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In the past 20 years, several studies have been performed on the detection of biomarkers by the stripe-shaped
spin valve sensors, whose sensitivity is limited by their small sensing area and large sensor resistance. In this
paper, large-area spin valve sensors with lower aspect ratio are introduced. A reverse nucleation mechanism is
proposed to demonstrate the different switching processes in large-area sensors. The simulation results further
prove the involvement of reverse nucleation sites during the magnetization reversal. Large-area sensors also

exhibit a linear response to the concentration of magnetic nanoparticles with a sensor signal more than 20 times

larger than the stripe sensors.

1. Introduction

With the ability to monitor the concentration of various biomarkers,
biosensors have been widely used in biomedical applications [1-5].
During the detection process, the quantity of target analyte is converted
to either optical or electronic signals that will subsequently be picked
up by the sensing elements. However, most of the optical techniques
such as fluorescence sensors [6,7]and plasmonic sensors [8,9] are not
sensitive enough due to the inherent limit of sensitivity such as pho-
tobleaching and crosstalk. As a result, additional amplification methods
like polymerase chain reaction (PCR) are required to create a sufficient
number of analytes, which further complicates the detection process
[10,11]. Furthermore, the performance of these biosensors is also easily
influenced by the chemical environment of the sample matrix.

In 1998, Baselt et al. built up a new sensing platform called Bead
Array Counter (BARC) based on giant magnetoresistance (GMR) sen-
sors, and demonstrated its potential in monitoring the biomolecular
recognition process as well as the detection of biomarkers [12]. Com-
pared to other techniques, magnetic sensors exhibit several advantages
such as high sensitivity, low background noise and the compatibility
with the current Integrated Circuit (IC) technologies [13]. Conse-
quently, the GMR biosensing technology has developed rapidly from
the detection of the simplest biotin-streptavidin interaction [14] to the
detection of real biomarkers such as viruses [15,16] and pathogens
[17,18]. The detectable sample matrix also evolves from buffer solution
only [19-21] to more complex substances such as human urine [22]
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and human sera [23]. Other magnetic biosensing techniques have also
been developed. For example, Tian et al. demonstrated virus detection
through the combination of AC susceptometry [24] as well as the op-
tomagnetic readout system [25] with the loop-mediated isothermal
amplification (LAMP). Nikitin et al. developed a frequency mixing
method to detect the response of superparamagnetic nanoparticles
(MNPs) [26]. On the contrary, the fundamental sensing mechanism for
GMR sensors almost remains the same during the past 20 years. The
GMR sensors are patterned into stripes with high aspect ratio to acquire
shape anisotropy. (Fig. 1(a)) As the easy axis is defined along the long
edge of the stripe, an external field applied along the short edge will
result in a linear transfer curve, which is convenient for the quantifi-
cation of analytes. However, both the sensitivity and the reliability of
the stripe sensors are still not good enough due to the limit in the in-
herent sensing mechanism such as the non-uniformity of signal vs the
particle location as well as the reduced sensing area [27]. Signal sta-
tistics is another interesting topic [28]. As an alternative approach,
GMR biosensors with large areas and low aspect ratios were fabricated
and achieved zeptomole sensitivity [29-31]. A one-dimensional reverse
nucleation model was proposed previously by our group to explain the
sensing mechanism of large-area sensors [31]. Nevertheless, the dif-
ferent switching processes caused by the reverse nucleation site hasn’t
been fully demonstrated.

In this paper, we first explored the inherent limit of sensitivity in the
stripe-shaped sensors by performing the detection of immunoglobulin G
(IgG) protein. Object Oriented Micromagnetic Framework (OOMMEF)
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Fig. 1. Schematic illustration of the detection process of (a) Stripe GMR sensors with high aspect ratio; (b) Large-area sensors with localized reverse nucleation sites.

simulations were then carried out to demonstrate the superior sensi-
tivity as well as the role of reverse nucleation sites (Fig. 1(b)) in the
magnetization switching process of large-area GMR sensors.

2. Methods
2.1. Fabrication of GMR stripe sensors

GMR stacks with the structure of Ta (5nm)/NiFe (2nm)/FeCo
(1 nm)/Cu (3 nm)/FeCo (2nm)/IrMn (8 nm)/Ta (5 nm) were deposited
on a Si/SiO, wafer by a magnetron sputtering system (Shamrock). The
stacks were then patterned into stripe sensors by photolithography and
ion milling. Subsequently, 250 nm Au electrodes and 500 nm SiO,
passivation layer were deposited onto the non-sensing areas on the chip
with e-beam evaporation. The rightmost sensor in Fig. 2(b) was also
deposited with a SiO, passivation layer to serve as the control sensor.
The sensing area was covered with an 18 nm Al,O3 layer by atomic
layer deposition (ALD) and a 15nm SiO, layer by plasma enhanced
chemical vapor deposition (PECVD) for protection purpose. The final
pattern of the sensors is shown in Fig. 2(b) and (c). Each chip contained
2 sensor arrays. There were 29 sensors in each array. One individual
sensor had 24 stripes in it. Each stripe was 150 um long and 750 nm
wide. The chip was annealed under a magnetic field of 398 kA/m along
the short edge of the stripe before surface functionalization.

2.2. Detection of IgG protein

After treating with ultraviolet light and ozone (UVO) for 15 min, the
chip was immersed in 1% (3-aminopropyl) triethoxysilane (APTES) for
one hour. Subsequently, 50 uL 5% glutaraldehyde was dropped on each
sensor array. After incubating for 5h, 1.08 nL. 1 mg/mL capture anti-
body was spotted on each sensor with a liquid dispensing system
(sci-FLEXARRAYER S5, Scienion, Germany). The chip was then in-
cubated for 12h at 4°C. Two reaction wells with a volume of 50 uL
were then assembled onto each sensor array by polydimethylsiloxane
(PDMS) (Fig. 2(a)). Subsequently, the sensors were blocked by bovine
serum albumin (BSA). 50 pL IgG protein dissolved in phosphate buffer
saline (PBS) was then added and incubated for 1h. After the IgG so-
lution was washed away with PBST (0.05% tween20 in PBS), 50 pL
5 ug/mL biotin-linked detection antibody was added into each well and
incubated for 1 h.

During the test, the chip was assembled in a handheld detection
system. The baseline was obtained in the first 10 min. Then, MNPs were
added to the reaction well and bound to the biotin on the detection
antibody. Consequently, the real-time binding curve between the
streptavidin on the MNPs and the biotin on the detection antibody was
obtained. The sensing scheme is shown in Fig. 1(a). The detailed surface
functionalization and detection processes were described in Reference
[15].

APTES, BSA, Glutaraldehyde, and IgG were purchased from Sigma-
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Fig. 2. (a) Image of a GMR chip with two reaction wells. (b) Image of a sensor array in the reaction well. (c) Image of one single sensor. (d) A typical transfer curve of

the stripe sensor.
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Aldrich, Inc., USA. The anti-mouse IgG functionalized with biotin was
purchased from EMD Millipore Corporation, USA and was used as the
detection antibody. Streptavidin-coated MNPs (2 x 102 particles/mL
with an average diameter of 50 nm) was purchased from Miltenyi
Biotec., Inc., USA, which is referred to as MACS. The MACS consist of
multiple 8 nm Fe,O3 nanoparticles embedded in a matrix of dextran.
The hydrodynamic size of the MACS nanoparticles is 60 nm.

2.3. OOMMF simulation of stripe-shaped and large-area GMR sensors

OOMMF was used to perform micro-magnetic simulation on both
stripe-shaped and large-area GMR sensors [32]. The simulation is based
on the Landau-Lifshitz-Gilbert equation:

dM

—IyIM X Hyp + i(M x dﬁ)

dt M dt (€Y)

where M is the magnetization, « is the Landau and Lifshitz phenom-
enological damping parameter, H is the effective magnetic field, y is
the gyromagnetic ratio, and M; is the saturation magnetization.

To simulate the detection process, FeCo particles with diameters of
10nm were put on top of a 4um X 4umpermalloy thin film or a
20 nm X 4umpermalloy stripe with a thickness of 2 nm. FeCo instead of
Fe,O3 nanoparticles were used here due to their higher Mg, which can
reduce the number of MNPs needed on the film surface to generate a
readable signal and thus significantly reduce the simulation time. All
the MNPs were assumed as single domains. The M-H loops were ob-
tained by applying an external magnetic field between —19.9kA/m
and 19.9 kA/m in 100 steps. The simulation moved on to the next step
once the system reached the equilibrium state in the current step. The
cell size for the simulation was 5nm X 5nm X 2nm. Other parameters
used in the simulation are listed in Table 1.

3. Results and discussion
3.1. Detection of IgG protein with stripe sensors

Stripe-shaped spin valve sensor arrays were used for the detection of
IgG protein. The sensor configuration is shown in Fig. 2(a)-(c). Due to
the high aspect ratio, the easy axis of the sensor is along the long edge
of the stripe, while the applied field is along the short edge of the stripe.
A typical transfer curve of the stripes is shown in Fig. 2(d). As the ex-
ternal field is applied perpendicular to the easy axis, a linear relation-
ship between the sensor resistance and applied field is achieved at low
fields. Stripe sensor’s response to the external field can be characterized
by the following equation:

1
R =R, + —MR+Rp(1 — cos(6
where R is the resistance of the sensor, R, is the resistance when the
magnetizations of the free layer and the fixed layer are in the parallel
state, MR is the magnetoresistance of the sensor, and 6 is the angle

Table 1
Parameters used in OOMMF simulation.
Parameter Unit (SI) Value [33,34] Unit (cgs) Value
Saturation Magnetization kA/m 860 emu/cm® 860
(M, film, stripe)
Saturation Magnetization kA/m 1900 emu/cm® 1900
(M;, particle)
Exchange Constant J/m 1.3 x 10~11 erg/cm 1.3 x 10~°
(A, particle, filmandstripe)
Anisotropy Constant J/m3 500 erg/ecm® 5000
(K, filmandstripe)
Anisotropy Constant (K, particle) J/m3 104 erg/em® 105
Gilbert Damping Constant 1 0.1 1 0.1

(«, particle, filmandstripe)
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between the magnetization of the free layer and the magnetization of
the fixed layer. After the binding of MNPs to the sensor surface, the
stray field from the MNPs can be captured by the GMR sensors, which
then results in the change of device resistance.

The real-time binding signal for different concentrations of IgG
protein is shown in Fig. 3. Streptavidin-coated MNPs were added at
12 min. The sensor signal increases as the binding event between the
streptavidin on the MNPs and the biotin on the detection antibody
occurs and reaches saturation within 10 min. As shown in Fig. 3(a), the
sensor signal is represented by the change of magnetoresistance before
and after the addition of MNPs, which exhibits a clear trend as the
target concentration increases, demonstrating stripe sensors’ capability
of detecting and quantifying the concentration of biomarkers. When the
concentration is below 140 ng/mL (Fig. 3(b)), the sensor signal de-
creases to less than 800 ppm (1 ppm is equal to a signal change of 107),
which is comparable to the signal of the control sensor. As a result, the
limit of detection for the stripe sensors is restricted in the range of ng/
mL, which is consistent with the GMR biosensors reported in other
literature values [15,35,36]. It is worth noting that the detection of IgG
is performed on a handheld system based on GMR biosensors, which
leads to lower sensitivity compared to other benchtop magnetic bio-
sensing mechanisms.

3.2. Intrinsic limit of sensitivity for stripe sensors

The intrinsic limit of sensitivity for stripe sensors mainly originates
from three aspects: large noise, small effective sensing area and the
sensor signal dependence on the position of the MNPs. At low mod-
ulation field frequency, the signal-to-noise ratio (SNR) of the sensor is
limited by the flicker noise, which is given by

= i(IR)Z

N;
f Nf

3)
where Ny is the noise power spectral density, a is the dimensionless
Hooge constant, [ is the sensing current, f is the field frequency, and N
is the total number of conduction electrons in the sensors, which is
proportional to the sensing area. From this equation, it can be clearly
seen that the flicker noise of the sensor can be reduced by either in-
creasing the sensing area or decreasing the resistance of the sensor. To
obtain a higher linearity, the width of the stripe sensors is often scaled
down to the sub-micron regime, which not only increases the difficulty
of the fabrication process but also reduces the effective sensing area and
the number of detectable binding sites. It is also shown that the total
sensor signal is not strictly proportional to the number of MNPs bound
to the sensor surface. Instead, the MNP stray field experienced by the
stripe sensors is highly dependent on the position of the binding sites
[27]. More specifically, if the MNPs in the middle of the stripe can
generate a positive sensor signal, those on the edge of the stripe will
generate a negative signal, resulting in a cancellation of the sensor
signal, which further limits the sensitivity of the stripe sensors.

3.3. Sensing mechanism of large-area sensors

One way to overcome the intrinsic limit of sensitivity in stripe
sensors is to reduce the aspect ratio, i.e., to increase the sensing area of
the spin valve sensors. This not only increases the MNP stray field ex-
perienced by the sensor but also reduces the flicker noise. However, the
sensing mechanism will also change when large-area spin valve sensors
are used. As the aspect ratio decreases, so does shape anisotropy, which
makes the local effect in the middle of the film become more important.
Here, the OOMMF software is used to simulate the magnetization
change under different external fields, where the role of reverse nu-
cleation sites in both large-area sensors and stripe-shaped sensors is
discussed.

Different switching behaviors are observed for stripes and large-area
films. As shown in Figs. 4(a) and 6(a), (b), domain nucleation and
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Fig. 3. (a) Real-time binding signal of the sensors for different concentrations of IgG protein. (b) The enlarged real-time binding signal from (a) for concentrations of

140 ng/mL, 14 ng/mL, and the control sensor.

domain wall movement occur in the large-area films either with or
without MNPs. For the film with 20 MNPs, when the external field is
negative, reverse nucleation sites can be observed under all 20 MNPs.
As the stray field from the MNPs is always opposite to the applied field,
the rotation of magnetic moments in the reverse nucleation sites will
start earlier, resulting in a higher Mx (Figs. 4(b) and 6(b)). The reverse
nucleation sites then propagate with the decrease of the negative ex-
ternal field. However, as the external field switches its direction, the
reverse nucleation sites become overwhelmed by other domains in the
film. In this stage, the domain structure is similar to the film without
particles. At higher positive field, the reverse nucleation sites become
dominate again, which slows down the saturation of the regions under
the MNPs. Compared to large-area films, permalloy stripes exhibit a
more coherent switching process when the applied field is perpendi-
cular to the easy axis, which can be attributed to the shape anisotropy
(Fig. 5). It is worth noting that the amount and the location of domain
walls that form within the stripes are highly dependent on the location
of the MNPs, which is the origin of the non-linear relationship between
the sensor signal and the MNP concentration shown in Figs. 4(c) and
7(b).

To compare the sensitivity of large-area sensors and stripe sensors,
the sensor signal from both configurations is calculated. Here, an ex-
ternal field ranging from —3.18 kA/m to 3.18 kA/m is employed during
the detection process, which is comparable to the magnetic field range
in the experiments [15]. The sensor signal is defined as AMR/MR,,
where MR, is the MR of the sensor without the MNPs, and AMR is the
change of the MR after the addition of MNPs. Based on Eq. (2), the

sensor signal can be further rewritten as:

My My 1 My
Me o _Meo) g4 lyp(r - M
AMR _ (Msfzm Ms4()) + 2 ( Msfm) 1
MRy (% —%)1+1MR(1—% )
Ms_g0  Msg 2 M;s_40 (C)]
where ¥ and ™ are the averaged magnetizations over the whole
M;_g0 Ms 49

sensor at the external field of —3.18 kA/m and 3.18 kA/m before the
addition of MNPs, respectively. MR is the magnetoresistance of the

sensor at the saturation field. % and % are the magnetizations at

3.18kA/m and —3.18kA/m ;%(Eer thexaﬁ)dition of the MNPs. The
magnetoresistance of the sensor is assumed to be 10%, which is the
typical value for the spin valve sensors used in biological detection.
At certain analyte concentration, the number of MNPs bound to the
sensor surface per unit sensing area should be constant. Sensor signal vs
MNP concentration is plotted in Fig. 7 to illustrate the difference in the
sensitivity for large-area sensors and stripe sensors. For large-area
sensors, the change in MNP concentration can only influence the
number of reverse nucleation sites, while the overall domain structure
during the switching process remains the same (Fig. 6(b)), resulting in a
linear increase in the sensor signal. In stripe sensors, however, the
overall domain structure upon switching is strongly affected by both the
concentration and the position of MNPs on the sensor (Fig. 5), which
leads to a non-linear increase in the sensor signal. To compare the
sensor signal of the sensors at different MNP concentrations, we ex-
trapolate Fig. 7(a) under the assumption that the linearity can be
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Fig. 4. (a) Simulated MH curves for permalloy thin films with 0, 4 and 20 particles on them. (b) The change of magnetization in a field range of -19.9 kA/m to -8.0
kA/m from (a). (¢) Simulated MH loops for permalloy stripes with 0, 4 and 8 particles on them. For all the MH curves, only the ascending branches are shown here.
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Fig. 5. (a) Magnetization reversal processes in permalloy stripes without MNPs (a) and with 8 MNPs (b). The applied magnetic field is along the y direction, with
positive field pointing up (+y direction). The images of magnetizations are taken under external fields of —19.9kA/m (top), 0 kA/m (middle) and 19.9kA/m
(bottom), respectively. Red arrows indicate the magnetizations with -y components, and blue arrows indicate the magnetizations with +y components. The mag-
netization distribution of stripe sensors with 4 MNPs are similar to (b), and thus is not shown here. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Fig. 6. Magnetization reversal processes in large-area permalloy films without MNPs (a) and with 20 MNPs (b). The large-area film with 4 particles shows similar
behavior to (b), and thus is not shown here. In both (a) and (b), the corresponding values of the external field are —15.9 kA/m (upper left), —1.59 kA/m (upper
middle), 0 kA/m (upper right), 0.8 kA/m at 3000 iterations (lower left), 0.8 kA/m at 4000 iterations (lower middle) and 7.16 kA/m (lower right). The same reverse
nucleation site at —15.9kA/m (c) and 0 kA/m (d) is also shown. Magnetizations with +y (up) components are marked in red pixels and magnetizations with —y
(down) components are marked in blue pixels. Positive external filed is pointing from left to right (+x direction). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

maintained at higher MNP concentrations. The signal from large-area
sensors turns out to be 20 times larger than the stripe sensors at the
concentration of 50um™2, and 35 times larger at the concentration of
100um=2.

4. Conclusions

Although stripe-shaped spin valve sensors have been widely used in
biomarker detection, their potential is largely limited by the sensing
mechanism. The sensor signal is not only reduced by the small effective
sensing area and high noise level, the different sign of the signal from
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MNPs in the middle and on the edge of the stripes can also cancel with
each other, further reducing the SNR. To this end, large-area GMR
sensors with low aspect ratios are proposed. The M-H loops for both
permalloy stripes and large-area permalloy films with different con-
centrations of FeCo MNPs are obtained by OOMMF simulation. Reverse
nucleation sites can be observed under all the MNPs in large-area
sensors before and after the switching process, which leads to a linear
increase in sensor signal as MNP concentration increases. The sensor
signal of large-area sensors is more than 20 times larger than that of the
stripe sensors. Meanwhile, with the smallest feature size increased by
hundreds of times, large-area GMR sensors can also simplify the
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Fig. 7. Sensor signal vs particle concentration for (a) large-area permalloy films and (b) permalloy stripes. The sensor signal is calculated from the MH loops shown in

Fig. 4.

fabrication as well as subsequent biological modification processes.
Further experiments are needed to justify the simulations and demon-
strate the superior performance of the large-area GMR sensors.
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