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Abstract Micro- and nanoscale robotic swimmers are
very promising to significantly enhance the perfor-
mance of particulate drug delivery by providing high
accuracy at extremely small scales. Here, we introduce
micro- and nanoswimmers fabricated using self-assem-
bly of nanoparticles and control via magnetic fields.
Nanoparticles self-align into parallel chains under
magnetization. The swimmers exhibit flexibility under
a rotating magnetic field resulting in chiral structures
upon deformation, thereby having the prerequisite for
non-reciprocal motion to move about at low Reynolds
number. The swimmers are actuated wirelessly using an
external rotating magnetic field supplied by ap-
proximate Helmholtz coils. By controlling the concen-
tration of the suspended magnetic nanoparticles, the
swimmers can be modulated into different sizes.
Nanoscale swimmers are largely influenced by Brow-
nian motion, as observed from their jerky trajectories.
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The microswimmers, which are roughly three times
larger, are less vulnerable to the effects from Brownian
motion. In this paper, we demonstrate responsive
directional control of micro- and nanoswimmers and
compare their respective diffusivities and trajectories to
characterize the implications of Brownian disturbance
on the motions of small and large swimmers. We then
performed a simulation using a kinematic model for the
magnetic swimmers including the stochastic nature of
Brownian motion.
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Introduction

The prospect of micro- and nanorobotics to revolu-
tionize many biomedical applications (Dogangil et al.
2008; Ferreira et al. 2004; Fusco et al. 2013a; Grady
etal. 1990; Kim et al. Kim et al. 2013a; Liu et al. 2009;
Martel et al. 2007; Mathieu et al. 2006; Zhang et al.
2005) have facilitated the interest to investigate
controllable micro- and nanoscale devices capable of
accessing small space at low Reynolds number (Abbott
et al. 2009a; Avron et al. 2005; Najafi and Golestanian
2004; Ogrin et al. 2008; Yesin et al. 2005). Of
particular interest to this work is drug delivery, which
in itself is a topic with vast room for technological
improvements along with many considerations and
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challenges needed to be addressed. While it had been
shown that particulate drug delivery systems offer
many advantages for targeted delivery to tumors or
organs (Clearfield 1996; Singh and Lillard 2009),
various obstacles continue to hamper developments in
this area (Tan et al. 2010); one such obstacle is target
accuracy for drug accumulation (Bae and Park 2011).
Magnetic particles controlled using a magnetic gradi-
ent have been explored to improve targeting capability
(Dobson 2006; Sun et al. 2008), but this is not without
limitations. Magnetic gradient force is relatively
ineffective in such small scales (Abbott et al. 2009b;
Vartholomeos et al. 2011) and the rapidly diminishing
strength at long distances renders complications in
direct control of particles (Mody et al. 2014). Micro-
and nanoswimmers with active propulsion mechan-
isms can effectively move through small spaces and
requires less applied magnetic field strength to do so
(Abbott et al. 2009b). At micro- and nanoscales,
locomotion must abide with the physics at low
Reynolds number, which means that inertia is negli-
gible. Following Purcell’s work on non-reciprocal
swimming (Purcell 1977), many strategies were
developed for low Reynolds number locomotion by
utilizing biologically inspired mechanisms such as the
bacterium-like rotating chiral microswimmers (Cheang
et al. 2010; Ghosh and Fischer 2009; Peyer et al. 2011;
Temel and Yesilyurt 2011; Tottori et al. 2012) and the
sperm-like flexible microswimmers (Dreyfus et al.
2005; Gao et al. 2012). While chirality and flexibility
are the field’s standards for designing microswimmers,
other work such as the electrically controlled micro-
biorobots (Steager et al. 2011), magnetically steered
ciliate protozoa (Kim et al. 2010), the 3-bead achiral
microswimmers (Cheang et al. 2014a, b), chemically
driven propellers (Gao et al. 2013; Manesh et al. 2010;
Soloveyv et al. 2009), bi-flagellated micro objects (Mori
et al. 2010), and optically deformed 3-bead swimmers
(Leoni et al. 2009) demonstrated effective low Reynolds
number propulsion.

Existing microswimmers are generally constrained
by high cost, complex fabrication, and/or application-
limiting designs. Helical and flexible body swimmers
are very effective swimmers in bulk fluid, but current
micro- and nanofabrication methods are costly, com-
plex, and size limiting. It should be noted that advances
in nanofabrication have and will significantly reduce
fabrication complicity and size limitations, such as the
case with the Nanoscribe system. Biological swimmers,
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such as the bacteria-powered microrobots (Steager et al.
2011) and the artificially magnetotactic Tetrahymena
pyriformis (Kim et al. 2010), on the other hand are easy
to fabricate due to massive cell culturing, but are not
suited for drug delivery as well as other in vivo
applications. Chemical propellers are fast swimmers,
but the biocompatibility issues of their chemical
byproducts may lead to complications with nearby
tissues and cells. Alas, the pursuit for an effective
propulsion system does not necessarily means the
pursuit of an effective drug delivery system. Although
to be fair, the aforementioned swimmers are useful in
their own rights for their capability to navigate and
manipulate at microscale which can be advantageous for
a number of applications (Dogangil et al. 2008; Fusco
et al. 2013b; Kim et al. 2013b; Magdanz et al. 2013;
Solovev et al. 2012; Tottori et al. 2012; Xi et al. 2013),
and none of them claimed a specificity for drug delivery.
In particular, the nanovoyager (Venugopalan et al. 2014)
demonstrated in biological environments, such as blood,
served as a great example of the possibility to use
microrobots for biomedical applications. Keeping in line
with the considerable advantages of using nanoparticles
for drug delivery, we examine the scalable nanoscale
assembly of magnetic nanoparticles (MNPs) to create
micro- and nanoswimmers. The MNP swimmers can be
actuated via rotating magnetic fields, and convert
rotation motion into translation motion. A similar recent
work has explored the use of carbon-coated iron oxide to
create chiral nanopropellers (Vach et al. 2013). In
contrast, our MNP uses purely magnetic force for
assembly resulting in high-aspect-ratio flexible filament
and we believe the simple self-assembly method,
without a carbon coating, will allow for more flexibility
for synthesis of particles and surface functionalization.
Furthermore, the use of MINPs is appropriately fitting to
the nanoparticulate drug delivery paradigm allowing
these MNP swimmers to share the same advantages
including but not limited to tissue penetrability, high
carrier capacity, and functionalizable structure (Basar-
kar and Singh 2007; Gelperina et al. 2005).

Materials and methods

Fabrication using nanoscale magnetic assembly

The MNP swimmers can be fabricated using
magnetic self-assembly of nanoparticles; in this
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work, we have used 50-100 nm nanoparticles
(Iron(II, TIII) oxide 98+ %, Sigma-Aldrich
637106). The magnetic properties of the nanopar-
ticles, including saturation magnetization, coer-
civity, remanent magnetization, and hysteresis
loop, have been thoroughly investigated by Bajpai
et al. (2013). Under an external magnetic field, the
MNPs will magnetize and form chains that are
flexible under time-varying magnetic fields (Biswal
and Gast 2004; Cebers and Javaitis 2004; Vuppu
et al. 2003). The concentration of MNPs should be
moderated in order to avoid uncontrollable aggre-
gations; instead, controlling the time in which the
MNPs are exposed to the magnetic field at the
desired concentration can give us better control
over how the particles assemble into various sizes
of swimmers. In our procedure, we fine-tuned the
magnetic field strength, magnetization time, and
particle concentration through trial and error. The
stages of the self-assembly fabrication are as
following: (1) Dilute MNPs to 0.1 mg/ml using
diH,0; (2) magnetize them using a 5.06 mT
magnetic field in the order of 10 s to form single
chains with nanoscale widths, constituting as
nanoswimmers; (3) prolong exposure to the mag-
netic field on the order of minutes leads to chain-to-
chain aggregations to form chain bundles with
microscale widths, constituting as microswimmers.
Chain-to-chain aggregation phenomena similar to
stage 3 of our fabrication process had been
previously investigated (Fang et al. 2007; Ytreberg
and McKay 2000). Figure la—c illustrates the fab-
rication process using magnetic self-assembly. We
used image processing to calculate the size of the
micro- and nanoswimmers (Fig. 1d).

Filament deformation and swimming motion

The interconnected MNPs of the swimmers experi-
ence stretching and bending due to hydrodynamic and
magnetic forces. Under a high frequency rotating
magnetic field, the hydrodynamic forces will be
greater, resulting in greater deformation; vice versa
for low frequency rotation. The resulting deformations
allow the near-rod-like MNP chains to become chiral
structures, which can produce propulsion when rotat-
ed. The deformation can be modeled using Hooke’s
law; the stretching free energy and bending free
energy are
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Fig. 1 Magnetic self-assembly in three stages to create micro-
and nanoswimmers: a MNPs suspended in fluid. b MNPs
forming nanoswimmers in the form of chains. ¢ Chain
aggregation forming microswimmers. d Tracking of a mi-
croswimmer using image processing to compute the size of the
micro- and nanoswimmers

respectively, where /; — [ is the difference between
the deformed and undeformed states, N is the number
of beads, k is the spring constant, L is the length of the
filament, s is the arc length along L, 7 is the unit tangent
at s, and A is the bending stiffness (Gauger and Stark
2006). The dipole interaction between the beads
contributes to the deformation. The dipole interaction
energy between i-th and j-th beads is given as
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where p, is the permeability of free space, is the
magnetic susceptibility, B is the external field, p is the
magnetic moment of the beads, r is their relative
position (Gauger and Stark 2006).

The deformations of the MNP chains create the
necessary chiral structures for low Reynolds number
swimming. However, the rotation axis of the swimmer
is the key to determine whether the swimmers will
swim forward or not (Cheang et al. 2014b). This
concept have been discussed in various work with
magnetic swimmers, and the motions exhibited as a
result of changing rotation axes have been called mode
of motions (Cheang et al. 2014a), tumbling and
precession (Ghosh et al. 2012, 2013a), and wobbling
(Tottori et al. 2012). To change the rotating axis, we
manipulated the rotating frequency and the applied
field strength; in other words, we control the swim-
mers using the ratio of these two control parameters
(Hz/mT). For the case with our MNP swimmers, the
values for the ratio to achieve stable swimming ranges
from 6.299 to 7.998 Hz/mT. The ranges of values
were similar between the micro- and nanoswimmer
due to the same MNPs used for both types of
swimmers. For values greater than 7.998 Hz/mT, the
swimmers experienced unsteady rotation, meaning
that the rotation of the swimmer cannot follow the
rotation of the magnetic field; this is also similar to the
concept known as the step-out frequency (Cheang
et al. 2014b; Tabak et al. 2011).

Magnetic control system

The control system used to generate the necessary
rotating magnetic field to actuate the microswimmers
consists of three pairs of electromagnetic coils
arranged in an approximate Helmholtz configuration
(Fig. 2), three programmable power supplies (Kepco
BOP 20-5M), a NI data acquisition (DAQ) controller
(PCI-6259 and BNC-2110), a workstation computer,
an inverted microscope (Leica DM IRB), and a high
speed camera (Fastcam SA3). The components are
shown in Fig. 2c. The coil system is designed to exert
torque on the microswimmers without introducing
translational force; this is done so by applying a nearly
uniform magnetic field rather than a gradient field
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through the approximate Helmholtz configuration.
The six coils in the 3D approximate Helmholtz system
are identical and are made up of 600 turns of copper
wire (awg 25) bonded using epoxy. The inner and
outer diameter of the coils are 4 and 6.55 cm,
respectively, with coil thickness of 1.23 cm. Unlike
a normal Helmholtz configuration, the distance be-
tween the coils is equal to the outer diameter of the
coils.

Computer simulation and direct measurements
from a tesla meter were used to model the magnetic
field generated from the 3D coil system. With 1 Amp
of current passing through two pairs of coils, the
simulation result yielded a value of 5.06 mT at the
center of the field, which matches the experimentally
measured value of approximately 5 mT. We also
investigated the field profile and demonstrated the
ability of the coil system to generate a nearly uniform
magnetic field at the center region approximately
within a 2 mm diameter, which is indicated by the
small circle at the center of the surface plot Fig. 2b.
The profile of the magnetic flux density within the
2 mm region further indicates near uniformity
(Fig. 2b). The size of this region approximately
matches the size of the area where experiments take
place. Given the size of the microswimmers being
tested, the 2 mm region provides sufficient space
needed for experimentation.

The magnetic field strength (mT), rotational
direction of the magnetic bead (clockwise or
counterclockwise), and rotational frequency (Hz) of
the field generated by the coils can be controlled
through LabVIEW. The effective magnetic field (B)
is the vector resultant of the x-, y-, and z-compo-
nents. To create a rotation, there must be at least
two pairs of electromagnetic coils; for example, one
pair in the y direction and one pair in the z direction
create a rotating field in the yz-plane. The two pairs
generate sinusoidal outputs with 90° phase lag.
Using xy-planar control, the resultant field can be
expressed as

—Bgcos(6) + Bsin(6)cos(wt)
B = | Bgsin(0) + Bicos(0)cos(wt) |, (1)
B;sin(wr)

where B, is the maximum amplitudes of the rotating
magnetic field, By is the magnitude of the static
magnetic field, w is the rotational frequency of the
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Fig. 2 The approximate Helmholtz configuration consists of
three pairs of electromagnetic coils. a A photograph and CAD of
the coil system. b COMSOL simulation showing a surface plot

field, 6 is the direction of rotation, and ¢ is time.
Equation (1) rotates the plane of the rotating field and
the perpendicular static field synchronously with 6.
The perpendicular vector to the plane of the rotating
field can be expressed as

Power supplies

(left) of the magnetic field and the near uniform profile of the
2 mm region (right). ¢ The components of the magnetic control
system

n=[—cos(0) sin(d) 0] (2)

which also describes the swimming direction and the
direction of the static field. A schematic for the model
is shown in Fig. 3a.
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Diffusivity

The diffusivity of the microswimmers is dependent on
their perspective sizes. The theoretical diffusion
coefficient can be computed using the Stokes—FEinstein
equation

kgT
D=—, (3)
where kg is the Boltzmann constant, 7 is the
temperature which is set at 297 K (room temperature),
and fis the friction coefficient which accounts for size
and shape of the object. The sizes of the swimmers
were approximated using image processing (Fig. 1d).
The nanoswimmers we’ve observed are roughly
2.78 ym in length and 0.90 nm in width, and the
microswimmers are about 9.09 um in length and 2.50
um in width. Using a rod-shaped model to ap-
proximate the drag on swimmers, the friction coeffi-
cient can be expressed as

3nyL

f= In(L/d) + 3’

(4)

where L and d are the length and diameter of the rod
respectively, # is dynamic viscosity, and y = 0.312 +
0.565d /L — 0.1(d/L)* is the end effect term (Cheong
and Grier 2010; Ortega and de la Torre 2003). As a
result, the diffusion coefficients D for microswimmers
and nanoswimmers are 0.0944 and 0.2841 umz/s,
respectively. The diffusion coefficient for the
nanoswimmers is roughly 3 times greater than that
of the microswimmers; therefore, the nanoswimmers
will be subjected to a stronger influence from Brow-
nian motion.

(b)
y

=l

Fig. 3 Schematic for a the magnetic control system and b the
kinematic models

@ Springer

Kinematic modeling

The kinematics of the MNP swimmers can be modeled
as

(
2(o(1) + b(1), (5)

v(o(0) = [n(a(r) vi(w()] = [do)
cos ¢(1)am(t) sin ¢(1)]", @ can be approximate as
the ratio between the average swimming speed v and
rotation frequency o, b(f) represents random distur-

where

bances and noise, 0 is the input magnetic field’s

turning rate, and ¢ is the rate of change of the heading
angle. Here, we consider b(¢) as Brownian noise in the
motion of the swimmers. Brownian is a constantly
changing variable, they must be modeled stochasti-
cally. The orientation of the swimmers is directly
controlled by the applied magnetics which over-
whelms any effects from rotational diffusion, there-
fore, the random changes in orientation is ignored.
Hence

b(t) = rp(t) = PV2Dr, (6)

where rp is the displacement due to diffusion and P is a
normally distributed pseudorandom numbers. A
schematic for the model is shown in Fig. 3b.

Tracking algorithm

A MATLAB tracking algorithm was developed for
post-processing analysis of the swimmers’ motions.
Raw data from experiments are video files (or
sequence of images) taken at pre-set frame rates.
The tracking algorithm performs image processing on
the individual frames of the videos. The analysis
involved four main steps: image binarization using
grayscale thresholding, final structure definition, size
thresholding, and calculation of geometrical centroid.
In image binarization, the borders of the microswim-
mer were defined by setting a threshold defining a
grayscale cutoff value and each individual frame was
converted into a binary black/white image. After the
structure edges were defined, the interior of the
swimmer was filled using an additional algorithm.
To remove unwanted objects such as debris or out-of-
focus particles, size thresholding was used to filter out
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objects bigger and smaller than the swimmer. The size
of the objects was defined as the number of pixel they
occupied. At this stage, the only remaining object
should be the swimmer. After a binary image defining
only the swimmer was obtained, the geometrical
centroid (x,y) was calculated. The same four steps
were then performed on sequential frames. The
distance between the centroids of the consecutive
frames was calculated based on the pixel-to-pixel
distance, which was then converted to the displace-
ment of the swimmer during the time interval.

Results and discussion
Manual control of micro- and nanoswimmers

To prepare for experiments, the micro- and nanoswim-
mers were resuspend in NaCl solution and then
transferred to a polydimethylsiloxane (PDMS) cham-
ber, which is 3 mm in diameter and 2 mm in height.
The NaCl solution used during experiments helps
matching the density of the swimmers and the fluid,
which helps minimized sedimentation. This allows us
to make sure the swimmers are swimming in bulk fluid
rather than relying on surface interaction for locomo-
tion. The NaCl solution also contributes to the
aggregation of the MNPs, thereby, helps to preserve
the structures of the swimmers (Elimelech et al. 1998).
The chamber was sealed to prevent evaporation and
minimize flow. The chamber was then placed inside
the electromagnetic coil system for experiments. The
range of magnetic fields used in the experiment is in
the order of 1 mT.

During experiments, there are two ways to know
that the swimmer is far from the boundary. First,
during control of the microscope we always keep the
focal plane at least 20 pm from the boundary. This
may not be far enough to completely rule out the
hydrodynamic interactions of 10 pm swimmers have
with the walls. Second, the dynamics of the swimmers
make it quite obvious when boundary effects become
important: a rotor using the surface to move “rolls”
along the surface and hence moves in a direction
perpendicular to its rotation axis; in contrast, a
swimmer in bulk fluid moves in a direction along the
rotation axis.

Using the magnetic control system, we demon-
strated steering control of both micro- and

nanoswimmers. We obtained the nanoswimmers
from stage 2 of the fabrication process. Figure 4
shows the trajectory of a representative example of
a nanoswimmer. The nanoswimmer was traveling
with a speed of 0.4912 pum/s under a 10 Hz rotation
and responsive to the steering input. However, the
movement of the nanoswimmer is influenced by
Brownian motion, which is evident from the jerky
trajectory. This kind of effect from Brownian
motion is expected at the nanoscale. In contrast,
the microswimmers obtained in stage 3 of the
fabrication process have a much smoother trajecto-
ries, indicating a lesser influence by Brownian
motion. A representative case of a microswimmer is
shown in Fig. 5. To demonstrate the controllability,
we manually steered the microswimmer to travel in
a predefined path “DU”. In Fig. 3, the “DU” path
is shown as the dashed lines and the actual
trajectory of the microswimmer is shown as the
white solid line. The microswimmer traveled with a
speed of 3.6655 pm/s under a 10 Hz rotation. The
discrepancy between the trajectory and predefined
path is due to the user’s dexterity during manual
control.

Measuring diffusivity

We further investigate the diffusion coefficient of the
micro- and nanoswimmers without applying an exter-
nal magnetic field; this means the swimmers are not
exposed to external force with the exception of
Brownian motion. To observe the diffusive motion
of the swimmers, we used a tracking algorithm and
computed the mean squared displacement (MSD)
using this equation:

10 pm nanoswimmer —,. »
—

Fig. 4 Trajectory of a nanoswimmer. Brownian motion plays
an influential role in the nano regime resulting in a jerky
trajectory (see supplementary movie)

@ Springer



145 Page 8 of 11

J Nanopart Res (2015) 17:145

microswimmer 7
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— o o -

/ \ /

—/ S, S 10 pm
——

Fig. 5 Trajectory of a microswimmer. Using manual control,
the microswimmer was manipulated to swim in a pattern that
spells out DU (see supplementary movie)

MSD = ((r(1) = ¥(0))*), (7)

where r is the position at time ¢. Figure 6 shows the
MSD as a function of 7 for both micro- and
nanoswimmers. The two-dimensional diffusion coef-
ficient D is expressed as

1 d
D = - 1lim —MSD. 8
4005 dr ®)

The diffusion coefficient for micro- and nanoswim-
mers are 0.1178 and 0.3670 um?/s respectively, which
matched favorable with the theoretical values com-
puted from Eq. (3).

Simulation of trajectories under Brownian
disturbances

Using Eq. (5), we performed a simulation to map
trajectories of the micro- and nanoswimmers (Fig. 7).
The simulation demonstrates the feasibility to use
real-time feedback control in the presence of Brow-
nian motion as random disturbance, as shown in
Eq. (6). The magnetic swimmer is omnidirectional,
but for the purpose of demonstration in this simula-
tion, we define a constraint for the maximum turning
rate (b as 0.2618 rad/s in order to simulate trajectories
with curvatures. This way, we can observe the
performance of the swimmers while moving in a
straight path and turning. We set the initial heading
angle as 225°, the initial position at (0, 0), and the
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Fig. 6 Mean squared displacement (MSD) plotted for both
microswimmers (squares) and nanoswimmers (circles) while
the magnetic field is turned off

desired position at (50, 15). The average velocities for
both the micro- and nanoswimmer were based on data
fitting of velocities against frequency. The upper plot
in Fig. 7 shows three simulated trajectories for a
nanoswimmer: ideal swimming with no Brownian
motion, swimming at 0.49 pum/s under 10 Hz rotation
with Brownian motion at D = 0.2841 umz/s, and
swimming at 9.8 pm/s under 200 Hz rotation with the
same strength of Brownian motion. The bottom plot in
Fig. 7 shows two simulations for microswimmers:
ideal with no Brownian motion and swimming at
0.49 um/s under 10 Hz rotation with Brownian mo-
tion at D = 0.0944 pm?*/s. The diffusion coefficients
D are taking from the theoretical values calculated in a
previous section. The simulations illustrate the influ-
ence of Brownian motion on the relative size and
velocities of swimmers, which is evidenced with the
smooth trajectory of the bigger and faster microswim-
mer while the nanoswimmer at 10 Hz have a jerky
trajectory. In fact, the motion of the microswimmer
with Brownian motion compares favorably with the
ideal case. The increased velocity of the nanoswimmer
at 200 Hz yields a much smoother trajectory, indicat-
ing the potential to overcome Brownian disturbance at
nanoscale. However, as the scale of the swimmer
decreases further, the effects of Brownian motion may
entirely overwhelm the ballistic velocity of the
nanoswimmers. A similar study on helical swimmers
(Ghosh et al. 2013b), with the same order of magni-
tude in length scale as our nanoswimmers, also
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Fig. 7 Simulation of trajectories of micro- and nanoswimmer.
a Simulation of a nanoswimmer rotating at 10 Hz with no
Brownian motion (blue squares), rotating at 10 Hz with
Brownian motion (red circles), and rotating at 200 Hz with
Brownian motion (green diamonds). b Simulation of a
microswimmer rotating at 10 Hz with no Brownian motion
(blue squares), rotating at 10 Hz with Brownian motion (red
circles). (Color figure online)

suggests that the limitation in the smallest size for
nanoswimmers is limited by thermal fluctuation,
which corroborate well with our results and further
validate the existence of a limitation on how small
nanoswimmers can be.

Conclusion
In summary, we have demonstrated fabrication of micro-

and nanoswimmers using magnetic self-assembly of
MNPs. The chains and chain bundles constitute as

nanoswimmers and microswimmers, respectively. The
use of MNPs offer scalability of swimmers’ sizes by
controlling magnetic aggregation. We have developed a
magnetic control system to steer the magnetic swimmers
in any direction in 2D. Two representative cases were
shown to demonstrate steering of nanoswimmers and
microswimmers in bulk fluid. In the case of nanoswim-
mers, the trajectories were strongly influenced by
Brownian motion, resulting in a jerky trajectory, much
like the trajectory from the experiment in Fig. 4. For
microswimmers the motion is not influenced significant-
ly by Brownian motion and was able to produce
relatively smooth trajectories. We have investigated
the diffusivity for both sizes of swimmer analytically and
experimentally. Given the small velocity of the
nanoswimmer at 10 Hz rotation, the Brownian noise
was disruptive but does not overwhelm active propul-
sion. The simulated trajectory for nanoswimmer rotating
at 200 Hz has shown that Brownian noise at nanoscale
can be tolerated, therefore, does not break the paradigm
of nanorobotics for drug delivery. The use of nanopar-
ticles to assemble into controllable swimmers can
enhance the ability for active manipulation for targeting
in nanoparticulate drug delivery systems.

With the basic concept to fabricate controllable
microswimmers from nanoparticle self-assembly, we
hope to combine the robotic principles with advances
of particulate drug delivery system. We will explore
how these MNP swimmers may fit into circulation in
the blood stream, extravasation through leaky vascu-
latures, and moving within the tumor microenviron-
ment. Proof of concept experiment may be conducted
using MEMS technology to evaluate whether the MNP
swimmers may address some of the issue for the drug
delivery paradigm.
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