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electronics have been used in various 
applications such as artificial intelligent 
skins,[6,7] which can monitor the heat, 
texture, pressure, and strain of the sur-
rounding environment, and stretchable 
lithium-ion batteries,[8] which serve as 
the power supply in an all-flexible cir-
cuit. In the field of sensing, sensors that 
can deform with biological surfaces, 
such as skins and organs, are desirable 
to obtain more reliable and more accu-
rate information, and flexible biosen-
sors are promising candidates for such 
applications. Recently, flexible biosen-
sors with various mechanisms have been 
developed including electrochemical 
sensors,[9,10] plasmonic sensors,[11,12] 
piezoelectric sensors,[13,14] etc., for the 

detection of small molecules,[15,16] proteins,[17] nucleic acids,[18] 
as well as bacteria.[19]

Although electrochemical and optical biosensors have been 
widely employed, their sensor signal can be influenced by 
the sample matrix, especially in complex biological fluids. On 
the contrary, magnetoresistance (MR) biosensors utilize the 

Flexible biosensors exhibit great potential for the detection of various bio-
markers with the ability to adapt to different surface textures. Here, a lab-on-
a-needle biosensing platform based on ultra-flexible giant magnetoresistance 
(GMR) biosensors is developed. The fabricated flexible GMR sensors exhibit 
a MR ratio of 5.2% and a sensitivity of 0.13%/Oe in the linear region, which 
are comparable to their rigid counterparts. It is found that the magnetic 
properties of the flexible GMR sensors remain unchanged after 500 cycles 
of compressive and tensile stress, indicating strong robustness even when 
applied to a surface that is constantly in motion. The developed platform is 
then employed for the detection of different concentrations of canine osteo-
sarcoma (OSCA-8) cells with a limit of detection (LOD) of 200 cells in 20 µL 
sample (104 cells per mL), which demonstrate the ability to perform real-time, 
sensitive, and quantitative cell detection.

© 2023 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.
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1. Introduction

Flexible electronics have attracted tremendous attention in 
the past few years due to their capability of altering geom-
etries on complex surfaces or under multiple stress cycles 
while maintaining the device performance.[1–5] Flexible 
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magnetic field from magnetic labels as the source of the sensor 
signal. Since most biological samples are nonmagnetic, a lower 
background noise can be expected for MR sensors compared to 
optical and electrochemical sensors.[20–22] Flexible MR sensors 
can be fabricated through several different approaches, such as 
direct deposition on flexible substrates,[23,24] transfer of devices 
from rigid substrates to flexible substrates,[25] and backside 
thinning of substrates.[26,27] Despite these investigations on fab-
rication technologies, flexible MR sensors have yet to be used 
in biological detection due to the limited sensor sensitivity, high 
noise in flexible detection systems, and the lack of effective 
signal processing approaches.

Biosensors on flexible substrates have facilitated the possi-
bility of integrating sensing devices with various medical tools, 
such as needles, which can be employed in real-time, in situ 
monitoring of the disease conditions, locating the surgical sites 
of interest, and studying biological models in vitro. With the 
ultra-flexible substrates, the biosensors can be integrated at the 
tip of the medical tools without interfering their original func-
tions, which is called a lab-on-a-needle platform. Compared 
with other kind of platforms, the lab-on-a-needle platform has 
attracted much attention due to its capability of continuous 
detection for the target biomolecules in a fairly localized region 

during in vivo or in vitro medical procedures. Several attempts 
have been made to fabricate biosensors on needle-shaped 
medical tools either by the direct fabrication of biosensors with 
the needle serving as part of the sensing device,[28] or by fabri-
cating flexible sensors and attaching them to the surface of a 
needle.[9] However, most of the demonstrated approaches were 
based on electrochemical sensors and focused on the detection 
of the chemical environment or small molecules. In addition to 
molecular-level detection, the direct detection of whole cells is 
also necessary. Here, a lab-on-a-needle sensing platform based 
on giant magnetoresistance (GMR) sensors was developed. The 
potential of employing this platform for real-time, sensitive, 
and quantitative cell detection was validated through the detec-
tion of cultured canine osteosarcoma cells (OSCA-8 cell line[29]) 
with magnetic nanowires (MNWs) as labels.

2. Experimental Section
2.1. Fabrication of Flexible GMR Sensors

The fabrication process of flexible GMR sensors is shown in 
Figure 1a. GMR stacks with the structure of Ta(5)/IrMn(8)/
CoFe(2.5)/Cu(2.8)/CoFe(1)/NiFe(2)/Ta(5) (in nm) were first  

Figure 1.  a) Schematic illustration of the fabrication process for the flexible GMR sensors. Optical microscope image of b) the sensor arrays and c) one 
single sensor on the flexible GMR chip. d) Image of the backside of a free-standing flexible GMR chip. The ultra-thin Si membrane became transparent, 
making it possible to visualize the sensor arrays on the frontside. e) MR-H curves of the GMR chip before and after backside thinning.
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prepared on 4 in. Si/SiO2 wafers by magnetron sputtering, 
followed by the definition of the sensor area and the forma-
tion of electrical contacts through nanofabrication. The sensor 
surface is covered with SiO2 for passivation. The fabricated 
GMR wafers were back-polished with a diamond-resin bonded 
grinding wheel to a thickness of 50 µm. The wafers were then 
diced into individual GMR chips for subsequent processing. 
The GMR chips were annealed under a magnetic field of 
5000  Oe at 200 °C for 1 h to fix the magnetization direction 
of the pinned layer to the short axis of the GMR sensors. The 
thickness of the chip was then further reduced through reac-
tive ion etching (RIE), where the chip was mounted on a sup-
port silicon wafer via a thermal conductive paste. The thermal 
conductive paste also served as the sacrificial layer for the 
release of the etched chip. After etching with SF6 for 15 min, 
the thickness of the chip was reduced to sub-20  µm. Kapton 
tape was attached to the back of the GMR chip, followed by an 
acetone wash to dissolve the thermal conductive paste, thereby 
releasing the flexible GMR chip from the support wafer. It 
should be noted that this transfer method is universal. The 
GMR sensors can be transferred to other substrates that are 
more stretchable or adhesive than Kapton tapes, such as 
PDMS, based on the applications. Optical images of the fabri-
cated flexible GMR chip are shown in Figure 1b,c. There were 
14 GMR sensors on each chip. One individual GMR sensor 
consisted of 24 high-aspect-ratio stripes with the dimension 
of 150 µm × 0.75 µm. The whole chip has an area of ≈3 cm2. 
As shown in Figure 1d, the released GMR chip exhibited high 
flexibility while maintaining the nanofabricated patterns in 
their rigid counterparts. The back-etching method demon-
strated here had several advantages compared to the previously 
reported flexible GMR sensor fabrication technology, where 
GMR stacks were deposited directly on flexible substrates.[25,30] 
The crystal structure and interfaces of magnetic thin films, and 
therefore GMR performance, were highly influenced by the 
surface roughness and the mechanical properties of the sub-
strate. GMR stacks deposited onto rigid Si yield high quality 
crystal structures and interfaces, unlike GMR stacks that were 
deposited onto flexible substrates, and these qualities were 
maintained during the thinning process, as suggested by the 
almost unchanged magnetoelectric response of the devices 
after backside thinning (Figure  1e). In addition, the nanofab-
rication process based on the back-etching method was per-
formed on standard Si wafers, which eliminated the need of 
designing new fabrication processes for flexible substrates, 
making it easier to realize mass production.

2.2. Preparation of MNW-Cell Samples

Ni magnetic nanowires (MNWs) were fabricated through elec-
trochemical deposition into anodic aluminum oxide (AAO) 
templates. Briefly, 7  nm Ti and 200  nm Cu were first sputter 
deposited on the bottom side of the AAO templates as the adhe-
sion layer and the electrode for the subsequent electrochemical 
deposition, respectively. The electrolyte contained nickel sul-
fate, nickel chloride, and boric acid with the pH adjusted to 4.5 
by the addition of diluted NaOH. The Ni MNWs had diameters 
(120 nm) matched with the pores of the template.

To label cells with MNWs, 106 canine OSCA-8 cells were 
incubated for 18 h in in DMEM medium supplemented with 
10% FBS.[31] The propagated cells were then placed into each 
well of a 6-well plate, followed by another 18 h of incubation in 
the same medium. The Ni MNWs were functionalized in 0.5 m 
NaCl solution containing 1 mg PEG/mg Ni at pH ≈ 13 for 24 h 
at 4 °C. Subsequently, the Ni MNWs were incubated with the 
OSCA-8 cells for 48 h, during which time the Ni MNWs were 
internalized by the cells. After incubation, the cells were fixed 
with a mixture of 2.5% glutaraldehyde and 0.1  m Cacodylate 
for 50  min, rinsed three times with 0.1  m sodium cacodylate, 
and dehydrated in ethanol. Since this work is a proof-of-concept 
demonstration, fixed cells were used to avoid any uncontrol-
lable contribution from the biochemical reactions within the 
cells. But in principle, the detection of live cells can be per-
formed in the same manner. Extra MNWs were washed away 
before the cells were detached from the glass with trypsin to 
avoid their contribution to the noise of the sensor. Finally, the 
fixed Ni-MNW-OSCA-8 cells were magnetically separated from 
the assay and re-suspended in water for subsequent biological 
detection processes (Figure 3a–d). Both MNWs and MR sen-
sors demonstrated minimal cytotoxicity according to previous 
works.[32–34]

3. Results and Discussions

3.1. Magnetic Properties of Flexible GMR Sensors

The fabricated flexible GMR sensors were attached to the sur-
faces of customized rods with bending radius (r) of 10, 5, and 
1 mm (Figure 2a–c). The MR response of the sensors for each 
bending radius was recorded under the magnetic field ranging 
from −180 to 180 Oe (Figure 2d). The MR curve of a flat sensor 
was also shown as a control experiment. An MR ratio of 5.2% 
was obtained for the flat chips, with an MR ratio of 3.4% in 
the linear region (−30 to 30 Oe), which was comparable to the 
previously reported results.[35,36] All of the MR response curves 
exhibited negligible hysteresis, which was crucial for biosensing 
applications since the sensor signal should be independent of 
the history of the applied magnetic field, meaning only one 
amplitude of sensor signal should be correlated to each target 
concentration in the calibration curve. As the bending radius 
decreased from 10 to 1  mm, both the MR ratio and the slope 
in the linear region (S) decrease, as shown in Figure 2e, which 
can be attributed to the increase of the anisotropy field from the 
permalloy layer due to the magnetoelastic effect. Note that the 
sensitivity was calculated by the slope of the RH curve in the 
linear region (ΔMR/ΔH), as shown in the inset of Figure  2d, 
where H is the magnetic field. This observation was consistent 
with earlier studies which demonstrated that the anisotropy 
field of a permalloy film is proportional to its curvature.[37–39] It 
is worth noting that the MR ratio only dropped 0.2% from 5.2% 
for flat chip to 5.0% at r = 1 mm, indicating that the MR value 
was almost independent of the bending radius. On the contrary, 
more than 30% drop in S was observed as the bending radius 
decreased, which should be considered as a key factor in the 
process of designing flexible MR biosensors. In addition, the 
robustness of the devices was also evaluated through a series of 
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fatigue tests. During the test, the flexible devices went through 
500 identical bending cycles at a bending radius of 1 mm under 
both tensile and compressive stress. The tensile and compres-
sive strain associated with the bending process is around 10% 
based on the Young's modulus and the thickness of the Kapton 
tape. As shown in Figure 2f, both the resistance change and the 
MR change were within 1.5% throughout the entire test, indi-
cating highly reproducible magnetic properties of these flexible 
sensors as well as the robustness of the device under a large 
amount of workload.

3.2. Characterization of Ni-MNW-OCSA-8 Cells

The preparation process of Ni-MNW-OCSA-8 cells was shown 
in Figure  3a–d. The shape and size of these synthesized Ni 
MNWs were then characterized by scanning electron micros-
copy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
(Figure  3e,f). As shown in Figure  3g, the MNWs have uni-
form lengths of 1  µm. The energy-dispersive X-ray spectros-
copy (EDS) analysis (Figure 3h) confirmed the presence of Ni 
from the MNWs in the imaged region. The other peaks shown 
in the EDS data mainly originate from the SiO2 and Al2O3  

passivation layers on the sensor surface. Next, 20  µL of Ni-
MNW-OCSA-8 cells were dropped on the GMR sensor surface 
for further characterization. After the water fully evaporated, the 
Ni-MNW-OSCA-8 cells on the GMR sensor surface (shown in 
Figure 3i,j) were observed, and their diameters were estimated 
to be 10–20 µm. The actual size of the cells before fixation was 
35–40  µm in diameter. No MNWs were observed outside the 
cells. This means that all the stray field sensed by the GMR sen-
sors originated from MNWs internalized by the tumor cells, 
which was consequently proportional to the cell concentrations. 
The total number of cells on each sensor surface was calculated 
based on the average number of cells located on one GMR 
sensor stripe and the ratio between the area of one sensor and 
the total area of the sample spot. The concentration of cells in 
the sample can be further estimated based on the volume of the 
sample spotted on the sensor, namely 2 × 105 cells per mL.

3.3. Cell Detection with Flexible GMR Sensors

Flexible GMR sensors on a biopsy needle can serve as a tool 
for the in situ identification of tumor cells at potential tumor 
sites. A schematic illustration of the detection principle is 

Figure 2.  The experimental setup for the RH loop measurement of the flexible GMR sensors under bending radius of a) 10, b) 5, and c) 1 mm. Magnetic 
field directions are denoted by the red arrows. d) The RH curves of the GMR sensors under different bending radius. The RH curves in the linear region 
are shown in the inset. e) The influence of bending radius on the MR ratio and the sensitivity (S) of the GMR sensors. f) Resistance and MR ratio of 
flexible GMR sensors under compressive stress (0 to −500 cycles) and tensile stress (0 to 500 cycles).
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shown in Figure 4a. Although this study involved non-specific 
uptake, MNWs can be labeled for specific internalization into 
tumor cells.[34] The magnetic field from the MNWs within the 
tumor cells can be detected by the GMR sensors at the tip of 
the biopsy needle. To validate the potential of the current plat-
form for such application, OSCA-8 cell detection based on flex-
ible GMR sensors was performed using the bending radius of 
1 mm, which was realized by wrapping the GMR chip around 
the tip of a glass needle (Figure 4b). During the detection, the 
needle was inserted into a reaction tube. Upon addition of 
20 µL Ni-MNW-cell samples into the tube, the stray field from 
the MNWs induced a resistance change in the GMR sensors, 
resulting in the change of the RH loops (Figure 4c). Since the 
number of MNWs existing in the sample was proportional to 
the concentration of target cells, the sensor signals increased 
as the cell concentration increased, realizing quantitative detec-
tion of cell samples. The sensor signal was analyzed via two 
methods: full-loop MR response measurements and real-time 
resistance measurements.

In the full-loop measurement, the RH curves of the GMR 
sensors were scanned under an external magnetic field from 
−100 to 100  Oe before and after the addition of cell samples. 
The RH curves of the GMR sensors in the field range of −100 
to 100 Oe are shown in Figure 4d. Six different cell concentra-
tions were employed for detection, ranging from 4.4 × 104 to  

4 × 105 cells per mL. Two negative control groups were meas-
ured in parallel. Specifically, for one group of GMR sensors, 
20 µL of PBS was added to the reaction tube (0 cells per mL), 
and for the other group, nothing was added to the reaction 
tube. As the cell concentration increased, distinctive changes in 
the RH loops were observed. The change of RH loops can be 
attributed to the effective field (Heff) generated by the MNWs as 
shown in Figure 4c. As Heff was always in the opposite direction 
to the applied magnetic field (Ha), the resistance of the GMR 
sensor at Ha with the cell sample should be equivalent to the 
resistance of the GMR sensor at Ha  − Heff. Consequently, the 
slope of the RH loop in the linear region should decrease with 
the increase of the effective field, which was proportional to 
the cell concentrations (Figure 4d). As expected, the calculated 
effective field increased linearly with the cell concentration, 
from 2.9 Oe at 4.4 × 104 cells per mL to 18.32 Oe at 4 × 105 cells 
per mL (Figure  4e). The effective field generated per cell was 
thus calculated to be 2.5 × 10−3 Oe considering a sample volume 
of 20 µL. The sensor signal for the full-loop measurement can 
be explicitly expressed either in the form of the MR value at 
saturation field or the slope of the response curve at 0 Oe, both 
of which decreased linearly with increased cell concentrations 
(Figure 4f,g).

In addition to the full-loop measurement, the real-time 
monitoring of Ni-MNW-cells landing on GMR sensors was 

Figure 3.  a–d) Schematic illustration of the preparation process of Ni-MNW-OCSA-8 cells. The cells were first incubated with Ni MNWs (a). After 
the MNWs were internalized by the cells (b), the unattached MNWs were washed away while the cells were attached to the bottom of the petri dish.  
The cells were then detached from the glass with trypsin, separated by magnet (c) and re-dispersed in PBS (d). e) SEM image of Ni MNWs grown in 
the AAO template (inset: zoom-in image of the MNWs). f) EDS analysis of the Ni MNWs grown in the AAO template. g) The SEM image of Ni MNW 
clusters on one GMR sensor stripe. h) EDS data for the MNW cluster shown in (e). i) SEM image of Ni-MNW-OSCA-8 cells on sensor surface. Cell 
positions are highlighted in yellow circles. j) SEM image of one Ni-MNW-OSCA-8 under higher magnification.
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also demonstrated, where the resistance of the GMR sensors 
was recorded under a constant applied field of 10  Oe to bias 
the sensor in the linear region of the MR response. The base-
line was first acquired for 20 s, followed by the addition of the 
cell samples. As shown in Figure 4h, the resistance change (ΔR) 
increased as the cell samples were added to the reaction tube 
due to the induced MNW stray field and saturated when the 
movement of the cells near sensor surface reached equilibrium. 
The fluctuation of the sensor signal after saturation originated 
from the noise of the detection system as well as the motion 
of the cells. A linear relationship was observed between the 
cell concentration and the saturated sensor signal, indicating 
the capability of quantitative, real-time detection of cells based 
on the flexible GMR sensors (Figure 4i). The limit of detection 
(LOD) of the system was calculated as the cell concentrations 
with the sensor signal twice as large as the noise level. A LOD 
of 104 cells per mL was realized based on the real-time detection 
data, which corresponds to 200 cells in the sample. The sensor 

performance can be further improved by optimizing the elec-
tronics within the platform, as well as the employment of sur-
face biofunctionalization techniques for cell detection through 
chemical bonding. It is important to realize that this detection 
was done for a sample volume of 20 µL or 20mm3 (4.5 mm × 
4.5  mm × 4.5  mm), which is about the size of a small lymph 
node.

4. Conclusions 

In this work, flexible GMR biosensor arrays were fabricated 
with a two-step backside thinning approach. The GMR sensors 
were first fabricated on Si substrates followed by the mechan-
ical grinding and RIE processes, resulting in sensor arrays 
on a Si membrane with sub-20  µm thickness. The fabricated 
GMR sensors exhibited ultra-high flexibility, strong robustness 
under multiple bending cycles, and comparable MR ratios and 

Figure 4.  a) Schematic illustration of the detection principle for tumor cell identification at potential tumor sites with lab-on-a-needle flexible GMR 
biosensors. b) Images of the experimental setup for lab-on-a-needle detection of OSCA-8 cells. c) Schematic illustration of the stray field from the 
MNWs near sensor surface and the RH loops before (black) and after (red) the addition of Ni-MNW-cells. d) MR response curve of flexible GMR 
sensors under different cell concentrations. The inset exhibits the response curves within the linear region. e–g) Cell concentration dependence of  
e) effective field, f) MR, and g) Sensitivity during full-loop measurement. h) Real-time sensor signal under different concentrations. i) Calibration curve 
of the saturation signal at different cell concentrations.
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sensitivities to their rigid counterparts under different bending 
radius. A lab-on-a-needle sensing platform was developed by 
attaching the ultra-flexible GMR sensors to the tip of a glass 
needle with a radius of 1  mm. Despite the tight bending cur-
vature, the detection of OSCA-8 cells was performed suc-
cessfully. Two different sensor signal acquisition approaches 
were employed during the detection. The sensor signal can 
be expressed as the MR ratio, the slope of response curve in 
the linear region, as well as the effective field in the full-loop 
measurement. Real-time measurement was also realized by 
biasing the magnetic sensors to the linear operation region 
with a constant magnetic field, where a LOD of 104 cells per mL 
was achieved, corresponding to 200 cells in the sample. Sensor 
signals from both the full loop measurement and the real-time 
measurement exhibited great linearity with cell concentrations, 
demonstrating the platform's great potential in real-time, sensi-
tive, and quantitative cell detection.

5. Statistics

All the presented data in this manuscript is processed by 
Origin. No additional pre-processing of the data is employed 
unless specified in the main text. The error bars in the plots are 
calculated by the standard deviation of the data from 14 sensors 
in the sensor array.
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