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Rotational Maneuver of Ferromagnetic Nanowires
for Cell Manipulation
Yi Zhao∗, Member, IEEE, and Hansong Zeng

Abstract—1-D magnetic nanowires provide a powerful tool for
investigating biological systems because such nanomaterials pos-
sess unique magnetic properties, which allow effective manipula-
tion of cellular and subcellular objects. In this study, we report the
rotational maneuver of ferromagnetic nanowires and their applica-
tions in cell manipulation. The rotational maneuver is studied un-
der two different suspension conditions. The rotation of nanowires
in the fluid is analyzed using Stokes flow assumption. Experimen-
tal results show that when the nanowires develop contacts with the
bottom surfaces, the rotational maneuver under a modest exter-
nal magnetic field can generate rapid lateral motion. The floating
nanowires, on the other hand, do not exhibit substantial lateral
displacements. Cell manipulation using skeletal myoblasts C2C12
shows that living cells can be manipulated efficiently on the bot-
tom surface by the rotational maneuver of the attached nanowires.
We also demonstrate the use of rotational maneuver of nanowires
for creating 3-D nanowire clusters and multicellular clusters. This
study is expected to add to the knowledge of nanowire-based cell
manipulation and contribute to a full spectrum of control strategies
for efficient use of nanowires for micro-total-analysis. It may also
facilitate mechanobiological studies at cellular level, and provide
useful insights for development of 3-D in vivo-like multicellular
models for various applications in tissue engineering.

Index Terms—Cell manipulation, ferromagnetic nanowires,
tissue engineering.

I. INTRODUCTION

MANIPULATION of living cells is a critical process
widely involved in fundamental and applied biomedi-

cal applications, especially for cell-based diagnosis [1]. During
the past decades, a broad array of noninvasive cell manipula-
tion technologies has been developed, including microfluidic
approaches [2], dielectrophoretic approaches [3], [4], optome-
chanical approaches [5], etc. In particular, magnetic nanopar-
ticles have been proved efficient for cell manipulation, separa-
tion, and patterning [6]–[9]. The large surface-to-volume ratio
of the nanoparticles allows strong and specific binding with
various biological objects [10]. These nanoparticles attached to
living cells or being internalized by the cells can be actuated by
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an external magnetic field for manipulation purposes. Among
various forms of nanoparticles, 1-D magnetic nanowires with
large aspect ratios have recently drawn extensive interests due
to their larger magnetic dipole moments [11]. The characteris-
tic cross-sectional dimensions of these nanowires range from
a few tens of nanometers to several hundreds of nanometers,
while the length is on the order of a few micrometers and above.
Such geometries provide a unique micro/nanointerface to wire
nanowires with “bigger” surroundings, important for develop-
ment of various functional devices [12]. Previous studies have
demonstrated that magnetic nanowires are more efficient in cell
separation than spherical magnetic nanoparticles [13]. The en-
hanced magnetic forces can also deform polymer materials and
apply mechanical loads on single cell level [14]. Most of cur-
rent studies concentrate on manipulation of magnetic nanowires
within the lateral plane, while little is reported on other forms of
motion induced by magnetic nanowires. In this paper, we report
the “rotational maneuver” of magnetic nanowires under a rotat-
ing magnetic field, which is defined as the motion that brings
the nanowires out of the lateral plane. Such motion can lead to
more efficient lateral displacement than in-plane manipulation.
It thus allows rapid manipulation of nanowires or cell–nanowire
couples. The study is also useful for building 3-D assemblies of
cell–nanowire couples, which may open new perspectives for
various biomedical applications.

II. MATERIALS AND METHODS

A. Nanowire Synthesis

The rotational maneuver was demonstrated using nickel
nanowires because their unique ferromagnetic properties al-
low easy manipulation by external magnetic fields. Fig. 1(a)
shows the electroplating process for nickel nanowires synthesis.
An anodic alumina membrane with controlled pore sizes [see
Fig. 1(b)] (Fisher Scientific, Pittsburgh, PA) was used as the
template for growing nanowires. GaIn eutectic alloy (Sigma-
Aldrich, St. Louis, MO) was applied to one side of the mem-
brane surface as the seed layer. After attaching the membrane
to a copper plate, the surface of the copper plate was covered
with an electric tape, only exposing the area of the porous alu-
mina membrane. This was to avoid the electrochemical reaction
between the copper and the electrolyte. Afterward, the copper
plate was electrically connected with a nickel wire and im-
merged into the nickel plating solution (Ni Pure, Technic, Inc.,
Cranston, RI). During electroplating, the copper plate carrying
the membrane served as the anode and the nickel wire served
as the cathode. Nickel was growing in the nanopores of the
anodic alumina membrane under a dc electrical bias of 1.5 V.
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Fig. 1. Nickel nanowires were synthesized by electroplating on a porous alumina anodic membrane. (a) Electroplating under an electrical bias of 1.5 V dc.
(b) Nanowires growing into the pores of the alumina anodic membrane. (c) Length of the nanowires controlled by the electroplating time. (d) and (e) SEM
micrographs of the as-fabricated nickel nanowires. The diameter of the nanowires is about 200 nm.

The diameter of the nanowires was determined by the pore size
of the anodic alumina membrane. The length of the nanowires
was controlled by the electroplating time [see Fig. 1(c)]. To
demonstrate the efficacy of the rotational maneuver, nanowires
with lengths ranging from 10 to 60 µm were synthesized. After
the completion of the electroplating process, the anodic alumina
membrane was detached from the copper plate. GaIn eutectic
alloy was removed using concentrated nitric acid. The alumina
membrane was dissolved in NaOH solution (20 wt%). The re-
leased nanowires were collected and suspended into phosphate
buffer solution (PBS). The concentration of the nanowire sus-

pension was determined by optical microscopy. Fig. 1(d) shows
the SEM micrographs of the released nanowires. The diameter
of the released nanowires was measured as about 200 nm [see
Fig. 1(e)].

B. Cell Culture and Incubation with Nanowires

The nanowires were sterilized in ethanol (70 wt%), and
precipitated by centrifugation at 900 r/min for 5 min. These
nanowires were then resuspended into the culture medium
(Dulbecco’s modified Eagle medium (DMEM; Invitrogen, CA)
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Fig. 2. Rotational maneuver of the nanowires was studied using a rotating
external magnetic field. (a) Field generated using permanent magnets positioned
close to the point of interest. (b) Interaction between the external field and the
induced magnetic dipole moment rotates the nanowire out of the lateral plane.

supplemented with 10% fetal bovine serum, 2 mM glutamine,
and 1% penicillin/streptomycin), kept in the incubator at 37 ◦C,
and sonicated for 5 min to avoid aggregation before being mixed
with the cells. The nanowires were exposed to the field excess
2000 G. Given the linear relationship between the length of the
nanowire and the saturation field strength [13], such a field is
sufficient for full remanent magnetization.

Cell manipulation by the rotational maneuver of nanowires
was demonstrated using skeletal myoblasts C2C12 (ATCC,
MD). The cells were growing in the culture medium accord-
ing to the protocols described earlier [15]. After the cells pro-
liferated to reach the desired density, they were trypsinized,
resuspended in the culture medium and mixed with the PBS
containing slightly overnumbered nanowires. The mixture was
stirred thoroughly. Optical observation showed that most cells
were well attached to one or more nanowires. This is attributed
to cell affinity with hydrophilic surfaces of native nickel ox-
ide layer [16]. The disengagement of nanowires from the cell
was not observed throughout the entire experiment. The cell–
nanowire couples were then aspirated and added to the culture
medium in a 100-mm petri dish at 1 × 105 cm−2 .

C. Experimental Setup

Fig. 2(a) illustrates the experimental setup for generating ro-
tational maneuver of the nanowires with a rotating magnetic
field, where a petri dish containing nanowire suspension was
placed on the stage of a measuring microscope. The external
magnetic field was generated by a rectangular sintered ceramic
ferrite permanent magnet. The magnet is 4.75 cm in length,
2.22 cm in width, and 0.95 cm in thickness. It was positioned

on the stage close to the petri dish. The distance from the point
of interest to the center of the magnet was about 5.4 cm. The
magnet was able to rotate at an arbitrary angle within xz or yz
plane along the lateral axis (y-axis or x-axis), respectively. The
rotation rate was controllable. The field measurement showed
that the magnetic field at the point of interest ranged from about
50 G to about 200 G, depending on the orientation of the mag-
net. The interaction between the external rotating field and the
field-induced magnetic dipole of the nanowire (m) generates a
magnetic torque as [11]:

MDR = mlH sin θ (1)

where l is the length of the nanowire, H is the magnetic field
strength, and θ is the lag angle between the driving field and
field-induced moment. From this equation, a larger torque can
be generated toward a longer nanowire under the same field
strength. If such torque was sufficient to rotate the nanowire
along the y-axis [driven by the left magnet in Fig. 2(a)], the
motions out of the lateral plane will be induced and align the
nanowire along the external magnetic field [see Fig. 2(b)]. Sim-
ilarly, the rotation of the nanowires along x-axis was realized
by placing a second permanent magnet perpendicular to the
first one [the right magnet in Fig. 2(a)]. The nanowires or cell–
nanowire couples can thus rotate along any arbitrary axis in
the lateral surface. Under certain suspension conditions, such
rotational maneuver is able to induce lateral displacements of
the nanowires. Given the fact that the characteristic dimensions
of the permanent magnet are orders larger than the dimensions
of an individual nanowire, the field gradient within a subject
nanowire is very small. The lateral traveling velocity induced
by the pull force due to the field nonuniformity is orders lower
than that due to the rotating field, and is negligible. By using a
rotating external magnetic field, complex fabrication of micro-
magnets [17] or microshaped metal contacts [18], [19] in the
local areas are precluded, easy magnetic manipulation at the
small scales is thus allowed.

D. Nanowire Manipulation Using a Rotating Magnetic Field

The rotational maneuver of a nanowire was governed by the
driving magnetic torque and the fluidic drag force. For analysis
simplicity, it is assumed that the subject nanowire has a con-
stant cross-sectional area along the length, and a homogeneous
mass density. Depending on the suspension condition of the
nanowire, there are two distinct types of rotational maneuvers.
For a nanowire floating in the medium without any contact with
the bottom surface, the nanowire rotates around its midpoint
under the external field [see Fig. 3(a)]. The fluidic drag resis-
tance torque (MRI MID ) can be determined by assuming the
Stokes flow. According to Bernoulli equation, MRI MID can be
determined as

MRI MID =
∫ l/2

−l/2

ω2
1x2ρ

2
Dxdx =

ω2
1ρDl4

64
(2)

where ρ is the mass density of the medium. The angular ro-
tational velocity (ω1) at equilibrium can be derived when the
fluidic resistance torque in (2) equals to the driving magnetic
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Fig. 3. Rotational maneuver of a floating nanowire with the diameter of
200 nm. (a) Nanowire rotates around its midpoint, governed by the driving
magnetic toque and the fluidic drag force. The solid lines denote the distribution
of velocity along the nanowire. The dashed lines denote the distribution of hy-
draulic resistance along the nanowire. (b) Angular velocity at equilibrium can
be derived, showing that a longer nanowire has slower response to the external
driving field than a shorter nanowire because of the larger fluidic drag force.
The reference angular rotational velocity ω0 is set for a 10-µm-long nanowire
(200 nm in diameter, aspect ratio 50) under the field of 100 G. When the length
increases to 20 µm (aspect ratio 100), the angular velocity decreases to 35.4%
of the reference value. The angular velocity increases with increasing magnetic
field. The external magnetic fields of the curves from left to right are 50, 100,
150, and 200 G, respectively.

toque in (1) [see Fig. 3(b)]. The angular velocity was represented
by comparing with a reference angular velocity ω0 , which de-
notes the angular velocity of a 10-µm-long nanowire (200 nm
in diameter, aspect ratio 50) under the field of 100 G. For anal-
ysis simplicity, this figure and the followings are all plotted at
θ = 90◦. The angular velocity at smaller angles can be derived
by multiplying the plotted values with a factor of sin θ. It is
seen that under the same driving field and the same intersection
angle, the angular velocity decreases with the increasing as-

pect ratio (length to diameter) of nanowires. For example, when
the length of a nanowire (200 nm in diameter) increases from
10 µm to 20 µm, the angular velocity drops 64.6%. In other
words, it takes longer for a more slender nanowire to reach
equilibrium because of the larger drag force. Since the floating
nanowire does not have an anchoring point contacting with the
bottom surface, no obvious lateral movement is expected.

After the nanowire continues to fall and eventually settles to
the bottom surface of the petri dish, the rotation of the nanowire
follows a different route. Since the contact provides an anchor-
ing point on the bottom surface, the nanowire rotates around
this endpoint [see Fig. 4(a)]. The fluidic drag resistance torque
becomes

MRI END =
∫ l

0

ω2
2x2ρ

2
Dxdx =

ω2
2ρDl4

8
. (3)

Similar to the analysis in floating nanowires, the angular ve-
locity ω2 can be found by equaling the driving magnetic torque
(MDR ) in (1) with the resistance torque (MRI END ) in (3) [see
Fig. 4(b)]. The angular velocity follows the same trend as in
the floating case, but the magnitude reduces dramatically be-
cause of the larger fluidic resistance. In this case, we assume
that the contacting endpoint of nanowire does not slip over
the surface. During the rotation, the two endpoints of a nanowire
alternatively serve as the anchoring point. As the result,
large lateral displacement is expected as the rotation proceeds
[see Fig. 4(c)]. It is easily derived that the lateral displace-
ment during one rotation cycle is two times of the length of the
nanowire. A nanowire can thus be manipulated to any arbitrary
position on the lateral plane using the rotating external magnetic
field.

E. Rotational Maneuver of a Cell–Nanowire Couple

The rotational maneuver of a cell–nanowire couple was stud-
ied. For analysis simplicity, it is assumed that a spherical
cell contacts tangentially with a nanowire at its midpoint [see
Fig. 5(a)]. The mechanical interaction between the cell and the
nanowire does not induce substantial deformation of the cell
body during rotation. Given the fact that the diameter of the cell
is often on the order of a few micrometers, its surface area is
much larger than that of the nanowire, it is plausible that the
fluidic drag force of the cell–nanowire couple during rotation is
mainly due to the fluidic resistance acting on the attached cell.
For a floating cell–nanowire couple, the fluidic resistance torque
can be determined as

MRI CPL =
∫ R

−R

ω2
3x2ρ

2

√
R2 − x2x dx (4)

where R denotes the radius of the cell. The angular velocity of
the cell–nanowire couple (ω3) at equilibrium was obtained using
Mathematica software bundle. Fig. 5(b) shows that with a given
driving torque, the angular velocity positively relates to the as-
pect ratio of the nanowire, i.e., greater the aspect ratio, faster the
nanowire rotates. When the aspect ratio decreases to about 1,
a 1-D nanowire reduces to a 0-D nanoparticle. The reduced
magnetic dipole moment precludes efficient rotation of the
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Fig. 4. Rotational maneuver of a nanowire that has established contacts with
the bottom surface. The diameter of the nanowire is 200 nm. (a) Nanowire
rotates around its endpoint. The solid lines denote the distribution of the ve-
locity along the nanowire. The dashed lines denote the distribution of hy-
draulic resistance along the nanowire. (b) Angular velocity is a function of
the aspect ratio and the external field. For comparison, the same reference,
as in Fig. 3, is used. It is seen that when the nanowire rotates around its
endpoint, the angular velocity decreases. For a 10-µm-long nanowire un-
der 100 G, the angular velocity decreases to 71% of the reference value.
The external magnetic fields of the curves from left to right are 50, 100,
150, and 200 G, respectively. (c) Two endpoints of the nanowire alternately
contact with the bottom surface during the rotation, leading to a lateral
displacement.

Fig. 5. Rotational maneuver of a floating cell–nanowire couple. The diameter
of the nanowire is 200 nm. The spherical cell body has a diameter of 10 µm.
(a) It is assumed that the midpoint of the nanowire coincides with the center of
the cells. (b) Fluidic drag force is primarily due to the cell body. The angular
velocity increases with the aspect ratio of the nanowire and the external field.
The reference angular velocity ω0 is set for a 10-µm-long nanowire (200 nm
in diameter, aspect ratio 50) under the field of 100 G. The subfigure shows if
the aspect ratio decreases to 1 (reduced to a nanoparticle), the angular velocity
is only 14% of the reference value. The external magnetic fields of the curves
from right to left are 50, 100, 150, and 200 G, respectively.

cell–nanowire couple, indicating that the spherical nanoparti-
cles do not rotate the cells efficiently as nanowires do. Similar
as floating nanowires, a floating cell–nanowire couple does not
exhibit substantial lateral displacement under a rotating mag-
netic field due to the lack of anchoring points on the bottom
surface.

III. EXPERIMENTAL RESULTS

A. Manipulation of Nanowires

Fig. 6 shows the experiment results of nanowires rotation un-
der the previous two suspension conditions (i.e., floating in the
medium and contacting with the bottom surface). The medium
containing nanowires was added to a 100-mm petri dish and
shaken gently. Optical observation was performed shortly after
the shaking to diminish the influence of the fluidic disturbance.
The focal plane was carefully tuned to the horizontal plane
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Fig. 6. Experimental validation of the nanowire rotation under two different suspending conditions. (a) Floating nanowire rotating around its midpoint did not
exhibit substantial lateral displacement. (b) Nanowire contacting with the bottom surface had a lateral displacement under a rotating field. The spacebars indicate
10 µm. The dashed lines denote the normal direction of the rotating magnetic field.

where the subject nanowires floated. The nanowire rotation was
indicated by the change of the projected length [see Fig. 6(a)].
The results showed that the focus plane changed modestly dur-
ing the observation. The floating nanowire did not exhibit sub-
stantial lateral displacement, as evidenced by the small lateral
displacement with respect to the stationary reference line, which
further confirmed the assumption that the lateral displacement
by the pull force due to the field nonuniformity can be neglected.

Under the second suspension condition, the nanowire suspen-
sion was kept stationary in the petri dish for 10 min to allow
the sedimentation. The focal plane was adjusted to the bottom
surface. After the nanowires laid on the surfaces, the rotating
external field was applied. The rotation of the nanowire around
one endpoint was observed [see Fig. 6(b)]. During the rotation,
the endpoint that contacted with the bottom surface did not ex-
hibit obvious lateral displacement, which validated the nonslip
assumption. As the rotation proceeded, the nanowire moved
laterally on the surface. It took less than 5 s for a 20-µm-long
nanowire to finish one cycle, where the lateral displacement was
measured about 40 µm.

Optical observations were performed in 20+ nanowires under
each of the previous two suspension conditions. Control experi-
ments were also performed with the same numbers of nanowires
and with no magnetic field present in the surrounding regions.
The nanowire rotation was recorded at 10 fps. The rotation angle
of individual nanowires was derived from the ratio of the projec-
tion length to the full length of each nanowire (under 50× ob-
jective). Considering the measurement error, the angle variation
among all the nanowires under a same field is within 5◦. The an-
gle variation does not change with the rotating angle. In the con-
trol group with no magnetic field, there was neither discernible
rotation nor lateral movement during the entire observation.

B. Manipulation of Cell–Nanowire Couples

The manipulation of cell–nanowire couples was investigated.
When a cell–nanowire couple settles to the bottom surface, its
rotational maneuver under the rotating magnetic field varies
with the length of the attached nanowire. If the nanowire is

shorter than the diameter of the cell, the cell is rolling over the
bottom surface while contacting all the time with the surface.
Assuming there is nonslip condition between the cell and the
bottom surface of the petri dish, the cell–nanowire movement
is a combination of the translational motion within the lateral
plane and the rotation around the midpoint of the nanowire (the
center of the cell).

When the length of the nanowire is greater than the diameter
of the cell, the rotational maneuver becomes a little more com-
plicated since the endpoints of the nanowire contact two times
with the bottom surface during each rotation cycle, as shown in
Fig. 7(a). The process can be separated into two phases. In the
first phase, the cell–nanowire couple rotates around the midpoint
of the nanowire until one endpoint of the wire touches the bottom
surface. In the second phase, the cell–nanowire couple rotates
around the contacting endpoint, lifting the cell slightly off the
surface until the cell contacts with the bottom surface again by
the other side. The rotation proceeds as these two phases alter-
nate, moving the cell–nanowire couple on the lateral surface.
Fig. 7(b) shows the motion of a cell–nanowire couple under a
rotating magnetic field. For such a cell–nanowire couple, the
lateral displacement of over 1mm was achieved within 5 min
using a modest magnetic field ranging from 50 to 200 G. The
rotating rate was about 20 r/min. Faster motion is possible by
increasing the rotating rate of the external field. The manipu-
lation efficiency of the rotating magnetic field was evaluated
by comparing the results to a reference traveling velocity under
a stationary magnetic field of the same strength (200 G). The
results showed that the lateral displacements of the nanowires
under a rotating external field are much greater than that driven
by the stationary field within the same time period.

According to Fig. 5(b), one can increase the lateral travel-
ing velocity by using a longer nanowire. Nonetheless, it was
observed in the experiments that a too long nanowire (over
30 µm) is not as efficient in rotating the cell–nanowire couple
as compared to the slightly shorter ones. If the nanowire has
a length much greater than the diameter of a cell, the couple
may not follow the external field to rotate after one endpoint of
the long nanowire contacts with the bottom surface. This may
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Fig. 7. Rotational maneuver of a cell–nanowire couple contacting with the bottom surface. (a) Rotation consists of two phases: 1) the rotation around the midpoint
plus the lateral movement and 2) the rotation around the endpoint that lifts the cell out of the lateral surface. (b) Experimental observation of cell manipulation on
the lateral surface under a rotating magnetic field. The spacebars indicate 20 µm.

be due to the large fluidic resistance acting on the cell that at-
tached to the long nanowire. The experiments showed that the
maximum lateral traveling velocity can be achieved when a cell
was attached to a nanowire with the length close to the diameter
of the cell, i.e., 10-µm-long nanowire for a cell with 10 µm in
diameter. This finding is in consistence with previous research
of the optimal cell separation efficiency [13].

C. Nanowire Clustering and 3-D Cell–Nanowire Assembly

Tissue engineering has attracted extraordinary attentions
since it assembles cells into clusters with desired spatial ar-
rangements by providing 2-D or 3-D scaffolds. With the in vivo-
like spatial arrangements, these multicellular assemblies may be
used as an in vitro model for studying cellular behaviors under
various controllable conditions [20], [21]. More important, the
assembled structures hold the promise of being transplanted
into organisms for tissue repair and replacement [22]–[25]. It is
known that the ferromagnetic nanowires are able to attract and
connect with each other when they are brought approached due
to the interaction of their magnetic dipoles. Such connection has
shown effectiveness in assembling 1-D cell chains [17]. Here,
we explore the use of the rotational maneuver of ferromagnetic
nanowires for creating 3-D assemblies. Given the fact that the
rotating external magnetic field lifts the subject nanowires out of
the lateral plane, these nanowires are expected to connect with
each other and form 3-D structures. The beauty of this study
is to assemble the cells into desired spatial arrangement with-
out the help of predefined scaffolds. The work will also allow
3-D multicellular assemblies to be formed in the time-effective
fashion by precluding cellular adaptation to local environments.

First, the assembly of individual nanowires was demon-
strated. Nanowires with the length of about 20 µm were added
to the medium and allowed to settle to the bottom surface. The

external magnetic field was applied to manipulate the nanowires.
As a nanowire rotated, it picked up other nanowires on its way
due to the magnetostatic interaction between their dipoles and
formed a cluster. Upon connection of the nanowires, a new mag-
netic dipole formed within the assembled cluster. As a result, the
cluster had greater spatial dimensions than individual nanowires,
and thus, a greater dipole moment. Therefore, the cluster has a
larger lateral displacement than individual nanowires during the
same period of time. Experiments showed that during rotation
the nanowire cluster kept a rod shape. The longitudinal axis
is normal to the direction of the lateral motion. Such geome-
try minimizes the fluidic resistance and allows large traveling
velocity. To demonstrate cluster manipulation along a predeter-
mined route [see Fig. 8(a)], a permanent magnet positioned 90◦

with the previous one [as shown in Fig. 2(a)] was used to in-
duce lateral motion along the perpendicular direction. The two
permanent magnets were used alternatively to drive the cluster
to desired locations. During the process, the nanowire cluster
“cleaned” its way by picking up individual nanowires on the
bottom surface [see Fig. 8(b)]. The results showed that it took
less than 1 min to pick up over 95% nanowires within an area
of 104 µm2 .

Multicellular assemblies were also demonstrated. Fig. 9(a)
shows the manipulation of a cell–nanowire couple to approach
another couple under the rotating magnetic field. The multiple-
couple cluster was formed as the attached nanowires connect
with each other. No detachment was observed in the subse-
quent rotation. By continuing the process, the cluster served as
a seed for picking up other cell–nanowire couples on the sur-
face and forming a large rod-shaped cell–nanowire assembly
[see Fig. 9(b)–(d)]. The assembly can be wrapped by rotating
the field along the longitudinal axis of the rod-shaped cluster to
form a more spherical geometry. Optical examination showed
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Fig. 8. Nanowire clustering process under a rotating external field. (a) Predefined route of the manipulation. (b) Time lapse pictures show the manipulation
process. The spacebars in (b) indicate 30 µm.

that the cluster holds the cells in a 3-D fashion. The thickness
of a representative rod-shaped cluster is over 200 µm. The lat-
eral dimension is over 1 mm. The size and the geometry of the
cluster can be adjusted by controlling the traveling route of the
seed cluster for selective picking up and wrapping.

IV. DISCUSSION

A. Cell Proliferation and Nanowire Internalization

Timing is a critical factor for efficient cell manipulation using
the rotational maneuver of nanowires. The manipulation needs
to be performed right after the cells settle to the bottom surface.
If the cells are left on the surface for long, they may start to

develop adhesion with the bottom surface and spread. Exper-
iments showed that after the cells had been allowed to attach
for about 1 h, about 80% of the cells adhered to the bottom
surface and did not respond to the external field, indicating that
the magnetic torque generated by a modest external field (on
the order of 100 G) was not able to compete with the increasing
cellular adhesive force. After the cells were cultured for 24 h,
most cells lost their spherical geometry. The attached nanowires
were found being internalized by the cells, similar as previously
reported [7]. It may due to the fact that the nickel is an essential
structural component of the metalloprotein and can fuse with
lysosomes [26]. The image taken after 24 h continuous cul-
turing in the growth medium from the point of cell seeding is
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Fig. 9. Multicellular clustering using the rotational maneuver. (a) Cell–nanowire couple was brought approached to other couples to assemble a large cluster
upon nanowires connection. (b)–(d) 3-D cell–nanowire clusters were formed by picking up all the cell–nanowire couples on the lateral surface. The spacebars
indicate 20 µm.

Fig. 10. Nanowire internalization by the skeletal myoblasts shows that the nanowires, if internalized, may affect the cell morphology. The image was taken after
24 h continuous culturing in growth medium from the point of cell seeding.

shown in Fig. 10. This experiment indicated that the nanowires
may, to some extent, affect the spreading profile of the adherent
cells, i.e., the cells extend the pseudopodia along the longitudi-
nal axis of the nanowires. This is explained by the influence of
nanowires on cytoskeleton rearrangement. The in-depth study
of the influence of internalized nanowires on cell morphology
is currently underway.

B. Biocompatibility of Nanowires

The viability of the skeletal myoblasts is not significantly
compromised by the attached nanowires. The cytotoxicity of
nickel has been discussed in previous studies [7], [16], [26].
Here, the cell viability was assessed by culturing the cells for

24 h after they had been attached with the nickel nanowires. The
results showed that 85% cells attached with nanowires were able
to adhere on the bottom surface and spread. After the nonad-
hered cell–nanowire couples were aspirated, the adherent cells
continued to proliferate and reached confluence after about 72 h.
There was not obvious cell detachment during cell proliferation.

Despite of the promising potential of ferromagnetic nanopar-
ticles and nanowires for cell manipulation and analysis, one cri-
tique of these nanomaterials is that they are not readily degrad-
able by the metabolism of biological systems, and may coex-
ist with the cells for a fairly long period of time. The poten-
tial adverse effects of metallic nanowires on cell behavior can
be reduced as the proliferation proceeds because the volume
ratio of nanomaterials to the cells continues to decrease. To
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further reduce the adverse effects of these metallic nanomateri-
als, nanowires can be encapsulated within a more biocompatible
polymer material [27], [28]. This avoids direct contact of metal-
lic nanomaterials with cells while retaining the manipulability
of these nanomaterials by external magnetic fields. One can
also fabricate 1-D nanomaterials using biodegradable nanoma-
terials with ferromagnetic or paramagnetic properties for cell
manipulation [29].

C. Control of Cell–Nanowire Couples and Clusters

Efficient manipulation of cell–nanowire couples is compro-
mised by several factors. First, the midpoint of the nanowire is
not always at the center of the cell. This may change the rotation
center of the cell–nanowire couples, and lead to an increased
resistance toque. Second, during the formation of cell–nanowire
clusters, the external rotating field rotates all the cell–nanowire
couples, making it difficult to selectively manipulate a single
couple. A practical solution is to use a large cell–nanowire cou-
ple as the seed. The higher lateral traveling velocity will allow
the seed to catch up smaller couples during the rotation, and to
enlarge the cluster.

The manipulation process is also affected by the magne-
tostatic interactions between the nanowires attached on cell–
nanowire clusters. The analysis of a simple system composed
of few ferromagnetic nanowires is actually much more intri-
cate than it appear to be [30]. The arbitrary distribution of
nanowires in the clusters further complicates the analytical pro-
cess. Fortunately, although the previous factors have not been
fully taken into account, experiments show that the analysis of
a cell–nanowire couple in (4) provides a good start point to
understand the essence of the rotational maneuver of the cell–
nanowire couple. More precise geometric control of the clusters
made of multiple cell–nanowire couples will be studied in the
future.

V. CONCLUSION

This study explores the use of the rotational maneuver of
nanowires for cell manipulation and clustering under an exter-
nal magnetic field. The out-of-plane rotation of the nanowire
with larger magnetic dipole moments allows efficient manipu-
lation of the attached cells. The rotational maneuver and manip-
ulation efficiency are interpreted by investigating two different
suspension conditions. The movement of 3-D nanowire clusters
and cell–nanowire clusters was experimentally validated. Sev-
eral factors that involved in the complex formation process of
3-D clusters are discussed. The results obtained in this study
show that the rotational maneuver of nanowires are advanta-
geous over previous nanowire-based manipulation technologies
by avoiding the fabrication of local magnetic or metallic com-
ponents and allowing rapid lateral displacement using a modest
external magnetic field. It thus facilitates the integration of mag-
netic nanomaterials into cellular objects. This study is expected
to open new prospective for pattern-less cell manipulation, and
help the scaffoldless fabrication of 3-D cell assemblies in vari-
ous tissue engineering studies.
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