immunodetection was tested via an interference experiment.
The specificity investigation of the integrated magnetic
microfluidic chip for PSA detection is shown in Fig. 11.
When immunodetection with interfering agents in interference
experiment, such as carcino-embryonic antigen (CEA) and
alpha fetoprotein (AFP), no significant difference was found
in comparison with the blank control. And the difference be-
tween free PSA and blank control without immunodetection is
not obvious.

In comparison with traditional biomarker detecting
methods using magnetic sensors [14, 28, 29], there are four
main advantages in integrated magnetic microfluidic chip:

First, this chip can avoid complex steps and complicated op-
erations in immunoassay. Second, the surface-to-volume ratio
is increased resulting in reducing assay time and enhancing
reaction efficiency because the immunoassay is reacted inside
the microchannel. Third, the distance between IMB trapping
system and GMI sensor in integrated magnetic microfluidic
chip is shorter than the distance by separated detection [29].
As a result, stray magnetic field induced by IMB is stronger in
integrated chip. This can, in turn, increase the detection sen-
sitivity to biomarkers. Forth, the position relationship between
immunoreaction platform and magnetic sensor is accurate,
which avoids error in magnetic signal testing. Besides, in
comparison with dropwise adding PSA on the substrate,
PSA is distributed relatively in order in microfluidic chip
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Fig. 11 Specificity investigation of the integrated magnetic microfluidic
chip for PSA detection: (N0) blank control, (N1) CEAwith the concen-
tration of 1 ng ∙mL−1, (N2) AFP with the concentration of 1 ng ∙mL−1,
(N3) free PSA with the concentration of 1 ng ∙mL−1, (N4) PSA labeled
IMB with the concentration of 1 ng ∙mL−1
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due to the magnetic force between IMB and permanent mag-
net array. Thus, experiment error resulted from IMB clutter
distribution is decreased.

The comparison of integrated magnetic microfluidic chip and
different methods recently reported for PSA immunodetection is
shown in Table 1. Integratedmagneticmicrofluidic chip provides
a relatively effective PSA detecting performance. In comparison
to other methods in PSA immunodetection [30–36], this chip
does not have the lowest detection limits. However, by using
an integrated magnetic microfluidic chip, IMB labeled PSA ma-
nipulation, immunoreaction and detection are integrated in one
analysis platform. This chip can be adopted to single-step test
when serum samples or PBS solutions contain PSA. Specifically,
the response time of the biomarker detecting system is less than
5 s. The entire PSA immunodetection period, including PSA
samples immunoassay procedures and detection steps, can be
accomplished in less than 40 min by using an integrated
microfluidic chip. This chip shows the advantages of rapid de-
tection and reduction of test steps. In addition, our proposed chip
is convenient to bemanipulate, can beminiaturized, and involves
no requirement for a lab. On account of these advantages, our
integrated magnetic microfluidic chip meets the requirement of
clinical PoC diagnostics.

However, to many biochips based immuno-capture based
assays [37], there are some challenges in real sample detection,
such as repeatability and reusability. The linear fitting of GMI
ratio and PSA concentration is not complete, especially when
the concentration is different a little. In order to achieve better
linear fitting and detection limit, we focus on improving perfor-
mance of GMI sensor and the efficiency of immunoreaction. In
addition, the magnetic property of each GMI sensor in integrat-
ed magnetic system is not same due to microfabrication tech-
nology limitation. We are carrying on some ways to solve it,
such as using laser cutting instead of chemical etching during
meander-line structure GMI sensor fabrication and sputtering
Au on polyimide film sticky tape by lift-off technology which
can be removed conveniently after immunoreaction.

Conclusion

This paper introduce an integrated magnetic microfluidic chip
based on using GMI sensor to detect PSA rapidly. The results
clearly demonstrate that this integrated chip has potential ap-
plications in the field of biomarkers manipulation and detec-
tion, and is a promising candidate for the future PoC diagnos-
tics. This integrated magnetic microfluidic chip reduces com-
plex steps, avoids complicated operations and decreases assay
time. Besides, this chip enhances immunoreaction efficiency
and decreases the experiment error. The sensitivity of integrat-
ed chip can be fur ther enhanced by developing
microfabrication technology to increase repeatability,
employing high performance magnetic material to improveTa
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GMI sensor sensitivity and enhancing the efficiency of immu-
noreaction during immunodetection. In future study, we will
focus on enhancing the sensitivity of integrated magnetic
microfluidic chip and expanding the integrated system to de-
tect biomarkers in real samples.
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