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Abstract

We achieve selective penetration of MCF-7 breast cancer
cells using iron-oxide nanoparticles without causing a per-
manent damage to the membrane and without any effect
on the cell morphology. The nanoparticles are controllably
pulled towards the cells under the influence of the mag-
netic field gradients. First, the nanoparticles are fabricated
and their magnetic dipole moment is characterized to be
7.8×10−8 A.m2, at magnetic field of 60 mT and mass of
1.80×10−9 kg. This characterization is done by measur-
ing the magnetic force exerted on their dipole moment un-
der the influence of controlled magnetic field gradient. Sec-
ond, a magnetic-based control system is designed and used
to achieve selective targeting of the cells under microscopic
guidance. We find that the magnetic control achieves im-
mediate uptake of nanoparticles in the MCF-7 cells without
incubation for relatively long time, using magnetic force less
than 51 nN. In addition, a microforce sensing probe is used
to characterize the impendence of the cells to limit the ex-
erted magnetic force during penetration and to avoid caus-
ing damage to the membrane. We find that a single cell can
overcome penetration force in excess of 13.3 µN.

We also control robotic sperms under the influence of weak
oscillating magnetic fields (milliTesla range) to selectively
target cell mockups (i.e., gas bubbles with average diam-
eter of 200 µm). The robotic sperms are fabricated by
electrospinning using a solution of polystyrene, dimethyl-
formamide, and iron oxide nanoparticles. These nanoparti-
cles are concentrated within the head of the robotic sperms,
and hence enable directional control along external mag-
netic fields. The magnetic dipole moment of the robotic
sperms is characterized (using the flip-time technique) to be
1.4×10−11 A.m2, at magnetic field of 28 mT. In addition,
the morphology of the robotic sperms is characterized using
Scanning Electron Microscopy images. The characterized
parameters and morphology are used in the simulation of the
locomotion mechanism of the robotic sperms to prove that
their motion depends on breaking the time-reversal symme-
try, rather than pulling with the magnetic field gradient. We
experimentally demonstrate that the robotic sperms can con-
trollably follow S-shaped, U-shaped, and square paths, and
selectively target the cell mockups using image guidance
and under the influence of the oscillating magnetic fields.

Figure 1: Pre- and post-conditions of MCF-7 cell aggregate and
single MCF-7 cell subjected to penetration using clus-
ters of iron-oxide nanoparticles. Top: two clusters tar-
get cell aggregate and the uptake is observed after 91
seconds. Bottom: A cluster targets a cell and the up-
take is achieved in 22 seconds. The applied magnetic
field and gradient are 60 mT and 5 T.m−1, respectively.
The cell membrane is not damaged after the accumula-
tion of the nanoparticles.

References
[1] I. S. M. Khalil, I. E. O. Gomaa, R. M. Abdel-Kader
and S. Misra, “Magnetic-Based contact and non-contact ma-
nipulation of cell mockups and MCF-7 human breast cancer
cells,” Smart Drug Delivery System, pp. 219–235, Febru-
ary 2016.

[2] I. S. M. Khalil, A. F. Tabak, A. Klingner, and
M. Sitti, Magnetic propulsion of robotic sperms at low-
Reynolds number, Applied Physics Letters, vol. 109, no. 3,
pp. 033701, July 2016.

[3] M. Elfar, M. Ayoub, A. Sameh, H. Abass, R. M.
Abdel-Kader, I. Gomaa and I. S. M. Khalil, Targeted pen-
etration of MCF-7 cells using iron-oxide nanoparticles in
vitro, in Proceedings of the IEEE RAS/EMBS International
Conference on Biomedical Robotics and Biomechatronics
(BioRob), pages 260-265, Singapore, June 2016.

[4] I. S. M. Khalil, A. F. Tabak, A. Hosney, A. Klingner,
M. Shalaby, R. M. Abdel-Kader, M. Serry, and M. Sitti, Tar-
geting of cell mockups using sperm-shaped microrobots in
vitro, in Proceedings of the IEEE RAS/EMBS International
Conference on Biomedical Robotics and Biomechatronics
(BioRob), pages 495-501, Singapore, June 2016.


