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Abstract

®

CrossMark

A rheological probe that can measure mechanical properties of biological milieu at well-
defined locations with high spatial resolution, on a time scale faster than most biological
processes, can further improve our understanding of how living systems operate and behave.
Here, we demonstrate nanorobots actively driven in realistic ex vivo biological systems for

fast mechanical measurements with high spatial accuracy. In the various demonstrations

of magnetic nanobots as mechanical probes, we report the first direct observation of the
internalization of probes by a living cell, the accurate measurement of the ‘fluid phase’
cytoplasmic viscosity of ~200 cP for a HeLa cell, demonstration of intracellular measurements
in cells derived from human patients; all of which establish the strength of this novel technique

for measurements in both intra- and extracellular environments.
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Introduction

Biological systems are inherently heterogeneous. As a pri-
mary example, one can consider the complex environment
inside a living cell, where studying the mechanobiology of
the cytoplasm can be challenging due to the dynamic vari-
ability of composition inherent in living systems. Cellular
architecture is maintained by a dynamic network of protein
scaffolds collectively called the cytoskeleton [1], which pro-
vides shape to a cell [2], aides in its motility, polarity and
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migratory functions. It also plays a crucial role in establishing
tissue architecture by establishing inter-cellular and cell-
matrix contacts. Outside the cell, secreted fluids provide a
constant concentration of moisture, glucose and pH for cel-
lular operations. These extracellular fluids (ECF) are found
in body cavities, blood, channels and spaces in the brain and
spinal cord, and are spatially contiguous with matrices made
of macromolecules like collagen, elastin fibers, glycoproteins,
proteoglycans and enzymes, which are collectively known
as extracellular matrices (ECMs) [3, 4]. A tissue is a collec-
tion of functionally similar cells and their ECMs. In another
example, many biological fluids like blood can be consid-
ered to be a colloidal suspension of blood cells and platelets

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic representation of dynamics of the helical nanorobots in a triaxial Helmholtz coil. The nanorobot has an intrinsic
magnetic moment vector denoted by the letter ‘m’, which follows the rotating magnetic field ‘B’ generated by the coil. (b) Internalization
statistics of cells after 24 h and internalization statistics for different incubation times. (c) Brightfield and fluorescent images of

6-aminofluorescein conjugated helical nanobots within living cells.

suspended in plasma proteins and antibodies. Tissues, on the
other hand, have densely packed proteinaceous fibers like col-
lagen, with cells suspended in them. They are characterized by
long polymer chains with porosity ranging from <200nm to
few microns. The ECM of tissues can exhibit varying degrees
of stiffness and elasticity based on the concentration of col-
lagen and elastin. The physical properties of such milieu in the
bulk are distinct from those at a micron scale; as a result, bulk
rheometers do not capture the myriad of peculiar behavior at
local scales that arise due to the complex interplay between
the polymer chains that constitute such fluids. Various tech-
niques have been proposed and deployed to study these local
heterogeneities. Passive rheology techniques do not require
the application of external forces and the response of micron-
sized objects to thermal fluctuations can be observed [5].
The most common passive rheology techniques involve light

scattering techniques like dynamic light scattering (DLS) [6],
diffusing wave spectroscopy (DWS) [7] and particle tracking
microscopy (PTM) [8]. Passive rheology techniques require
long measurements to get statistically significant data over
reasonable time scales which makes it difficult when the rheo-
logical parameters vary quickly, as could be true in various
biophysical processes [9—14]. The spatial resolution is limited
to the area covered by the fluctuating particle and therefore
inherently uncontrolled. Some of these limitations may be
overcome in active methods, where an external force is applied
to the probe and its response studied. Such techniques are
especially useful for characterizing fluids with high viscosity,
like most biological fluids, where the position fluctuations of
the probes are reduced. Popular active methods involve AFM
[15] or manipulation of colloidal probes by optical [16] or
magnetic [17] forces.
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Figure 2. Direct observation of internalization of nanobots by cells. (a) Time lapse image of internalization. (b) Velocimetry analysis of the
cell membrane’s wrinkles caused during internalization. (c) Schematic showing the orientation angles of a nanorobot. Since under a bright
field inverted microscope only a projected 2D image can be observed, the angle 6 can be calculated from the projected length and expected
length of the helix whereas ¢ can be measured directly from the image. (d) Observed values of the orientation angles during internalization.
(e) Speed of internalization. Inset shows velocity fluctuations of the nanorobot during initial 18s, when it is outside the cell.

The motivation of this paper is to establish the suitability of
helical micro and nanorobots, also referred to as micro/nano-
motors in the literature, as novel tools for local mechanical
measurements in biological media. Past applications of micro/
nanobots, driven by various actuation techniques, such as
chemical [18-20], optical [21, 22], acoustic [23] and magnetic
forces [24-26], cover multiple application domains: targeted
drug delivery in biological tissues [19, 27, 28], intracellular

sensing [29] and delivery, environmental remediation [30,
31], microfluidic cargo manipulation [32] and nano-assembly,
measurement of local viscosity of model fluids [33] and many
more. Among different experimental systems, helical nanoro-
bots driven by rotating magnetic fields [34] deserve special
mention because magnetic actuation is minimally invasive
to living systems and therefore ideally suited for biological
applications. As we show here, this promising system can be
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Figure 3. Manipulation of nanobots in cells. (a) Velocity profile of nanorobot inside a primary cell and (b) velocity profile of nanorobot
inside a HeLa cell. The colourmaps refer to speed in pm s~!. (c) Effective speed of a nanorobot within a cell as a function of frequency of

rotating field. Field amplitude: 60 Gauss.

used in highly heterogenous biological environments and in
both intra- and extracellular spaces, thus providing a general
and powerful tool for biophysical experiments.

In this paper, we first present our studies of internaliza-
tion of helical nanobots by living cells, including the direct
visualization and analysis of these processes. Subsequently,
we study their motion inside a living cell to estimate the local
mechanical properties of the cytoplasm, including measure-
ments of samples from human cancer patients. As we discuss
in detail in the main text, measurements in these complex
heterogenous media are fundamentally different from past
studies carried out in model fluids such as water, glycerol and
silicon oil, necessitating many subtle analyses that have not
been considered before. Finally, we show how the same exper-
imental technique can be extended to extracellular matrix-rich
environments, as demonstrated here in reconstituted basement
membrane (rBM) and gelatin.

Results and discussion

The helical nanorobots were fabricated using glancing angle
deposition (GLAD) and described in detail in few of our
previous publications [33-35]. Deposition of ferromagnetic
material during the helix fabrication ensures formation of
a layer of magnetic material inline, protected by a layer of
silica. This becomes crucial during actuation in bio-fluids

where the nanorobot should be preferentially inert to the
biochemistry of the fluid [27, 33, 35-37]. The experimental
setup necessary for maneuvering helical nanorobots is
shown in figure 1(a). The dynamics of a helical object under
an external rotating magnetic field, in low Reynolds number
regime, can be used to measure viscosity of Newtonian as
well as shear thinning fluids. In essence, this technique relies
on the interaction of a nanorobot as it is moved around in
a complex heterogenous environment. The velocity, pre-
cession/wobbling angle, the magnetic field amplitude
and frequency are continuously monitored to estimate the
mechanical properties of the media. A detailed descrip-
tion of the dynamics of our nanorobots has been reported
previously and is available as supporting information [33]
(see S1 (stacks.iop.org/JPhysCM/32/224001/mmedia)). As
noted in the study of the dynamics of the nanorobot, there
exists an upper limit of frequency when the velocity of the
nanorobot will reach a maximum. Above this frequency, the
magnetic moment of the nanorobot will fail to follow the
magnetic field resulting in phase slip. This frequency, termed
the cutoff frequency can be used for measuring the viscosity
of the fluid. Below this frequency, however, the nanorobots
exhibit a precessionally (also called wobbling) phase-locked
state. Methods by which the viscosity can be gauged from
precessing/wobbling motion of the helix have also been
described later.
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Internalization of helical nanorobots was studied in HeLa
cells. Around 0.1 million cells were incubated overnight at
37 °C and 5% CO, in a 35 mm glass bottom dish. 10° nanoro-
bots were added into the dish at the start of the experiment and
the interaction of the helical microstructures and cells were
observed under an inverted bright field microscope.

The percentage of cells with internalized nanorobots was
calculated to estimate the gross internalization of these hel-
ical structures. A total of 40 fields were randomly imaged
throughout the cell culture dish after 24 h of incubation with
the nanorobots and the number of cells with at least one inter-
nalized nanorobot were counted. We observed 10% =+ 2%
internalization with respect to the number of cells and the
results of the repeated experiments are shown in figure 1(b)
(left). The error in internalization percentage is estimated from
the standard deviation of internalization percentage of four
experiments. The incubation time was altered, and the respec-
tive percentage of internalization was recalculated. However,
no appreciable change in the percentage of internalization was
observed (see figure 1(b) (right)) within this time window. The
dependence of internalization on surface properties of the pro-
pellers was assessed using fluorescent nanorobots for which
the surface was functionalized with 6-aminofluorescein (see
figure 1(c)). The functionalization utilized standard method
of conjugating the carboxylic acid group on the nanorobots
through TEPSA, followed by attachment of the fluorophore
using EDC-NHS coupling chemistry. We found that the inter-
nalization efficiency of the cells for these fluorescent nanoro-
bots remained the same. Figure 1(c) shows two nanorobots
where the bright field image and the corresponding fluores-
cent images are shown. This experiment suggests that it is
possible to incorporate different surface functionalities such
as loading drugs [38-41], specific sensing groups [42-45]
with the nanorobots, thus opening up new possibilities for
intracellular experiments at single cell resolution. As far as we
know, some of these functionalities have been demonstrated
with ultrasonic nanorobots [46, 47], but not with magnetically
driven nanobots.

We now report a direct observation of internalization of
nanorobots by a HeLa cell (see figure 2(a)). The nanorobot
was observed to execute Brownian motion while outside
the cell. On subsequent interaction with the cell membrane,
the nanorobot adhered to the membrane and the Brownian
motion ceased. The nanorobot was then found to be internal-
ized as can be seen in figure 2(a). While our entire period of
observation was close to 10min, a closer inspection of the
movie suggested that process occurred within a time window
of 2-5min. The cell showed an inward flow during the inter-
nalization process which was measured by velocimetry
algorithm. This was corroborated with the manifestation of
wrinkles on the cell surface at the plane of imaging, which is
also the plane where the nanorobot resides (see figure 2(b)).
We calculated the speed of the formation and deformation
of wrinkles using velocimetry algorithm and found it to be
maximum around the edges parallel to long axis of the cell
and minimum over the edges along the short axis. Maximum
speed of the wrinkles was around 5nm s~! as shown in the
figure 2(b).

Next, we analyzed the orientation of the nanorobot during
internalization. The variation in 6 and ¢ (see figure 2(d)) con-
firms that the nanorobot alters its orientations in three dimen-
sions as it gets internalized. The speed of internalization is
shown in figure 2(e) where the inset is showing the velocity
fluctuation due to Brownian motion when the nanorobot was
outside the cell (corresponding to initial 18s of the movie).
Here, we see that the velocity fluctuations are reduced because
of interaction of the nanorobot with the cell membrane. The
average speed of internalization, as depicted in figure 2(e), was
about 10nm s~ !, which is double the speed of deformation of
wrinkles on the cell surface (see the supplementary movie).

We demonstrate that it is possible to expand these studies
to primary cells from tumor tissues of cervical cancer patients
in figure 3(a)). Controlled motion of the nanorobots inside a
Hela cell is demonstrated in figure 3(b) and the average speed
of the nanorobot inside the cytosol has been measured (figure
3(c)). Speed fluctuation of nanorobots inside cells is observed
for both HeLLa and primary cells and the maximum velocities
are comparable to the geometrical pitch of the helices (figures
3(a) and (b)) which is in agreement with measurements previ-
ously reported [29]. This is surprising considering the hydro-
dynamic pitch in Newtonian media for these robots which
was found to be 180nm, and therefore implies the presence
of strong viscoelasticity [48, 49] within the cell. It is observed
that average speed of the nanorobot increases linearly up to
a cutoff frequency (figure 3(c)). After the cutoff frequency,
3 Hz in this case, the speed drops due to phase slip of the
magnetic moment with the rotating field. The cutoff frequency
which can be identified from maximum velocity achieved by
the nanorobots is used to calculate the effective viscosity of
the cellular cytoplasm. Assuming that the moment vector is
aligned to the short axis, the cutoff frequency is described by
the equation: €2, = ’"7? where m is the magnetic moment of
the nanorobot, B is the applied magnetic field and ~; is the
rotational friction coefficient about the long axis. As seen in
figure 3(c), {2, has a value of 3 Hz. The magnetic moment of
the helix m was 1.3 x 10> A - m?and B was 6 mT. With these
parameters, we can calculate v, = 2.6 x 1078 kg - m2s .
Given the high aspect ratio of our nanorobot geometry, it can
be approximated as a simple rod-like object [50]. The effec-
tive viscosity of the media can be calculated, for a rod-like
object [51], from the rotation friction coefficient +; using the
equation: y; = % where p is the length to diameter
ratio of the rod, C; = O'f% —0.183 /pz. For our nanorobots
with p =3, C; = 0.205 and @ = 3 um the effective viscosity
of the cytosol can be calculated to be n = 0.219Pa - s (or 219
cP). Assuming an error of 1 Hz in obtaining the cutoff fre-
quency, the viscosity can be estimated to be between 219 cP
(cutoff at 3 Hz) and 274 cP (cutoff at 4 Hz). This error can
be substantially reduced if measurements are taken with finer
resolution of frequency.

The effective viscosity thus calculated from the velocity of
the nanorobot at cutoff frequency indicates that nanorobots
can sense a domain of cytoplasmic viscosity. For measuring
cytoplasmic viscosity, a distinction is made for smaller probes
which do not interact with intracellular macromolecular
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Figure 4. Measurement in gelatin and rBM. (a) Comparison between bulk rheometry (represented by the solid lines) and viscosity sensed
by helical nanorobots (represented by the dots) in 2% w/v gelatin (red line and red circles) and 5%w/v gelatin (blue line and blue circles).
The open and filled circles represent two measurements done by the same nanorobot in the same fluid. (b) Comparison between passive
rheometry (represented by the solid line) and rheology with nanorobot in rBM (represented by the circles) with similar measurements for
water in the inset. The curve drawn for passive rheometry was obtained by observing the Brownian motion of a fluorescent bead with a
diameter of 200 nm. (c) Trajectory plot (colored red) of a fluorescent bead after injection into rBM shows formation of pockets of water
which are ubiquitous when rheological probes are injected into the rBM matrix. This can be compared to the trajectory plot of a bead after

~30min from the start (colored green).

structures [52]. This is termed the ‘fluid-phase’ cytoplasmic
viscosity and various biophysical techniques like fluorescence
recovery after photobleaching (FRAP) [53, 54] and passive
diffusion [55] have been used to calculate this number. Values
ranging from 2 cP to > 100 cP have been reported for var-
ious cells. For HeLa cells intracellular viscosities in the range
0.05-0.2 Pa - s has been reported [56—58]. Experiments with
micron-sized wires also provide similar range of viscosity
[59]. Our calculated value is in good agreement with previ-
ously reported values. The length scale of the rheological probe
becomes important due to the existence of various relevant
length scales within the cytoplasm arising from the inherent
anisotropies and porosities of the intracellular environment.
Accordingly, the measurements are expected to be subjected
to strong steric effects depending on the relative dimensions
of our helical probes and the fluidic pockets through which the
nanorobots are driven.

Till now we have demonstrated how the cutoff frequency
can be used to gauge the viscosity in a densely packed
environment like the cytoplasm. In our previous work, we had
also demonstrated how the changes in dynamics of the helical
nanorobot in response to the viscosity of the media is also
manifest in its precession angle. At suitable values of actu-
ating frequency g (expressed in Hz), the nanorobot starts
to precess about the axis of the field rotation and the angle
of precession can be observed experimentally. Measurement
of the precession angle can lead to an estimation of the local
viscosity as discussed later. We tried to drive the nanorobot
to its precessional phase-locked state while inside the cell;
however, tumbling or wobbling of the nanorobot was never
observed during our experiments. We believe this can be due
to the densely packed, crowded environment inside the cells
which restricts the degrees of freedom for the movement of
the nanorobot. However, precessional motion of nanorobots
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was observed during our experiments for mechanical invest-
igation of the extracellular matrix.

The dynamics of the nanorobot in its precessional phase
locked can be described as follows: precession angle, denoted
as «ay,, can be measured experimentally using standard bright
field microscopy which relate viscosity of the surrounding
media by the following equation [33]:

m B sin (6,,)
27 Qpfy sin(ap)

Here, m is the magnetic moment of the structure, B and (g
are strength and frequency of applied field, 6, is the magne-
tization angle as shown in the figure 1(b), f; is a geometrical
factor. The precessional phase locked motion continues until
;. Due to the ability of precise spatial manipulation and a
length scale of few microns, it can probe the heterogeneity in
surrounding fluid with a resolution comparable to the body
length.

The experimental measurement of 7(y) in biofluids for a
range of actuating frequencies are shown in figure 4(a). The
shear-thinning property of gelatin at different concentrations
is evident from the data. The slope of shear-dependent vis-
cosity is found to be in good agreement with the data obtained
from bulk rheometry [60]. Since the actual value of ‘m’ is not
known for the individual nanorobot, it was kept adjustable for
the analysis. In principle, this value can be obtained from a
self-referenced measurement where the nanorobot is driven
from a fluid of known viscosity to the fluid where the meas-
urement is to be done. Also note that the typical values of m
for nanorobots fabricated during the same evaporation run are
expected to lie within a certain range [33] which depend on
size, configuration and properties of the magnetic material.
The field of actuation was kept at 60 G and 70 G during which
the frequency was changed from 0.1 Hz to 10 Hz. The actu-
ating frequency is assumed to be the same as the shear rate.
Any scaling that may have been necessary has been corrected
by the adjustable parameter m.

The experimental data plotted in figure 4(b) for reconsti-
tuted basement membrane matrix (rBM) shows a similar shear
dependence, i.e. shear thinning behavior. The rBM used here
was diluted with water 2:1 (water:rBM) v/v to reduce the vis-
cous drag on the rheological probes. However, introduction of
rheological probes gives rise to short-term temporal inhomo-
geneities. This happens because the media in which the probes
like beads or nanorobots are suspended do not necessarily mix
with the gelatinous matrix of the rBM. For our experiments,
it was observed that the very act of introducing rheological
probes into the bulk of the fluid creates local inhomogenei-
ties that persist over a time scale of few minutes. As shown
in figure 4(c), the trajectory of a fluorescent bead, 6 min after
injection into rBM is shown in red. The entire duration for the
red trajectory plot is 4min, during which the bead shows a
much larger spread of random walk. However, the green tra-
jectory is the random walk executed by another bead almost
30min after the start of experiment. The spread of the bead
is contained to a much smaller region for the same duration
of 4min. This indicates that the introduction of rheological

probes can create localized ‘puddles’ of fluids where the pro-
cess of mixing is not complete. A rheological probe, whose
ability to sense spatial heterogeneity at a rate faster than the
mixing time scale can provide such dynamic information.
As demonstrated by the trajectory plot in figure 4(c), the net
Brownian motion of the bead rapidly decreases from the time
of injection of the probes into the rBM before stabilizing. We
have also measured viscosity of water as a function of shear
rate, which shows Newtonian behavior at the first place and
helps us compare the shear thinning behavior of rBM. This
data is shown in the inset of figure 4(b). The demonstration of
viscometry in rBM is of interest as bulk rheology for rBM is
cost prohibitive and unable to capture the local heterogenei-
ties of the fluid.

As mentioned earlier, the nanorobots can measure viscosity
much faster than conventional passive bead-based microrhe-
ology, making it useful for the cases where viscosity of the
medium changes faster than the time scales usually associated
with passive micro rheology measurements [13, 14]. Such a
scenario is ubiquitous in experiments with bio-fluids which
are heterogeneous and where changes can occur at various
time scales, depending on chemical kinetics and temperature
among other external factors.

Conclusion

We demonstrated how active probes such as a maneuver-
able nanorobots may be used for local viscometry on
fluids of biological significance. We presented evidence of
internalization of such nanorobots by cells, which is cru-
cial to establish this novel tool for intracellular measure-
ment. Measurement of viscosity from the highest velocity
achieved at a cutoff frequency was shown to be in good
agreement with previously reported values. Different strate-
gies for intracellular and extracellular measurement seem to
be strongly dependent on the crowding of the local environ-
ment. While measuring the cutoff frequency was best suited
for a packed environment like the interior of a cell, dynam-
ical methods proved to be effective for ECF like the rBM
matrix. Overall, helical nanorobots are a promising new tool
for getting real time mechanical data from live systems and
their surrounding microenvironments, while being mini-
mally invasive and tracking fast temporal changes in fluids
with large spatial heterogeneity. The unique ability of the
helical nanorobots to be accurately driven to a desired site
for probing can be useful for studying site-specific changes
like the transformations happening at the edges of a cyto-
plasm during cell migration or the local physical changes
near the cell membrane during cellular uptake of food or
certain drugs. Since the nanorobots can be driven through
the interface of two miscible fluids, self-referenced and
therefore highly quantitative measurements are possible
with such systems, where properties of the test fluid are
measured in reference to the properties of a well-character-
ized fluid. Such possibilities may be used to answer funda-
mental questions about local rheological changes happening
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in tandem inside cells or their environments due to various
bio-physiochemical processes.

Materials and methods

Fabrication of nanorobots

The helical nanorobots were fabricated on a patterned silicon
wafer using a physical vapor deposition technique called
GLAD. For patterning, a monolayer of 0.73 pum polystyrene
beads was made on silicon wafer using Langmuir Blodgett
technique. The diameter of the beads was reduced using
plasma etching to 0.5 pum. The beads were then used as a
mask to etch the silicon wafer using reactive-ion etching to
form silicon pillars. Nanorobots were grown on this patterned
wafer using GLAD where the vapour falls on the pattern at
an extreme angle (~5°). The shadowing effect combined with
controlled rotation of the wafer results in the formation of
helical structures. Silica was deposited in-line with a ferro-
magnetic material. For viscosity measurements, nanorobots
of length 3 pum and 1 pum pitch was fabricated on 200nm
diameter silicon pillars and 50nm of iron-cobalt (1:3) was
used as ferromagnetic material. In case of experiments in
cells, nanorobots of length 3 ym and 1.7 pum pitch was fab-
ricated on 400 nm diameter silicon pillars and 50nm of iron
was used as ferromagnetic material.

Preparation of matrigel and gelatin solution

Matrigel: 50 ul of thawed Corning Matrigel was placed on
a clean glass slide using pre-cooled pipette and allowed to
gel in room temperature. After the gelation of the Matrigel
matrix, 10 xl nanorobot solution in DI (de-ionized) water was
injected into the matrix

Gelatin: 0.2g of gelatin powder was mixed with 10ml
of DI water to prepare the 2% w/v concentration of gelatin.
The mixture was placed in a water bath maintained at 60 °C
for 15min. The solution was allowed to cool down to room
temperature. 10 pl of nanorobot solution in DI water was
added to this solution.

Preparation of fluorescent nanorobots

The wafer containing nanorobots was cleaned using plasma
cleaner for 15min. The cleaned wafer was transferred to
200mM TEPSA solution in DMF containing DI water, and
TBAH in 1:1 ratio and heated at 120 °C overnight in a water
bath. The wafer was washed with DMF and DI water. The
wafer was then transferred to a solution containing 10 mg each
of 6-aminofluorescein, EDC, NHS and 500 pl each of DMSO
and MES buffer and kept on a rocker in dark for 24h. The
wafer was finally washed with PBS and sonicated in DI water
to obtain fluorescent nanorobots in solution.

Cell culture

HeLa cells (ATCC, USA) were grown in DMEM supplemented
with 10% FBS at 37 °C and 5% CO,. 0.1 million cells were

grown overnight in 35 mm glass bottom dishes and incubated
with 10° fluorescent nanorobots for 24 h in culture medium.
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