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Abstract This paper presents a contactless detection method
for detecting prostate specific antigen with a giant magnetore-
sistance sensor. In contactless detection case, the prostate spe-
cific antigen sample preparation was separated from the sen-
sor that prevented the sensor from being immersed in chemi-
cal solvents, and made the sensor implementing in immedi-
ately reuse without wash. Experimental results showed that
applied an external magnetic field in a range of 50 Oe to
90 Oe, Dynabeads with a concentration as low as 0.1 pg/mL
can be detected by this system and could give an approximate
quantitation to the logarithmic of Dynabeads concentration.
Sandwich immunoassay was employed for preparing PSA
samples. The PSA capture was implemented on a gold film
modified with a self-assembled monolayer and using biotinyl-
ated secondary antibody against PSA and streptavidinylated
Dynabeads. With DC magnetic field in the range of 50 to
90 Oe, PSA can be detected with a detection limit as low as
0.1 ng/mL. Samples spiked with different concentrations of
PSA can be distinguished clearly. Due to the contactless de-
tection method, the detection system exhibited advantages
such as convenient manipulation, reusable, inexpensive, small
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weight. So, this detection method was a promising candidate
in biomarker detection, especially in point of care detection.
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1 Introduction

With the first type of magnetic biosensor was developed by Kriz
(Kriz et al. 1996), Magnetic biosensor have gain more increasing
interests from scientists and researchers due to their possess a
number of advantages such as low molecules detection limits,
flexibility and the direct availability of an electronic signal suit-
able for further automated analysis. This makes magnetic biosen-
sors a promising choice for the detection units of future wide-
spread and easy to use lab-on-a-chip systems or biochips
(Issadore et al. 2014). Since the idea of using a giant magnetore-
sistance (GMR) in combination with magnetic beads working as
magnetic labels for detecting molecular recognition events (anti-
gen—antibody interaction, ligand—receptor binding) has have
been successfully applied to the detection of biological events
(Baselt et al. 1998; Edelstein et al. 2000; Rife et al. 2003) in the
form of protein (Graham et al. 2003; Ferreira et al. 2003; Mujika
et al. 2009), pathogenic bacteria (Arana et al. 2009) and DNA
assays (Miller et al. 2001; Schotter et al. 2004) with great speed,
sensitivity, selectivity and economy. The resistance of a GMR
sensor changes with the traditional magnetic field applied to the
sensor, so a magnetically labeled biomarker can induce a signal.
Compared with the traditional optical detection now widely used
in biomedicine, GMR sensors are more sensitive, portable and
give a fully electronic readout (Zhi et al. 2014). Compared to the
superconducting quantum interference device (SQUID)-based
ultrasensitive magnetic bio-detection (Chemla et al. 2000; Lee
et al. 2002), the GMR technology has advantages of room-

@ Springer


http://dx.doi.org/10.1007/s10544-016-0084-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s10544-016-0084-9&domain=pdf

60 Page?2 of7

Biomed Microdevices (2016) 18: 60

temperature operation, less complex instruments, and hence more
portable and flexible implementation.

However, in the present biomarker detection methods
based on GMR sensor, the sensors surface almost require
modified by chemical and bio solutions for biomarker capture
(Graham et al. 2003; Ferreira et al. 2003; Mujika et al. 2009;
Arana et al. 2009; Miller et al. 2001; Schotter et al. 2004; Zhi
et al. 2014), that led to the sensor can did not avoid being
contaminated and damaged by chemical reactive layer during
the biomarker preparing, although there was some protective
layer such as SiO,, SizN, (Ferreira et al. 2003; Mujika et al.
2009; Arana et al. 2009; Zhi et al. 2014). Secondly, the sensor
needs to wash for reuse (Schotter et al. 2004; Zhi et al. 2014);
that is not convenient for successively detecting in practical
application. In addition, biochips based GMR need to be in-
tegrated into a LTAS structure, including microfluidic pumps
for low flow velocities; this increases production costs for the
chips, often preventing a successful market introduction.

As a mature magnetic sensor, GMR has found an increas-
ingly wide utilization in industry fields such as position, dis-
tance, speed, angle, sense of rotation detection, almost those
detections were contactless (Rieger et al. 2001). In contactless
detection case, the GMR sensor can avoid being immersed in
many chemical solutions, keep more stability and reusability;
make the detection conveniently and easily, the detection sys-
tems can be enhanced more Industrialization and automation.

Prostate cancer is the second most common cause of cancer
and the sixth leading cause of death by cancer among the male
population worldwide (Gronberg 2003). Currently, prostate spe-
cific antigen (PSA) is the most reliable tumor biomarker for pros-
tate cancer diagnosis and for monitoring disease recurrence (Ozen
and Sozen 2006). A total PSA of 4 ng/mL (more recently 2.5 ng/
mL) is a highly probable indication for prostate cancer (Linton
et al. 2003). Until now, several methods including enzyme-linked
immunosorbent-assay (ELISA) (Matsumoto et al. 1999), chemi-
luminescent immuno-assay (Zhao et al. 2009), bioluminescent
immunoassay (Ito et al. 2007) and electrochemical immunoassay
(Chuah et al. 2012) have been conducted on clinical serum sam-
ple measurements. Although those methods are reliable and pre-
cise, it was time consuming, requires complex equipment and
trained personal, not convenient for large-scale use in developing
country (Devkota et al. 2015). So, it is still a critical demand on
simple, low cost, portable, convenient manipulating detection
technology for the earlier and sensitive profiling of PSA.

In this paper, we developed a contactless detection method
using a GMR-based biosensor system. GMR sensor was fab-
ricated by microfabrication. The contactless detection method
was investigated. Dynabeads samples with different concen-
trations (0.1 ug/mL, 1 pg/mL, 5 pg/mL and 10 pg/mL) were
prepared to characterize the performance of the detection sys-
tem. Combined with double-antibody sandwich assay, the de-
tection and quantification of PSA antigens with different con-
centrations were performed by the biosensor.
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2 Experimental details
2.1 Fabrication of GMR sensor

The photograph of the fabricated GMR sensor is shown in
Fig. 1. The GMR sensor used in our experiment has a top spin
valve structure: Si/Ta(5)/seedlayer/IrMn(8)/ CoFe(2)/Ru(0.8/
CoFe(2)/Cu(2.3)/CoFe(1.5)/Ta(3), all numbers in parenthesis
are in nanometers. Each chip sensor consists of 200 strips in
serial connection. Each strip has an electrical active area of
300 pm x 3 pum.

The manufacturing process consisted of the following
steps: The sensor fabrication started with the spin valve thin
film deposition on a 3-in. silicon wafer with the pinned mag-
netization (Mp) set in a selected direction. This selected direc-
tion will make Mp aligned in the width or transverse (y) di-
rection of the patterned spin valve sensors, as illustrated in
Fig. 1. E-Beam lithography (Hitachi HL-700F) was used to
pattern sensor stripes on a submicron scale. After stripping off
the e-beam resist, optical lithography was used to overlay
leads pattern on the spin valve sensor stripes. Thick
(150 nm) Cu layer was then deposited on the wafer by ion
beam deposition. Electrical leads and pads to the spin valve
sensors were formed after lift-off. To protect the sensors and
leads from corrosion, one passivion layer of SiO, 80 nm) was
deposited on top of the sensors and leads, exposing pad area.
Figure 1 shows the optical micrograph of a fabricated spin
valve sensor. Figure 2 shows the Fabrication steps of the
GMR sensor.

2.2 Contactless detection system based on GMR

Here, “contactless” means the biological sample such as
CEA, AFP was modified on the surface of a small glass in-
stead of the surface of GMR sensor as shown in Fig. 2b.
Figure 2a shows the biomarker labeled by Dynabeads was
captured on the sensor surface.

The contactless detection system includes three parts,
detection circuit, GMR sensor system, external magnetic
field system. Keithley 4250 Source-Measure was used
for powering and detecting the signal of the GMR sen-
sor, GMR sensor system including GMR sensor and
biological sample, external magnetic field was produced
by Helmholtz coil, and the intensity of magnetic field
was controlled via a current that generated form DC
power supply.

The GMR detection was performed in the in-plane DC
mode with the external magnetic field H applied in the
transverse direction as shown in Fig. 3. The Dynabeads
detection was performed in the two modes. The first mode
was with the magnetic excitation field He,, applied in the
transverse direction as shown in Fig. 3a; the second mode
was with the magnetic excitation He,, was perpendicular
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Fig.1 aPhotographs of fabricated GMR sensor consists of 200 spin valve strips in serial connection, the strip with width of 3 pm and length 0300 pm;
b Fabrication steps of the giant magnetoresistance (GMR) sensor by standard microfabrication

to the sensor surface as shown in Fig. 3b, the GMR sensor
was placed in the center of the Helmholtz coil, and the
sample was placed on the surface of sensor, the gold film
of the glass which captured the Dynabeads was covered
on the surface of sensor as shows in Fig. 3b. A Helmholtz
coil was used to provide a DC magnetic field ranging up
to 90 Oe and perpendicular to the sensing strips of GMR
sensor. In addition, in Fig. 3a, Hey was the H. We have
measured the performance of GMR sensor under the two
modes; we found that there was a clear output signal in
Fig. 3a mode. However, there was very small output sig-
nal form the Fig. 3b mode. This may due to the weak
magnetic field induced from Dynabeads was low, and
the Hexer increasing the magnetic anisotropy of free layer
in the longitudinal direction (Wang and Li 2008). So,
Fig. 3a mode was employed for Dynabeads detection.

3 Results and discussion
3.1 Detection of dynabead by GMR sensor

A 1 pA DC signal was generated by the Keithley
4250 Source-Measure and fed into the GMR sensor,
and an R-H loop of the sensor obtained at room tem-
perature. The basic resistant was 29.73k(). The maxi-
mum MR ratio was defined as (R.x —Rp)/Rg, was
equal to 10.1 %.

Dynabeads in this work was purchased from Invitrogen
with a diameter of 1 pm. The process of Dynabead capture
was achieved on a small glass which deposited an Au film on
the surface. Dynabeads solutions with concentrations of
0.1 pg/mL, 1 pug/mL, 5 pg/mL and 10 pg/mL were respec-
tively dropped on 4 Au films, and the quantity of each solution
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Fig. 2 a Present detection method based GMR sensor that the sensor
surface was need modification for capture biomarker; b Contactless
detection method based on GMR sensor, the biomarker was captured
on a small glass, the area of the small glass was equal to the GMR
strips area

was 10 pL. Figure 4 shows the Scanning Electron Microscopy
(SEM) photographs of the 10 pg/mL.

The basic principle on which magnetic bead detection
based was that when Dynabeads (on the surface of gold film)
was exposed to the dc magnetic field, a magnetic dipole was
induced in the magnetic beads aligned to the external DC
field. The field in the in-plane case was mostly unidirectional
and opposite to the external DC field. So, in this case, the
presence of magnetic beads can decrease the effective DC
magnetic field experienced by the GMR sensor, and conse-
quently alters the measured results of the sensor. Figure 3
shows the curves representing the relationship between output
signals and external magnetic field under the influences of
Dynabeads with different concentrations.

As evident from Fig. 4, there is no significant change in the
GMR ration under weak magnetic fields less than 30 Oersted
(Oe). This might be due to the fact that the external magnetic

Fig. 3 a Detection mode of
Dynabeads by GMR sensor with
the Hey was in plane of the
sensor; b Detection mode of
Dynabeads by GMR sensor with
the Hy, was perpendicular to the
sensor surface
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Fig. 4 Dynabeads (1 pm) were detected by this GMR bio-sensing
system with the external magnetic field was up to 90 Oe, and
concentrations of Dynabeads within the range of 0.1 pg/mL, 1 pg/mL,
5 pg/mL and 10 pg/mL)). Label(x) was external magnetic field (Oe);
Label (Y) was ratio of resistance change about GMR sensor (%)

field was very weak, resulting in very low-level magnetization
of Dynabeads; hence, the induced magnetic field was too weak
to affect the GMR sensing elements. For the field ranging from
30 Oe to 40 Oe, these GMR ratios were almost equal to each
other for the sample concentrations of 0.1-5 pg/mL; but the
difference between 5 pg/mL and 10 pg/mL was not enough
pronounced for biomarker detection. For the field ranging from
50 Oe to 90 Oe, we observed a clear difference between the
curves of different Dynabeads concentrations. It indicates that
Dynabeads with different concentrations can be distinguished
from others by this biosensor system based GMR.

Compared with detection method that the biomarker was
captured on the sensor surface, this detection method was
convenient and easy to manipulate, low power and costs, im-
mediately reuse without clean. However, this method has rel-
atively low sensitivity. In our opinion, there was a small gap
between the sensor and the sample results from the contact
was rigidity; secondly, the influence of the weak magnetic
fields induced by Dynabead to GMR sensor also plays a

f/, a— n
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significant role in detection performance, the influence is up to
the distance between the Dynabead and the sensitive element
(GMR strips) (Li and Wang 2004; Wang et al. 2005). So, if the
sensor’s protect layer (such as SiO,) was significantly reduce
from the utilization of MEMS technologies, that can be further
enhanced to further improve the detection capability of this
detection method.

3.2 Detection of PSA by GMR sensor

Double-antibody sandwich assay was employed for PSA sam-
ple preparation that process was achieved on a small glass
with the area was equal to the detection area of the giant
magnetoresistance sensor. The experiment details were elab-
orated in supplement material. Six test samples with different
PSA concentrations, 0 ng/mL(BSA), 0.1 ng/mL, 0.5 ng/mL,
1 ng/mL, 5 ng/mL and 10 ng/mL, were prepared and labeled
as sample 1, 2, 3, 4, 5 and 6 respectively. Additionally, we
prepared five copy samples for each concentration, and each
sample was tested for three times. Figure 5 shows the change
in the MR in presence of the external magnetic field ranging
from 40 Oe to 90 Oe; a clear difference is evident in the MR in
presence of PSA labeled by Dynabead. Furthermore, each
sample can clearly be distinguished, thus verifying the feasi-
bility of the contactless detection method based GMR sensor
in detecting the pathogen. However, as evident from Fig. 5,
the MR signals of sample (1) and sample (2) are almost indis-
tinguishable at the external magnetic field less than 40 Oe.
Therefore, employing our newly developed GMR-based

| =——without
0.1 ng/ML|
e 0.5 /ML
10.04/=—1 ng/mL

=10 ng/mL

H (Oe)

Fig. 5 The MR of the GMR bio-sensing system in absence of PSA
sample. Double antibody sandwich immunoassay and streptavidin—biotin
binding assay were employed for immobilizing and labeling of PSA with
the concentrations of 0.1 ng/mL, 0.5 ng/mL, 1 ng/mL, 5 ng/mL and
10 ng/mL. From the inset figure, each sample can clearly be distinguished
in presence of the external magnetic field ranging from 40 Oe to 90 Oe;
Label(x) was external magnetic field (Oe); Label (Y) was the ratio of
resistance change about GMR sensor (%)

immunosensor, one can detect and quantify PSA from any
sample containing >0.1 ng/mL PSA labeled with Dynabeads
in presence of an applied DC magnetic field ranging from
40 Oe to 90 Oe.

In other words, the minimum detectable limit of this GMR
based sensor for PSA is 0.1 ng/mL, and the samples contain-
ing different PSA concentrations can clearly be distinguished
from others. This newly developed GMR based contactless
detection technique exhibits lower minimum detection limit
compared with the reported minimum detectable PSA concen-
tration of 1 ng/mL achieved by the electrochemical impedance
spectroscopy (Jolly et al. 2015) and 4.5 ng/mL achieved by
dark field microscopy.(Poon et al. 2014) Although the mini-
mum detectable concentration of 0.24 ng/mLhas been
achieved by biosensors based on electrochemical sensor
(Kokkinos et al. 2013), our GMR sensor is convenient for
manipulation and reusable without cleaning. In the experi-
ment, due to the PSA capture was achieved on the small glass
surface; in comparison to the other biosensors based on GMR
that the sensor ‘s surface need functionalization (Ferreira et al.
2003; Mujika et al. 2009; Zhi et al. 2014; Tondra et al. 2002)
the surface of our sensor does not need chemical modification
for capturing target biomarker, thus preventing contamination
and damage by chemical reactive layer of samples. Thus, this
new GMR based immunosensor not only possesses good sta-
bility, it also offers rapid, convenient sample change. In addi-
tion, the small glasses can be arrayed for automation detection
with the GMR as the detector. Considering this special detec-
tion performance, this biosensor system can be a promising
candidate for clinical PSA or other biomarkers detection, es-
pecially in the point of care application.

A relative standard deviation (RSD) of 0.95 % for 8 suc-
cessive measurements (1 ng/mL) was observed, which indi-
cates good reliability and stability of measurement results.
Specificity tests were carried using carcinoembryonic antigen
(CEA), alpha-fetoprotein (AFP) instead of PSA antigens. As
shown in Fig. 6. This confirmed that PSA antigen selectively
bonds to PSA antibody. Besides, the respond times of this
biosensor system for detecting the sample was less than 12 s.

Figure 7 presents the MR ratio of the bio-sensing system
corresponding to the concentrations of PSA antigen in pres-
ence of the external DC magnetic field of 66 Oe. MRy, sample
refers to the MR of the bio-sensing system in absence of any
sample, while MRgmpie Tefers to the MR of the bio-sensing
system in presence of the target sample; AMR is the differ-
ence between them.

AMR = MR, sample MRsample

In Fig. 7, the blue line indicates the relation of the measured
outputs to the PSA antigen concentrations; we found a good
linear relationship between the logarithm of PSA antigen con-
centration and MR of the bio-sensing system in the
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Fig. 6 Specificity test of PSA with the concentration of all kind reference
biomarkers was 1 ng/mL; the reference biomarkers including
carcinoembryonic antigen (CEA), alpha-fetoprotein (AFP); the external
magnetic field was 66 Oe

concentration range of 0.1-10 ng/mL, which can be used for
further quantitative analysis.

During the experiment, our GMR based sensor allows con-
venient changing of the PSA samples. In comparison to the
present detection method based GMR that the sensor surface
need modified by chemical solutions for biomarker capture,
contamination and damage of this newly developed sensor by
chemical reactive layer of samples can be avoided, thus
allowing stable performance. This sensor can immediately be
reused without washing as the design allows contactless detec-
tion. So, the performance of sensor can keep good stability and
reusable. In addition, the bio-samples can be conveniently and

0.4- _
AMR= MR yipout — MRgangie H=66 Oe

y=0.213 + 0.154*x
034 R’=09912

0.2
AMR

0.1+

0.0

1.0 05 00 05 1.0
PSA Concentration(log ng/mL)

Fig. 7 Sensitivity and linear range analysis with the external magnetic
field was 66 Oe. In the concentration range of 0.1-10 ng/mL, there was a
good linear relationship between the logarithm of PSA antigen
concentration and MR of the bio-sensing system. The detection limit
was 0.1 ng/mL. Label(x) was the concentration of PSA; Label (Y) was
the difference between the MR of the bio-sensing system in absence of
any sample and the target sample
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easily changed in detection without need training person. If the
small glasses that used for preparing bio-sample were arrayed,
the detection system can be enhanced more automation.
Therefore, our sensor has the potential to point to point detec-
tion of various kinds of biomarkers at different concentrations.
Additionally, to capture biomarkers, our GMR based biosensor
does not need bio-modification.

4 Conclusion

In this work, we develop a contactless biomarker detection
system based on GMR sensor, the system was characterized
by Dynabeads, and successfully applied in PSA detection. In
contactless detection case, this new detection method pos-
sesses several advantages such as convenient manipulation;
avoid being damaged by chemical solution and implementing
in immediately reuse without wash. So, it is of considerable
interest towards the biomedical application based on known
specific binding of target and labels. In future studies, we will
focus on enhancing the detection capability of this detection
method via reducing sensor’s protect layer (such as SiO,)
from the utilization of MEMS technologies, and expanding
the bio-sensing system to multi-target biomolecules.
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