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ARTICLE INFO ABSTRACT

Keywords: Magnetic nanowires (MNWs) were explored as potential magnetic tags for cell detection with giant magneto-
Giant magnetoresistance (GMR) resistance (GMR) biosensors based on a handheld system. Due to size, shape anisotropy and higher moment
Biosensors

materials, the signal detected from a single MNW was 2500 times larger than that from a single magnetic iron
oxide nanobead, which is important for ultra-low concentration cell detection. A model was used to determine
how the MNW orientation with respect to the GMR sensor impacts detection performance, and the results aligned
well with the experimental results. As a proof of concept OSCA-8 cells tagged with Ni MNWs were also detected
using the same handheld system. The limit of detection (LOD) in aqueous solution appeared to be 133 cells, and
single-cell detection can be realized if the cell is in direct contact with the sensor surface. Since MNWs are
already employed in magnetic separation of cells, directly using MNWs as tags in cell detection eliminates the
need of additional functionalization with other labels. This largely simplifies the detection process and reduces
the risk of contamination during sample preparation.

Magnetic nanowires
Cell detection
Angular dependence

1. Introduction swab samples. As an alternative approach, magnetic biosensors are only

sensitive to the magnetic signal from the magnetic tags attached to the

To fulfill the growing demand for rapid and sensitive diagnosis of
various biomarkers, the development of cutting-edge point-of-care de-
vices has become an important research topic for electrical and
biomedical engineers. The most widely used optical [1,2] and plasmonic
[3,4] sensors often require additional amplification techniques, such as
polymerase chain reaction (PCR), to increase the number of target
analytes [5,6], and this increases both the cost and the complexity of the
detection process. Optical and plasmonic signals can also be influenced
by the chemical environment of the biological sample, which leads to
variation of sensitivity and poor reliabilities if the detection is performed
in more complexed biological environments like blood, urine or nasal

target molecule. Since most of the components in the sample matrix are
nonmagnetic, magnetic sensors exhibit much lower background noise
[7,8]. The possibility of using giant magnetoresistance (GMR) sensors in
biomarker detection was first explored in 1998 [9]. While there has been
much effort to improve the sensing scheme from the sensor side [7,
10-15], the magnetic nanoparticles (MNPs) used in the detection pro-
cess haven’t changed much except for the optimization of the particle
diameter and the magnetic material [16,17]. However, the sensitivity of
biological detection is intrinsically limited by the magnetic moment of
the MNPs. With the growing demand for the detection of
ultra-low-concentration biomarkers to achieve early diagnosis, new
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types of magnetic nanotags with high magnetic moment and biocom-
patibility will be crucial to further improve the sensitivity of the mag-
netic biosensor systems.

One candidate that can meet both of the requirements is the mag-
netic nanowire (MNW), which has already been employed in many
biological applications such as drug delivery [18,19], cancer treatment
by magneto-mechanical effect [20] often in combination with targeted
drug delivery, cell manipulation and magnetic separation [21], as well
as biosensing [22]. Like magnetic nanobeads, MNWs can also be func-
tionalized with biomolecules such as polyethylene glycol [23], peptides
[24], glycoproteins, and DNA [25]. Compared to a MNP made with the
same material, a MNW exhibits much higher magnetic moment due to
larger size and shape anisotropy. MNWs are biocompatible, although as
with all nanomaterials this depends on the material, dose and treatment
[26], and MNWs are readily internalized by cells [27]. Whether
detecting MNPs or MNWs, there is negligible background noise in either
buffer solutions or complex sample matrices due to the non-magnetic
nature of bioenvironments. It can be foreseen that by replacing MNPs
with MNWs, the sensitivity of the GMR magnetic sensing system can be
largely improved. Unlike MNPs, MNWs can be synthesized with
multi-layered structures [28,29] for multiple biomarkers and unique
magnetic signatures. Furthermore, with MNWs as tags, it is possible that
GMR sensing can evolve from molecular level detection [7] only to both
molecular and cellular level detection.

Here, we aim to explore the possibility of employing nickel (Ni)
MNWs as the tags in the GMR biosensing process. Using our handheld
GMR sensing system [30,31], the sensor signal generated by the settle-
ment of MNWSs on the sensor surface can be recorded. The influence of
MNW-to-sensor distance, the number of MNWs and the orientation of
the MNWs will be discussed. Most of the stray fields from MNWs come
from their ends, which means variations in MNW shape and length cause
negligible impact on sensing. Although the detection of MNWs with
GMR sensors has been reported in microfluidics [32], the readout of
large volumes of analytes is prohibitively slow, especially when only
small numbers of MNWs are present. The focus of this paper is on the
detection of low cell concentrations via magnetic purification of the
cells, which then settle onto the sensor. These mechanisms are efficient
in large analytes and demonstrate the potential of MNWs as nanotags for
ultra-low-concentration cell detection, canine osteosarcoma cells
(OSCA-8), which are derived from a tumor sample taken from the left
shoulder of a two-year-old male Rottweiler dog with confirmed diag-
nosis, were employed as the target analytes since they have been widely
used as the subject of cancer research. The capability of the detection of
cancer cells such as OSCA-8 demonstrates the great potential of our
platform in the business of early cancer diagnosis.

2. Experimental section
2.1. GMR sensor fabrication

GMR stacks with a spin valve structure of Ta (5 nm)/NiFe (2 nm)/
CoFe (1 nm)/Cu (3 nm)/CoFe (2 nm)/IrMn (8 nm)/Ta (5 nm) were
deposited on Si/SiO, wafers by magnetron sputter deposition. To ach-
ieve a linear response with external field, the sensor area was defined as
several stripes with high aspect ratios via photolithography and ion
milling. There were 24 stripes in each GMR sensor. Each stripe was 150
um long and 750 nm wide, and they were connected by Au electrodes.
The sensor surface was then passivated with either 18 nm Al;O3 and 15
nm SiO; or with 500 nm SiO,. After microfabrication, each wafer was
cut into 25 chips. There were two sensor arrays per chip, each of which
contained 29 GMR sensors. The chips were annealed at 200 °C for 1 hr
under a magnetic field of 5000 Oe (398 kA/m) along the short axes of
the sensor strips. The typical response of GMR sensor resistance in
response to an applied magnetic field is shown in Fig. S1. The MR ratio
of the sensor was ~1% under a magnetic field between — 30 Oe (—2.39
kA/m) and 30 Oe (2.39 kA/m).
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2.2. Synthesis of MNWs

Ni nanowires were fabricated by electrochemical deposition at room
temperature into anodic aluminum oxide (AAO) templates purchased
from InRedox LLC, which had honeycomb-like structures consisting of
uniform pores (120 nm in diameter). The Ni electrolyte was a mixture of
nickel sulfate, nickel chloride, and boric acid. The pH of the solution was
adjusted to 4.5 by adding the diluted NaOH. Prior to the electrodepo-
sition, Ti (7 nm) and Cu (200 nm) films were sputtered on the one side of
AAO as an adhesion layer and an electric contact for electrodeposition,
respectively. The length of nanowires was about 33 pm, controlled by
monitoring the deposited charge. The length was confirmed with JEOL
6500 scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS), as shown in Fig. 1(a) and (b), respectively. Next, the
AAO was dissolved in 1 M NaOH to free Ni MNWs, followed by three
iterations of magnetic collection and rinsing in deionized water. The
rinsed Ni nanowires were kept in ethanol for preservation.

2.3. MNW detection with GMR sensors

For MNW detection, two reaction wells were assembled on top of the
two sensor arrays in the GMR chip (Fig. 1(c)) using PDMS (Fig. 1(d)).
The chip was then baked at 75 °C for 8 min for the PDMS to dry. These
chips were then inserted into a handheld system for read out (Fig. 1(e)).
A detailed description of this system can be found in Ref. [29]. The
baseline magnetoresistance (MR) value for each of the 29 sensors in the
sensor array was measured under a magnetic field between — 30 Oe
(—2.39 kA/m) and 30 Oe (2.39 kA/m). Next, 30 uL. Ni MNW solution
was added to each reaction well. To calibrate the signal before cell
studies, the MNWs were suspended in ethanol so that the solvent
evaporated quickly, minimizing the MNW movement on the sensor
surface. The sensor signal (S) was defined as follows:

_ MR — MR,

S
MR,

€9)

where MR andMR, are the magnetoresistance after and before the
addition of MNWs, respectively. The sensor signal was expressed in parts
per million (ppm). The final MR for each GMR sensor was taken as the
average of the last 5 min of the saturated signal, and the initial MR was
taken as the average of the baseline. After the signal acquisition, the
reaction wells were removed so that the MNW number and distribution
on each sensor could be characterized by a JOEL 6700 SEM. Reaction
wells were not used in the angular dependence measurements to obtain
a cleaner sensor surface, which will be discussed in session 3.2.

2.4. Preparation of OSCA-8 cells with MNW labels

The Ni MNWs were functionalized in 0.5 M NaCl solution containing
1 mg PEG/mg Ni at pH ~13 for 24 hr at 4 °C, followed by rinsing and
sonication in PBS. Simultaneously, 10° canine OSCA-8 cells were incu-
bated for 18 h in OSCA medium. This medium contains Dulbecco’s
Modified Eagle Medium (DMEM) with high glucose [GIBCO11965]
supplemented with 10% fetal bovine serum (FBS), 0.2% Primocin
(Invivogen), and 1% 4-(2-hydroxyethyl)— 1-piperazineethanesulfonic
acid (HEPES). The propagated cells (3 x 10°) were then placed into each
well of a 6-well plate, followed by another 18 h incubation in OSCA
medium. Next, 30 ug Ni MNWs were added to each well, followed by
another 48-hour incubation. Unattached MNWs were washed away, the
cells were detached from the bottom of the petri dish with trypsin, and
the sample was poured into a vial. An external magnet was held to the
side of the vial for several minutes to collect MNW-labelled cells, and the
medium was poured out and replaced by PBS for re-dispersal by soni-
cation. This was done three times to rinse magnetically collected cells of
other debris. Finally, the cells were fixed with a mixture of 2.5%
Glutaraldehyde and 0.1 M Cacodylate for 50 min, rinsed 3x with 0.1 M
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Fig. 1. (a) Cross-sectional SEM image of an AAO template with Ni MNWs inside (inset: close-up image of MNWs). (b) EDS map of the SEM image in (a). (c) Optical
microscope image of one sensor array on the GMR chip. There are 29 GMR sensors in each array. The top 24 sensors in the yellow region were passivated with 18 nm
Al;03 and 15 nm SiO, and the bottom 4 sensors in the blue region were passivated with 500 nm SiO,. No passivation layer was deposited on the individual sensor
(E1) on the right side of the array. Insets show individual sensorsvfrom the yellow and blue regions, respectively. (d) Photograph of the GMR sensor chip with two
reaction wells on it. (e) Photograph of the GMR handheld system. The GMR chips were inserted in the cartridge in the top part of the image.

sodium cacodylate, and dehydrated in ethanol. magnetization direction of the pinned layer is fixed along the short axes
of the sensor stripes by the annealing process (horizontal direction in

3. Results and discussion Fig. 2(a)), while the magnetization direction of the free layer is along the
long axis of the stripe due to shape anisotropy (vertical direction in Fig. 2

In spin valve sensors, such as the sensors used here, the (a)). This perpendicular arrangement results in a linear resistance
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Fig. 2. (a) SEM images of sensor surface for sensor A1, B4, and C7. The exact location of different sensors on the chip can be found in Fig. 1(c). Y and Z axis denotes
the direction of the short axis and the long axis of the GMR sensor stripe, respectively. (b) Real-time sensor signal for the six sensors with well-dispersed MNWs. (c)
Relationship between number of MNWs on the sensor surface and the detected sensor signal. Sensors within the blue box were passivated with 500 nm SiO, while
other sensors were passivated with 18 nm Al,O3 and 15 nm SiO».
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change in response to external magnetic fields (Fig. S1). As the MNWs
landed on the sensor surface, the stray fields from the MNWs changed
the effective magnetic field experienced by the sensors, which led to a
variation in the magnetoresistance. Like most of the commonly used
magnetic tags in biomarker detection, the sensor signal induced by the
MNWs can be determined by multiple factors, including the magnetic
material, the distance between the magnetic tags and the sensor surface,
and the number of the captured magnetic tags. In addition, due to the
highly anisotropic nature of MNWs, the angles between the MNWs and
sensor stripes also contribute to the acquired signal. In this section, the
effects of all the aforementioned factors will be investigated and dis-
cussed to illustrate both the potential and the challenge in employing
MNWs as the tags for GMR-based biomarker detection.

3.1. Detection of Ni MNWs with GMR sensors

Ni MNWs were dissolved in ethanol and sonicated for 5 min before
they were added to the reaction wells. Even though the solvent evapo-
rated within several minutes, the aggregation of MNWs was observed for
some of the sensors (Fig. S2). As described in the Experimental section,
prior to characterizing the number and orientation of MNWs (Fig. 2(a)),
the reaction wells were removed and some particles of PDMS also
observed on the sensor surface (Fig. 2(a)). Here, six sensors with well-
dispersed MNWs were selected, three of which (sensor Al, A3 and B4)
were passivated with 33 nm oxide layers, and the others (sensor B7, C7
and D7) were passivated with 500 nm SiO,. Fig. 2(b) shows the real-time
sensor signal for the selected sensors. Ni MNWs were added at 8 min. As
the solvent evaporated, the average distance between MNWs and the
sensor surface was reduced, which led to an increase in the sensor signal.
After the solvent fully evaporated, the MNWs settled onto the surface
with minimum movement. At this point, the sensor signals stabilized.
The fluctuations of the signal were likely due to some minor movements
of the MNWs under the influence of the applied magnetic field as well as
the noise of the handheld system. A negative control experiment was
performed by adding only ethanol to the sensor surface (Fig. S3). To
validate the capability of the GMR sensors in detecting MNWs in
aqueous solution, the sensor signal for the detection of MNWs in DI
water is also shown in Fig. S4.

There are two ways to implement biomarker detection based on GMR
sensors and MNWs. First, a target molecule can be collected on the
sensors such that specifically-labeled MNWs attach to these molecules
for magnetic detection. This method is appropriate for low concentra-
tions (early detection) of target molecules. In another method, the
MNWs can be used to label molecules or cells [24,33] in an assay, un-
attached MNWs are rinsed away, and the remaining MNWs are detected
by GMR sensors. Note that in cell studies, the cells themselves are no
longer needed after rinsing, because any remaining magnetic signal is
from a once-attached MNW that will be closer to the sensor than if it was
still inside a cell. Future studies, therefore, could break cell membranes
after rinsing but before adding assay to the reaction well for detection of
very low concentrations. In both cases, the sensor signal should exhibit
monotonous correlation to the target concentration, which makes the
number of MNWs proportional to the number of target molecules or
cells.

To explore the factors influencing sensor signal, the number and
orientation of MNWSs was obtained by SEM, after the sensor signal was
calculated from the real-time measurement. The sensor signal was found
to increase with increased number of MNWs and decreased passivation
layer thickness, as shown in Fig. 2(c), which demonstrates MNWSs’ po-
tential of serving as magnetic tags in biomarker detection. Moreover, the
GMR sensors were able to detect as few as 6 MNWs, which is 2500 times
less than the detectable number of iron oxide magnetic nanobeads
assuming 150 magnetic nanobeads contribute to 1 ppm of the sensor
signal [34]. MNWs are larger than MNPs, but they maintain
single-domain ferromagnetic behavior, resulting inhigh stray fields,
whcih make MNWs promising in detecting target molecules with
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ultra-low concentration. In addition to the number of MNWs and the
distance to the sensor surface, the angle between the long axis of the
MNWs and the sensor stripes can also contribute to the sensor signal due
to the highly anisotropic magnetic properties of the MNWs. This angular
dependence will be discussed in the next section.

3.2. Sensor signal calculation

The calculated stray field from Ni MNWs is shown in Fig. 3 assuming
the MNWs were uniformly magnetized with the saturation magnetiza-
tion of 6100 Gauss. The MNW employed in the calculation was cylin-
drical with a diameter of 120 nm and a length of 24 um. The MNW stray
field in the direction perpendicular to the long axis was highly localized
at both ends of the MNW. As is shown in Fig. S5, the equilibrium state of
the MNW at remanence was a single domain with magnetization along
the long axis. The ends of the MNW, however, exhibited a vortex-like
spin configuration where the magnetization points off the long axis.
Due to the negligible stray field from the middle of the MNWs, only the
contribution from the ends of the MNWs was considered, which made
the sensor signal independent of the variation in the length of the
MNWs. In addition, the y component of the stray field decayed from
170 Oe (13.5 kA/m) at a distance of 100 nm to 2 Oe (0.16 kA/m) at
1 um and 0.5 Oe (0.04 kA/m) at 2 um (Fig. 3(a)(b)). Z component of the
stray field also experienced similar decay (Fig. 3(c)(d)). The fast decay of
the stray field with increased distance from MNWs to sensor surface
indicated that only the MNWs in proximity to the sensor stripes
contributed to the sensor signal, which was verified by Fig. 2(c).
Consequently, the acquired sensor signal only depended on the number
of MNW ends that lie around the sensor stripes and the angle of the
MNWs with respect to the sensor stripes. Since both the number and the
angle of the MNWs could be determined by the SEM images after the
detection process, the total sensor signal was calculated and compared
with the experimental results.

To acquire better SEM images for sensor signal calculation, MNW
aggregation and the influence from irrelevant particles should be
minimized. To accomplish thisa new study was conducted without re-
action wells to eliminate the PDMS particles, Fig. 4(a)-(c). The ethanol
evaporation rate also increased, which reduced the movement of MNWs
on the sensor surface, thus minimizing the MNW aggregation and signal
fluctuation. The real-time sensor signal from the GMR sensors is shown
in Fig. 4(d). Several assumptions were made to simplify the signal
calculation. Firstly, since the coercivity of the MNWs (5000 Oe,
397.9 kA/m) was much larger than the employed magnetic field in the
biological detection process (30 Oe, 2.39 kA/m), the longitudinal
component of the applied field with respect to the MNWs did not change
the stray field from the MNWs. Secondly, only the MNW stray field
component that was along the short axis of the sensor stripe contributed
to the sensor signal, which is also due to the large shape anisotropy of
the sensor stripe. The longitudinal component of the MNW stray field
stayed constant under different applied field, thus it didn’t contribute to
the change of the sensor MR. Thirdly, if the end of a MNW was more than
2 um away from the sensor stripe, it did not contribute to the sensor
signal.

During this study, the applied magnetic field was always along the
short axis of the sensor stripe. As shown in the inset of Fig. 4(e), if the
angle between the MNW and the applied magnetic field is 0, the stray
field perpendicular to MNW’s long axis (Hy,) is proportional to the
perpendicular component of the applied magnetic field (H, ) [33],
which can be written as

H, =cH, = cH,sinf (@3]
where c is the proportionality constant. Since the GMR sensor was only

sensitive to the field along its short axis, the effective demagnetization
field from the MNW (AH) can be expressed as



D. Su et al

(@

100nm
100

T T T T T T
TR R R R R

Magpnetic field, y component (Oe)
)
o

L

'
N
o
o

LI s s

4 2 0 2 4
y coordinate (um)

(c)

100nm

EN
o
R R R R

Magnetic field, z component (Oe)
o

R R S R R

- Ni

-10 -5 0 5 10 15
z coordinate (um)

-15

Sensors and Actuators: A. Physical 350 (2023) 114115

T
N
)
w

2um d

Magnetic field, y component (Oe

0
y coordinate (um)

@ 25—

Magpnetic field, z component (Oe)

5
z coordinate (um)

Fig. 3. Distribution of the y component (a, b) and z component (c, d) of the stray field calculated at distances of 100 nm, 1 um and 2 um. To better illustrate the field
distribution for the distances of 1 ym and 2 pm, the middle parts of (a) and (c) are zoomed in and shown in (b) and (d), respectively. The direction of y and z axis with

respect to the geometry of the sensor is presented in Fig. 2(a).
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AH = kH,sin*0 3)

k = koc (€)]
where ko is a constant that relates to various factors in the sensing
scheme, which will be discussed later. The sensor signals induced by AH
can be derived from the RH loop of the GMR sensor, which can be

written as

g AMR 1 2R, (1 — ksin®6)
MR, 24'(R, — Ry)(ksin’0 — 1) + 2R,

1) )

where R1,Ry, and R, are the sensor resistance under the applied field of
— 30 Oe (—2.39 kA/m), 0 kA/m and 30 Oe (2.39 kA/m) in the absence
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of the MNWs, respectively. The detailed derivation process can be found
in Section 6, Supplementary Information. Based on the above equation,
the sensor signal was calculated for each of the GMR sensors by adding
up the signal for all the MNWs landing on the sensor surface. It is worth
mentioning that kg is the correction factor that takes the non-uniformity
of the demagnetization field into account. It was assumed that a uniform
effective demagnetization field was experienced by the sensor, which is
the demagnetization field from the surface of the MNW multiplied by k.
The optimum k value was found for subsequent calibration of the
sensor/MNW system by calculating the average difference between the
theoretical and experimental values for all the sensors, as is shown in
Fig. 4(f). The minimum average difference of 120 ppm was achieved at
k = 0.009. This difference was within the noise level (200 ppm) of the
sensing platform, indicating a good fit of the model with the experi-
mental results. Fig. 4(e) shows the sensor signal variation when the
MNWs were lying in different angles with respect to the applied field,
which verified that unlike isotropic magnetic nanotags, angular
dependence should be considered for MNWs. The theoretical and
experimental sensor signal for each of the sensors are shown in Fig. 4(g).

3.3. Cell detection with MNWs as nanotags

OSCA-8 cells were chosen for a proof of concept to use MNWs as
magnetic nanotags for GMR-based cellular biosensing. As described in

Sensors and Actuators: A. Physical 350 (2023) 114115

the Experimental section above, the MNW-loaded OSCA-8 cells were
fixed and then dried in ethanol. These fixed/dried cells were dispersed in
PBS for sensing. In addition, because ethanol evaporates quickly and
cleanly, some cells were magnetically-collected from the PBS and re-
dispersed in ethanol in order to better observe these cells on GMR
sensor surfaces for verification. SEM images were taken after the evap-
oration of ethanol (Fig. 5(a-d)). Cells within the size range of 10-20 um
were observed both within (Fig. 5(a)) and outside (Fig. 5(b)) the sensor
regions. As shown in several previous studies [3,23,24] and, the MNWs
were internalized by the OSCA-8 cells (Fig. 5(e, ). C, O, Al, Si peaks in
the EDS originated from the carbon coating for SEM imaging and the
passivation layers on the sensor surface, respectively. The spatial dis-
tributions of different elements are shown in Fig. 5(g-i). It is observed in
Fig. 5(g) that although some Ni MNWs are inside the cells, most of them
are located on the cell membrane. Another reason that could lead to the
low abundance of Ni within the cells is that the energy of the incident
beam in EDS is not enough to penetrate the cell membranes. Besides the
aforementioned elements, Na and Cl are also found in the cell clusters,
which are originated from the NaCl crystals on the cell surface in Fig. 5
(d) as indicated by their spatial distributions in Fig. 5(h) and Fig. 5(i).
Real-time detection of fixed cells dispersed in PBS was demonstrated
for cell concentrations of 5 x 10* cells/ml, 2 x 10° cells/ml, 2.5 x 10°
cells/ml, 3.3 x 105 cells/ml (Fig. 6(a)). The baseline of the sensor signal
was obtained first, followed by the addition of 20 uL cell sample onto the

Ni Al

| Si
A

2
Energy (KeV)

3

Fig. 5. SEM images of (a) cells on top of a GMR sensor surface, (b) two cells outside the sensor region, (c) a cluster of cells on top of a GMR sensor surface, and (d)
surface of one single cell from (c). EDS analysis of the cells in (b) and (c) are shown in (e) and (f), respectively. The spatial distributions of Ni, Na and Cl in the cell

displayed in (d) are shown in (g), (h) and (i), respectively.
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Fig. 6. (a) Averaged real-time sensor signal for different cell concentrations dispersed in PBS. (b) The calibration curve of the sensor for OSCA-8 cell detection in
aqueous solutions generated from the saturation signal at different cell concentrations. The error bar is generated from the standard deviation of sensor signal after
saturation. Real-time sensor signal for the detection of cells in PBS (c) and ethanol (d) at the concentration of 2 x 10° cells/ml. The plots in different colors indicate
the sensor signal from each of the individual sensors on the chip. The optical images of the sensor surface before (e) and after (f) the addition of the sample with cells

in ethanol. The cells are highlighted with red circles.

sensor surface at 4 min. The sensor signals increased upon sample
addition and reached saturation when the movement of the cells near
sensor surface reached equilibrium. The calibration curve of the sensor
for the cell detection is shown in Fig. 6(b), where the averaged satura-
tion signal increased with the cell concentration from 1160 ppm at 5 x
10* cells/ml to 3251 ppm at 3.3 x 10° cells/ml. The noise level of the
control sensor was 60 ppm. Taking the limit of detection (LOD) as the
cell concentration that generated a signal twice as large as the noise level
(120 ppm), the LOD for NW-loaded OSCA-8 cells in aqueous solution
was calculated to be 6648 cells/ml or 133 cells in a sample volume of
20 L. Since the stray field from the NWs decayed rapidly with the
distance to the sensor surface, the sensor signal generated from cells
suspended in the aqueous solution should be much lower than that
generated from cells directly located on sensor surface via either evap-
oration of solvents or chemical bonding.

To explore the signal generated by the cells in direct contact with the
sensors, OSCA-8 cells were magnetically collected, re-dispersed in
ethanol (2 x 10° cells/ml), and dropped onto the sensor surfaces. For
comparison, both the real-time detection results in PBS and ethanol at
the same cell concentration are shown in Fig. 6(c) and Fig. 6(d),
respectively. The signal from each individual sensor on the chip is shown
in different colors. Unlike the sensor signals from the PBS-based sam-
ples, which saturated after ~5 min, the sensor signals from ethanol-
based samples saturated at 4 min when the surface tension held the
ethanol droplets on the sensor surface. After that, the signal increased
suddenly as all the cells settled onto the sensor surface with the evap-
oration of the ethanol. The average number of cells on each sensor can
be estimated from the area of the sample spot on the chip (4.9 mm?), the
area of each individual sensor (0.0159 mmz), and the total number of
cells in the sample (4000), which equals 13 cells per sensor. To validate
the calculation, optical images of the GMR chips before (Fig. 6(e)) and
after (Fig. 6(f)) cell detection were used for the cell counting. The
average number of cells on the sensor surface from 12 sensors with well-

dispersed cells was 15, which is close to the calculated cell number. The
average sensor signal generated from one cell in direct contact with the
sensor surface was calculated as the average saturation signal after
7 min in Fig. 6(f) divided by the average number of cells on each sensor,
resulting in 1066 ppm/cell, which is well above the noise level of the
sensor (60 ppm). It is worth noting that the noise level for cell detection
(60 ppm) was lower than that for the MNW detection (200 ppm) due to
the employment of reaction wells and lower evaporation rate of the
solvent. This indicates that through approaches such as chemical
bonding, the GMR sensors will be capable of single cell detection
because the cells will be in direct contact with the sensor surface. It is
worth mentioning that although the detection performance had negli-
gible angular dependence at the concentrations used here, additional
approaches like the application of a gradient magnetic field may be
needed for effective single-cell detection.

4. Conclusions

In this paper, we demonstrated the detection of MNW-OSCA-8 cells
with GMR sensors for the first time. Various factors influenced the sensor
signal, including the distance between the MNW and the sensor surface,
the properties of the MNW material, and the number of MNWs on the
sensor surface. It was found that the sensor signal contributed by a single
MNW was 2500 times larger than the sensor signal from a single mag-
netic iron oxide nanobead, which indicates MNW have potential for the
detection of biomarkers at ultra-low concentrations. Most of the stray
fields originated from the end of the MNWs, and they decayed rapidly
with distance. These features are independent of MNW length since the
MNWs are more than 10x the diameters. Due to the shape anisotropy of
both the MNW and the sensor stripes, the sensor signal varied with the
angle between the nanowire and the applied field direction for single
MNW detection. Using modeling and proper calibration, the average
difference between the theoretical and experimental sensor signals was
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within the noise level of the system. Finally, the capability of GMR-based
cell detection with MNWs as nanotags was demonstrated for the first
time with a LOD of 133 cells in 20 pL aqueous solutions and single cell
detection when the cells were in direct contact with the sensor surface.
The detection time, linearity and cost are comparable to previous works
based on the same GMR sensors and the handheld system [30,31]. The
cells were collected magnetically, which shows that MNW tags eliminate
the need to functionalize additional labels on the cell surface, and this
will simplify the detection process and reduce the risk of cell contami-
nation from additional chemical functionalization. The capability of
single-cell detection based on our platform possesses great potential in
the early diagnosis of circulating tumor cells, which requires a minimum
LOD of 1 cell/ml [35], and can be hardly achieved by the current bio-
sensing technologies (>10 cells/ml) [36,37].
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