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Abstract

Designing and implementing means of locally trapping magnetic beads and understanding the
factors underlying the bead capture force are important steps toward advancing the capture-release
process of magnetic particles for biological applications. In particular, capturing magnetically
labeled cells using magnetic microstructures with perpendicular magnetic anisotropy (PMA) will
enable an approach to cell manipulation for emerging lab-on-a-chip devices. Here, a Co (0.2
nm)/Ni (0.4 nm) multilayered structure was designed to exhibit strong PMA and large saturation
magnetization (M,). Finite element simulations were performed to assess the dependence of the
capture force on the value of M, The simulated force profile indicated the largest force at the
perimeter of the disks. Arrays of Co/Ni disk structures of (4-7) um diameter were fabricated and
tested in a microchannel with suspended fluorescent magnetic beads. The magnetic beads were
captured and localized to the edge of the disks as predicted by the simulations. This approach has
been demonstrated to enable uniform assembly of magnetic beads without external fields and may
provide a pathway toward precise cell manipulation methods.

Disk arrays with perpendicular magnetic anisotropy (PMA) are designed, fabricated, and
demonstrated to be capable of capturing micrometer scale magnetic beads suspended in a
fluid.1 They have the potential to enable lab-on-a-chip cell manipulation devices.23
Magnetic bead-based methods have facilitated many biomedical applications including
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biochemical detection,* nucleic acid extraction, and cell separation and manipulation.®
Magnetic bead-based cell capture platforms have the advantage of allowing functionalized
magnetic beads to bind and target cells in solution. Target cells are separated from
suspension using the external magnetic field from hard permanent magnets. However, the
large external magnetic field leads cells to aggregate to one location in the reaction chamber,
leaving limited space for imaging and analysis to quantify different analytes simultaneously.
7 External magnetic field-based systems cannot currently assemble micromagnetic beads
uniformly in arrays to allow detection and analysis in microfluidic devices. Thus, precise
localization of magnetic beads at the microscale is needed for precise cell localization.

This study demonstrates magnetic bead assembly in a uniform array using the magnetic
force produced by disk shaped heterostructures displaying PMA.8 PMA describes the case
where the easy axis of magnetization is perpendicular to the plane of the heterostructure or
film. This effect occurs in certain ultrathin film systems and at the interface of multilayers.
910 Co/Ni multilayers were selected for their large PMA compared to other Cocontaining
multilayers such as Co/Ag and Co/Au.111 Anisotropy energy and saturation magnetization
(M) can be adjusted by modification of the relative thickness of the layers.12 In comparison
to other methods,13-18 this PMA assisted capture method does not require external fields or
other energy supplied, simplifying its use. Heterostructures with PMA generate a magnetic
gradient in their vicinity that acts on the magnetic beads. In this approach, the majority of
beads are trapped on the disk perimeter.

A numerical model was used to understand the distribution of bead trapping force on the
Co/Ni disk as well as changes in bead capture force due to varying M, values of the Co/Ni
disk.19-21 A finite element approach was used to simulate the magnetic field distribution
around the Co/Ni disk and its interactions with a magnetic bead. The thickness of Co/Ni was
set at 4 nm, and uniform out-of-plane (OOP) magnetization with magnitude M;was
initialized within the disk, resulting in a magnetic field exterior to the disk. Out-of-plane
initialization of magnetization duplicates the PMA effect. The magnetic force components
on the bead were calculated at different spatial positions within this field using the finite
element simulations together with Egs. (1)—(4). The calculated magnetic field distribution
was used with post processing to determine the bead capture force.

The capture force was calculated using the following equation:
Fpeaa = — VU, (1)
where Fpeqq1S the capture force of the bead.

The total magnetic potential energy (U) is an integration of magnetic energy density (u) over

the bead volume, given as follows:
U= ﬂudV. @
14

The energy density was determined using the following equation:
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u= —M-B, ©))

where M is the induced magnetization in the magnetic bead and B is the magnetic flux
generated in the bead by the Co/Ni disk. The relation between B and M is expressed by the
following equation:

1
B= ﬂo(l + X_m)M’ @

where /g is the vacuum permeability; y, is the magnetic susceptibility.?223 From Egs. (1)~
(4), it is found that the capture force is related to the bead volume and magnetic flux
generated from the Co/Ni disk, proportional to A2 of the Co/Ni disk.

For the simulations, the bead position was varied from coincident with the disk center to a
-3 um horizontal displacement in 500nm increments. Since the magnetic force is spatially
symmetric, calculations were only performed for one half of the disk. The net force was
calculated for a series of bead diameters and M, values of a prospective Co/Ni disk.
Specifically, five values of M., {600, 700, 800, 900, 1000} kA/m, were selected. These
choices were made because they span the possible range of expected M; values for Co/Ni
multilayers. The bulk M values of Co and Ni are 1400kA/m and 490kA/m,24:25
respectively, and can be achieved by varying the relative layer thickness. Each M;value was
tested with four different bead diameters of {0.2, 0.4, 0.6, 0.8} pm. These bead diameters
were chosen because smaller magnetic beads provide a higher spatial resolution when
imaging the distribution of the magnetic beads in the testing section. A 4 ym diameter Co/Ni
disk was used in all simulations.

The simulated capture force vs bead location profile for one combination of parameters is
presented in Fig. 1(a). This shows the results for a Co/Ni disk with an M, value of 800
(kA/m) and a bead diameter of 0.8 (zm). The capture force rises as the bead is moved from
the left side toward the center of the disk and reaches a peak value at the disk edge (i.e., x =
=2 um). The force falls as the bead location is moved further to the right and approaches the
center of the Co/Ni disk. The maximum net force occurs at the disk edge where the largest
magnetic flux gradient from the disk is generated.

The maximum force as a function of bead diameter at various Mg values is illustrated in Fig.
1(b). The plot shows that maximum force does not change significantly with the bead
diameter, which provides flexibility in choosing the nanomagnetic bead size. This can be
explained by recognizing that the magnetic field from the Co/Ni disk is localized to the edge
causing a magnetization gradient in the bead. Consequently, the magnetized volume does not
significantly change even with the increasing bead diameter. In contrast, the capture forces
show a high dependence on the value of M, which proves that the magnetic flux is
proportional to M, of the Co/Ni disk. For example, the maximum force increases ~2 times
when increasing the M; value from 700kA/m to 1000kA/m. The advantage of using a
multilayer structure is that the relative thickness between Co and Ni films is readily tunable.
Hence, it is experimentally possible to modify the maximum capture force by tuning M, of
the Co/Ni multilayers.
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Simulation results indicate that high M, yields larger trapping force on the bead. This can be
achieved via a high Co to Ni ratio. However, overly large Co to Ni ratio risks losing PMA.
12,2627 A Co (0.2nm)/Ni (0.4nm) structure was selected for its relatively high M, while
maintaining stable perpendicular magnetization. This structure was produced on a 0.5 mm
thick single crystalline Si (001) substrate by e-beam evaporation28:29 at room temperature
with a base pressure of 2 x 1076 Torr. The substrate was cleaned with acetone, methanol, and
isopropanol, followed by one-minute O, plasma cleaning (80 W rfpower, 3.75 Torr, 50°C)
prior to the deposition process. Four repeated Co (0.2 nm)/Ni (0.4nm) layers were grown on
top of a Pt (3 nm) buffer layer and a Ti (2 nm) adhesion layer. Pt was chosen as the seed
layer because it has been experimentally demonstrated to enhance the PMA in Co/Ni
multilayers.30 Ti was chosen to improve adhesion of Pt to the substrate. For symmetry, an
extra Co layer (0.2 nm) was deposited on top of Co/Ni multilayers. The entire structure was
then capped by a Pt (3 nm) layer to prevent metal oxidation. Disks with 4 gm-7 ym
diameters and 12 um separation between the centers of disks were patterned by a lift-off
method using photoresist nLof2020. A simulation was performed to understand the effect of
burrs at the edge of the disk caused by the lift-off process. The results show that the edge
imperfection associated with lift-off methods does not impact the capture force on magnetic
beads significantly.

To benchmark the relevant A, of this heterostructure, a full film sample was characterized
using a Superconducting Quantum Interference Device (SQUID) in the DC mode. The
presence of an out-of-plane easy axis consistent with PMA is confirmed in the hysteresis
loop shown in Fig. 2. The out-of-plane (OOP) curve has a much lower saturation field and
higher magnetic remanence than the inplane (IP) curve. Furthermore, experimental values of
OOP M, (870 kA/m) and IP (860 kA/m) are consistent with the theoretical value of 840
kA/m, which was obtained from the Co/Ni thickness ratio (1: 1.6) by the rule of mixtures.
This confirms that the desired M, was obtained by growing a film with the relevant Co to Ni
thickness ratio.

The structure was next tested for trapping fluorescent beads using a microchannel. A
microfluidic device was integrated with the Co/Ni disks, and fluorescent magnetic beads
were passed through the device and imaged using a fluorescent microscope to observe the
magnetic bead capture events. The disk array is shown in Fig. 3(a). The microfluidic channel
and surfaces of microstructures were passivated with a surfactant to prevent nonspecific
surface interactions of the magnetic beads. The details of materials and methods are
described in the supplementary material. Magnetic beads were localized on the Co/Ni
micropattern array as shown in Fig. 3(b). To provide further evidence to support bead-based
capture via PMA, the disk arrays were partially covered with a polydimethylsiloxane
(PDMS) layer of 1mm thickness prior to introducing the magnetic beads in suspension. The
beads were not captured by PDMS covered disks, Fig. 3(c).

The PMA field capture and localization were characterized by tracking magnetic bead
binding sites on the surface of Co/Ni disks. Micromagnetic beads (diameter = 2.8 ym)
labeled with red fluorescent dye in fluid were introduced to Co/Ni disks (diameter = 7 um).
Magnetic binding locations were observed on the edges of the Co/Ni disks [Fig. 3(d)].
Specifically, micromagnetic beads were equally distributed and localized at different angles

Appl Phys Lett. Author manuscript; available in PMC 2020 October 13.
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(6) from the center of each disk. This indicates a large magnetic field gradient associated
with the magnetization field produced on the perimeter of Co/Ni disks as suggested by the
simulations.

Smaller magnetic beads were used to increase the spatial resolution when imaging magnetic
beads. The fluorescent nanomagnetic particles (diameter = 400 nm-500 nm) were captured
on the previously tested Co/Ni disks (diameter = 7 pm) [Fig. 4(a)]. Quantitative
measurements of nanomagnetic bead localization were made by image analysis of the
fluorescence intensity (grayscale) around the Co/Ni disks. An overlay image of the disks
was generated, where pixels with a fluorescence signal corresponds to the location of
nanomagnetic beads [Fig. 4(b)]. The image intensity map is collected from each disk and
then averaged over a population of 50 Co/Ni disks within the array. The magnetic capture
spatial distribution map confirms that the most effective magnetic trapping region coincides
with the region of the maximal magnetic field gradient at the perimeter of Co/Ni disks [Fig.

4(0)].

In this study, multilayered Co/Ni disk arrays exhibiting PMA were designed, fabricated, and
demonstrated to capture magnetic beads. Finite element simulations indicate that different
M, values, which can be modified by varying the relative Co/Ni thickness ratio, significantly
change the magnetic capture forces. Based on the modeling results, a Co (0.2 nm)/Ni (0.4
nm) multilayered structure was selected due to its OOP easy axis and relatively large PMA.
Patterned Co/Ni disks were tested in a suspension of fluorescent magnetic beads in fluid,
showing that the perimeter of disks trapped most of the magnetic beads. This observation
agreed with the modeling results that the maximum capture force occurs at the edge of the
disk. By eliminating the need for an externally applied field, this approach to magnetic bead
capture provides a promising pathway toward compact lab-on-a-chip devices for more
precise cell manipulation.

See the supplementary material for the device setup & imaging and analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
(a) Force on a magnetic bead (0.8 xm diameter) when placed at different locations. The blue

box indicates the half side of the Co/Ni disk. (b) Maximum force determined from different
M, values of the Co/Ni disk as a function of each bead diameter. The maximum capture
forces for (b) were extracted from the peak value of the corresponding force profile similar
to the one shown in (a).
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FIG. 2.

Magnetization vs applied field hysteresis loop for a full film Co (0.2 nm)/Ni (0.4 nm)
heterostructure under inplane (IP) and out-of-plane (OOP) applied fields.
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FIG. 3.
Co/Ni multilayer disks (diameter = 4.5 x/m) with PMA demonstrate the high capture rate of

magnetic beads labeled with green fluorescence (diameter = 0.4 um). (a) Bright field image
of Co/Ni multilayer disks before passing fluorescent magnetic beads. (b) Overlay of bright
field and fluorescence images of magnetic beads on the Co/Ni disk array demonstrates
localized capture. (c) Partially covered substrate with the PDMS layer shows selective
binding and localization of fluid-born beads on Co/Ni multilayer disks. (d) The location of
magnetic bead-binding events at different angles (6) with the polar coordinate system
chosen at (1,0) on the circular surface of the Co/Ni microdisks.
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FIG. 4.
Quantitative image analysis of nanomagnetic bead distribution on the surface of Co/Ni disks.

(a) Fluorescence microscopy image of nanomagnetic capture and build-up on 7 g/m Co/Ni
disks. (b) Fluorescence intensity of an image overlay of Co/Ni disks (c) Normalized
intensity map of the image overlay show the high magnetic trapping region on the perimeter
of Co/Ni disks.
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