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A 3D rolled-up structure made of a SiO, layer and a fishbone-like magnetic thin film was proposed here as

a biosensor. The magnetoresistance (MR) measurement results of the sensor suggest that the presence of
the stray field, which is induced by the magnetic nanoparticles, significantly increased the switching field.
Comparing the performance of the 2D sensor and 3D sensor designed in this study, the response in
switching field variation was 12.14% in the 2D sensor and 62.55% in the 3D sensor. The response in MR
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ratio variation was 4.55% in the 2D sensor and 82.32% in the 3D sensor. In addition, the design of the 3D

sensor structure also helped to attract and trap a single magnetic cell due to its stronger stray field
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Introduction

In biological entities, some minor cells, although extremely
low in quantity, are very important such as circulating tumor
cells (CTCs), which are the cancer cells that escape into
circulating system from the primary tumor and cause cancer
metastasis." Therefore, sensing CTCs allows the diagnosis of
cancer metastasis at an early stage, and pinpointing these
minor cells has become one of the major goals in clinical
detection and diagnosis. There is currently extensive research
on magnetic carriers as a label and biomedical microchips
designs for the sorting and sensing of rare cells.”* The
sensing mechanism of a magnetic biosensor that detects
magnetically labeled cells mainly lies in the change of the
magnetoresistance (MR) of the magnetic sensor’s thin films
under a magnetic field. The measured signals include the
variation of the MR ratio and coercivity caused by the stray
field generated by the magnetically labeled specimen.*®
However, for the detection of rare cells, the sensitivity of
magnetic biosensors is highly demanded because the mag-
netic signals of the target cells are extremely weak. For this
purpose, several types of magnetic biosensors have been
reported to address this issue, such as anisotropic magnetore-
sistance (AMR) sensors,”® giant magnetoresistance (GMR)
sensors,”*° 1112 and Hall effect sensors.'***

In the research of MR detection for magnetic particles,
Baselt et al. discussed the variation in MR signals of a GMR
device caused by the stray field from the magnetic particles."
Our previous work used Kerr signals to investigate the change

spin valve sensors

“Department of Power Mechanical Engineering, National Tsing Hua University,
Hsinchu 300, Taiwan

PInstitute of NanoEngineering and MicroSystems, National Tsing Hua University,
Hsinchu 300, Taiwan. E-mail: mflai@mx. nthu.edu.tw

This journal is © The Royal Society of Chemistry 2013

compared with the 2D structure. The 3D magnetic biosensor designed here can provide important
information for future biochip research and applications.

in coercivity of a wave-plate magnetic film structure and MR
signals to investigate the MR variation of a wave-like magnetic
nanowire caused by a magnetic cell.">"” Vavassori et al.
designed a square-ring structured sensor, and used the
domain walls on the corners to attract magnetic particles
onto them.'® Miller et al. fabricated a 2D ring-shaped AMR
sensing device, and when the magnetic particle was in the
center of the ring the stray field from the particle rearranged
the spin configuration of the ring into radial direction."’
Llandro et al. proposed a 2D ring-shaped pseudo-spin-valve
sensing device to detect the presence of magnetic particles.>®

Some of the aforementioned studies used 2D ring-shaped
sensors of different layer structures for the detection of
magnetic particles. The benefit of ring-structured sensors is
that they are compatible with the spherical shape of a
magnetic particle, so the magnetic stray field emitted from
the magnetic particle can be better detected by the sensors. So
far, a 3D ring-structured sensor, which is believed to be more
sensitive to the magnetic signal of the magnetic particle
enclosed, has not been studied yet. In this paper, we propose a
3D rolled-up (3D ring) structure as a magnetic cell sensor that
can be used for single cell detection. Fishbone-shaped
magnetic films were designed here to actively attract a
magnetic cell to the sensor area for magnetoresistance
measurement.

Experimental

I. Design and fabrication

The rolled-up structure with fishbone-like NigoFe,, magnetic
thin films was fabricated using standard electron beam (e-
beam) lithography, e-beam evaporation, a lift-off process, and

Lab Chip, 2013, 13, 4225-4230 | 4225


http://dx.doi.org/10.1039/c3lc50721a
http://dx.doi.org/10.1039/c3lc50721a
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC013021

Published on 05 August 2013. Downloaded by UNIVERSITY OF NEBRASKA on 29/10/2013 02:30:05.

a wet-etching process.” A commercial scanning electron
microscope (SEM) was modified for e-beam lithography.
First, through e-beam lithography, fishbone-shaped patterns
were created onto a SiO,-coated (100 nm thick) silicon
substrate that was spin-coated with e-beam resist polymethyl
methacrylate (PMMA). Later, the sample was developed in a
3 : 1 mixture of 2-propanol and methyl isobutyl ketone, and
then the fishbone-shaped trenches formed in PMMA. We used
the e-beam evaporation system to deposit 10 nm thick Cr as
the adhesive layer, 90 nm thick NigoFe,, as the sensing layer,
and 10 nm thick Cr as the capping layer in sequence. The
temperature of the substrate was kept at room temperature
and no external field was applied during the deposition. After
the lift-off process in acetone, all remaining resist was
removed and the fishbone-shaped magnetic thin films were
obtained on the substrate. Subsequently, the same e-beam
lithography and e-beam evaporation processes were performed
again to make the gold electrodes for MR measurement. To
obtain the 3D rolled-up structure, we created a SiO, opening
using buffered oxide etchant (BOE). Subsequently, the
substrate was immersed in tetramethylammonium hydroxide
(TMAH) for an hour to remove the silicon under the structure,
and the rolled-up structure was then obtained due to the
different thermal expansion coefficients of the film materi-
als.”” Finally, the substrate was washed with deionized water
until the pH was neutral and it was then sterilized using 70%
ethanol. To avoid deformation or collapse of the structure, the
solvents were removed using a heat-drying process.

II. Magnetic cell preparation and culture

NPC-TWO1 cells that are a type of adherent cells were cultured
in Dulbecco’s modified eagle’s medium (DMEM) containing
1% penicillin and 10% fetal calf serum at 37 °C in a 5% CO,
environment. Before the sensing experiment, the cells were co-
cultured for 24 h with a diluted ferrofluid (EMG 705, Ferrotec)
at a concentration of 1 pg ml~'. The ferrofluid consisted of
Fe;0, magnetic nanoparticles, whose average diameter was 10
nm. During co-culture, the magnetic nanoparticles entered the
cells so the cells were magnetically labeled. Subsequently, the
magnetically labeled cells were washed 3 times by centrifuga-
tion at 1500 rpm for 5 min and the solution was replaced by
fresh PBS to remove residual magnetic nanoparticles. Finally,
the cells were concentrated by applying a magnetic field
gradient using a permanent magnet (NdFeB) that was placed
on the outer wall of the centrifuge tube, and the magnetically
labeled cells collected were then put in a clean culture
medium. Before we used SEM to observe the morphology of
the 3D rolled-up structure that trapped a single cell, the
sample was washed with phosphate buffer solution (PBS) and
then fixed with 3.7% formaldehyde for 30 min. The sample
was then dehydrated by a series of graded ethanol solutions.
After being dried at room temperature, the sample was coated
with a very thin Cr layer before being examined by SEM.

III. Magnetophoresis test

Magnetophoresis was used in our study to estimate the
number of the magnetic nanoparticles in the NPC-TWO01
cells.”?*?* A permanent magnet was used to provide the field
gradient, which led to a cell velocity distribution. The balance
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between the viscous force F,;s = 6myRv given by Stokes’ law and
the magnetic force F, = mpeaadB/dx exerted on a cell with
magnetic moment mype,q under a magnetic field gradient dB/dx
(12 mT mm™") was used to estimate the number of magnetic
nanoparticles inside each cell

6TIRY = MpeaqdB/dx (1)

where 1 = 0.013 Pa s is the viscosity of the medium at 37 °C,>* v
is the cell velocity, and R is the average radius of each NPC-
TWO1 cell. The total magnetic moment of the magnetic
nanoparticles inside a cell can be expressed as Mpeaa =
NcMnD?/6,>7*® where N is the total number of magnetic
nanoparticles per cell, ¢ is the ratio of the net magnetization of
magnetic nanoparticles to their saturation magnetization M,
and D is the average diameter of each magnetic nanoparticle.
Substituting 7pe,q into eqn (1), the number of magnetic
nanoparticles can be expressed as:

N = (36nRv)/(cMD*dB/dx) (2)

According to the experimental result obtained in previous
literature,>*° the parameter ¢ can be set as 0.8 and M = 4.84
x 10° A m~'. Therefore, using eqn (2), the number N of
magnetic nanoparticles per cell can be estimated.

IV. Experimental procedure

The 3D rolled-up structure was pre-magnetized in Hx direction
with an applied magnetic field of 2000 Oe before sensing cells.
The magnetic force that was generated by the magnetic field
gradient of the fishbone-shaped magnetic films then attracted
the magnetic cell to the sensor structure for MR measurement.
In the sensing experiment, we measured the MR curves for 2D
structure (without rolling up) and 3D structure (rolling up)
when the fields H, and H, were applied in the x and y
directions, respectively (see Fig. 1), to derive the switching field
and MR ratio. By comparing the signals obtained before and

Rolled-up structure with fishbone-like magnetic thin films

Fig. 1 lllustration of the rolled-up structure with fishbone-like magnetic thin
films where a cell labeled with magnetic nanoparticles was trapped inside.
Magnetic fields H, and H, were applied in the x and y directions, respectively, for
the measurement of magnetoresistance.
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Fig. 2 SEM images of (a) planar and (b) rolled-up fishbone-like magnetic thin

film. The inset in (a) is the MFM image of the remanent state of the fishbone

magnetic thin films after it was magnetized by an initial magnetic field H (2000
Oe). The inset in (b) is the tilted view SEM image.

after the single cell was attached, we can determine the
sensitivity of the 2D and 3D cell sensors.

Results and discussion

Fig. 2(a) represents the SEM image of the fishbone-like
magnetic film with a total length of 80 um before being
released from the Si substrate. In our fishbone-like structure,
the magnetic thin film is cross-structured. When a magnetic
field was applied parallel to the tapered film, a magnetization
configuration with lowest energy occurred. The inset of
Fig. 2(a) shows the magnetic force microscope (MFM) image
of the fishbone-like magnetic thin film. From the MFM image
it can be observed that the tapered film exhibits a magnetic
single domain configuration, which produces the largest stray
field for attracting cells in a solution. Fig. 2(b) shows the
magnetic film released from the substrate, where the film has
rolled up to form a 3D structure with a diameter of 25 um, a
size that is suitable for single cell detection. The cell velocity
distribution of magnetically labeled NPC-TWO01 cells obtained
from magnetophoresis experiment is shown in Fig. 3(a). The
average velocity 6.17 + 2.78 um s '
measuring the individual velocities of 810 magnetic cells.
The average diameter of the NPC-TWO01 cells was 14.4 um, and
the amount of magnetic nanoparticles was estimated to be
(4.474 + 2.013) x 10° per cell. Fig. 3(b) shows a magnetically
labeled NPC-TWO01 cell after Prussian blue staining and
nuclear fast red counterstaining. It can be observed that after
24 h co-culture of NPC-TWO01 cells and ferrofluid, the magnetic
nanoparticles entered the cytoplasm by the process of
endocytosis [see the arrow in Fig. 3(b)].

The magnetic film was designed to be fishbone-shaped
with sharpened protrusions such that the large magnetic
shape anisotropy caused by the sharp ends can favor the
formation of magnetic single-domain state, which generated a
magnetic field gradient to attract the magnetic cell to the
sensor structure for MR measurement. Fig. 4 represents the
sequential optical microscope (OM) images of a single
magnetic cell when the latter was gradually attracted to the
3D rolled-up sensor structure. After 50 s the target cell was
attracted to the 3D rolled-up structure, as we can see clearly

was derived after
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Fig. 3 (a) The velocity distribution of NPC-TWO1 cells obtained using magne-
tophoresis after 24 h of cultivation in ferrofluid with concentration of 1 ug ml™".
The total number of the cells counted was 810, and the average cell velocity was
calculated to be 6.17 + 2.78 um s~' (b) OM image of the magnetic cell stained
with Prussian blue and nuclear fast red. The distribution of magnetic
nanoparticles in the cytoplasm of the NPC-TWO01 cell is indicated by the arrow.
The scale bar indicates 4 um.

from the enlarged images in Fig. 4(f) and 4(g) when the focus
was on the 3D sensor structure and on the cell, respectively. In
a non-uniform field created by the magnetic 3D ring structure,
the magnetic cell experiences a force, Fi,a, that tends to pull
the magnetic cell toward the maximum field gradient. When
the viscous force from the medium solution and the magnetic
force exerted on the magnetic cell balance out, the cell moves
at a constant velocity v. According to our observation using
optical microscopy, the cell moved at a constant velocity in the
medium under the attraction of the magnetic 3D ring
structure, so the magnetic attraction force can be estimated
from the viscous force using Stokes’ equation F = 6mnKRy,
where # = 0.013 Pa s is the viscosity of the medium at 37 °C and

Ll sensor

Fig. 4 (a)-(e) Sequential OM images of a single target cell being attracted to the
3D rolled-up magnetic structure; (f),(g) OM images with the focus on the sensor
structure and the cell, respectively. The dashed circle indicates the 3D rolled-up
magnetic sensor and the open circle indicates the target cell.
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K is a factor that varies between 1.0 when the cell is far from
the plane wall and 1.7 when the cell is near the plane wall;*" R
is the average radius of each cell and v is the speed of the cell.
The magnetic attraction force was estimated to be 3 pN, in the
same order as the results given in the previous literature.****
Assuming that the magnetic field uniformly saturated each
magnetic nanoparticle, and that the magnetized nanoparticles
experienced an equal magnetic field gradient, the total
magnetic force on the cell can be written as Fr,ag = Mpead VB-
The total magnetic moment of the magnetic nanoparticles
inside a cell mpeaq = NcM nD?/6,2°78 where N is the number of
magnetic nanoparticles per cell that are magnetized, c is the
ratio of the net magnetization of magnetic nanoparticles to
their saturation magnetization M, and D is the average
diameter of each magnetic nanoparticle. From the discussion
above, the magnetic attraction force Fp,,o was estimated to be 3
pN, so the magnetic field gradient caused by the magnetic 3D
ring structure can be estimated to be 0.033 Gauss pm .

Fig. 5(a) represents the fluorescent OM image of a cell with
GFP expression, showing that the cell was totally trapped
inside the 3D rolled-up magnetic structure. The GFP expres-
sion indicated that the cell was alive during measurement.
Fig. 5(b) shows the SEM image of a cell inside the 3D structure.
The slight deformation of the 3D rolled-up structure was
caused by the fixation, dehydration and drying procedures
during the sample preparation for SEM imaging. The success
rate for cell trapping in a static solution is determined by the
concentration of cells in the cell solution, the density of the
sensors, the sediment rate of the cells, and so on. On average,
a single cell could be attracted by the stray field of the
magnetic 3D sensor structure within a distance of about 60 pm
in our experiment. That means if at least one cell lies within
the upper hemisphere of radius 60 pm above the sensor, the
sensor can trap a cell. Therefore, the cell concentration should
be at least 2.2 x 10° cells ml~" to assure 100% cell trapping. At
a lower cell concentration, the success rate for cell trapping
might be lower accordingly. However, the above estimation is
made in a static solution, however if it is in a dynamic solution
with slow flow velocity, the flow of the cells can increase the
probability of cell trapping by the 3D sensor.

10kV  X3,700  5um

Fig. 5 (a) Fluorescent OM image of a cell with GFP expression inside a 3D rolled-
up magnetic structure, whose contour is shown by the dashed lines. The GFP

expression indicated that the cell was alive during measurement. (b) SEM image
of a single cell, which was dehydrated and dried, trapped in the 3D magnetic
sensor.
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Fig. 6 (a),(b) MR curves of the 2D planar sensor without and with magnetic cell
attached; (c),(d) MR curves of the 3D rolled-up sensor without and with single
magnetic cell attached. The magnetic field swept in the y direction. The dashed
circles indicate the switching field of the sensors where H,, indicates the
switching field when no magnetic cell was attached on the sensor and H¢4
indicates the switching field when a single magnetic cell was attached.

Fig. 6 represents the MR curves measured when the field
swept along the H, direction. Fig. 6(a) is the MR curve of the
2D planar fishbone magnetic film before a magnetic cell was
attached, where the dashed circles indicate the switching field
H,, of the magnetization process, which in this case is 20.75
Gauss as an average of the switching fields in the sweep-up
and sweep-down processes. The subscript 0 in H,, indicates
that no cell was attached. The MR ratio is defined as (Rpax —
Rumin)/Rmax, Which is in this case 0.194%. When a magnetic cell
was attached on the 2D planar fishbone magnetic film (see
Fig. 6(b)), the switching field H.; became 23.1 Gauss. The
subscript 1 in H. indicates that a cell was attached.
Comparing the MR curves of the 2D sensor before and after
the attachment of a cell, the switching field changed from
20.75 Gauss to 23.1 Gauss, and the MR ratio changed from
0.194% to 0.193%. The variation was not large. In contrast, for
the 3D rolled-up structure, the variations of switching fields
and MR ratios between pre-attachment and post-attachment of
a magnetic cell were relatively remarkable. Fig. 6(c) shows the
MR curves of 3D rolled-up magnetic structure before a
magnetic cell was attached. The switching field H., and the
MR ratio were 26.7 Gauss and 0.279%, respectively. When a
magnetic cell was attached (see Fig. 6(d)), the switching field
H. and the MR ratio became 43.4 Gauss and 0.05%,
respectively. The increase of the switching field for both 2D
and 3D structures after the attachment of a magnetic cell is
believed to be caused by the influence of the stray field of the
magnetic cell on the magnetic sensor structure. As we can see
from Fig. 7(a) and 7(b), the stray field generated by the
magnetic cell when a magnetic field was applied was opposed
to the direction of the applied field on the sensor region, so it
required larger field to complete the switching process. For the
3D structure (see Fig. 7(b)), the influence of the stray field on
the switching field was much larger than the 2D structure (see

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 lllustrations of the stray field generated by the magnetic cell influence the
(a) 2D planar sensor region and (b) 3D rolled-up sensor region when a magnetic
field (H) was applied was opposed to the direction of the applied field.

Fig. 7(a)) because in the 3D structure the magnetic cell was
enclosed by the fishbone magnetic film.

Fig. 8 represents the MR curves measured when the field
was swept along the H, direction. Comparing the two MR
curves in Fig. 8(a) and 8(b), which correspond to 2D planar
magnetic film structures with and without the attachment of a
magnetic cell, respectively, the magnetic switching field
changes from H, = 44 Gauss in Fig. 8(a) to H.; = 52.9 Gauss
in Fig. 8(b). Comparing the two MR curves in Fig. 8(c) and 8(d),
which correspond to 3D rolled-up magnetic film structures
with and without the attachment of a magnetic cell,
respectively, the magnetic switching field changes from H, =
101.9 Gauss in Fig. 8(c) to H.; = 144.1 Gauss in Fig. 8(d). Fig. 8
shows the comparison of the response to the attachment of a
magnetic cell between 2D and 3D magnetic biosensors. AH./
H, in Fig. 9(a) represents the switching field variation (AH. =
H., — Hg) normalized by the initial switching field H.;
|AMR,ati0|/MRyatioo  in Fig. 9(b) represents the MR ratio
variation (|AMRiato| = |MRyiation — MRyatioo|) Normalized by
the initial MR ratio MR;.¢00. The subscripts 0 and 1 represent
the pre-attachment and post-attachment of a magnetic cell,
respectively. It can be clearly observed that the response to the
attachment of a magnetic cell for the 3D magnetic biosensor

This journal is © The Royal Society of Chemistry 2013
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was much larger than that for the 2D magnetic biosensor
owing to the reason mentioned in the last paragraph. It also
means that the 3D magnetic biosensor has much a higher
sensitivity than the 2D one. Planar magnetic thin film ring® is
an interesting physical system that is suitable for the studies of
domain wall nucleation, annihilation and propagation, and it
has attracted much attention since the last decade. For the 3D
ring structure proposed in this study, when a magnetic field is
applied radially, the magnetic field is out-of-the-plane at the
two ends of the 3D ring along the field. Therefore, this
proposed 3D ring structure can provide another interesting
physical system for investigating domain wall nucleation,
annihilation, propagation, and so on.

Conclusions

In summary, the proposed 3D magnetic biosensor had much
higher sensitivity than the 2D magnetic biosensor as a result of
its rolled-up structure which can enclose the magnetic cell
during measurement to enhance the signal. The rolled-up
structure of the sensor can also “smartly” attract the magnetic
cell to the sensor area for active detection, so it is very useful for
detecting very small amounts of cells that are generally hard to
detect. This 3D magnetic biosensor has the potential to be
integrated on a microfluidic channel for cell detection and cell
counting, which will be studied in our future work. The 3D
magnetic biosensor designed here can provide important
information for future biochip research and applications.
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