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Abstract

The magnetic nanorobots, primarily composed of ferromagnetic materials, have been
extensively investigated for their potential applications in cellular diagnostics and therapy.
However, because of the substantial magnetic remanence exhibited by ferromagnetic materials,
the magnetic stability of these nanorobots is a matter of serious concern. Here, we have
designed and developed superparamagnetic iron oxide nanoparticles’(SPIONS) functionalized
nanorobots (SPIONs-NR), a unique system that is highly stable against magnetic
agglomeration. This kind of arrangement of random magnetic moments adhering to the
nanorobot’s surface is relatively new and has not been previously explored in terms of
fundamental physics and biomedical applications. We have carefully analyzed the various
dynamical aspects of these functionalized nanorobots by studying their precession angle as a
function of applied frequency at different magnetic fields. Furthermore, these functionalized
nanorobots can be controllably maneuvered in the extracellular matrix by the application of
rotating magnetic fields of comparatively lower magnitudes (usually < 50 G) to selectively
target and annihilate malignant tissues via magnetic hyperthermia-induced localized heating,
and therefore, making SPIONs-NR promising candidates in modernizing advanced
nanomedicine research.



Magnetic nanostructures have been largely explored and investigated because of their
significant contribution in the field of nanotherapeutics'. From spherical particles to
anisotropic structures, like rods, rings, cubes, etc., magnetic nanomaterials based on iron oxides
have witnessed extensive applications to address major biomedical concerns>°. However,
there are certain limitations associated with these isolated nanostructures. It is somehow a
challenging task to steer a swarm of such nanostructures to the tumor-specific site by the
application of an external magnetic field. The possibility of particles getting diffused in the
biological space is significantly higher, and maneuverability, in this case, is greatly
compromised. Furthermore, unwanted particle aggregation in the physiological system may
severely affect the normal functioning of various treatment modalities’!. On the contrary,
inspired by the flagellar motion of bacteria, magnetic nanorobots, primarily composed of
ferromagnetic components like Fe, Fe-Co, FePt, can be safely guided to the diseased-specific
site by means of rotating magnetic fields of reasonably low magnitudes, typically < 80 Gauss,
which is not detrimental to healthy tissues*?*®. The nanorobots are widely studied and much
appreciated for their controlled manipulation and precise delivery of payloads in the
physiological space'* 1"1°, These tiny magnetic robots are capable of controlled navigation
through low Reynolds number fluid (where viscous forces dominate over inertial forces),
mimicking physiologically relevant environments like blood, urine, mucus, saliva?®-?,
Recently, the work by Pal et al'® have taken a prime step forward and successfully
demonstrated cellular uptake and precise manipulation of these ferromagnetic helices in the
congested intracellular space, which is a significant achievement for potential utilization of
these tiny robots in future theranostics. However, due to the presence of strong ferromagnetic
components of iron, stability of these nanorobots against magnetic agglomeration is a matter
of serious concern. Once these nanorobots come closer in the presence of an external magnetic
field, it may adhere to one another via mutual magnetic attraction. It is quite an arduous task to
separate such robots even after turning off the applied magnetic field, primarily because of the
relatively higher magnetic remanence exhibited by metallic iron. Efforts were significantly
directed to functionalize the surfaces of these ferromagnetic helices with zinc ferrite coatings,
which simultaneously reports much improved stability and hyperthermia efficacy?*. However,
the possibility of a futuristic therapeutic vehicle exhibiting controlled manipulation is severely
compromised, particularly because of the coating thickness which is non-uniform and
exceedingly higher (~700-950 nm). Consequently, comes the need for a sophisticated nano-
vehicle which must be highly directional, can transport substantial cargo and perform the

desired action at the diseased-specific site. In the present work, we have successfully fabricated



SPIONs functionalized nanorobots (abbreviated as SPIONs-NRs), exhibiting excellent
stability against magnetic clustering or agglomeration. Additionally, we have analyzed the
various dynamical aspects of these nanorobots which holds immense potential as the next-
generation therapeutic vehicle, demonstrating controlled maneuverability in the extracellular
matrix (ECM) at relatively lower magnetic fields (<50 Gauss), accompanied by targeted release
of hyperthermia-induced local heat at the single-cell resolution. The 2.8-3.0 um sized silica
helices were fabricated using the standard glancing angle deposition technique (details
available in Supporting Information). The helices were then functionalized with SPIONSs using
the microwave synthesizer (details available in Supporting Information). This system of
nanorobots, with a random arrangement of magnetic moments on the silica surface is relatively
new and carries great significance from the standpoint of analyzing the underlying physics of
such a complex magnetic spin configuration. Previously, coating of thin films of ferrites were
mostly conducted on these helices using microwave synthesizer, however, covering the entire
silica surface with nanoparticles was never realized ?*. The primary purpose for coating these
helices with iron oxide nanoparticles is to render their surfaces superparamagnetic, a critical
factor to ensure their stability against magnetic agglomeration. Furthermore, the SPIONs (US
Food and Drug Administration approved nanomaterials for clinical applications) are reported
to be highly biocompatible, exhibit relatively higher value of saturation magnetization and
specific absorption rate (SAR)?>?7, which are essential prerequisites for advanced biomedical
applications. The nanoparticles get firmly coated on the surface of a SPIONs-NR, as distinctly
evident from Figure 1A. The X-ray diffraction (XRD) in the inset clearly indicates the
formation of iron oxide, characterized by the most intense (311) peak?®. The signature of (111)
peak of gold is due its presence in the substrate. The thickness of the robots, or precisely, the
width of the several layers of iron oxide nanoparticles on the silica helix, reported here is
nearly halved (~300-550 nm) as compared to those stabilized by zinc-ferrite coating?.
Considering the average nanoparticle size to be somewhere around 12 nm, we can hypothesize,
that nearly 25 to 40 layers of such particles are typically adhering to the surface of the silica
helices. In this case, the magnetic component, unlike reported for other ferromagnetic helices
(both inline and laid down helices)™® 2024 2828 decorates the entire silica surface, making it a
unique system to explore interesting dynamical properties as well as biomedical applications.
A magnified image of the nanoparticle distribution on the silica surface is clearly shown in
Figures 1B, 1C. Few layers of nanoparticles of size ranging between 11-13 nm can be seen

firmly resting on the surfaces of the silica helices (Figure 1C). A careful investigation using



high-resolution transmission electron microscopy (HR-TEM) could even detect the presence
of isolated crystalline nanoparticles impregnated on the silica surface, characterized by well-
defined atomic planes corresponding to FesOs (Figure 1D). The mechanism of bonding of
SPIONSs to the silica surface is somewhat interesting, and may be attributed to the formation of
stable Fe-O-Si(OH)s bonds as described elsewhere®®. The Scanning transmission electron
microscope (STEM) mode of imaging has been implemented to quantitatively evaluate the
elemental composition of the helices. The STEM image of a typical SPIONs-NR depicting the
presence of silicon (Si: Blue) and iron (Fe: Red) is shown in Figure 1E. The relative
concentration of silicon and iron expressed in % wt., is understood by the mass fraction,
expressed as, Si:Fe ~ 60:40. The duration of hold time (microwave time) and the quantity of
nanoparticles used for the microwave coating are the two primary factors which decides the
nanoparticle thickness on the silica helices (for details see Supporting Information). The
number of nanoparticle stacks adhering to the silica surface can easily be tuned by altering the
microwave heating time and the concentration of the precursor nanoparticle dispersion. This is
quite unique in a way as one can accordingly control the nanoparticle concentration, or in other
words, the magnetic moment of these helices simply by manipulating these two parameters.
The average mass fraction calculated on an ensemble of such nanorobots is approximately,
Si:Fe ~ 65:35. It is supposed that for an ideal system of superparamagnetic nanoparticles (the
magnetic remanence of these 12-13 nm sized single-domain nanoparticles boils down to near-
zero when the external field is turned off), clustering or aggregation can easily be avoided.
However, this situation remains mostly unachieved under practical conditions and the
nanoparticles do form agglomerates which could affect the hyperthermia heating efficiency to
a considerable extent. On the contrary, our SPIONs-NR, loaded with tens of thousands of such
superparamagnetic nanoparticles, demonstrate excellent stability primarily against magnetic
clumping or agglomeration as illustrated in Figure 1F. In the presence of an externally applied
magnetic field of strength of 50 Gauss, the nanorobots were initially driven close to one
another. This is made possible primarily because the first cut-off frequencies (€21) of the two
robots are different (21 is that critical frequency at which a nanorobot migrates to precession
from a tumbling motion)?®, and therefore, one of them was exhibiting translational motion
(arising from the rotation-transitional coupling due to the inherent chirality of these
nanorobots) while the other one was subjected to tumbling at a particular frequency. The panels
in Figure 1F depicts how the two robots approach each other, then got adhered to one another

via mutual magnetic attraction, and were subsequently released as the field is turned off,



implying near-zero magnetic remanence exhibited by the SPIONs. This observation bears
enough testimony to our claim supporting the magnetic stability of these therapeutic vehicles

(Video available in Supporting Information).
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Figure 1: Integration of SPIONs to nanorobots to form superparamagnetic therapeutic vehicles
A. TEM image of a SPIONs-NR of size length 2.8-3.0 um. The inset shows the XRD of SPIONSs coated
nanorobots. The most intense diffraction peaks of Fe3O4 (311) and Au (111) are shown. The occurrence
of (311) peak confirms coating of SPIONs onto the surfaces of these standing nanorobots ie. robots still
on the substrate. The Au peak arises due to the presence of gold coating on the substrate or the seed
layer on which these robots are grown using GLAD B. Magnified view depicting the distribution of
Fe304 nanoparticles on the nanorobot’s surface C. TEM image showing the impregnation of FesO4
nanoparticles on the silica surface of the nanorobot D. High resolution TEM (HRTEM) image clearly
showing crystalline FesO, nanoparticles adhering to the robot’s silica surface. The inset depicts one
such 12 nm-sized nanoparticle with well-defined atomic planes. E. Scanning transmission electron
microscope (STEM) image of a SPIONs -NR depicting the presence of Si (Blue) and Fe (Red). The
mass fraction of Si:Fe is nearly 60:40. The average mass fraction of Si:Fe on ten such nanorobots is



approximately 65:35 F. The images confirming the superparamagnetic behavior exhibited by SPIONs-
NR. In the presence of a magnetic field of strength 50 Gauss, initially, they approach each other, then
got stuck due to mutual attraction and finally released once the field is turned off. Please refer to the
Supporting information for the detailed video.

Interestingly, these nanorobots with 10-12 nm-sized iron oxide nanoparticles covering
the entire silica surfaces display novel dynamical behavior. This kind of a unique arrangement,
where a helix is decorated with superparamagnetic particles have not been previously studied.
Morozov et al. ** have developed a theory for superparamagnetic chiral nanorobots, where they
have explained the experimentally observed regimes with theoretically calculated dynamic
orientation. However, in the case of SPIONs-NR, the experimental observations diverge from
the theory established by Morozov et al. regardless of the superparamagnetic nature of our
nanorobots. This departure from theory arises possibly due to the non-zero dipole-dipole
interaction existing between neighboring particles, which has not been considered earlier.
Interestingly, the dipolar interaction gives rise to a ferromagnetic-like behavior in the
nanorobot dynamics. The Figure 2A represents the schematic of a typical nanorobot. The
dynamical measurements of SPIONs-NR were conducted in water: glycerol mixture (1:1; v/v)
and the corresponding results are shown in Figure 2B. The dynamics of the nanorobots was
imaged and analyzed to estimate the precession angle a,,. The data are plotted on the theoretical
formula a), = sin~1(2,/25p), where £, signifies the experimentally calculated frequency
corresponding to tumbling-precession transition and Q5 is the actuation frequency. The
detailed expression of the precession angle is shown in Figure 2A, where m and & represents
the magnetic moment of the nanorobot and the angle of magnetization respectively, B denotes
applied magnetic field strength, 7 corresponds to the effective viscosity of the medium and fs
is a geometrical factor associated with the drag coefficient. The precession angle of SPION-
NRs typically follows a sine-inverse curve, identical to the ferromagnetic nanorobots? %2, The
plot depicts superparamagnetic nanoparticles adhering to the helical surface imparts interesting
dynamical properties which reflects ferromagnetic-like behavior. The experiment was
performed at five different magnetic field intensities (35 G, 40 G, 50G, 60G and 70 G). This
deviation in the dynamical behavior of superparamagnetic nanorobots from the established
theory, can possibly be explained using simulation studies incorporating the existence of

dipolar interactions between the nanoparticles.
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Figure 2. Dynamical properties of superparamagnetic helical nanorobots. A. Schematic of a typical
nanorobot along with the expression of the precession angle a,, B. Precession angle vs normalized
applied frequency. The experiment was performed at five different magnetic field intensities.

To further explore the possibility of these nanorobots in advanced biomedical
applications, we have carefully probed their magnetic hyperthermic abilities. In a typical
magnetic hyperthermia procedure, the nanoparticles are directly injected to the malignant
tissues following which they are exposed to a high frequency alternating magnetic field. The
nanoparticles absorb the magnetic energy and generate significant thermal stress in the micro-
environment of the affected tissues which is sufficient to trigger major cellular dysfunctions®3.
The schematic in Figure 3A illustrates the experimental protocol adopted for our in-vitro
magnetic hyperthermia studies involving human breast cancer (MDA-MB-231) cell lines and
SPIONSs-NR as the local heat-generating sources. The MDA-MB-231 cells were suspended
between two layers of Matrigel of varying concentrations (sandwich-like arrangement in a 35
mm glass bottom dish representing a quasi-2D layer of cells, Figure 3A, details available in
Supporting Information) to somewhat mimic the physiological environment. The SPIONs-NR
were then carefully injected and magnetically steered through the extracellular matrix (ECM)
(Figure 3B, video available in Supporting Information). The nanorobots were maneuvered in
the ECM using magnetic field of magnitude 40 Gauss rotating at a frequency of 3-4 Hz. The
magnitude of the rotating field is relatively lower, as a much higher field close to 80-100 Gauss
could result in excessive Joule heating of our triaxial Helmholtz coil (experimental set-up).
This is primarily achieved as the magnetic moments of these nanorobots, decorated with iron

oxide nanoparticles, are substantially higher, eventually allowing a field as low as 40 Gauss to



drive them with high precision in the ECM. In this case, the cancer cells were incubated for a
period of ~24 hrs. The period of incubation plays a significant role, as a ~24h incubation,
prevents significant secretion of sialic acid by the cancer cells in the tumor microenvironment.
As reported by Dasgupta et al 28, ~72 hrs incubation substantially remodels the tumor
extracellular matrix in terms of extensive sialic acid linkages, which restricts nanorobots to get
adhered to the cancer-proximal ECM. The glass bottom dish containing cancer cells incubated
with SPIONs-NR was then subjected to 1000 seconds of magnetic hyperthermia under a high-
frequency (f=220 kHz) alternating magnetic field of amplitude ~30 kA/m (details available in
Supporting Information). The presence of highly viscous Matrigel promotes rigid anchoring of
SPIONs-NR with the cancer cell’s surface. To quantitatively assess post-hyperthermia cell
viability, the MDA-MB-231 cells were stained with a red fluorescent dye, namely, propidium
iodide or PI. P1 primarily penetrates and binds to the DNA components, once the cell membrane
is ruptured. It fluoresces red, implying cell death, upon excitation with a green illumination
source. As it can be observed from the high-resolution microscopic images in Figure 3C, the
areas or regions of the cell, in close association with SPIONs-NR (indicated by arrows)
fluoresced red, which is a clear indication of cell death via magnetic hyperthermia induced
heating. To obtain a statistical interpretation of post-hyperthermia cell viability, n=3
representative hyperthermia experiments (t=1000s, f=220kHz, H ~30 kA/m) were conducted
and the subsequent results are demonstrated in Figure 3D. From the histogram data (Figure
3D), it is clearly observed that nearly 75% of the cancer cells in physical association with
SPIONSs-NR have succumbed to hyperthermia induced heating. However, only ~20% of the
cells suffer death even in the absence of SPIONs-NR. It is to be noted that very few nanorobots
adhered to the cell surface, because there is a few order-of-magnitude difference between the
number of cells and the injected robots. We proposed that hyperthermia-induced local heat
emanating from SPIONs-NR, has substantially rupture the membrane causing a leakage of
cell’s DNA components, and hence the pronounced PI fluorescence. During magnetic
nanoparticle hyperthermia, the flipping of magnetic moments (Néel relaxation) and frictional
contributions triggering physical rotation of the particle (Brownian relaxation) are the two most
prominent nanomagnetic phenomena that accounts for substantial heat generation®®. The
Néel relaxation time (zn) depends on the magneto-crystalline anisotropy energy barrier (Ea)
and is expressed using the Arrhenius relation, = = 7o exp (Ea/ksT), where kg is the Boltzmann’s
constant, T is the temperature and 7o is the attempt time characteristic of the material (10—

107%)% 3436 However, the Brownian relaxation mechanism is much controlled by the
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viscosity of the medium (7) in which the nanoparticles are suspended and is given by zg = P
B

, Where ry, is the average hydrodynamic radius of the nanoparticle ensemble. In the presence of

both the relaxation processes, the effective relaxation time can be expressed as zefr= %25.
NTLB

For a typical 12-13 nm sized SPION, zg and zv are in the order of ~10-°s and ~10s respectively,
therefore, the magnetic spin moment reversal or the Néel relaxation is the principal
contributing factor for localized heat production in magnetic nanoparticle hyperthermia®. In
this specific system of nanorobots, the superparamagnetic nanoparticles are tightly bound to
the silica surfaces. Consequently, the heat loss via Brownian relaxation is strictly restricted in
this case. The mechanism of heat generation comes primarily from the intrinsic Néel relaxation
as well as from the ac magnetic hysteresis losses, as the particle spins fail to follow the high
frequency (~220 kHz) of the alternating magnetic field®. In this case, the red fluorescence
response primarily arises when the DNA components 0ooze out and bind to the PI following the
rupture of the cell membrane. The mechanism of cell annihilation via magnetic nanoparticle
hyperthermia is still debatable, and there are reports attributing hyperthermia induced cell death
to both apoptosis (programmed cell death) and necrosis (unprogrammed cell death)®”38, There
are various factors, particularly, the concentration of nanoparticles, nature of ECM, local
heating efficacy etc®®. which practically decides the nature of cell death triggered by magnetic
nanoparticle hyperthermia. However, in this case, we hypothesize, that in the presence of a
high frequency alternating magnetic field, the iron oxide nanoparticles adhering to the nanobots
trigger sudden heat shocks or imparts highly localized thermal stress, creating sub-local
damages in the cell membrane (leading to membrane rupture), which possibly manifests in a

necrosis-induced cell death.
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Figure 3: Targeted delivery of SPIONs-NR in ECM & therapeutic efficiency. A. Schematic
showing the cell culture protocol involving MDA-MB-231 cells, injection of nanorobots in the ECM
and subsequent performance of magnetic hyperthermia for t= 1000 secs at H~ 30kA/m; f = 220 kHz B.
The blue line depicting the track traversed by a nanorobot when magnetically steered towards a cancer
cell under the presence of a magnetic field of amplitude 40 Gauss C. Pl-stained MDA-MB-231 cells
(post-hyperthermia). The red fluorescent Pl signal indicating cell death when the cell is in physical
contact with SPIONs-NR (pointed by white arrows). The scale bars represent 5 um. D. Fractional cell
count for n=3 representative experiments depicting cell live/dead in presence (p+) and absence (p-) of
nanorobots (post-hyperthermia).

We have successfully designed and developed SPIONs’ functionalized nanorobots, a
unique system, comprising of 10-12 nm-sized iron oxide nanoparticles firmly adhered to the
surfaces of the 2.8-3.0 um long silica helices. The stable coating of iron oxide particles over
the entire silica surfaces was successfully achieved using the microwave synthesizer. SPIONs-
NR are reported to be highly stable against magnetic agglomeration, primarily because of the
near zero remanence exhibited by the superparamagnetic particles covering their surfaces. The
random arrangement of magnetic spins on the helical surface creates interesting dynamical properties
of these functionalized nanorobots. The precession angle vs applied frequency analysis reveals

that individual superparamagnetic nanoparticles adhering to the silica helix collectively impart



dynamical properties which corresponds to a ferromagnetic-like behavior. Finally, these iron
oxide functionalized robots prove to be a significant nano-vehicle, which are controllably
maneuvered in the ECM at comparatively lower fields (<50 Gauss), for delivering magnetic
hyperthermia-induced local heat at the single-cell resolution, possibly leading to cell death via
necrosis. The chemistry of conjugating iron oxide particles with cancer drug molecules,
particularly, doxorubicin, is well established. In future, SPIONs-NR can be functionalized with
cancer drugs to bring about a synergistic approach of cell killing via magnetic hyperthermia
induced localized heating.
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