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For biomedical applications, such as single cell manipulation, it is important to fabricate
microstructures that can be powered and controlled wirelessly in fluidic environments. In this letter,
we describe the construction and operation of truly micron-sized, biocompatible ferromagnetic
microtransporters driven by external magnetic fields. Microtransporters were fabricated using a
simple, single step fabrication method and can be produced in large numbers. We demonstrate that
they can be navigated to manipulate single cells with micron-size precision without disturbing the
local environment. © 2010 American Institute of Physics. [do0i:10.1063/1.3293457]

The independent manipulation of cells and man-made
objects on the micron scale in a controlled manner using
autonomous microtools is one of the great challenges in mi-
croscale engineering.l’2 Actuation can be realized using inor-
ganic components, and there is extensive ongoing research
on developing artificially engineered micro/nanoscale struc-
tures to manipulate microcomponents.}12 Previous work has
also addressed different approaches to actuation and control
with engineered microorganisms.”"18 In our previous work,
we integrated swarmer cells of Serratia marcescens and ge-
netically engineered Escherichia coli cells with negative
photosensitive epoxy (SU8) microfabricated structures to
construct microbiorobots. These robots were steered in a
fully automated fashion using computer control, used to
transport and manipulate micron-size objects, and employed
as cell-based biosensors."”

This letter reports on manipulation of individual Tetrahy-
mena pyriformis (T. pyriformis) cells using microfabricated
magnetically responsive microtransporters. Specifically, iron
oxide nanoparticles (magnetite, Fe;0,) were suspended in
SUS8, and microstructures with feature sizes as small as
10 wm were fabricated with this composite ferromagnetic
photoresist. Using a similar composition, magnetically actu-
ated micromirrors have been fabricated with nickel nano-
spheres and SU8 photoresist.20 In contrast to nickel or
neodymium particles, magnetite particles are biocompatible
which is an essential property needed for working with living
cells. There is also a parallel line of research where magne-
tite particles are mixed with polydimethylsiloxane to fabri-
cate flexible, ferromagnetic polymer structures such as
millimeter-sized swimmers®' and tools.*

In this letter, microstructures were fabricated in a single
step that does not require subsequent lithography or etching
processes. Although magnetite nanoparticles are opaque,
standard lithography still works as reflection, scattering and
diffraction of light from the particles assist in the proper
exposure of the photoresist.20 The ferromagnetic photoresist
was prepared by mixing iron oxide powder (spherical, 50 nm
in diameter, Alfa Aesar, IL, USA) with SU8-25 (Micro-
Chem, MA, USA) in a glass Petri dish until it yielded a
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homogenous suspension. We waited one hour before using
the photoresist to eliminate entrapped air bubbles. The mi-
crostructures were fabricated on glass slides using one step
photolithography. The fabrication sequence is shown in Fig.
1(a). The first spin-coating procedure was used to prepare the
nontoxic water-soluble sacrificial dextran layer.23 This layer
is needed to release microstructures into the fluidic chamber
without causing any structural damage. An aqueous solution
of 5% (w/v) dextran 50-70 kDa was spun onto the glass
slide, and baked. Next, the ferromagnetic photoresist was
spin coated. The exposed substrate was postbaked and devel-
oped in propylene glycol monomethyl ether acetate. The
glass slide was kept in 3% HCI (w/w) solution for 1 min to
dissolve excess iron oxide particles, then washed with de-
ionized water and dried with nitrogen air. Finally, micro-
structures were magnetized for 5 min using a rectangular
neodymium-iron-boron (NdFeB) magnet with a surface field
of 6450 Gauss (K&J Magnetics, Jamison, PA). We varied the
weight ratio of the particles suspended in the photoresist

1. Deposition of Dextran
sacrificial layer

3. Cleaning with HCI

2. Spin coating of the
ferromagnetic photoresist

4. Magnetization of
microtransporters
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FIG. 1. (Color online) (a) Fabrication sequence for the microtransporters.
Phase contrast (b) and fluorescence (c) images of 100X 110X 50 wm?
U-shaped microtransporters. The scale bar is 100 um.
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FIG. 2. (Color online) Microtransporter velocity as a function of pulsing
frequency. Each data point represents five measurements and error bars in-
dicate one standard error.

from 1% to 10% and fabricated microstructures with differ-
ent shapes and thickness (30—75 wm). In the application
presented in this letter, cells that resemble spheres with a
diameter of 50 um were manipulated. Based on this geom-
etry, we optimized our fabrication procedure for a specific
weight ratio (8% by weight) and photoresist thickness
(50 um) and fabricated 100X 110X 50 um?® U-shaped mi-
crotransporters, as shown in Fig. 1(b). The transporters were
magnetized in the direction of the opening of the U shape.
Microtransporters were released into the standard me-
dium which we used in cell manipulation experiments to
obtain an accurate characterization of their motion. We were
able to overcome surface friction, adhesion forces and the
drag force acting on the transporters and translate them by
applying a static magnetic field exceeding 50 mT using the
rectangular NdFeB magnet. However, controlling the motion
precisely by adjusting the position of magnets is quite chal-
lenging. Instead, as described elsewhere,”* a controllable
stick-slip motion is achieved by applying time-varying mag-
netic fields using electromagnetic coils. Briefly, an in-plane
constant field of 5 mT is applied which orients the mi-
crotransporters but the force exerted is not high enough to
overcome the frictional forces to translate them. A sinusoidal
out-of-plane field with amplitude of 1 mT is applied using an
electromagnetic coil placed beneath the surface which in-
duces a rocking motion. The magnetic torque tends to align
the magnetization of the transporter with the applied fields

T=V(M X B), (1)

where V and M is the volume and average magnetization of
the microtransporter and B is the applied magnetic field. The
magnetic force exerted on the transporter is proportional to
the amplitude of the gradient of the magnetic field according
to

F=V(M-V)B. (2

Several trials were performed by varying the pulsing fre-
quency (1-100 Hz). Imaging was performed on a Leica
DMIRB inverted microscope with an automated stage, and
videos were captured using a high-speed camera (Redlake
Motion Pro X-3). A tracking algorithm was designed to ana-
lyze the motion of the geometric centroid. The transporter
velocity increases monotonically with frequency, as shown in
Fig. 2. A similar trend has been reported elsewhere.” De-
pending on the direction of magnetization, different head-to-
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tail orientations can be obtained for the same type of struc-
ture. When transporters are close to each other, they snap
together. Since we can control the magnetization values, the
snap-into-contact distance can be adjusted.

As a demonstration of the ability to manipulate single
cells, we separated dead 7. pyriformis cells from living ones
using the microtransporters (see supplemental video avail-
able online).25 T. pyriformis is a protozoon that swims using
cilia, a common locomotive appendage in eukaryotes. It is
frequently used as a model cell in biochemistry and cell bi-
ology due to its complex genetic and structural makeup.26
Cells are cultured using standard medium containing 0.1%
yeast extract and 1% tryptone (Difco, Michigan, USA)
solved in distilled water.”” The cells were deciliated with a
local anesthetic called dibucaine resulting in a susgpension of
nonmotile cells that do not adhere to the surface.’ Exposing
the cells to the anesthetic for 3-5 min is long enough to
completely detach cilia without killing them. We extended
this period in order to have a heterogeneous population of
deciliated dead and live T. pyriformis cells. Cultures to be
deciliated (cell density 10° cells ml~') were suspended in
1.8 mL of standard medium and 0.2 mL 0.5 mM dibucaine
HCI (Sigma-Aldrich, USA). After 6 min of exposure, the
cells were transferred to the standard medium. We verified
that all cell motility was lost using phase-contrast
microscopy.

Cells and microtransporters were released into the same
open channel. First, a microtransporter/target pair was se-
lected and the center of mass of the target dead cell was
calculated using our tracking algorithm. These cells can eas-
ily be detected due to their distinct morphological appear-
ance. They have a spherical shape while live cells look like
ellipsoids. Next, the orientation of the transporter was ad-
justed according to the position of the target cell [Fig. 3(a)].
In the absence of an out-of-plane magnetic field, the trans-
porter was kept in position while the orientation was
changed. By applying a time-varying field with a pulsing
frequency of 100 Hz, we were able to induce a smooth mo-
tion and translate the transporter toward the target cell and
accomplish the engagement [Fig. 3(b)]. Finally, the cell was
cleared out of the field of view [Fig. 3(c)]. In our experi-
ments, while the manipulation of target cells was performed,
the position of other cells kept unchanged unless they were
in close proximity (less than 100 wm). This is expected
since the flow in the far field falls of inversely with the
square of the distance in the low Reynolds regime. We were
able to release transported cells and use the same microtrans-
porter multiple times. However, this result cannot be gener-
alized for other cell types.

For applications in which target cells look physically
similar to the rest of the cells, fluorescence microscopy can
be employed. Target cells can be labeled using fluorescent
dyes, fluorescent proteins (i.e., GFP) or quantum dots. To test
the feasibility of our tracking algorithm under fluorescent
illumination, we acquired images using several excitation/
emission filter combinations with a 100 W mercury lamp
source. The microtransporters were visible with clear con-
tours which make tracking possible [Fig. 1(c)].

In order to accomplish the manipulation of cells in a
fully automated fashion and estimate the forces applied to
the cells by the transporters, we are currently developing an
experimentally validated mathematical model describing the
dynamics of the system. The behavior of the microtransport-
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FIG. 3. (Color online) Transport of target cells. (a) The orientation of the
transporter is adjusted according to the position of the target cell. (b) With
the application of an out-of-plane time-varying magnetic field, the trans-
porter starts translating toward the target. The pulsing frequency is 100 Hz.
(c) The target is engaged and transported out of the field of view. The
average velocity of the transporter is 350 um/s. The scale bar is 100 um.

ers depends on their shape, the weight ratio of the suspended
magnetite particles, the strength of the applied magnetic
fields and the excitation waveform driving the electromag-
nets. The effect of each factor needs to be characterized to
optimize the overall performance. The microfabrication pro-
cess can also be improved by measuring the optical proper-

ties of the ferromagnetic photoresist and accordingly opti-

.. . 20
mizing the exposure time.

In this letter, a simple method for the fabrication of truly
micron-sized, ferromagnetic structures was implemented to
fabricate microtransporters. We also demonstrated that single
cells can be separated based on their shape without disturb-
ing the local environment. The application area is not limited
to cell transport. Positioning cells inside microfluidic chan-
nels for single cell analysis is one possibility. We are plan-
ning to apply forces locally to specific regions of the cells
and examine the cellular reaction to these applied forces.
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