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Abstract—The magnetic properties of ferromagnetic nanodiscs coated with gold, manufactured using the
Dip-Pen Nanolithography method, and were studied by atomic-force and magnetic force microscopy meth-
ods. The magnetic discs (dots) are represented as nanoagents (nanorobots) applied in medicine for the cancer
cell destruction. The motivation of this work stem from the necessity of the understanding of the magnetiza-
tion distribution in ferromagnetic discs that is crucial for their application in biomedicine. We have performed
the theoretical calculations in order to compare the theoretical image contrast to experimental results.
Herein, we report about the fabrication and analysis of biocompatible ferromagnetic nanodiscs with the

homogenous magnetized state.
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1. INTRODUCTION

Nowadays magnetic nanoparticles have a great
potential to be applied in biomedical fields such as
magnetic resonance imaging (MRI) [1—3], magnetic
separation [4—6], magnetic hyperthermia therapy
[7, 8], and drug delivery [9, 10].Magnetic hyperther-
mia is the most famous method for the local therapy of
the tumor. A wide variety of shapes and sizes of the
particles allows them to interact with biological
objects: viruses, ribonucleic acid, proteins, cells and
organelles [11]. Magnetic nanoparticles can be used in
the form of powders or suspensions, but very often dif-
ferent coatings are used for their introduction into a
biological object to perform several functions at once:
reduce the toxicity of nanoparticles and preventtheir
degradation in the body [12]. We fabricated the mag-
netic nanodiscs are able to destroy cancer cells. The
structure of the nanodiscs is multilayered and consists
of ferromagnetic FeNi covered with Au. When an
alternating magnetic field is applied the nanodisc vor-
tex core shifts, creating an oscillation, which transmits
a mechanical force to the cell. Then this mechanical
force is efficiently transduced to the membrane and
further on to subcellular components [13, 14]. Besides
this ferromagnetic nanodiscs can also be used in
hyperthermia method. Currently, photolithography,
electron beam lithography and nanoimprint lithogra-
phy are used to fabricate magnetic nanodiscs [15—17].

IThe article is published in the original.

We demonstrate a new approach to fabricate bio-
compatible ferromagnetic nanodiscs using Dip-Pen
Nanolithography (DPN) method on the
Au/NiFe/Au/Al/Si(111) structure. Atomic Force
Microscope Nanolnk, Inc. DPN 5000 includes three
operation modes: atomic force microscopy (AFM)
was applied to scan the topographic features of the
film, magnetic force microscopy (MFM) was used to
image the magnetic forces and system of Dip-Pen
Nanolithography was used to create nanostructured
array of ferromagnetic nanodiscs.

2. EXPERIMENTAL

In DPN, the tip of an atomic force microscope
probe is coated with ink and traced across a target sur-
face. As the probe traverses the surface, the ink is
deposited along the tracing path and diffuses away
from the tip through the water meniscus. By varying
the tip speed and/or dwell time, it is possible to create
lines of various widths and/or dots of various radii,
and the lines and dots can be combined to create com-
plex patterns. The instrument uses an environmental
chamber capable of controlling temperature and rela-
tive humidity through a real-time feedback loop.
Environmental conditions were kept constant
throughout all experiments. The Nanolnk Chamber
software permits environmental stabilization while
being able to avoid associated noise by turning off the
heater and nebulizer during writing and imaging.
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Fig. 1. (a) the cross-section of MFM signals of the same disc in different lift heights, 3D representation of the magnetization dis-
tribution and image of MFM signal of Au/NiFe/Au discs; (b) model calculation of magnetic force signal (grey line) and the mea-
sured MFM signal (black-squared line) on the lift-height of 40 nm compared with the AFM signal (dotted line) and topological

signal image of Au/NiFe/Au discs.

As mentioned, previous DPN work varied environ-
mental conditions while keeping the tip and structure
the same. While exploring minimum line width
dependencies on surface roughness and tip radius, we
kept environmental conditions stable at T = 27 &
0.1°Cand RH = 38 £ 0.5%. This way we formed
the nanostructured array of nanodiscs on the
Au/NiFe/Au/Al/Si(111) structure using the SiN
probe coated with MHA-Acetonitrile. We use the Al
film for the last stage of nanodiscs fabrication. The
chemical etching of this layer allows to lift off the nan-
odiscs from the substrate.

After DPN procedure structure patterned with the
polymer (MHA-Acetonitrile) was operated by four-
stage chemical etching process. Firstly, the structure
was treated for 20 minutes in the wet etching of 1:1:1:1
(v/v/v/v) aqueous mixture of 0.1 M Na,S,0;, 1.0 M
KOH, 0.01 M K;Fe(CN)4 and 0.001 M K, Fe(CN),
[18] with constant stirring to completely remove Au
from areas aren’t covered with MHA-polymer. Sec-
ondly, the sample was treated in dilute solution of
HNO; for 1 minute with constant heating to com-
pletely remove NiFe film. Thirdly, the structure was
treated again to remove the second Au film. Thus
30-nm-thick, 0.9-um-diameter Au/NiFe/Au were
fabricated by DPN method on the Si(111) structure.
After cleaning in acetone (CH;+ C(O) + CH;) to
remove the MHA polymer from the disc surface, water
(H,0) and drying with nitrogen (N,), getting structure
was analyzed in contact magnetic force mode (MFM)
of AFM.

For the MFM investigations we employed a
Nanoink Inc. DPN 5000 scanning probe microscope
in noncontact mode and phase detection of the mag-
netic force gradients. Commercial MFM 40 nm tips
coated with CoCr were used. The lift-height was set to
40, 60, 80 and 100 nm. All MFM measurements were

carried out at ambient conditions. The MFM mode of
SPM Nanolnk, Inc. DPN 5000 was used to analyze
magnetic signal. This mode is operated together with
AFM. Atomic force is a short-range force while mag-
netic force is a long ranged one. By lifting the MFM
tip away from the medium from the topographic scan-
ning (AFM) to the magnetic scanning (MFM), the
major portion of the atomic force will be eliminated in
the MFM signal.

When conducting magnetic studies at the submi-
cron level, first of all, it is necessary to separate the
MFM images from the topology images (AFM). To
solve this problem, magnetic measurements are car-
ried out using a two-pass method. On the first pass,
the surface topology is determined by semi-contact
methods. On the second pass of each scan line (or the
image as a whole), the cantilever is raised above the
surface and scanning is performed in accordance with
the stored path. As a result, on the second pass, the
distance between the scanned surface and the fixed
end of the cantilever is kept constant. In accordance
with this method, both the AFM image and the
MFM image were obtained simultaneously. Fabri-
cated nanostructured array of ferromagnetic nano-
discs was studied by MFM mode to display the
magnetic signal on different lift heights: 40, 60, 80
and 100 nm (Fig. 1a).

The MFM probe used for the measurement was
oriented perpendicular to the sample (o0 = 90°) and
the cantilever was tilted at an angle B, = 4° with respect
to the sample plane. With this probe configuration,
the magnetic transitions appear as either dark or bright
spots, corresponding to attractive or repulsive force
derivatives, respectively. This response is shown
explicitly by the constant force derivative contour
in Fig. 1a.
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Experimental MFM image of fabricated 0.9-um
Au/NiFe/Au nanodiscs has the ground state of the
homogenous magnetization, oriented along the direc-
tion of the external magnetic field (Fig. 1a). This
image shows that all nanodiscs demonstrate the dipole
distribution of MFM contrast typical for homogenous
magnetized state.

The MFM signal of fabricated nanodiscs is depen-
dent of the lift-height in MFM scanning: higher lift-
height leads to lower magnetic signal. The distribution
of the magnetic signal in the ferromagnetic nanodisc
occurs according to the magnetic force lines of the
disc. Thus, we observe two differently directed peaks
in the cross-sections and in the 3D model of the MFM
signal (Fig. 1a). According to the MFM research the
size of the magnetic signal does not equal to the one-
dimensional profile of the disc (Fig. 1b), so the actual
diameter of fabricated nanodiscs is 0.9-um. Thus,
magnetic force lines most probably lie outside of the
ferromagnetic disc and the vector of the magnetization
lies inside of the disc. We support that the sizes of the
disc align with the domain sizes.

A number of previous authors have calculated the
forces resulting from various magnetizations of probe
and sample [19—21]. We have performed the similar
calculations order to compare the theoretical image
contrast to the experimental results

The calculations of the magnetic force signal are
calculated for a cantilever oriented at the angle B, = 4°
and the probe perpendicular (oc = 90°) to the sample.
The calculation predicts unipolar symmetric peaks,
reflecting to the basic model described earlier in [22].
The good agreement between modeling and experi-
ment in Fig. 1b supports the presumption that the tip
magnetization is aligned predominantly perpendicular
to the sample axis.

3. RESULTS

We demonstrated the new approach to fabricate
biofunctionalized magnetic nanodiscs using the DPN
method. Fabricated 30-nm-thick, 0.9-um-diameter
Au/NiFe/Au single-domain magnetic nanodiscs non-
toxic and suitable for the targeted cancer-cell destruc-
tion due to its size and the ability to bind cells selec-
tively when the magnetic field is applied.

The magnetic force microscopy method allows us
the concept about the magnetization distribution and
its orientation. To take the magnetic measurements of
the nanodiscs the dynamic mode of the magnetic
force microscopy method was used. Fabricated nano-
discs are multilayered single domain structures with
the homogenous magnetized state. The shape and the
type of the magnetic force contrast curve were
obtained experimentally and compared with the theo-
retical model.
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