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Bio-hybrid micro-swimmers, composed of biological entities integrated with synthetic constructs,
actively transport cargo by converting chemical energy into mechanical work. Here, using isolated and
demembranated flagella from green algae Chlamydomonas reinhardtii (C. reinhardtii), we build efficient
axonemally-driven micro-swimmers that consume ATP to propel micron-sized beads. Depending on the
calcium concentration, we observed two main classes of motion: whereas beads move along curved
trajectories at calcium concentrations below 0.03 mM, they are propelled along straight paths when the
calcium concentration increases. In this regime, they reached velocities of approximately 20 pm s

comparable to human sperm velocity in vivo. We relate this transition to the properties of beating
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axonemes, in particular the reduced static curvature with increasing calcium concentration. Our
designed system has potential applications in the fabrication of synthetic micro-swimmers, and in
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1 Introduction

Bio-actuated micro-swimmers, fabricated by integration of a
live biological entity with a synthetic cargo, are the subject of
growing interest, in particular for their potential applications in
the field of targeted drug delivery or assisted fertilization
in vivo." It is known that an essential aspect in designing
bio-hybrid micro-swimmers is to take advantage of biological
motors, which are highly efficient in converting chemical
energy into mechanical work." Therefore, the main goal in
the synthesis of bio-hybrid micro-swimmers is to integrate
these highly efficient energy conversion modules into bio-
compatible nano- and micro-swimmers to realize various tasks.
In the past decade, the sensory capabilities and the autono-
mous motility and power of various bacterial species, mainly
E. coli have been extensively utilized as a biological micro-
actuator in bio-hybrid micro-swimmers to provide an efficient
cargo (e.g. liposomes or coated beads) transport.” ™
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particular, bio-actuated medical micro-robots for targeted drug delivery.

A wide variety of motility mechanisms exist in nature. This
includes the polarized assembly and disassembly of biopoly-
mers for the directional movement of amoeboid cells,"®"* or
motility driven by eyelash-shaped cellular protrusions - cilia
and flagella - that perform periodic whip-like motion to gene-
rate fluid flow and propulsion.””™” In many organisms, multiple
motile cilia coordinate their beating activity to enhance the
swimming efficiency or directional fluid transport. Examples
are transport of cerebrospinal fluid, which contains physio-
logically important signaling molecules, through the ventricu-
lar cavities of the mammalian’s brain,’® mucus clearance in
mammalian airways,"® or the bi-flagellated algae Chlamydomo-
nas reinhardtii (C. reinhardtii) which swims in water with its two
flagella using a characteristic breaststroke beat pattern.>*>*

Cilia and flagella have a tube-shaped structure consisting of
a periodic arrangement of nine microtubule doublets (MTDs) at
the periphery and two axial singlet microtubules at the center.
This 9 + 2 structure, known as axoneme, has a diameter of
200 nm and can be actuated via coordinated collective activity
of dynein molecular motors that convert chemical energy
released during ATP hydrolysis into mechanical work by sliding
neighboring MTDs.>*>® However, the sliding of MTDs is
resisted by structural constraints imposed by the nexin linker
proteins which mechanically couple outer MTDs, and protein
complexes ‘radial spokes’ which extend toward the central
pair.>*? Instead, sliding converts to rhythmic bending defor-
mations that propagate along the axonemal length. Flagella in
different species show a variety of beat patterns. In contrast to
spermatozoa (typical length 50 pm), flagella isolated from green
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algae C. reinhardtii (typical length 10 um) beat by asymmetric
bending deformations propagating at a fundamental beat fre-
quency along the axonemal length in a base-to-tip direction.>*®
The observed asymmetric waveform is such that the flagellar
shapes over one beat cycle average to a semi-circular arc with a
mean curvature of about —0.2 pum ™. This static component of the
axonemal curvature leads to a curved swimming trajectory,*®*%**
whereas in the absence of this component, flagella swim along a
straight path.>**> The magnitude of the various components
contributing to the flagellar wave pattern depends on the calcium
ion concentration, which has been shown to be one of the
molecular agents which affects most the motion of the flagella.
Bessen et al*»** have shown that in axonemes isolated from
C. reinhardtii, a high Ca® concentration triggers a transition from
an asymmetric to a symmetric waveform. A similar calcium-
dependent change in wave symmetry has also been observed in
ATP-reactivated C. reinhardtii cells, in which two flagella are
demembranated using detergents.”® Interestingly, to reverse the
direction of wave propagation during a photophobic response to
intense light, C. reinhardtii cells change the internal level of Ca>*
ions to switch from an asymmetric forward beating pattern to a
symmetric reverse beating mode.*>**°

In the present work, we demonstrate the feasibility of using
isolated and demembranated flagella from C. reinhardtii as a
bio-actuator to carry and maneuver micron-sized particles.
To the best of our knowledge, there has been no report in the
literature on isolated flagella-driven propulsion of cargo. Fig. 1
demonstrates the existence of two different regimes of propulsion.
At low calcium concentration, see Fig. 1A, the micro-swimmer
is propelled on a highly curved trajectory. At higher calcium
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concentration, on the other hand, the bead is propelled along
an almost straight path, at a velocity of ~20 um s, comparable
to the velocity of human sperm in vivo, see Fig. 1C. The possibility
to externally modify flagellar wave components and beating
frequency with light or chemical stimuli (such as calcium ions,
as in Fig. 1B and D)*****"*® opens interesting perspective to
control such a bio-hybrid micro-swimmer. The micro-swimmers,
propelled by isolated and reactivated flagella, are potentially
attractive to develop minimally invasive devices for medical
applications, such as in vivo active cargo transport.”®

Here, we study systematically the two regimes illustrated in
Fig. 1, and elucidate the transition between them. We conclude
experimentally that the difference in the nature of the bead
trajectory is due to the mean curvature of the beating axo-
nemes. In practice, we combine high-precision high-speed
phase contrast microscopy (1000 fps) with image processing
techniques to investigate the swimming dynamics of a bead
that is propelled by an ATP-reactivated axoneme. We use
calcium ions to reduce the static curvature of axonemes by
one order of magnitude, thereby®**** inducing a transition from
circular to straight swimming trajectories of axonemal-propelled
beads (see Fig. 1).

2 Materials and methods

2.1 Isolation of axonemes from C. reinhardtii and attachment
to the beads

Isolation and reactivation of axonemes are done based on a
standard protocol described in ref. 49 and 50. Briefly, wild-type

Fig. 1 Axonemally-driven beads and the effect of calcium ions. (A) An exemplary axoneme at [Ca®*] = 0 mM is attached at the basal end (s = 0) to a bead
of diameter 1 um. The blue trajectory of the bead center shows a curved swimming path at two different time points. (B) The time-projection of the
axonemal shapes highlights the counter-clockwise rotation of the axoneme as bending deformations propagate along the contour length. (C) In the
presence of 1 mM calcium, the bead is propelled on average along a straight path at the propulsion speed of around 20 pm s, which is comparable to
the human sperm propulsion speed in mucus. (D) Calcium ions trigger a transition from an ‘asymmetric’ flagellar waveform that rotates counter-
clockwise to a 'symmetric’ waveform that swims along a straight path. In both experiments, the ATP concentration is 200 uM (see Videos S1 and S2, ESI1).
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C. reinhardtii cells, strain SAG 11-32b, are grown axenically in
TAP (tris-acetate-phosphate) medium on a 12 h/12 h day-night
cycle. Upon adding dibucaine, cells release their flagella which
we purify on a 25% sucrose cushion, and demembranate them
using detergent NP-40 in HMDEK solution (30 mM HEPES-KOH,
5 mM MgSO,, 1 mM DTT, 1 mM EGTA, 50 mM potassium acetate,
pH 7.4) supplemented with 0.2 mM Pefabloc. The membrane-free
axonemes are resuspended in HMDEK buffer plus 1% (w/v)
polyethylene glycol (M,, = 20 kg mol '), 0.2 mM Pefabloc and
used freshly after isolation. To perform reactivation experiments,
we diluted the axonemes in HMDEKP reactivation buffer (HMDEK
plus 1% PEG) supplemented with ATP at different concentrations.
Beads (polystyrene microsphere) were washed twice with HMDEKP
buffer supplemented with 0.01% SDS and resuspended in the same
solution, and sonicated for 5 min before use. For bead attachment,
beads are incubated for 20 min with axonemes before being mixed
with reactivation buffer and infused into 100 pm deep flow
chambers, built from cleaned glass and double-sided tape. The
glass slides are treated with casein (2 mg mL " in HMDEKP buffer)
for 5 min before use to avoid axoneme-substrate attachment.*® For
calcium experiments, we added CaCl, at different concentrations
to the HMDEKP reactivation buffer.

2.2 Axoneme tracking

We used high-speed phase-contrast microscopy (100x objective,
1000 fps) to capture high-resolution images of fast beating
axonemes that propel micron-sized beads and swim parallel to
the glass substrate with an approximately planar axonemal beat.
This effective confinement to 2D significantly facilitates tracking
of flagellar shapes and their analysis. In these images, the bead
appears as a bright spot, which interferes with the tracking
algorithm of the axoneme. Therefore, the first step is to filter
out the bead by applying a threshold to the images (Fig. 2). Next,
to increase the signal to noise ratio, we invert the phase-contrast
images and subtract the mean-intensity of the time series.*®
To smooth the images, we apply a Gaussian filter. Tracking of
axonemes is done using a customized MATLAB code (available in
the ESIt) which is based on the gradient vector flow (GVF)
technique.’ ™ In this algorithm, for the first frame, we select a
region of interest (ROI) that includes only one actively beating
axoneme. We then define an active contour, a snake, as a curve
within the ROI that can deform under the influence of internal
forces within the curve itself and external forces given by the
gradient of the gray-scale map derived from the acquired image
(Fig. 2B). To initialize the snake, we draw a line polygon along the
contour of the axoneme in the first frame (see Fig. 2C). This
polygon is interpolated at N = 30 equally spaced points and used
as a starting parameter for the snake. The GVF is calculated as the
vector field that minimizes the energy functional defined by
eqn (10) of ref. 51 (we took a value of the regularization parameter
u = 0.1, and used 20 iterations). The snake is then deformed
according to the GVF where we have adapted the original algo-
rithm by Xu and Prince for open boundary conditions.’>** The
position of axoneme at contour length s; and time point ¢ is given
by 1(s5t) = (x(s1,8), Y(S5t)). Here s = 0 is the basal end and s = L is the
distal tip, where L is the total contour length of the filament.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Gradient vector flow method implemented to track the flagellum.
(A) The high intensity of the bead interferes with tracking, therefore the
bead is removed by applying a threshold. (B) The vector field calculated in
the small yellow region shown in panel (A), converging toward pixels with
maximum intensity. (C) A polygonal line with eight nodes along the
axonemal contour to initiate the snake. (D) The tracking algorithm yields
a discrete approximation of the axoneme’s contour represented by a set of
N = 30 positions r(s;,t) = (x(sit), y(sit)), i =1,..., N.

Furthermore, to estimate the systematic error of our tracking
algorithm, we generated artificial filaments with known values of
mean curvature and used the GVF algorithm to determine the
curvature from the tracking algorithm. As shown in Fig. S1 (ESIf),
the measured values systematically deviate from the real values at
small mean curvatures, but provide a much better estimate when
the mean curvature is larger. In other words, our algorithm has a
smaller systematic error (less than 4%) for curved filaments with
dimensionless mean curvature C, larger than 0.3.

2.3 Principal component analysis

This analysis is based on the method introduced by Stephens
et al.>® to characterize the waveforms in C. elegans. We describe
the shape of the flagellum by its unit tangent vector t(s) and the
unit normal vector n(s) at distance s along the contour.’>”®
Instantaneous deformation of flagellum is described by curva-
ture «(s, t), using the Frenet-Serret formulas®*

dr(s, 1) dt(s, 1)

o and 45 = K(s, 1)n(s, ). (1)

=t(s, 1),

Let us define 0(s,t) to be the angle between the tangent vector at
distance s and the x-axis (Fig. 1A), then «(s,t) = dO(s,t)/ds.
To analyze the motion, we first translate and rotate each
flagellum such that basal end is at (0,0) and the orientation
of the tangent vector at s = 0 is along the x-axis i.e. 0(s =0, ) = 0.
Principal component analysis®* is performed by calculating the
covariance matrix of mean-subtracted angles 0,,(s,t) = 0(s,t) —
(0(s,t)), defined as Ocov(s,s') = ((Om(s, 1) — (Om))(Om (s, 1) —
(0m))), where (0.,,) is the spatial average of 0,,(s,t) at a given
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time ¢. The eigenvalues A, and the corresponding eigen-
vectors M,(s) of the covariance matrix are given by
> Ocov(s,s" )M, (s") = A,(1)M,(s). We show that superposition
S!

of the four eigenvectors corresponding to the four largest
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3 Results

We fabricated axonemally-based propelled beads, by incubat-
ing isolated axonemes from C. reinhardtii (~10 pm in length)
with beads of diameter 1 um, as described in Materials and

eigenvalues can describe the flagellum’s shape with high
accuracy (see Fig. 7C):

methods (see Section 2.1 as well as Fig. 1 and 3). Out of N =195
bead-axoneme attachments, a single bead attaches to the basal
end of the axonemes in 60.5% of the cases. Attachment of
beads to the distal tip occurs less frequently in 22.6% of cases,
and even less frequently (16.9%) we observed more than one
bead attached either to the tip or along the axonemal length.
The attachment of the beads to the basal or the distal region of
the axonemes is either symmetric, i.e. the tangent vector of the
axoneme at the bead-axoneme contact point passes through the
bead center, or asymmetric. We emphasize that a limitation of
our 2D phase-contrast microscopy is that it is not possible to
precisely distinguish a symmetric bead attachment from an
where ¢% = % A;. Here N is the total number of eigenvectors. asymmetric On,e and 3D microscopy techniques® are required
i to fully determine the bead-axoneme attachment geometry.
Fig. S2 (ESIT) shows that already two modes capture 98.6% and The propulsion of axonemally-driven beads is highly sensitive
four modes capture 99.7% of the total variance. to the axonemal waveform. In our experiments, we use calcium

4
0(s,1) = (0(s, 1)), = >_ an(1) My (s). (2)
n=1

Here the four variables ay(t), ..., a4(t) are the amplitudes of
motion along different principal components and are given by
a(t) =5 M, (5)0m(s, ). The fractional variance of flagellum’s

n
shape captured by n eigenvectors is calculated as o> = > 1;/0°
i=1
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Fig. 3 Experiments to show the effect of calcium on axonemal waveform. (A) An axonemally-driven bead reactivated at [ATP] = 80 uM and [Ca®'] =

0 mM (see Video S3, ESIf). Tracked axoneme and trajectories of its distal (blue lines) and basal (white lines) ends. Axoneme-bead swimmer rotates
counter-clockwise while the bead center follows a spiral-like path (Fig. 5B). (B) Curvature waves as they travel at the frequency of 38.21 + 0.25 Hz from
the proximal region toward the distal tip. (C) Mean shape of the axoneme in cyan color averaged over one beat cycle showing a circular arc with static
curvature of ~— 0.19 pum~%. At different time points, the axoneme is translated and rotated such that the basal end is at (0,0) and the tangent vector at
s = 0, which defines the X-axis in the swimmer-fixed frame, is along the x-axis of the laboratory-fixed frame (see Fig. 1A). (D) An axonemally-driven bead
reactivated at [ATP] = 80 puM. The reactivation buffer is supplemented with 0.1 mM calcium to reduce the static curvature (see Video S4, ESIt). The
axoneme beats at 24.42 + 0.18 Hz and the bead-axoneme attachment appears to be symmetric. (E) Curvature waves as they travel at the frequency of
24.42 Hz from the basal end toward the distal tip. (F) The axonemal mean shape with static curvature of kg ~ —0.03 pm™* (filament with cyan color). The
mean curvature of axoneme has dropped around ten times in comparison to axonemal shapes in panel (C). This reduction in Cq causes a transition from a
circular to a straight swimming trajectory.
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ions at different concentrations to change the axonemal wave-
form and study the propulsion dynamics. In the following
section, we summarize our results without and with calcium
ions and show that calcium ions play a crucial role to achieve a
directed cargo transport.

3.1 Role of the mean curvature of the axonemes

We return to the striking difference between the two types of
bead propulsion illustrated by Fig. 1. Namely, beads can be
propelled on a curved trajectory (first regime), or along an
almost straight path (second regime). These two distinct modes
of propulsion correspond to two different concentrations of
calcium ions in the reactivation buffer (0 mM versus 1 mM),
which directly affects the axonemal waveform.>*** As shown in
Fig. 1B, in the absence of calcium ions, the time-projection of
the ‘asymmetric’ axonemal shapes indicates a counter-
clockwise rotation of the axoneme causing a circular swimming
trajectory of the bead. However, in the presence of calcium
ions, we observe a significant change in the flagellar waveform
(Fig. 1C and D) that appears to be ‘symmetric’ and results in a
directed bead transport. In the present section, we demonstrate
that this difference is a consequence of the existence of a mean
curvature of the axonemes in the first regime.

Fig. 3 characterizes in more detail the flagellar waveform of
the axonemes in the two regimes observed in Fig. 1. Fig. 3A-C
shows a representative example of the first regime, where we
have tracked the axoneme over time and quantified the curva-
ture waves that propagate along the axonemal length. As seen
from Fig. 3B, these bending waves start from the basal end
(at s = 0), which is attached to the bead, and propagate at the
frequency of f, ~ 38.21 + 0.25 Hz toward the distal tip. Note
that the beat frequency of axonemes depends on the ATP
concentration, following a Michaelis-Menten kinetics with a
linear trend at low amount of ATP and saturation at higher ATP
concentrations around 1 mM (see Fig. S4, ESIt).*®*

A remarkable feature of the first propulsion regime is the
presence of a mean curvature, ko, when averaging the flagellar
shapes over one beat cycle, with a value r, of about —0.19 um ™"
(see the cyan filament in Fig. 3C). The negative sign of &,
indicates a clockwise bend when moving from the basal end at
s = 0 toward the distal tip at s = L. In other words, we can think
of the axonemal waveform as a superposition of a traveling
wave component which propagates along this circular arc.>®3®

Our experimental results show a clear relation between the
averaged curvature of the axoneme over a beat cycle, x,, and the
curvature of its swimming trajectory. Namely, Fig. 4A shows a
scatter plot of our experiments, realized at different calcium
concentration, as indicated by the different symbols of the
legend. Strikingly, we observe an approximately linear relation
between the two curvatures, with a coefficient of proportionality
approximately equal to 2, see the dashed line in Fig. 4B.*®°’
As shown in Fig. 4B, however, the mean curvature of axonemes
Ko is sensitive to the concentration of calcium ions and almost
vanishes above a calcium concentration of 0.1 mM.

In very sharp contrast to what happens at low calcium
concentration, in the second regime illustrated in Fig. 1C and D,

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A) The curvature of the swimming path of axonemes at different

calcium concentrations plotted versus their mean curvature xq. The slope
of the linear least-square fit is close to 2. (B) The dimensionless mean
curvature of axonemes in panel (A) defined as Cqo = kol/(2n) drops almost
ten times at [Ca®*] around 0.1 mM. This reduction in Co causes a transition
from circular to straight swimming trajectory. The time-projection of
experimental shapes of two exemplary axonemes at 0 mM and 0.1 mM
[Ca®*] are also shown to illustrate the transition in the swimming path.
At each calcium concentration, N = 5 axonemes (without any bead
attached) are tracked to obtain Cy and the corresponding median and
standard deviation.

at a calcium concentration of 0.1 mM, the beating pattern shown
in Fig. 3D-F corresponds to a condition in which the axonemal
curvature averaged over one beat cycle is very low. The observation
of a straight trajectory in Fig. 1C is consistent with the trend
shown in Fig. 4A. In this case, the axonemal waveform is
composed of a propagating wave that travels along an almost
straight filament, thereby propelling the axoneme and the cargo
along a straight path.

In the absence of mean curvature, axonemes moving in a
fluid at low Reynolds number, where viscous drag dominates
over inertia, swim along a straight direction. As shown in ref. 39
and 40, a small mean curvature induces a rotational motion of
the axonemes, with an angular velocity Q,. This can be under-
stood by using resistive-force theory,’® which predicts that, to
leading order in the mean curvature, rx,, (€,) depends linearly
on the dimensionless mean curvature C, = k,L/2n. Given the
low value of k, in the experiments shown in Fig. 1C and D, the
motion of the cargo is in practice along a straight trajectory.

Soft Matter, 2022,18, 4767-4777 | 4771
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Remarkably, we observe a mean velocity of about 20 pm s™*
(Fig. 1C), which is slightly slower than the migration speed of
the human sperm in mucus (typically 25-45 pm s~ *).>°

The combination of an overall rotation, at a frequency Q,,
and of a translation, in our experiments without calcium,
results in a swimming path along a spiral, clearly seen in
Fig. 5. Note that for the exemplary experiment in Fig. 3A, the
x-y positions of the bead center exhibit, in addition to the
spiraling motion, tiny oscillations at the fast beat frequency of
fo ~ 38.21 Hz and a secondary slow global rotational frequency
around 1.5 Hz (see Fig. 5B).

Additionally, in most of our experiments without calcium,
the axonemes rotate counter-clockwise in the microscope’s
field of view with an effective 2D beat pattern, which facilitates
the tracking procedure. As an axoneme undergoes planar shape
deformations over time, at any instant of time, its motion can
be described, aside from its shape deformation, as a solid body
with translational and rotational velocities Uy, U, and Q, which
we measure in the swimmer-fixed frame (Fig. 6).°” These
velocities oscillate in time, reflecting the fundamental beat
frequency of the axoneme shown in Fig. 3A (~38.21 Hz) and
its higher harmonics. It is worth noticing that the averaged
value of €,, showed by the horizontal red line in Fig. 6C,
appears as very small compared to the recorded excursions of
the signal. Nevertheless, the measured value, (Q,) = 0.026w,
indicated by the red line in Fig. 6C, is very close to the angular
velocity of the bead along the trajectory in Fig. 3A. In contrast,
in our experiments with calcium, axonemal movement often
occurs in 3D (see Video S2, ESIt), making tracking of axoneme
nearly impossible. The example shown in Fig. 3D is a relatively
rare case where the axoneme can be tracked for more than
1 second before swimming out of focus.

3.2 The effect of bead size

To investigate how bead size affects beating frequency and
mean curvature of axonemes, we also performed experiments
with beads of larger diameter. A summary of the beat frequency
and intrinsic curvature of axonemes (all reactivated at [ATP] =
200 uM and [Ca®"] = 0 mM) propelling beads of diameter 1, 2
and 3 micron is given in Table 1. In these experiments, as we

0 200 400 600 O 200 400 600 800 1000 1200
time (msec) time (msec)
Fig. 5 (A) Color-coded time projection of the axonemal shapes of the

axoneme presented in Fig. 3A ([Ca®*] = 0 mM). (B) Color-coded trajectory
of the bead center from Fig. 3A showing a spiral-like trajectory. The global
rotational frequency of the swimmer is around 1.5 Hz (~1 full rotation in
around 650 ms; see Videos S3 and S5, ESIY).
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Fig. 6 The translational and rotational velocities of the axoneme pre-
sented in Fig. 3A, measured in the swimmer-fixed frame, obtained with RFT
simulations using the experimental beat pattern as input. The red lines
mark the mean values.

increased the bead diameter from 1 pm to 3 pm, we observed a
reduction at both the averaged beat frequency (~12%) and the
intrinsic curvature (~31%) of the axonemes.

3.3 Description of the flagellar shapes

Having stressed the role played by the mean curvature of the
axonemes, which determines the curvature of the swimming
path of the beads, and the role played by calcium in controlling
this curvature, we now focus on a more systematic analysis
of the flagellar waveforms. As explained in Section 2.3, our
analysis is based on principal component analysis (PCA) of the
flagellar motion.*%>*

Fig. 7A shows the color map of the covariance matrix
Ocov(s,s), introduced in Section 2.3, of the axoneme shown in
Fig. 3A. This covariance matrix has effectively a reduced
dimensionality with only a small number of non-zero eigen-
values. Specifically, we find that the four eigenmodes M,(s)
(n=1, ..., 4) corresponding to the four largest eigenvalues of
Ocov(s,s’) capture the axonemal waveform with very high accu-
racy (see Video S6, ESIt). These four eigenvectors are plotted in
Fig. 7B. Interestingly, the wavemodes M,,(s) qualitatively appear
as a superposition of a few low order Fourier modes, albeit with

This journal is © The Royal Society of Chemistry 2022
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Table 1 Frequencies and intrinsic curvature values of 13 different axonemes propelling beads of diameters D = 1, 2 and 3 um. Mean and standard

deviations are also presented. All axonemes are reactivated at [ATP] = 200 pM and [Ca®*] = 0 mM. The axoneme no. 1 corresponds to the example
in Fig. 3A

Axoneme 1 2 3 4 5 6 7 8 9 10 11 12 13

D (um) 1 2 3

fo (Hz) 38.21 48.5 43.55 53.46 48.50 33.65 38.60 61.15 63.36 46.06 43.55 58.41 23.75
(fo)y £ std 46.44 + 5.78 49.19 + 15.25 42.94 + 14.35

Ko 0.19 0.21 0.22 0.26 0.20 0.25 0.17 0.17 0.19 0.15 0.16 0.15 0.19
{Ko) £ std 0.22 + 0.03 0.19 + 0.04 0.16 £ 0.02
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Fig. 7 PCA analysis of the axoneme presented in Fig. 3A. (A) The covariance matrix Ocoy(s,s’) of fluctuations in angle 6(s,t). (B) The four eigenvectors
corresponding to the first four largest eigenvalues of Oco,(s.s’). (C) The time-projection of the experimental data and the corresponding shapes
reconstructed using the four eigenmodes presented in panel (B). (D) The time-dependent motion amplitudes a;(t) and a,(t) as defined in Section 2.3.
The black and cyan dashed lines in panels (B) and (D) show the Fourier fits.%°

a wavelength / that differs from the length of the system, L. To In the particular example shown in Fig. 3A, the wavelength
estimate this wavelength, we compute the temporal Fourier A= 13.19 pm exceeds the length of the axoneme by ~ 30%.

transform of the deviation angle 0(s,t) at several fixed values of Finally, we reconstruct the axonemal shapes using the four
s, with the convention that 6(s = 0, ¢) = 0. This allows us to dominant modes and the corresponding time-dependent
define the phase ¢(s) of the wave along the axoneme, see Fig. S3 motion amplitudes a,(f) (n = 1, ..., 4) using eqn (2). The
(ESIt). The wavelength is determined as 1 ~ 2nL/(¢(L) — reconstructed shapes are presented in Fig. 7C, where the green

¢(0)).%® Although ¢(0) is undefined (since 0 (s = 0, ¢) = 0), the dashed lines show the experimental data. The contribution of
phase gradient, which is the only necessary quantity to define, different modes in reconstructing the axonemal shapes is
is determined by fitting the phase dependence along the shown in Fig. 8. Please note that higher spatial modes in
axonemal length, as indicated by the red line in Fig. S3 (ESIf). combination with the corresponding time-dependent motion
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Fig. 8 Experimental shapes over one beat cycle of the axoneme in Fig. 3A are compared with the axonemal shapes reconstructed using different
combination of PCA modes as 0(s, ) = (0(s, 1)), + 3" a;(1) M;(s). For each panel, the fraction of the total variance ¢ is also calculated; see Section 2.3 for

the definition of ¢2. Note that shapes reconstructed using modes 2, 3 and 4 are approximately standing waves.

amplitudes, i.e. a,(t)M,(s), as(t)M3(s) and a4(t)M,(s), are approxi-
mately standing waves.® The motion amplitudes a,(¢) and a,(%),
which oscillate at the axonemal beat frequency f,, are shown in
Fig. 7D; see also Fig. 9 for a plot of motion amplitudes a;(¢) to
a4(t) versus each other.

As mentioned above and discussed in details in our recent
study,® the Fourier analysis of PCA modes shows that the
traveling curvature waves can be decomposed into a static
component C, and a leading travelling wave component of
amplitude C; coexisting with standing waves at the wavenum-
ber of the travelling waves, and at multiples of this wavenumber
(higher harmonics). With this expression of the axoneme wave-
form, one can apply resistive-force theory’® to determine
the translational and rotational velocities of a free axoneme
(without cargo) as a function of C,, C; and the flagellar beat
frequency f, (see also ref. 37 and 40). This analysis shows that at
a given beat frequency, up to the leading order, the rotational
velocity of an axoneme (Q,) is proportional to f;, to C,, and to
C:’. Thus, (Q,)/f, is predominately controlled by the static
component of the axonemal waveform C,, which is essential
to understand the transition between the two modes of propul-
sion illustrated in Fig. 1. Once the static component C, is
reduced by the addition of calcium ions, the bead is driven

4774 | Soft Matter, 2022,18, 4767-4777

0 200 400 600 0 200 400 600
time (msec) time (msec)

Fig. 9 The time-dependent motion amplitudes a;(t) to a4(t) are plotted
versus each other for the exemplary axoneme shown in Fig. 3A.

along a straight path with a translational velocity proportional
to the size of the axoneme, to the frequency f,, and to the

This journal is © The Royal Society of Chemistry 2022
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57,61 The extension

square of the traveling wave component C;.
of this analysis to include the effects of the cargo, and in
particular the specificities of the attachment of the flagellum,
lead to a semi-quantitative agreement with our measurements
of the translational and angular velocities. These results will be
the subject of a separate publication. Finally, we note that in
contrast to Cy, our experiments show that the wave component
C; is less sensitive to the calcium concentration and reduces

slightly at high [Ca®"] around 1 mM (see Fig. S5, ESIY).

4 Conclusions and outlook

In this work, we have characterized the motion of a bead (a
cargo) propelled by an ATP-reactivated axoneme isolated from
the green algae C. reinhardtii. We observed two distinct regimes
of bead propulsion depending on the calcium concentration.
The first regime describes the bead motion along a curved
trajectory which is observed in experiments at zero or very small
calcium concentration (less than 0.03 mM). A directed bead
propulsion along straight trajectories occurs at higher calcium
concentrations where the cargo is propelled at an averaged
velocity around 20 pm s~ '. This is comparable to the typical
human sperm migration speed in mucus.>

The role played by calcium in affecting the beating of
axonemes, and as a consequence in our experiments, the
trajectories of the beads, calls for an explanation at the molecular
level. In fact, based on high-resolution structural information
obtained by electron cryotomography, Gui et al.®* have proposed
that RS (radial spoke) heads and CP (central pair) projections
interact via electrostatic forces. In this model, an increase in the
electrostatic force with decreasing distance as the axoneme bends
causes a tilt of the radial spoke. This tilt is the mechanosignal
that is transmitted to the IDAs (inner dynein arms), the N-DRC
(nexin-dynein regulatory complex) and, finally, to the ODAs (outer
dynein arms). These electron cryotomography data support the
idea that calcium may regulate the transmission of these mechan-
osignals by inducing a conformational change in calmodulin,
which is a calcium responsive protein at the interface between
RS1 (radial spoke 1) and IDAa (inner dynein arm a). This
conformational change in calmodulin can alter directly the wave
pattern by affecting RS1-IDAa interaction. An alternative plausible
mechanism is that calcium affects a calmodulin-like subunit
(LC4) of the ODAs, and consequently influences the dynein
behavior.*® Further experiments are required to clarify the mecha-
nism of dynein regulation and the precise role of calcium in
shaping the flagellar waveform.

In this paper, we have focused on examples where the
axoneme-bead system swims effectively in 2D in the vicinity of
the substrate. This greatly facilitates the tracking of axonemes and
the data analysis. In our experiments, the axonemes beat with an
asymmetric waveform, which resembles the forward swimming
motion of flagella in intact cells.>® We extracted the axonemal
shapes using gradient vector flow technique®™*> and quantita-
tively described the beating patterns by the dimensionless curva-
ture C(s,t) at time ¢ and at arc-length s along the axonemal length.
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Our PCA analysis shows that the axonemal motion is described
with a high degree of accuracy, taking into account only the first
four dominant eigenmodes corresponding to the first four largest
eigenvalues.

It is worth mentioning that we also observed examples
where the axoneme-bead swimmer undergoes a tumbling
motion in 3D, as shown in the Videos S8-S10 (ESI{). This out
of plane swimming dynamics complicates the tracking process
of the axonemes. In future studies, 3D microscopy techniques
are necessary to capture the full 3D swimming dynamics of the
isolated axonemes. In ref. 53, torsional waves are measured in
addition to curvature waves, which should be considered in a
full modal analysis in 3D, meriting future investigation.

Since the beads in our experiments were incubated with
demembranated axonemes, the quantity, spacing and location of
beads attached to the axonemes were not controlled. Normally, a
small fraction of the beads (less than 10) adheres to the axonemes
at random sites preferably at the basal or the distal ends; see ESL,
Videos for examples of having two axonemes attached to one bead
(Video S11, ESIt), two beads attached to one axoneme at two
opposite ends (Video S12, ESIt), one bead along the contour length
(Video S13, ESIt), one bead at the distal tip (Video S14, ESIt), and
finally two beads at one end (Video S15, ESIT).

One of the crucial parameters controlling the speed of cargo
transport is the beating frequency of axonemes. This frequency
can be enhanced by increasing the ATP concentration (Fig. S4,
ESIT). A promising method to increase ATP concentration in a
controlled manner by an external stimulus (e.g. light), and to
maintain it at a constant level, consists in integrating a light-
powered ATP-generating energy module composed of functio-
nalized vesicles with our motility module, i.e. axonemes iso-
lated from C. reinhardtii.*” These vesicles (150 nm in size) are
co-reconstituted with two transmembrane proteins, bacterior-
hodopsin and ATP synthase.®* Upon illumination, bacteriorho-
dopsin pumps protons into the interior of the vesicles, which
drives the activity of ATP synthase, generating ATP from ADP
(Fig. 10). The produced ATP is consumed by the axonemal

. bacteriorhodopsin EF,F,-ATP synthase

Fig. 10 Integration of the light-driven energy module described in ref. 47
with bio-hybrid microswimmers driven by isolated axonemes. The func-
tionalized vesicles are schematically sketched. In this experiment, a bead
with a diameter of 1 um is attached to the distal tip of an axoneme. The ATP
concentration is approximately 1 uM, which is generated by illuminating
the light-switchable functionalized vesicles with the microscope light (5
watts). The axonemal beat frequency is about 25 Hz (Video S16, ESI+).

Soft Matter, 2022,18, 4767-4777 | 4775


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sm00574c

Open Access Article. Published on 08 June 2022. Downloaded on 3/1/2026 4:56:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

dyneins, that power the oscillatory motion of axonemes. This
developed scheme with the cycle of ATP production and con-
sumption can also be integrated into our bio-hybrid flagellum-
driven micro-swimmers to provide a continuous source of ATP
via illumination. The ATP synthesis rate depends non-linearly
on the light intensity showing saturation at higher light inten-
sities, reminiscent of Michaelis-Menten-type kinetics.* Fig. 10
shows a preliminary experiment where the ATP required for the
reactivation of axonemes and cargo propulsion is generated via
illumination of the functionalized vesicles (see Video S16,
ESIT). These light-switchable bio-hybrid microswimmers have
potential applications in the biomedical field, where the beating
frequency of flagella, hence the propulsion velocity of the cargo,
can be controlled vig illumination.””

In summary, flagella isolated from biological micro-organisms
show a variety of waveforms and are promising candidates to
provide a reliable power source for motility by an effective
conversion of chemical energy from ATP hydrolysis into mechan-
ical work. The C. reinhardtii flagellar-propelled micro-swimmers
investigated here have the unique advantage that the beat fre-
quency can be controlled via illumination, as described above,*”
and chemical stimuli (e.g. calcium ions) can be used to trigger a
transition from a circular to a straight swimming trajectories.***?
They also serve as an ideal model-swimmer to investigate both
experimentally and theoretically the contribution of different wave
components in cargo propulsion dynamics. It is our hope that
this will open new possibilities in the design and fabrication of
micro-swimmers, with interesting applications e.g. for smart drug
delivery.
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