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ABSTRACT

The active flagellum propels a motile sperm cell by traveling bending waves. Here, we demonstrate that non-motile cells have the capacity to
be wirelessly actuated by external magnetic fields and reveal insights into their propulsion characteristics. Partial coating of the sperm head
with nanoparticle aggregates is achieved by electrostatic-based self-assembly. The coating enables propagation of helical traveling waves along
the passive flagellum under the action of a periodic magnetic field. We compare the waveforms of active and passive flagellated motion and
show noticeable asymmetry in the case of magnetically actuated cells, leading to lower linearity (LIN = VSL/VCL) of the taken pathway.
The average curvature of the flagellar beat cycle is 10.4 = 8.1 rad mm ™' (mean = s.d.) for an active flagellum, whereas the curvature of a
passive flagellum exhibits a linear increase (37.4 = 18.1rad mm ') and decreases toward the distal end. We also show that the maximum
amplitude of the bending wave occurs at the distal end of the active flagellum and at the middle of the passive flagellum. Our experiments
also show the ability of the actuating field to control the rate of progression of the bending waves along the passive flagellum to match that of

motile cells.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142470

The development of microrobots able to be wirelessly controlled
has gone through two distinct methods of implementation: geometric
downscaling' * and the utilization of biological motors." ® As the size
of these devices approaches the microscale, in the case of downscaling,
it is apparent that several hurdles have to be overcome. For example,
the integration of power sources and the propulsion mechanism is lim-
ited by downscaling. Geometric scaling has been enabled through the
wirelessly transmitted power to these devices by magnetic, '’ acous-
tic,"! light,12 and chemical'*'* sources. Regardless of the power source,
it has to be transduced into motion to propel rigid or flexible structures
mostly in the shape of a helix'” or straight wire.'® In either case, a pro-
pulsive force is generated by a corkscrew motion or a traveling wave to
generate propulsion in low Reynolds (Re) numbers.”” The second
method is implemented by using a motile or non-motile micro-organ-
ism or cell, either to provide propulsion'® or as a template.'”

This Letter studies the motion characteristics of motile and mag-
netically actuated non-motile bovine sperm cells and reveals insights
into the differences between their natural and artificial rotary motors

(Table I). Spermatozoa have recently been suggested as components of
microrobots due to their strong flagellar driving source and ability to
take up drugs,”””' Furthermore, spermatozoa navigate through the
female reproductive tract regardless of fluid flow, chemicals, tempera-
ture, and near-surface effects,” ** and most existing sperm micromo-
tors depend on the propulsive force of the active flagellum and are
sensitive to physiological conditions (pH, temperature, and chemi-
cals).”” In this Letter, we present the properties of magnetically actu-
ated passive flagella of dead sperm cells. The swimming efficacy of the
magnetically actuated cells is insensitive to these physiological condi-
tions and lower than that of live cells, which is expected owing to the
difference in the actuation mechanism. However, the actuation of pas-
sive flagella reveals insights into the desirable flagellar waveforms to
design efficient microswimmers.

Spermatozoa perform their bending motion by switching molec-
ular motors (dyneins) between a compression and distension state
between the microtubule, which are situated along the flagellum.”
The dynein motors are driven by adenosine triphosphate (ATP) as the
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TABLE I. Motile and magnetically actuated sperm cells are fluorescently labeled with
green SYBR14 and red propidium iodide stains to indicate live and dead cells. The
flagellum is 60 um, and the head width and length are 4.5 um and 10 um. The scale
bar is 5 um.

Image
Composition Live bull sperm cell Dead bull sperm cell
+ nanoparticles
Actuation ATP-driven dynein motors Magnetic torque on the
(active flagellum) head (passive flagellum)
Power Energy metabolism Magnetic energy from
of the cell the external source

energy source, which is provided by the energy metabolism of the
sperm cell. Sperm motion is typically analyzed using four parame-
ters:”” (1) curvilinear velocity (VCL), which describes the actual sperm
path; (2) average path velocity (VAP); (3) straight line velocity (VSL);
and (4) linearity (LIN = VSL/VCL), which is a measure of the straight-
ness of the path.

In order to experimentally compare the swimming characteristics
of motile and magnetically actuated cells, two-dimensional projections
of the motion of each cell are analyzed. Non-motile cells are coated
with rice grain-shaped nanoparticles at the head of the cell. A solution
of FeCls - H,O is aged with NaH,PO, for 72 h at 100 °C, resulting in
positively charged elongated 100 nm iron oxide nanoparticles that
adhere to the negatively charged bovine sperm cells.”® The magnetic
moment per cell is measured using a vibrating sample magnetometer
as, m = 1.5 x 10" A m” at a magnetic field of 2mT. Sperm cells are
recorded during regular beating in modified tyrode’s albumine lactate
pyruvate medium, and the detailed shape of their active flagella is mea-
sured to quantitatively compare their waveform with magnetically actu-
ated passive flagella. Video recording is done with a frame rate of 500
frames per second and 640X total magnification and phase contrast.
The shape of the flagellum is characterized by the tangent angle
[o(s, t)] enclosed between the long axis [e; (¢)] of the head and the local
tangent along the arc length s (Fig. 1, Multimedia view). Figure 1(a)
shows a cell over half beat cycle, whereas Fig. 1(b) shows a magnetically
actuated sperm cell in water with viscosity (1 = 1 mPa s). The actuation
is achieved by applying a uniform time-dependent magnetic field and
exerting magnetic torque (no magnetic force is applied) on the dipole of
the cell using a tri-axial Helmholtz coil system. The cells are actuated
with the magnetic field (B=2mT), leading to magnetic torque on the
order of 3 x 10~ N m. The field continuously rotates in the yz-plane
about the x-axis, and the head executes a circular orbit leading to propa-
gation of transverse waves along the passive flagellum.

In the case of motile cells [Fig. 1(a)], bending waves along the
active flagellum are generated and governed by the balance between the
elastic and drag forces in low-Re (~107*). The inertial forces are negli-
gible,'” and the relation between the viscous force and the velocity of a
segment is linear over the beat cycle of the flagellum.””" Qualitatively
similar bending waves are also generated along the passive flagellum of
magnetically actuated cells under the action of an oscillating field with
the exception that they originate from magnetic torque exerted on the

scitation.org/journal/apl

FIG. 1. Motile and magnetically actuated sperm cells swim by traveling waves
(over half beat cycle). (a) Sperm cell swims by energy metabolism (f = 7.7 Hz).
(b) Magnetically actuated cell swims by rotating magnetic fields (f= 6 Hz) about the
x-axis. The field (green arrow) rotates in the yz-plane, and magnetic torque is con-
verted into propulsion. The circular gray arrow indicates the direction of rotation.
The red markers indicate the tail deformation used to measure the tangent angle
[¢(s,1)]. Multimedia views: https://doi.org/10.1063/1.5142470.1; https://doi.org/
10.1063/1.5142470.2

head. Therefore, the magnetically actuated sperm cells are governed by
the balance between the magneto-elastic and drag forces as

> o I,
KW(SJ’)"—éLE(Syt)*O- (1)

The first term in Eq. (1) characterizes the coupling between the flagel-
lum with bending stiffness () and magnetic torque, whereas the second
term describes the hydrodynamic coupling in low-Re, where &, is the
perpendicular drag coefficient and is considered constant owing to the
low-Re characteristics.””” The flagellum is rigidly anchored to the head
with an average magnetic moment 1, and the magnetic torque is speci-
fied through ¢(0,¢) =0 and 9¢/0s(0,t) = mBsin wt. The second
condition implies that the local curvature of the flagellum is controlled
by the external magnetic torque and controls the propagation of har-
monic waves along the flagellum. The tangent angle of the flagellum can
be decomposed by the zeroth and first Fourier coefficients as follows: "’

@(s,1) = ¢(s) + Y ()™ + y (s)e ™", @)

where ¢(s) is the zeroth mode and characterizes the time-averaged

mean shape of the flagellum. Furthermore, /(s) and /" (s) are the first

mode and its complex conjugate, and its magnitude characterizes the

bending amplitude along the flagellum. Equation (1) gives the follow-

ing relation between the hydrodynamic and magneto-elastic coupling:
i

i, * —iwi 64¢ a4l// i) 84[P*
T e ) = g T

[0

+ e—iwt’ (3)
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FIG. 2. Flagellar waveforms of motile and magnetically actuated sperm cells are characterized. (a) The tangent angle ((p(18, t)) is determined from the flagellar deformation
across a complete beat cycle. (b) The mean flagellar curvature is 3.3 rad mm~", whereas the amplitude rise is 6.6 rad mm~". (c) 4 = 163 um. (d) The tangent angle of a mag-
netically actuated sperm cell. () The curvature increases and decreases along the flagellum, while the maximum amplitude occurs at 0.5L from the proximal end of the cell.
(f) A= 134 um. The insets show the measured waveforms over half beat cycle. Darker curves indicate later times.

where £, = (ic/wé | )'/* is the characteristic penetration length.’” The
hydrodynamics can be simplified by using the ideal flagellar waveform.
Riedel-Kruse et al. have shown that the ideal flagellar waveform con-
sists of an arc with a constant curvature [¢(s) = Kos] and a bending
amplitude that increases along the flagellum linearly (f(s) = Aos),
where K, and A, are the curvature and the bending amplitude of the
flagellum, respectively.31 Under these conditions, we have 9*¢/0s*
=0, O"Y/0s* = 0,and ** /s = 0. In addition, since the charac-
teristic penetration length is nonzero for nonzero actuation frequency
® = 27f, we obtain

Re{y(s)} sinwt + Im{y(s)} coswt = 0. 4)

Equation (4) defines the phase angle, ® = —argy)(s), which character-
izes the progression of the wave along the flagellum. The tangent angle
is determined using the measured flagellum deformation [Fig. 2(a)],
and the zeroth and first Fourier modes are calculated using Eq. (2).
The zeroth coefficient ¢ (s) for an active flagellum is used to determine
K, by fitting a line to the data, as shown in Fig. 2(b). Similar to the cur-
vature, A, is determined by fitting a line to |/(s)|. Therefore, K, and
A, of the motile cell in this trial are 3.3 rad mm ! and 6.6 rad mm™!,
respectively, and the curvature and bending moment are approxi-
mately linear with the exception of the proximal and distal ends.
Figure 2(c) shows the measured phase angle. The wavelength (1) is
determined to be 163 um by fitting a line 27Ls// to the phase angle,
where L is the length of the flagellum. This experiment is implemented
using ten different sperm cells for three consecutive periods of motion,
and average K, Ag, and A are provided in Table II. We repeat the
same test for magnetically actuated sperm cells [Fig. 2(d)]. Unlike the
active flagellum, the curvature of the passive flagellum increases and

then decreases toward the distal end, while the maximum amplitude
of the bending wave occurs at 0.5L from the proximal end [Fig. 2(e)].
Therefore, the curvature and bending moment are calculated for,
0 <s<05L, tobe 374+ 181rad mm " and 159+ 7.0rad mm ',
respectively. The rotation of the magnetic head also induces wave
propagation with an average wavelength, A = 15013 um [Fig. 2(f)].
Figure 2(b) shows that the curvature increases linearly, except for
the proximal and distal ends of the active flagellum, whereas Fig. 2(e)
shows that the curvature increases and then decreases toward the distal
end of the passive flagellum. We attribute this behavior to the differ-
ence in actuation, as the active flagellum has distributed actuation,
whereas the passive flagellum is actuated by the exerted magnetic
moment at the head only. Furthermore, the passive bending stiffness
of live spermatozoa depends on the amount of ATP present in the
medium.”>** In the case of magnetically actuated sperm cells, the
bending stiffness of the flagellum cannot be estimated because the cells

TABLE II. Characterized waveform and motion variables.

Sperm cell Motile cell Magnetic cell

Ky (rad mm ™) 104 + 8.1 374 +18.1(s€0:0.5L)
Ay (rad mm™ 1) 6.7 =22 1597 (s€0:0.5L)

2 (um) 198 *+ 44 150 + 13

VSL (um s~ ") 101.6 +31.6 63 *+1.2

VCL (ums™ ) 2254 +77.1 249 * 14.4

LIN (VSL/VCL) 0.48 = 0.18 0.28 0.1

VAP (ums™') 1132 +31.7 73 +1.1
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are not alive anymore and the state of interaction has not yet been
quantified for non-metabolizing sperm cells. Therefore, the difference
in the flagellar waveform can be attributed to differences between
internal and external power generation. Similar to the curvature, the
bending moment along the flagellum is mostly linear in the case of the
motile cells, while the magnetically actuated cells show a decreasing
amplitude along the flagellum. The curvature and bending moment
also reveal that the asymmetry of the flagellar mean shape is more evi-
dent in the case of magnetically actuated cells. In contrast to the curva-
ture and bending amplitude, the rate of propagation of the elastic
wave of the motile and magnetic cells is quite similar [Figs. 2(c) and
2(f)]. The average slope of the phase angle for the motile cells is
27/ = 2m/185, whereas magnetically actuated cells have an average
slope of 27/134, at an actuation frequency of 6 Hz. Therefore, the
magnetic field enables non-motile cells to rotate with respect to e;
while displaying helical flagellar waves like motile cells.

The wave variables dictate the time-dependent deformation of
the flagellum. Therefore, the force exerted by the flagellum is deter-
mined using the resistive-force theory (RET)"”"” for a range of wave
variables (Table II). Figure 3 shows the influence of Ay and 4 on the
swimming velocity. The green and red shaded regions indicate the
minimum and maximum F/(nwA? ) for motile and magnetic cells,
respectively. Equation (2) is integrated to determine the deformation
of the flagellum (y(x, ¢)) in the material frame of the cell (e;, e;). The
deformation is used to determine the following force using RFT for
the tangential (¢, ) and perpendicular (é“) drag coefficients in the
study by Gray and Hancock™ and Lighthill:"*

dy dy Py\
A € —=¢&) —ffl(f”-’-fL( ) >
F :J Ot Ox Ox? ' 5)

0 O? y) 2
1 7
+ <8x2
1.4 T T -
— RFT(GH) ------ RFT (LH)
— RFT(GH) :+++++ RFT (LH)
Live cell

—_
T

Nondimensional F/(nwA,,)

i Magnetic cell
025 150 250 350 450

/ [um]

FIG. 3. The thrust force (F) is calculated using (5) based on the average (K;) and
(Ap) for a range of wavelengths (). The solid and dashed lines indicate average
forces calculated by the resistive-force theory (RFT) in the studies by Gray and
Hancock”” and Lighthill (LH),* respectively. 7, o, and Aqay are the viscosity, angu-
lar frequency, and the maximum amplitude, respectively. Minimum and maximum
F/(nwA2,,) are calculated using RFT in the study by Gray and Hancock and indi-
cated using the shaded regions.
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We observe that the wave variables of motile cells generate
greater force than magnetically actuated cells. The cells display a flagel-
lar wave accompanied by a rotation of the body with respect to the
long axis of the head (e;), and swim along a curved path. This motion
is characterized by an average VSL of 101.6 = 31.6 um s ' and a VCL
of 225.4 = 77.1 um s~ 1, as shown in Fig. 4 (Multimedia view). A dras-
tic decrease in the swimming speed is observed in the case of magneti-
cally actuated cells, with an average VSL of 6.3+ 1.2um s ' and a
VCL of 249 + 14.4 um s~ . This decrease is attributed partially to the
additional drag exerted on the nanoparticle aggregates that coat
the sperm head. The swimming velocity of the cell is dictated by the
asymptotic force balance between the thrust force generated by the tail
and the drag force on the head. Regardless of the difference in swim-
ming speed, which is attributed to the calculated thrust force (Fig. 3),
the average LIN indicates another fundamental difference in flagellar
propulsion. The average linearity is 0.48 = 0.18 and 0.28 = 0.1 for
motile and magnetically actuated sperm cells, respectively. The curva-
ture of the paths taken by magnetically actuated sperm cells is larger
than that of motile cells. Figures 2(b) and 2(e) show the asymmetry of
the mean shape. This asymmetry is noticeable in the case of magneti-
cally actuated cells, leading to a greater deviation between VSL and
VCL. The insets in Figs. 2(c) and 2(f) show the flagellar waveform.
These waveforms indicate qualitatively that the asymmetry is more
noticeable for magnetically actuated sperm cells, leading to lower LIN.

In this Letter, we show the influence of distributed bending and
localized external actuation of motile and non-motile cells, respec-
tively. Waveform analysis reveals that maximum amplitude of the
bending wave occurs at 0.75L and 0.5L from the proximal end of the

FIG. 4. Trajectories of motile and magnetically actuated sperm cells. (a) Straight line
velocity (VSL), curvilinear velocity (VCL), and average path velocity (VAP) for motile
bull sperm. (b) VSL, VCL, and VAP are calculated from magnetically actuated sperm
cells. Scale bars are 20 um. Multimedia views: https://doi.org/10.1063/1.5142470.3;

https://doi.org/10.1063/1.5142470.4;  https://doi.org/10.1063/1.5142470.5;
doi.org/10.1063/1.5142470.6;  https://doi.org/10.1063/1.5142470.7;
10.1063/1.5142470.8
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active and passive flagellum, respectively, leading to greater swimming
speed of the motile cells. Therefore, the actuation of the passive flagel-
lum at the proximal end does not resemble the distributed actuation of
the flagellum. However, the incorporation of nanoparticles opens up
additional possibilities to resemble waveform patterns of motile cells,
such as the use of different nanoparticles that will selectively adhere to
certain locations along the flagellum, enabling non-uniform distrib-
uted actuation. In conclusion, this work contributes to the understand-
ing of how motile sperm cells perform their efficient motion in
low-Re. The actuation of a passive flagellum enables us to understand
how to design efficient microswimmers. It would be essential to dope
the non-motile cells with different magnetic entities on different loca-
tions. Furthermore, a combination of attractive and repulsive particles
might enlarge the amplitude of the flagellar wave toward the distal end
and enhance the propulsion. This would also mimic the interactions
of molecular motors of sperm cells.
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