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Fe;0,4 nanoparticles were controlled by oscillating magnetic
field to enable fast and non-contact ablation of microchannel

occlusions. Scalable behaviour of their translation and

rotational velocities were experimentally verified. Rotational
flows created by such motions are fundamental for ablation
as demonstrated by the removal of thrombus in occluded
microchannel.

Development of magnetic materials with dimensions ranging from a
few nanometers to several micrometers sparks many opportunities
for biomedical, nanotechnology, and bioengineering applications [1-
3]. Biocompatible magnetic nanomaterials, which are currently
being used as contrast agents in imaging systems, are also
envisioned for controlled drug delivery systems, cell
labelling/sorting, and minimally invasive nano/microsurgery tools [4,
5]. The obvious benefits of employing extremely small materials for
laboratory diagnostics and therapeutics include the straightforward
delivery of the nano/microparticles through the bloodstream as well
as target-specific treatment of abnormal tissues/organs.

Iron oxide-based nanomaterials, such as maghemite (y-Fe,Oj;)
and magnetite (Fe;0,), are reported to exhibit superparamagnetic
properties at room temperature [6-9]. These materials are strongly
magnetized by an external magnetic field, permitting stable and local
interaction with potential target structures (e.g. cancer cells, tumors,
blood cells, emboli, and lipomas). Controlled operation and
functionalization for binding with physiological structures are being
highlighted to complement their biocompatibility [10-12]. Various
means of control mechanism are proposed to offset the inherent
difficulty of moving extremely small particles. Autonomous motion
strategies through chemical reactions, ultrasonic propulsion, and
thermophoresis have been developed [13-18]. External forces from
magnetic and electric field sources are similarly explored [19-26]. In
this report, we investigate the motion behaviour of iron (II, III) oxide
(Fe30,4) nanoparticles using an oscillating magnetic field.
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Magnetic nanoparticles such as Fe;O, acquire large dipole
moments when immersed in an external magnetic field, which
consequently align the particles with the magnetic source. Strong
dipolar interaction between the magnetized nanoparticles could
result to agglomeration, forming chains or rod-like microstructures
[27-29]. The agglomerates may unfold as randomly dispersed
nanoparticles upon removal of the external field. The reversibility of
the clustering behavior has found applications in magnetophoretic
separation systems such as in waste water treatment [30]. Our work
exploits this known phenomenon to develop microrod structures that
move in two or three-dimensional space with a well-defined velocity
under an external gradient source. As such, steering microrods
towards a target becomes relatively easy because their trajectory is
determined by the gradient field. Furthermore, the use of an
oscillating magnetic field induces a magnetic torque for the
controllable rotation of the microrod. The trajectory, velocity and
length of the microrods are found to be mostly dependent on the
applied field and, hence, a simple manipulation platform is built to
control their movement. Hydrodynamic forces resulting from the
rotational motion is used for the non-contact removal of occlusions
(e.g. blood clot) in a microchannel.

As shown in Fig. la, the construction of the manipulation
platform combines a permanent magnet to assemble the
nanoparticles into microrods and an electromagnet (solenoid) to
produce the oscillating and magnetic field gradient sources for
rotation and translation, respectively. Fe;O, nanoparticles were
batched prepared in deionized water to make sure that each trial set
uses the same concentration of magnetized particles. Initially, the
suspension was injected in a narrow glass container to observe the
formation of the microrods in real-time. The nanoparticles are
randomly dispersed, forming microclusters of varied shapes (Fig. 1b).
By positioning the permanent magnet a few centimeters from the
tank, the nanoparticles are instantaneously assembled to form rod-
like agglomerates (Fig. 1¢). Removing the magnet completely
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Fig. 1 (a) Fe;0,4 nanoparticles in suspension form agglomerates of micrometer-size structures. (b) Schematic diagram of magnetic
manipulation platform. (c) Control system of nanoparticle movement, their orientation, and motion tendency (i)-(ii) without and (iii) with
external oscillating magnetic field. (d) Non-contact removal process of thrombus/occlusion by rotational flow field around rotating microrod.
Smaller debris discarded from initial ablation is propelled through the fluid flow and engaged by trailing microrods for complete ablation.

destroys the microrods such that the particles are returned to their
initial dispersed state.

The movement of the microrods in the magnetic manipulation
platform is controlled by the oscillating field. The general trajectory
is determined by the steepest gradient. The rotation chirality is also
determined by the coil position with respect to the container tank.
Using this configuration, maneuvering the microrods inside the
container was easily permitted by translating the coil along the x-y
plane.

Observations with various positions and amplitude of the
oscillating field were recorded. These observations can be
summarized as follows: Microrod agglomerates are formed
immediately after injection of the Fe;O, nanoparticles into the
microchannel. The microrods are elongated and elliptical in shape
with long axis aligned parallel to the stationary magnetic field. The
magnetization vector M is diametric and, hence, the rotation
tendency is about the long axis. The length and diameter of the

2 | Nanoscale, 2014, 00, 1-3

microrods are dependent on the magnetic field strength, which can
be controlled by tuning the amplitude of the oscillating field as
depicted in Fig. 2. The length of the microrods can also be increased
by positioning the permanent magnet closer to the microchannel.
There is a quadratic dependence in the length of the microrod and
the external field, which implies scalability in the shape and
dimension of the microstructures. Nanoparticle clusters that settle on
the bottom of the microchannel or container are not assembled into
microrods, thus remaining stationary because of dominant surface
effects. Although the size distribution of the microrods is
inhomogeneous, within our measurement limits and depending on
the current amplitude supplied to the solenoid, the microrods are
observed to move with the same velocity and rotation speed.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Microrod length depicts quadratic dependence with magnetic field strength H. Fitting parameters: y = 4.489 — 0.021x + 4. 054 x 10 x°.

To establish a generalized formulation for predicting the
translation and rotation of the microrods in a viscous fluid, we first
assume that the electrostatic and van der Waals forces are negligible.
Although in principle, the stability of iron-oxide nanoparticles in the
suspension is subjected to attractive van der Waals and hydrophobic
effects, the interaction between neighboring clusters is mostly
subjected to the strong dipolar interactions in the presence of an
external magnetic field (as illustrated in Fig. 1). Moreover, the
microrods are observed to be separated by at least one-body length
from adjacent microrods, which are also moving closer to the center
such that contact with the microchannel wall becomes negligible.
Effects from Brownian movement are not immediately observed,
thus ruled out from the effective and defined trajectory of the
microrod. (See corresponding ESI Video S1) Further assuming
Newtonian flow throughout the microchannel, the magnetic gradient
generated by the coils induces the predominant motive force for the
propulsion of the microrods. The magnetic force (F,) is given by,

- AH
F,=u V| H = M
X ~

where 1o = 41 x 107 H m™' is the vacuum permeability which is

close to that of water, y (5) is the material susceptibility, V (3 x 10"
m®) is the volume of the microrod, H is the magnetic field strength,

and A_H is the gradient field.

This journal is © The Royal Society of Chemistry 2013

For non-spherical particles (e.g. chains, fibres, rods), the
hydrodynamic Stokes’ drag force can be modified according to

F, =37l nf,v where L, (~4 um) is the equivalent diameter of a

sphere with the same volume as the microrod, 77 (8.9 x 10* N + s m?)
is the liquid viscosity, f, (~2.48) is the dynamic shape correction
factor for tightly packed clusters, and v is the linear velocity of the
microrod [31-36]. It follows that the velocity of the microrod along
the direction of the gradient is,

otV g AR @
3nl,nf, Ax

Although the microrod may undergo initial acceleration, the time
window was too small for accurate tracking measurements. However,
the expression in Eq. (2) shows that the terminal velocity should
linearly change with the quantity( H AH j, which accounts for the

Ax
coupled effects of the oscillating magnetic field amplitude and the
field gradient. This is experimentally verified in Fig. 3a, where the
measured velocity from 10 pm s to 130 pm s linearly increases

between the range 2 x 10° A’m’< ( g A j <60 x10° A’m>. The
Ax

AH H.-H,
Ax  xo—xg
and Hp correspond to the magnetic field strengths at the center and
edge of the container, respectively. Since the magnetic field strength

gradient field is measured according to where H¢
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is not constant, H is approximated to be the average measurement at
the center, i.e. H =~ H,.

As discussed above, the rotation of the microrods depends on the
interaction of the induced magnetization to the oscillating field. The
rotation is on the same plane as the magnetic field (along the x-z
plane in Fig. 1b). If the magnetic dipole moment is represented as m
and magnetic induction as B, the torque 7, on a dipole in free space

is determined by the vector product 7, =mx B = y mx H . The
magnetic dipole moment can be expressed in terms of the
magnetization M and the volume of the particle 72 = MV , which

follows that the magnitude of the torque needed to rotate the
microrod is,

2

X

:V—
En 202+ y)

1, H?sin(20) 3)

where @is the angle between m and B. Equation (3) clearly suggests
that the magnetic torque will increase with the misalignment angle
and volume of the microrods. Most importantly, the expression
reveals that the magnetic torque will vary with IHI>.

It should be noted that the actual rotation of the microrods
should also account for the viscous drag force. Considering its shape,
the induced drag torque on a microrod is given by

7, = E ;[nabzg) where a and b are the long and short axes of
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Fig. 3 (a) The microrod velocity reveals a linear dependence to the field gradient

speed shows a nonlinear dependence to H.

The rotation of microrods in a viscous fluid has been shown to
create a vortex and rotational flows, which act as a lifting
mechanism to move nearby micro-objects in the flow or vortex
region [37-40]. Lifting effect is provided by the rotational flow field
because of the non-uniform distribution of the flow velocity. In this
context, a lifting force can be considered as a fluid drag induced on a
nearby object by the rotating microrods (Fig. 1d). A strong rotational
flow field can therefore modulate the lift force to overcome the
apparent weight of the object as well as adhesion and stiction forces
between the object and the contact surface. Such process can be
applied to ablate nearby objects to move with the rotational flow.

4 | Nanoscale, 2014, 00, 1-3

microrod, respectively, and @ is the rotation speed. In the low
Reynolds number regime, the rotating microrods eventually reach
terminal velocity instantaneously and the magnetic torque is
counterbalanced by the drag torque. As a result, the angular speed is
given by,

3Vyu,H” sin(20)
) =
(2 + }()(3272'77611?2 )

The expression in Eq. (4) suggests that the rotation of the microrods
can be precisely controlled by modulating the oscillating field. It
also implies that the motion of the microrods can be stopped or
resumed by simply controlling the ac source. It shows further the
IH? dependence of the rotation speed, which was verified
experimentally on a microrod with dimension @ =9 um and b = 0.9
pm as shown in Fig. 3b.

The driving field frequency in all the measurements was kept at
140 Hz. No significant change in the microrod rotation speed was
observed between the full frequency settings of the oscillating source
from 40 Hz to 250 Hz. It is supposed that the phase angle between
the diametric magnetization of the microrod and the driving field
were constant in this frequency range.
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The example reported in this work is the non-contact removal of
microchannel occlusions such as a thrombus.

An occlusion in the bloodstream adversely disrupts the supply of
oxygen to normal tissues and organs. Traditional treatments use
drugs to dissolve the blockage or by surgery using mechanical
device that are inserted on the occluded vessel. Our model system
used a microchannel with a length of 16 mm and width of 0.8 mm to
represent a microvessel [41]. To prepare the thrombus, a drop of
blood was injected into the microchannel using a syringe. The blood
was obtained from a volunteer by authorized medical staff. It was
kept in a vacuum sealed tube and stored in a freezer before the actual
experiment. After injection into the microchannel, the blood was

This journal is © The Royal Society of Chemistry 2012
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incubated and left to dry at room temperature until a thick and dark
layer of solid structures became visible. As shown in Fig. 4a, the
opacity of the blood occlusion is higher than the injected Fe;O,
nanoparticles, which would indicate that albeit softer than an actual
thrombus, the modelled occlusion blocked the circulation of injected
fluids completely. The thickness of the thrombus spanned the entire
width of the opposing side walls. The nanoparticles were injected (at
t = 0 s) on the right side of the microchannel, then maneuvered
towards the thrombus area by moving the manipulation platform.
The rotation-induced fluid flow by the leading microrods started to
ablate the occlusion at t = 5 s until the process created a narrow
pathway at the center of the occlusion area (t =15 s). The narrow

To inspect the ablation process in more detail, the movement of
a single microrod (length of ~200 um) in the vicinity of the model
thrombus was tracked as shown in Fig. 5. First, the oscillating
magnetic field was switched on and the permanent magnet was fixed
to orient the microrod axis such as shown. Next, the microrod was
steered towards the densest occlusion by positioning the solenoid
slightly off-center the microscope’s field of view. This strategy
guides the microrod trajectory towards the steep gradient region
shown in Fig. 5a. The microrod rotation was then initiated in the
direction shown (Fig. 5b) due to the acquired torque. The
hydrodynamic flow field generated by the microrods is also about its
rotation axis (See corresponding ESI Video S3), of which the
effective drag force from the perturbed velocity field ablates the
thrombus without the actual contact to the microrod. Initially static
and smaller thrombus structure such as (A) located on the upper left
vicinity of the microrod in Fig. 5b was easily ablated by the

This journal is © The Royal Society of Chemistry 2012
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opening was visibly tapered towards the center of the microchannel,
which can be attributed to the non-uniform velocity distribution of
the flow field. The thrombus structures near the side walls (indicated
by the white arrows) were mostly intact. However, these can be
removed completely by translating the coil to re-position the field
gradient. The non-contact removal of the central thrombus area was
completed in less than 30 seconds using a gradient of 2.54 x 10® A
m and oscillating field strength of 624 A m™.

3@11_1

Fig. 4 Image sequence demonstrating the non-contact removal of microchannel occlusion (thrombus) by magnetic steering of Fe;Oy
microrods; images were captured at 10x magnification. Injection inlet is on the right hand side while the target is indicated by the dense,
opaque area on the left (light blue arrow). The yellow arrows indicate the narrow pathway along the centerline of the microchannel after
removal of thrombus. The white arrows indicate the occlusion region near the microchannel walls, which remained intact due to the non-
uniform velocity distribution in the flow field. (See corresponding ESI Video S2).

rotational flow. The structure was propelled through the flow field
repeatedly (Fig. 5c) until it was eventually fragmented into tiny
debris.

As the microrod moves in the direction of the gradient, the
velocity field stimulates faster ablation due to the faster rotation of
the microrod, as shown in Fig. 5d-5h. Bigger structures from the
occlusion such as (B) and (C) in Fig. 5i-5k were consequently
removed and propelled through the fluid flow field until both were
totally destroyed or split into smaller structures (Fig. 51).

In summary, the microrod movement and thrombus ablation
were both influenced by the apparent position of the microrod with
respect to the field gradient. The relatively slow rotation of the
microrod far from the center of the solenoid can only create a weaker
velocity field, which also can only destroy smaller structures from a
very narrow occlusion area. However, its fast rotation while in
motion towards the steep gradient induces stronger velocity field,

Nanoscale, 2014, 00, 1-3 | 5
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which consequently assist in the ablation of bigger structures with
more efficiency.
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(100x). A microrod (length of ~200 um) with its long axis aligned to a static magnetic field is rotating towards the direction of the steepest
magnetic field gradient. The rotational flow field generated by such rotation creates a velocity flow field, which acts as a lift mechanism to

remove the occlusion. (See corresponding ESI Video S3)

Conclusions

An oscillating magnetic field-driven manipulation system which
exploits the agglomeration of Fe;O, nanoparticles for non-contact
removal of occlusions (thrombus or blood clot) in a microchannel
was presented. We surmised that the rotation of microrods exposed
to a weak oscillating magnetic field generates a hydrodynamic drag
force as a result of the rotational flow field. The non-uniform
velocity distribution of the fluid flow applies a lifting (drag) force,
which destroys the occlusion. By steering Fe;O, microrods along the
magnetic field gradient, we demonstrated a technique for fast and
non-contact thrombus ablation in a microchannel. As a new
approach for microsurgery, we show that controlling the dimension
of the microrods and their trajectory using an oscillating field source
is promisingly simple and easily scalable in comparison to
mechanical devices traditionally used for the same application.
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Notes

Materials. Fe;O, nanopowders were purchased from Top Nano
Technology Co. Ltd. Batch preparation was assisted by first rinsing
the nanoparticles and then sonication in deionized (DI) water.
Nanoparticles from the same batch were suspended in DI water and
kept at room temperature. Bright field TEM images of the IONPs at
different magnification are shown in ESI Fig. S1. The micrographs
revealed that the nanoparticles have spherical morphology and
relatively uniform size distribution. The calculated mean grain size
of the nanoparticles was 50 nm.

The magnetic properties of the nanoparticles were measured
using a superconducting quantum interference device (SQUID)
magnetometer at room temperature. The magnetization (M-H) curve

This journal is © The Royal Society of Chemistry 2012
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in Fig. S1(c) depicts superparamagnetic behaviour with a very
narrow hysteresis loop and coercivity of 3 Oe (Fig. S1d). The
remanence magnetization was approximately zero and the magnetic
saturation M, was calculated at 55 emu/g.

Manipulation Device. The manipulation platform for the Fe;O,
nanoparticles consisted of a permanent and an oscillating magnet
field source. The oscillating magnetic field was generated by a single
solenoid connected to a variable-amplitude AC generator. Figure S2
shows the position of the magnetic field sources with respect to the
Fe;04 nanoparticle suspension. The permanent magnet was placed
sufficiently close (2~4 cm) to the container. It can be moved along
the x-y plane to orient the microrod axis to any direction. The
remanent magnetic field of the bar magnet is 0.3 T. The copper
solenoid was placed beneath the glass tank. It simultaneously
provides the oscillating field to induce torque for rotation and the
field gradient for microrod translation. A calibrated magnetometer
was used to measure the magnetic field strength at the centre and rim
of the tank for all the measurements.

Optical Tracking. A high-speed camera (X-Stream XS-3) attached
to an optical microscope was used to track the motion of the
microrods. Video recordings at 100x magnification were captured
and loaded on a computer. The linear speed (v) of individual
microrods was calculated by measuring the displacement divided by
the time interval and then taking the average over the entire tracking
period. The rotation (@) speed was determined by tracking the period
of one complete rotation. ESI Fig. S2b shows the SEM image of the
microrods formed by the agglomeration of the nanoparticles. The
magnetization vector is along the plane perpendicular to the
microrod long axis. Figure S2 also shows the tracking positions of a
microrod for different magnitude of the field gradient and oscillating
magnetic field.
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