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Abstract

The beating of cilia and flagella, which relies on an efficient conversion of energy from ATP-
hydrolysis into mechanical work, offers a promising way to propel synthetic cargoes. Recent
experimental realizations of such micro-swimmers, in which micron-sized beads are pro-
pelled by isolated and demembranated flagella from the green algae Chlamydomonas rein-
hardtii (C. reinhardltii), revealed a variety of propulsion modes, depending in particular on the
calcium concentration. Here, we investigate theoretically and numerically the propulsion of
a bead as a function of the flagellar waveform and the attachment geometries between the
bead and the flagellum. To this end, we take advantage of the low Reynolds number of the
fluid flows generated by the micro-swimmer, which allows us to neglect fluid inertia. By
describing the flagellar waveform as a superposition of a static component and a propagat-
ing wave, and using resistive-force theory, we show that the asymmetric sideways attach-
ment of the flagellum to the bead makes a contribution to the rotational velocity of the micro-
swimmer that is comparable to the contribution caused by the static component of the flagel-
lar waveform. Remarkably, our analysis reveals the existence of a counter-intuitive propul-
sion regime in which an increase in the size of the cargo, and hence its drag, leads to an
increase in some components of the velocity of the bead. Finally, we discuss the relevance
of the uncovered mechanisms for the fabrication of synthetic, bio-actuated medical micro-
robots for targeted drug delivery.

1 Introduction

Cilia and flagella are fundamental units of motion in various biological systems. These hair-
like cellular protrusions share a common conserved 9+2 microtubule-based structure, and
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beat to accomplish a variety of biological tasks. Examples are surface fluid flows generated by
ciliary carpet in the human respiratory tract to remove pollutants [1], cilia-driven cerebrospi-
nal fluid transport in the mammalian brain to deliver nutrients and important signaling mole-
cules [2], ciliary flow in the Fallopian tube to assist sperm transport to the fertilization site [3],
and propulsion of green algae C. reinhardtii that swims by breaststroke-like motion of its two
flagella [4-6].

In recent years, there has been a great interest in the field of targeted drug delivery and
assisted fertilization to integrate cilia and flagella as efficient energy conversion modules into
bio-compatible micro-swimmers. Autonomous flagella-driven motility of various biological
species, mainly E. coli and sperm, are utilized as bio-actuators to provide an efficient cargo
transport [7-13]. More recently, in the experiments by Ahmad et al. [14], axonemally-driven
cargoes are fabricated by integration of isolated and demembranated flagella from C. reinhard-
tii (known as axonemes) with micron-sized beads (see Fig 1 and S1-S2 Videos). These ATP-
reactivated axonemes, with a length of approximately 10 ym, beat with an ATP-dependent fre-
quency [15-17] and have an asymmetric waveform that can best be described as a base-to-tip
traveling wave component superimposed on a circular arc with mean curvature of about -0.2
pm™". The static component of the axonemal curvature leads to a curved swimming trajectory
of the micro-swimmer (see Fig 1D) [18-21]. In comparison, when the static curvature is
strongly reduced, a micro-swimmer swims along an essentially straight path [14, 22-24].
Importantly, the static curvature of axonemes is highly dependent on the calcium concentra-
tion. Namely, increasing the calcium concentration beyond 0.05 mM reduces the static curva-
ture of axonemes by one order of magnitude [14, 23, 24], thereby inducing a transition from
circular to straight swimming trajectories of axonemally-propelled beads. In addition to the
flagellar waveform, the axoneme-bead attachment geometry also plays a critical role in the
cargo propulsion speed. As emphasized in Ref. [14], axonemes can attach to the bead symmet-
rically, with their tangent vector at the contact point passing through the bead center, or asym-
metrically. Due to the limitations of 2D microscopy in Ref. [14], it was not experimentally
possible to distinguish between these two types of bead-axoneme attachment and 3D micros-
copy techniques [25] are required to quantify the effect of attachment geometry on the propul-
sion speed. This symmetric versus asymmetric attachment has consequences on cargo
propulsion dynamics and investigating this effect theoretically and numerically is the main
focus of the present work.

Here, we investigate the effect of (i) various flagellar wave components, (ii) the size of the
cargo (the bead), and (iii) the symmetric versus asymmetric flagellum-bead attachment on the
swimming dynamics of a bead that is propelled by a model flagellum. We restrict ourselves to
two-dimensional motion, which captures most of the experimental results in Ref. [14]. We use
an approximate description of the flagellum waveform as a combination of a static curvature
and a traveling wave component, and use resistive-force theory (RFT) [26, 27] to obtain analyt-
ical expressions for the translational and rotational velocities of a flagellum-propelled bead in
the limit of small amplitude of curvature waves. We compare the resulting expressions to the
results of simulations of the swimming trajectories. Our analysis reveals a surprising non-
monotonic behavior of the mean translational and rotational velocities of the axonemally-
driven bead as a function of the bead radius. Finally, our analysis shows that for a freely swim-
ming axoneme, which rotates predominantly with its static component of the axonemal wave-
form, sideways bead attachment is sufficient to generate mean rotational velocities comparable
to the rotation rates induced by the static curvature. This paper is structured as follows: first
we briefly describe RFT, which we use to calculate the propulsion speed of the micro-swimmer
as a function of the cargo size. In this approach, the specific details of the bead-axoneme
attachment geometry are taken into account in the drag matrices of the bead and the axoneme.
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Fig 1. An exemplary experiment showing a flagellum-based bead propulsion. A) An isolated and demembranated flagellum (known as axoneme)
from green algae C. reinhardltii is attached to a 1 micron-sized bead. The axoneme is reactivated with 1 mM ATP and beats at around 110 Hz (see S1
Video). B) Over time, the position of the center of the bead, its evolution represented by the blue curve, is propelled on a helical-like trajectory (see S2
Video). (C) The definition of the laboratory and the swimmer-fixed frame. As the flagellum beats, the micro-swimmer swims counterclockwise (CCW)
in the microscope’s field of view effectively in 2D. D) The traces of the basal (yellow line) and distal tip (cyan line) of the flagellum tracked for 198 sec.
(E) Curvature waves initiate at the basal end of axoneme (s = 0) which is attached to the bead, and propagate toward the distal tip (s = L) at the
frequency of about 110 Hz. F) The axonemal shapes averaged over one beat cycle results in a circular arc with mean curvature of about -0.2 yum ™. This
static component of the axonemal curvature results in a curved swimming trajectory and in the absence of this component, the bead is propelled on a
straight trajectory. The experimental techniques used to record the motion of the beads and the flagella are described in Ref. [14]. Please note that in this

experiment, the bead-axoneme attachment appears to be asymmetric but 3D microscopy techniques are required to distinguish a symmetric versus an
asymmetric attachment.

https://doi.org/10.1371/journal.pone.0279940.g001

Next, we present our analytical approximations and numerical simulations to show the effect
of the cargo size and of the symmetric versus asymmetric bead-axoneme attachment.

2 Materials and methods

2.1 RFT and calculations of mean translational and rotational velocities

The fluid flow generated by the swimming of small objects is characterized by very small Rey-
nolds numbers. In this regime, viscous forces dominate over inertia and non-reciprocal
motion is necessary to break the time-symmetry and generate propulsion (scallop theorem)
[28, 29]. The micro-swimmer in our system consists of an axoneme (a filament of characteris-
tic length L ~ 10 ym and radius 0.1 gm), which is attached at one end to a micron-sized bead
and swims in an aqueous solution of viscosity 4 = 10> Pa s and density p = 10° kg m . Given
the characteristic axonemal wave velocity V=4/T ~ 0.5 mm s ' (calculated for a typical
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axonemal beat frequency of 50 Hz and a wavelength which is comparable to the axonemal con-
tour length L), the Reynolds number Re = pLV/u is small, no larger than ~ 0.005. In this phys-
ical regime, Newton’s laws then consist of an instantaneous balance between external and fluid
forces and torques exerted on the swimmer, i.e. Foy + Fuiq = 0 and 7oy + Tauiq = 0. The force
Fguiq and torque 7p,;q exerted by the fluid on the axoneme-bead swimmer can be written as:

L
Fﬂuid = FBead + / dS FAxoneme (S’ t)’ (1)
0

L
Tﬂuid = TBead + / dS I‘(S, t) X FAxoneme (S’ t)7 (2)
0

where Fy,q and Tp,q are the hydrodynamic drag force and torque acting on the bead, and the
integrals over the contour length L of the axoneme calculate the total hydrodynamic force and
torque exerted by the fluid on the axoneme. The bead is propelled by the oscillatory shape
deformations of the ATP-reactivated axoneme. At any given time, we consider axoneme-bead
swimmer as a solid body with translational and rotational velocities U(#) and €(¢) to be deter-
mined as explained below. Fg;q and 7g,;4 can be separated into propulsive part due to the rela-
tive shape deformations of the axoneme in the body-fixed frame and the drag part [30]:

Fuu B U FProP U
()= (e)ola) = () mmaly) o
Thuid TProP Q TProP Q
where the 6 x 6 geometry-dependent drag matrix D is symmetric and non-singular (invertible)
and is composed of drag matrix of the axoneme D4 and drag matrix of the bead Dp. For a
freely swimming axoneme-bead, which experiences no external forces and torques, Fg,;q and
Thuia Must vanish. As explained in the introduction, we restrict ourselves to 2-dimensional

motion, which describes most of the experimental work described by Ref. [14]. In 2-dimen-
sions, D is reduced to a 3 x 3 matrix and Eq 3 can be reformulated as:

l])C FE[‘OP
U | =D,+Dy) " | P |, (4)
QZ Tgl’ﬂp

which we use to calculate translational and rotational velocities of the swimmer after determin-
ing the drag matrices D4 and D3, and the propulsive forces and torque (F"™?, Fp?, t2P).

We calculate F{™?, FoP and 2 in the body-fixed frame by selecting the basal end of the
axoneme (bead-axoneme contact point) as the origin of the swimmer-fixed frame. As shown
in Figs 1C and 3A, we define the local tangent vector at contour length s = 0 as X-direction,
the local normal vector n as the Y-direction, and assume that z and Z are parallel. Here (x, y, z)
denote an orthogonal lab-frame basis. We define 8y(t) = 0(s = 0, ¢) as the angle between x and
X which gives the velocity of the bead in the laboratory frame as UP*¢"'** = cosf), (t)U, +
sin, () U, and U}*4™** = —sinf,(t) U, + cos0,(t)U,. Furthermore, note that the instanta-
neous velocity of the axoneme in the lab frame is given by u = U + Q x r(s, ) + u, where u' is
the deformation velocity of the flagellum in the body-fixed frame, U = (U,, U,,0) and Q = (0,
0, Q,) with Q, = d,(¢)/dt.

To calculate F2?, Fy" and 18" for a given beating pattern of axoneme in the body-fixed
frame, we used the classical framework of resistive-force theory (RFT), which neglects long-
range hydrodynamic interactions between different parts of the flagellum as well as the
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Fig 2. A schematic representation of the Resistance Force Theory (RFT) calculation. A flagellum, depicted by the blue line, is decomposed into small
cylindrical segments moving at a velocity w’, which is decomposed as the sum of a tangential and a perpendicular component u and u/, in the body

frame. The propulsive force is obtained by multiplying u| and u’, with the friction coefficients {| and (.

https://doi.org/10.1371/journal.pone.0279940.g002

inter-flagella interactions [26, 27]. In this theory, the flagellum is discretized as a set of small
rod-like segments moving with velocity u'(s, ¢) in the body-frame, as illustrated in Fig 2. The
propulsive force FP*°P is proportional to the local center-line velocity components of each seg-
ment in parallel and perpendicular directions:

F(s, ) = {u(s,t) + (s, 1),
ui(s, ) = [E(s,1)(s, t)]t(s, 1), (5)

u (s, 1) =i(s,t) —ui(s, 1),

where u| and u/, are the projections of the local velocity on the directions parallel and perpen-
dicular to the axoneme. The friction coefficients in parallel and perpendicular directions are
defined as (|| = 47mu/(In(2L/a) + 0.5) and { | = 2{; [26], respectively. This anisotropic hydrody-
namic friction experienced by a cylindrical segment is the basis of propulsion by a flagellum.
For a water-like environment with dynamic viscosity 4 = 10> Pa s, we obtain { ~ 2.1 pN
msec/ ymz. As (| # (1, Eq (5) implies that the resulting velocity is not parallel to the propulsive
force FP"°P.In the following, we introduce the two dimensionless quantities:

nzﬁ and C’lEC—L. (6)
¢ U

L

The value of 7 will be fixed to 1/2 in the rest of the text [26]. The value of {’, is determined by
the geometry of the axoneme. We take for the axoneme radius a realistic value of a = 0.1 ym
and a contour length of L = 10 ym.

Here is a brief summary of the steps in the RFT analysis: First, we translate and rotate the
axoneme such that the basal end is at position (0, 0) and the local tangent vector at s = 0 at any
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time ¢ is along the x-axis (see Fig 1C). In this way, we lose the orientation information of the
axoneme at all the time points except for the initial configuration at time ¢ = 0. Second, we cal-
culate propulsive forces and torque in the body-frame using RFT (Eq 5), and then use Eq 4 to
obtain translational velocities U,, U, as well as rotational velocity Q, of the axoneme. Now the
infinitesimal rotational matrix can be expressed as

cos(Q,(t)dt) —sin(Q,(t)dt) U (t)dt
dr(t) = | sin(Q,(t)dt) cos(Q,(t)dt) U, (t)dt |, (7)
0 0 1

which we use to update the rotation matrix as I'(t + dt) = I'(#)dI'(¢), considering I'(t = 0) to be
the unity matrix. Having the rotation matrix at time ¢, we obtain the configuration of the axo-
neme at time ¢ from its shape at the body-fixed frame by multiplying the rotation matrix as
Tab-frame(S> £) = D(O)Ppody-frame (s, £), which can then be compared with the experimental data.
Please note that ri,p_game(s, £) = Xiab-frame(S> £)> Yiab-frame(s, 1), 1) is an input from experimental
data presenting the beating patterns in the laboratory frame.

S2 Fig in S1 File shows a comparison between the rotational and translational velocities
measured directly with the experimental data presented in Fig 1 and the results obtained with
RFT using the experimental beat pattern as input (as explained above). This comparison
shows a semi-quantitative agreement, therefore justifying our analysis in the framework of
RFT in section 3.2.

2.2 Drag matrix of a bead in 2D

Let us consider the two-dimensional geometry defined in Fig 3A. Note that the origin of the
swimmer-fixed frame is not at the bead center; rather it is selected to be at the bead-axoneme
contact point. In general, the tangent vector at position s = 0 of the axoneme, which defines
the X-axis, does not pass through the bead center located at (X, Yp) (note that X 4+ Y; = R?).
This asymmetric bead-axoneme attachment is also observed in the experiments, as shown in
Fig 1A. We emphasize that the drag force is actually a distributed force, given by d f = 0.d A,
applied at the surface of the sphere, but symmetry implies that drag force effectively acts on the
bead center. We define the translational and rotational friction coefficients of the bead as v =
6mayuR and vg = 87a,uR’, where i = 107> Pa s is the dynamic viscosity of water and factors
a,=1/(1 = 9(R/h)/16 + (R/h)*/8) and a, = 1/(1—(R/h)*/8) are corrections due to the fact that
axonemal-based bead propulsion occurs in the vicinity of a substrate [31]. Here R is the bead
radius (~0.5 ym), and h is the distance of the center of the bead to the substrate. Assuming
R/h ~ 1, we obtain @; = 16/9 and a, = 8/7. We now look at each component of velocity and
ask what force do we need to apply to counteract the viscous force and torque?

i. Translation in X-direction. In this case, we have (U,, U,, ,) = (1, 0, 0) as shown in Fig 3B.
We need to apply a force in +X-direction to counteract the drag force as:

F, = 6mo,uR = v,. (8)

But we must also apply a torque in +Z-direction for the case illustrated in Fig 3B (where
Y5 < 0) to prevent rotation from occurring:

T=—1,=—-Y,F =—v,Y, 9)

X
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(0) Fx

translation in X
(Ux; Uy; QZ) = (1;0;0)

Fp U' = O'XR = (-R,Q,, RQ,) = (~Y, Xp)

translationin Y rotation around the Z-axis
(Ux; Uyl -Qz) = (0;170) (Ux) Uy; -Qz) = (0;0)1)

Fig 3. A) Definition of the swimmer-fixed frame, and illustration of the bead orientation with respect to the axoneme in 2D. The X-direction is given
by the tangent vector at s = 0 (basal end). We note that Xz = —R and Yp = 0 corresponds to a symmetric bead-axoneme attachment, where the tangent
vector at s = 0 passes through the bead center. B-D) Schematic drawing of the forces and torques that counteract the hydrodynamic drag force and
torque.

https://doi.org/10.1371/journal.pone.0279940.9003

so we get:

(F, F,,t,) = (v, 0, =v, Y;)U,. (10)

ii. Translation in Y-direction, see Fig 3C, corresponding to (U,, U,, Q,) = (0, 1, 0). We have F,
=0and F, = + 6mouR = vy. Note that we need to apply a negative torque, and since X < 0,
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we have 7, = + Xgvr which gives:

(F., F, 1) = (0,vy, v, Xp)U,. (11)

x) Ty vz

iii. Rotation around Z-direction, see Fig 3D, corresponding to (U,, U,, €;) = (0, 0, 1). Before
looking at the forces, let us examine the motion. The rotation Q, = 1 of the bead center
around the origin O also generates translational velocity U’ = Q' x R = (=R, R,)Q, = (Y5,
Xg). Note that for Y < 0 and Xg < 0, we get U, > 0 and U; < 0 which is consistent.

Around the center of the bead, drag exerts force and torque F, and 7p, as depicted in
Fig 3D:

F)=—vU = (v;Y;, —v,X;), and (1), = =V (12)
To counteract the drag force, we must apply:
F, = (—v;Y,,v;X;), and T, =vg+ FR=v, + v, R (13)

so we obtain (F,, F, 7,) = (=v1Yp, vXp, vg + viRH)Q,, where vy = 6moyuR and vy =
8710541R3 .

Now we combine parts (i), (ii) and (iii) to obtain:

Fx vT 0 _VTYB x
F, | = 0 vy v, Xy U |- (14)
T, v, Y, v, X, v,+vR Q,

For the special case of a symmetric attachment, with the center of the bead at (X3, Yp) =
(-R, 0), Eq 14 simplifies to:

F, v, 0 0 U,
E =0 v —v,R U, |- (15)
T, 0 —vR vg+vR Q,

Note that Eqs 14 and 15 present the forces and torque exerted by the bead on the fluid which
has opposite sign of the forces generated by the fluid on the bead, so the drag matrix of the
bead Dy is given by:

—Vy 0 v Yy
D, = 0 —Vr —v Xy . (16)

2
v Y, —v; Xz —v,—VR

The general form of the drag matrix in 3D is derived in the supplemental information.
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2.3 Drag matrix of an axoneme in 2D

Since the axoneme beats over time, its drag matrix, which relates force and velocity, is time-
dependent:

ay () ay,(t) ay(?)
D,= a?l(t) a22(t) az:s(t) : (17)

ay () ay(t)  agy(t)

Assume the motion is 2D, and consider the axonemal shapes at successive time points are
given in the body frame as ryoqy-frame(s, £) = (Xpody-frame(S> £)> Ypody-frame(S> ), 1). This can be
either an input from the experimental data (see Fig 1F) or a predefined waveform of a model
axoneme, as introduced in Section 3.1. The experimental shapes shown in Fig 1 were recorded
with a high time resolution of 1000 Hz [14], and translated and rotated such that the tangent
vector at s = 0 is along the X-axis. Factoring out an overall rotation and translation in the labo-
ratory frame allows us to focus on the shape deformation of the axoneme.

To obtain the elements of the drag matrix for a given axonemal shape at time £, we work in
the framework of RFT and follow the same procedure as in the case of a bead, as described in
Sec. 2.2

i. Global translation of the axoneme in X-direction. In this case, we have (U,, U, Q,) = (1, 0,
0), which using Eq 5 and the given axonemal shape at time ¢, we first obtain the tangential
and perpendicular velocity components for each cylindrical segment of the axoneme. Sec-
ond, in the framework of RFT, we calculate the corresponding elemental force dF = (dFx(s,
t), dFy(s, t)) and torque dr(s, t) = Iyody-frame(s t) X dF exerted by each cylindrical segment
of the axoneme on the fluid to counteract the drag force. Third, to obtain the drag elements
a1, 41 and a3, we integrate the elemental force and torque over the whole contour length
of axoneme to calculate the total force and torque exerted by the axoneme on the fluid to
counteract the drag. The fluid drag force exerted on the axoneme has an opposite sign, thus:

L L L
ay = 7/ dFy(s,t) , a, = 7/ dFy(s,t), and ay = 7/ dty(s, t). (18)
0 0 0

ii. Global translation of the axoneme in Y-direction. In this case, we have (U,, U, Q.) = (0, 1,
0). The matrix elements a5, a,, and as, are obtained as in (i).

iii. Global rotation of the axoneme around Z-direction, corresponding to (U,, U,, Q) = (0, 0,
1). We note that the rotation of the axoneme around the origin O (see Fig 3A) with Q =
(0,0, ©,), also generates translational velocity components as £ X Fpody-frame(S: £) =
(=Ybody-frame(S> £)> Xbody-frame(S> £)), that should be taken into account while using Eq 5 to
obtain the force and the torque that the axoneme exerts on the fluid to counteract the drag.
Similar to Eq 18, we can now calculate the drag elements a3, a,3 and as;.
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3 Results

3.1 Analytical approximations of rotational and translational velocities of
an axonemally-propelled bead

The waveform of the axoneme is complex, and involves a combination of several components
[18, 20, 22, 32]. In this first subsection, we begin by discussing a simplified waveform, in order
to understand the elementary aspects of the propulsion of the bead. In practice, we approxi-
mate the waveform of the axoneme as a superposition of traveling wave component, with
amplitude C;, and a circular arc with mean curvature C, [18, 22]:

C(s,t) = C, + C,cos(w,t — ks), (19)

where wq = 271f, k = 271/) is the wave number. For our exemplary axoneme in Fig 1A, follow-
ing the method described in Ref. [16], we calculate the wavelength to be A ~ 11.34 ym, which
is ~34% larger than the axonemal contour length L ~ 8 ym. The approximate waveform
given by Eq 19 allows us to obtain explicit expressions for the propulsion velocity of the cargo.
This expression, however, neglects a small backwards wave component, propagating from tip-
to-base of the form Cjcos(w,t + ks) [22], along with components with wave numbers equal to
n x k, where n is an integer > 1. The results of our analysis of beating axonemes [22] show that
back-propagating wave component is about 5-10 times smaller than the main base-to-tip
wave. For simplicity, this small component is neglected in this subsection. The analysis pre-
sented in Subsection 3.2, based on numerical simulations with the precise waveform of the
axonemes determined experimentally [14], qualitatively validates the approach presented here.

To obtain analytical expressions for the mean translational and rotational velocities of the
swimmer, we used RFT, as presented in the Materials and Methods section. As a further sim-
plification, we neglect in this section the difference between the wavelength of the beat pattern,
A, and the size of the axoneme, L, and assume in the following L = A. We determine the propul-
sion velocity up to the first order in C,, and the second order in C;.

3.1.1 Symmetric bead-axoneme attachment. Let us first consider the example of an axo-
neme attached symmetrically from the basal side to a bead, so that the tangent vector at s =0
passes through the bead center (X3 = —-R, Y = 0, see Fig 3B). We determine the dependence of
the translational and rotational velocities of the swimmer on the dimensionless bead radius r =
R/L, with the simplified waveform of the axoneme given by Eq 19 and impose the force-free
and torque-free conditions in 2D. The drag matrix of the bead is given by Eq 16, with Y5 =0
and Xp = —R. The drag matrix of the axoneme is calculated as described in Sec. 2.2.

We approximate analytically the averaged angular and linear velocities in the swimmer-
fixed frame, as defined in Fig 1C, and we determine the propulsion velocities up to first order
in Cy, and to second order in C;:

Q

D it mcc (20)
L B Ln)C 1)
w) o

LCL)O ~ ﬂz(ra gLarI)C()Cl' (22)

The functions f3;, 3, and 35 depend on the dimensionless quantities {’, and 7, defined by Eq 6,
and on r = R/L. The explicit expressions are presented in the supplemental information, Egs.
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S16-S18. The results in the absence of the bead simplifies to:

Q
(&) ~ —0.42C,C}, (23)
W
(U —0.16C, (24)
Lo,
(u,)
—2~ ~ 40.038C,C? . 25
Lo, +0.038C,C; (25)

which are previously discussed in Refs. [19, 20]. The corresponding dependence on Cy and C;
is shown in Fig 4A-4F as full lines. We note that Eqs 20-22, in the absence of intrinsic curva-
ture Cy = 0, predict that the axoneme swims in a straight path with (U,) = 0, (U,) proportional
to the square of traveling wave component C, [33-35] and the mean rotational velocity (Q,)
vanishes (see the solid red line in Fig 4A and S3A Fig in S1 File).

In order to verify the quality of our analytical approximations, we also determined the
motion of the swimmer numerically using RFT, starting from the simplified waveform given
in Eq 19 and r = 0. The corresponding results are shown by the circular symbols in Fig 4A-4F.
The comparison between numerical simulations and the full analytical approximations pre-
sented in Eqs. S16-S18, shows a very good agreement at small values of Cy and C;, with devia-
tions at larger values. In addition, three exemplary trajectories (r = 0.1), determined from RFT,
are shown in Fig 4G-41. The corresponding averaged rotational velocity (Q,) of the model
swimmer is proportional to the square of the traveling wave component C;.

To investigate the dependency of the mean translational and rotational velocities of our
model swimmer on the bead size, r, Fig 5 shows the dependence of (€,)/w, (A and D), (U,)/
(Lwy) (Band E) and ( Uy)/ (Lwo) (C and F), predicted by Eqs 20-22; see the full lines. We also
performed numerical simulations at different values of the bead radii, see the circular symbols.
As shown in Fig 5, there is a very good agreement between our numerical simulations and ana-
lytical approximations at small values of C; (panels A-C) but deviations appear at larger values
(panels D-F). Remarkably, while (U,) decreases monotonically with the bead radius r = R/L,
both (Q,) and (U,) exhibit a non-monotonic dependence. This behavior is counter-intuitive:
the drag exerted by the fluid on the sphere increases with the size of the bead, which in turn
increases dissipation. Based on this general remark, one expects the velocity of the swimmer to
go down when r increases. We nevertheless notice that not all three components of velocity
may increase when r increases.

To gain more insight on this anomalous behavior, we determined the asymptotic expres-
sions of Eqs 20-22 in two opposite limits of small and large bead radii. The corresponding
dependence is shown by the dashed lines in Fig 5. In the limit of very large bead radius, R > L
(small 1/r), we obtain a dependence of (U,) and (U,) as ', and of (Q,) as r? (up to the higher
order corrections):

Q) _2C,CH -1

26
. L , (26)

() _7Ch -1l r!
Loy, 368647

(576w — 7(6n +5) r "), (27)
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Fig 4. A-F) Comparison between the analytical approximations for the rotational and translational velocities, Eqs 20-22 (solid lines), and the results of
numerical simulations (dots) for bead radius of R = 0. G-I) Numerical simulations performed with the simplified waveform to show the effect of C;. A
bead of radius R, with r = R/L = 0.1, is attached symmetrically to a model flagellum. At a fixed value of the static curvature, Cy = 0.2, the mean rotational
velocity decreases as the amplitude of dynamic mode C; decreases from G) C; = 0.7, to H) C; = 0.5 and further to I) C; = 0.2.

https://doi.org/10.1371/journal.pone.0279940.9004
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In the opposite limit of small 7 (i.e. R < L), up to the second order in r, we obtain with the
realistic value of {| &~ 4.33:

(€.)

Wy

~ —0.42C,C3(1 — 19.15r + 513.77r%), (29)
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Fig 5. Anomalous flagella-based propulsion speed of a symmetrically attached bead as a function of its dimensionless radius r = R/L.
Contrary to expectations, in the region highlighted in cyan, the mean translational and rotational velocities increase with increasing the bead
radius. Analytical approximations (continuous lines calculated from Eqs 20-22) and simulations (dotted points) are performed at different
values of C;, while the intrinsic curvature of the axoneme is fixed at Cy, = —0.01 in (A-C), and Cy = —0.1 in (D-F). The black dashed curves show
the trend expected in the limit of large bead radius (r = R/L > 1), as presented in Eqs 26-28. The black dashed lines with stars in magenta
illustrate the opposite limit of the small 7, as given in Eqs 29-31.

https://doi.org/10.1371/journal.pone.0279940.g005
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U
(U, ~ 0.16C}(1 — 29.85r + 960.23r°), (30)
Lo,
() ) s
To. ~ 0.038C,C; (1 + 39.8r — 3941.65r°). (31)
0

The black dashed lines (with and without stars in pink color) in Fig 5 show the correspond-
ing asymptotic behavior. The limiting behavior is valid only for very small values of r. It never-
theless qualitatively captures the non-monotonous trend, observed at intermediate values of r.
The transition from the > dependence at small values of bead radius to the 7~ *-trend at large
values of r provides a qualitative explanation for the non-monotonous behavior, observed for
(Q.) and (U,)).

3.1.2 The sideways bead-axoneme attachment contributes to the rotational velocity of
the swimmer. In the experiments in Ref. [14], it was frequently observed that the bead-axo-
neme attachment was asymmetric, i.e. the tangent vector of the axoneme at s = 0 does not pass
through the bead center. This case is schematically illustrated in Fig 3A, where it results in a
value of Y # 0. Interestingly, our analytical approximations and simulations show that this
asymmetric bead-axoneme attachment is enough to rotate the axoneme, so the presence of the
static curvature or the second harmonic is not necessary for rotation to occur.

For this analysis, we consider the 2D geometry where the center of the bead is at position
Xpand Yp, measured with respect to the coordinate system defined at the bead-axoneme con-
tact point (Figs 1C and 3A). We will use here the dimensionless coordinates xz = Xz/L and yp
= Y/L (note that x2 + y% = (R/L)* = r*). The drag matrix of the bead is given by Eq 16,
where we specify the value of Y # 0 corresponding to the asymmetric attachment. The beat-
ing of the axoneme is described by Eq 19 in terms of a traveling wave component C; and
intrinsic curvature Co. Similar to the case of a symmetric bead-axoneme attachment in Section
3.1.1, we calculate the mean rotational and translational velocities of an axonemally-driven
bead by combining the drag matrix of the bead and the axoneme (see Materials and methods).
The results up to the leading order in Cy and C; can be expressed as:

Q) /oy = (o,(n, L, ) + 30,0y, 1) G, (32)
<Ux>/Lwo ~ (o, (17, C,Uyhv r)+ “Q(W,CLJ@,T)C{JC? (33)
(U,) /Loy = (o5(10, {5y 1) 4 05, 9, 1) G C (34)

where n7and (| are defined by Eq 6, r = R/L, and y, = Y;/L. When the attachment is symmetric
(yp = 0), symmetry considerations impose that:

o,(n,{,y,=0,r)=0 and oy (1, ,y,=0,7r)=0, (35)

which expresses the fact that in the absence of Cy, both (€;) and (U,)) are zero. This is also con-
sistent with previous expressions of (©2;) and (U,) when the attachment is symmetric, see Eqs
26,28,29 and 31. In contrast, when the attachment is not symmetric (yz # 0), the coefficients
a,(n,{,ys,7) and oy (17, ', ¥4, r) become non zero, which implies that the system rotates
({©,)7#0) and has a nonzero velocity component (U,)#0 even when C, = 0. This clearly shows
the importance of the asymmetric bead-axoneme attachment.

This is illustrated by Fig 6, which shows the translational and rotational velocities of the
swimmer for different values of Cy and C; and a sideways bead attachment of x;, = 0 and
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Fig 6. The mean rotational and translational velocities of a bead which is asymmetrically attached to an axoneme with y, = —rand x, = 0
for different values of Cy, as a function of the dimensionless ratio r = R/L. The mean curvature Cy is —0.01 in panels A-C and —0.1 for panels
D-F. For a sketch of the bead-axoneme attachment geometry see Fig 7B.

https://doi.org/10.1371/journal.pone.0279940.9006

¥p = —1, as shown schematically in Fig 7B. The full analytic forms of o; and o} (i = 1, 2, 3) are
very long and not particularly informative, so we only present closed form expressions for the
coefficients o, defined by Eqs 32-34, when C, = 0 in the supporting information, see Section
3. In particular, Eq 22 shows the closed form of ;. For o, and a3, Egs. S23- §24) show the
expressions for the even more restricted case where Cy = 0 and y;, = —.

We also performed numerical simulations to study the effect of an asymmetric bead-axo-
neme attachment on the swimming motion (see Fig 7). In these simulations, the model
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Fig 7. A-C) Asymmetric versus symmetric bead attachment to an axoneme with a beat pattern consisting only of the traveling wave component

C; (Cy=01in Eq 19). While the axoneme in panel A, to which the bead is symmetrically attached, swims on a straight path (S3 Video), the axonemes in
panel B (54 Video) and C (S5 Video), with an asymmetric bead attachment, swim on curved paths. D) Comparison of the effect of the asymmetric bead
attachment (in black) as a function of y, = Yp/L versus the effect of the intrinsic curvature C, (in red) on (Q,). E) The averaged angular velocity (€Q,)
changes non-monotonically with y,, for different bead radii. Xz and Y are the coordinates of the bead center in the swimmer-fixed reference frame.
Parameters are 7=0.5,(, = 4.33and C, =0.1.

https://doi.org/10.1371/journal.pone.0279940.9007

axoneme has only the traveling wave component C; and it swims in a straight path if the bead
is attached symmetrically i.e. when yp = 0; see Fig 7A and S3 Video. An asymmetric bead-axo-
neme attachment causes the axoneme to rotate, as illustrated by Fig 7B and 7C; see also the S4
and S5 Videos. Thus, consistent with Eqs 32-34, our numerical simulations show that an
asymmetric attachment of the axoneme to the bead causes rotation of the swimmer, even in
the absence of static curvature (Cy = 0).

It is interesting to compare the effect of the intrinsic curvature (Eq. S16 with r = 0) versus
asymmetric bead attachment (Eq 32 with C, = 0) on the rotational velocity of the swimmer. To
this end, Fig 7D presents a comparison between the influence on the rotational velocity, (€,),
of an asymmetric attachment, as a function of yz (lower horizontal and left vertical axes; black
line), and of intrinsic curvature, Cy (upper horizontal and right vertical axes; red line). The
results presented in Fig 7D show that the contribution of the asymmetry in the attachment to
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(Q,) is comparable to that of the intrinsic curvature, Cy. We also observe that, as shown in Fig
7E, the maximum rotational velocity is found at values of y,, close to —.

3.2 Analysis with the experimental waveform

To confirm that the predictions of the previous subsection of the existence of an anomalous
propulsion regime and of a rotation induced by asymmetric cargo attachment is general and
not limited to the very simplified waveform given by Eq 19, we also used the experimental beat
patterns and performed RFT simulations to compute mean translational and rotational veloci-
ties of an axonemally-propelled bead for both asymmetric and symmetric bead-axoneme
attachment and various bead radii.

For this purpose, we used the experimental beat pattern shown in Fig 3A of Ref. [14] (see S6
Video). As explained in our recent studies [14, 22], we performed principal component analy-
sis (PCA) of the experimental beat patterns, and then, decomposed the eigenmodes as Fourier
series. Our analysis reveals that the traveling curvature waves can be decomposed into a static
component Cy and a leading traveling wave component of amplitude C; that coexist with
standing waves at the traveling wave number and at multiples of this wave number (higher
harmonics). This Fourier analysis of the experimental data indeed justifies the decomposition
of the waveform as defined in Eq 19 for our analytical study.

The results of our determination of the mean translational and rotational velocities as a
function of the bead radius is shown in Fig 8. Although the results are quantitatively different
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Fig 8. Experimental beat pattern presented in Ref. [14] (see S6 Video) are used to calculate rotational and translational velocities of an
axonemally-propelled bead attached (A) symmetrically at Y = 0, X3 = —R, (B) asymmetrically at Y = R, Xp = 0 (C) asymmetrically at Yz = —R,
Xg = 0. Anomalous propulsion regimes are highlighted in cyan color. Red circles mark the experimental bead size of R/L ~0.05 and the corresponding
rotational velocities. Note that the trend observed in panel A is consistent with the trend predicted by our analytical calculations with a simplified
waveform for a symmetric bead-axoneme attachment as shown in Fig 5.

https://doi.org/10.1371/journal.pone.0279940.9008
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from those in Fig 5 obtained with the simplified waveform given by Eq 19, the variations of
(Q,) and one of the translational velocity show a non-monotonic dependence on r = R/L for
the case when the attachment is symmetric, as shown in Fig 8A. The results obtained with the
experimentally realistic waveform are therefore qualitatively consistent with those obtained
with the simplified waveform, Eq 19.

In the case of an asymmetric attachment, depending on the sign of the static curvature of
the axoneme C, and the position at which the bead is attached, one may observe an increase or
decrease in the overall mean rotational velocities. For the axoneme in Fig 8, C, is negative and
the sideways bead attachment at Y = R (Fig 8B) acts against the rotation induced by the intrin-
sic curvature C,. The opposite happens in Fig 8C where the bead attachment at Y = —R ampli-
fies the rotational velocity of the axoneme. We also note that the anomalous propulsion regime
is more pronounced in panel C where the bead is attached sideways at Yz = —R.

Furthermore, in the right panels of Fig 8 A-8C, the measured values of (Q,)/w, using RET
at the experimental bead size of R = 0.5 ym (so the ratio R/L = 0.05), are indicated by red cir-
cles. We note that in this experiment (see S6 Video) the axoneme globally rotates around 27 in
the time interval of ~ 650 msec, and with f, = 38.21 Hz, results to (Q,)/w, ~ 0.04, which is
larger than the measured RFT values of 0.025, 0.020 and 0.029, corresponding to different
bead-axoneme attachment geometries in panels A-C, respectively. Overall, we observe a semi-
quantitative agreement between the RFT predicted and the experimentally measured values of
(Q.)/wo.

An important conclusion in Ref. [14] is that at higher calcium concentration, the mean cur-
vature C, is strongly reduced, leading to a strong reduction of (€,). For this reason, we also
considered the beat patterns from the experiment in Fig 3D of Ref. [14] at higher calcium
concentration (S7 Video), to study the influence of the flagellar waveform on the propulsion
of the swimmer, both with symmetric and asymmetric bead attachments. The results, pre-
sented in Fig 9 also demonstrate the existence of an anomalous propulsion regimes as
highlighted by the bands in cyan color in the three graphs on the right. The experimental value
of (Q,)/wy ~ 0.004 (total rotation of ~ 71/4 in 1299 msec; see S7 Video) is slightly larger than
the values 0.0024, 0.0029 and 0.0028 in panels A-C, respectively, which are highlighted by the
red circles in Fig 9A-9C. Finally, comparing Figs 8 and 9 shows that, as expected, the depen-
dence of the mean translational and rotational velocities on the bead size is highly sensitive to
the flagellar waveform.

4 Conclusions

In this work, we have studied analytically and by numerical simulations the motion of a bead
propelled by a model flagellum. We used data from our previous experimental study in which
isolated and demembranated flagella of the green alga C. reinhardtii were reactivated with
ATP to propel a bead. [14]. In this work, 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 concentration of cal-
cium ions (less than 0.02 mM). In the second regime and at higher calcium concentrations, the
cargo is propelled along a straight trajectory, at an averaged velocity as high as ~20 ym/sec,
comparable to the typical human sperm migration speed in mucus [36]. Calcium ions are
known to affect the flagellar waveform by reducing the mean curvature (Cp) of axonemes in a
dose-dependent manner [22, 23], thereby inducing a transition from circular to straight swim-
ming trajectories.

To characterize the motion, we first used a simplified waveform to describe the axonemal
shapes which is composed of a traveling wave component propagating along a circular arc
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Fig 9. Experimental beat pattern reported in Ref. [14] with 0.1 mM [Ca®*] and [ATP] = 80 UM (see S7 Video) are used to calculate the mean
rotational and translational velocities of an axonemally-driven bead attached (A) symmetrically at Y = 0, Xg = —R (B) asymmetrically at Yz = R,
Xp =0, and (C) asymmetrically at Y = —R, Xp = 0. Anomalous propulsion regimes are highlighted in cyan color. Red circles mark the experimental
bead radius of R/L = 0.05 and the corresponding values of (Q,)/w, (see S7 Video). Note that the general trend in panel A is consistent with the analytical
analysis presented in Fig 5 for a symmetric bead attachment.

https://doi.org/10.1371/journal.pone.0279940.9009

(Eq 19). This simplified waveform allows us to obtain analytical expressions for the transla-
tional and rotational velocities of an axonemally-propelled bead in the limit of small ampli-
tudes of curvature waves. The rotational velocity of an axoneme is predominately controlled
by its mean curvature Cy. As shown in Ref. [19], the second harmonics (as well as higher har-
monics of even order) of the flagellar waveform also contribute to the rotational velocity of an
axoneme, although more weakly (at higher orders). Remarkably, our analysis with the simpli-
fied waveform predicts a non-monotonous dependence of the rotational velocity, and/or of
some of the components of the translational velocity as a function of the size of the bead.
Namely, some of these components may increase when the size of the bead, hence the overall
drag, increases, see Fig 5. It is also very interesting to note that the translational velocity com-
ponents U, and U, are nearly saturated for a fairly large range of cargo size.

Further, we used our experimental beat patterns from Ref. [14] to demonstrate that this
counter-intuitive regime is not limited to the simplified waveform and also exists for wave-
forms closer to the experimental ones. This anomalous propulsion regime has also been pre-
dicted for a model sperm-like swimmer with a zero mean curvature, propelled by a traveling
wave component. Consistent with this, we also observed anomalous regimes using our experi-
mental beat patterns from Ref. [14] at an increased calcium concentration (0.1 mM instead
of 0 mM), in which the mean curvature of axonemes is significantly reduced (by a factor of
about 10).

PLOS ONE | https://doi.org/10.1371/journal.pone.0279940 March 10, 2023 19/24


https://doi.org/10.1371/journal.pone.0279940.g009
https://doi.org/10.1371/journal.pone.0279940

PLOS ONE

Flagellum-driven cargoes

An anomalous cargo transport regime was also predicted in biofilm forming bacteria Pseu-
domonas aeruginosa (PA14) [12, 13], where swimming is driven by multiple (on average two)
rotating helical flagella (length ~ 4 ym) that can bundle to propel the bacterium in a corkscrew-
like motion or unbundle to change direction, exhibiting a run-and-tumble swimming pattern
[37]. This anomalous behavior is expected to exist for a hypothetical mutant of PA14 which has
a larger (around three times) size than the wild type. This up-scaling of bacteria size results in a
larger rotational drag coefficient of the flagellum, compared to that of the bacterial body, which
in Ref. [12] appears to be as criterion for anomalous propulsion. Whether such a hypothetical
large-scale bacterium exists is an open question. However, this anomalous propulsion regime
could be important in bacterial swimming in polymeric solutions, where due to steric interac-
tions between flagella and polymers, the rotational drag coefficient of the flagella can become
larger than that of the bacterial body, fulfilling the criteria for anomalous propulsion. Thus, as
experimentally observed and contrary to our expectations, the swimming speed of bacteria in
the polymeric solutions can increase [38, 39]. In our system, however, we are not able to obtain
a simple analytical criteria for the anomalous propulsion as it results from the full calculations
which include inverting the full time-dependent, 3 x 3 drag matrix, D4 + Dg, see Eqs 16 and 17
of the bead-axoneme swimmer. From a general physics perspective, we remark that the anoma-
lous regime corresponds to a change in the partitioning between translation (in the two physi-
cal directions) and rotation as R increases, so that some components may increase with R over
a range while other components decrease or remain almost constant over a fairly large range of
the cargo size, as imposed by the overall increase of the drag due to the bead.

Furthermore, our analysis shows that asymmetric cargo-axoneme attachment provides a
contribution to the rotational velocity, comparable to that of the mean curvature of the flagel-
lum. In other words, a sperm-like beating flagellum without mean curvature and second har-
monic swims in a curved trajectory if it is attached sideways to a cargo. In our experiments
[14], the limitations due to the 2D imaging technique prevented us from precisely distinguish-
ing symmetric versus asymmetric bead-axoneme attachments. Indeed, in a 2D-projected
image, a symmetric bead-axoneme attachment could in reality be an asymmetric one. More-
over, as the bead-axoneme swimmer goes slightly out of focus, the attachment in some frames
seems to be symmetric and in other frames asymmetric. The 3D microscopy techniques uti-
lized in Ref. [25] are necessary to distinguish a symmetric from an asymmetric axoneme-bead
attachment. This 3D characterization is absolutely essential to experimentally prove the anom-
alous behavior predicted by our analysis with a simplified waveform as well as with the experi-
mental beat patterns. Although in Ref. [14], we performed few experiments with beads of
diameters of 1, 2 and 3 ym, we are unable to verify the validity of the predicted anomalous
trend because the 2D microscopy does not allow us to distinguish between symmetric and
asymmetric bead-axoneme attachment.

Finally, it is important to note that in our analysis we have assumed that the presence of the
bead (load) does not affect the waveform of the flagellum. S4 Fig in S1 File shows the hydrody-
namic force distribution along the contour length of a flagellum with a given waveform at a
fixed time and for different bead radii, and indeed we see that the force distribution depends
on the size of the bead. These tangential and perpendicular components of the hydrodynamic
force (which vary with the bead size) might feedback into the activity of the dynein molecular
motors and thereby, change the flagellar waveform. By taking the product of the force distribu-
tion with the velocity distribution and integrating, we find the hydrodynamic energy dissipa-
tion to range between 0.01 x ~ 107" J/s (r=0) and 0.17 x 10 "> J/s (r = 0.5). From the energy
budget point of view, the ATP consumption measurements at the single-axoneme level [15]
show that the energy required to generate elastic deformation in an axoneme is one order of
magnitude larger than hydrodynamic dissipation. The WT active Chlamydomonas axonemes
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consume approximately 10° ATP molecules/s, corresponding to an energy consumption of
8.1 x 107" J/s [15]. Tt is estimated that this energy is expended primarily for elastic deforma-
tion of the flagellum and not for overcoming viscous drag, as they calculate the viscous losses
as 6.4 x 107'° J/s [15]. This suggests that the feedback effect of hydrodynamic drag on motor
activity might be negligible. In-depth studies to incorporate the feedback between motor activ-
ity and hydrodynamic forces require a microscopic description of flagellar dynamics and are
the subject of our future work.

The design and fabrication of synthetic micro-swimmers is a challenging task in the grow-
ing field of smart drug delivery, and has recently become a multidisciplinary effort involving
physicists, biologists, chemists and materials scientists. Our theoretical analysis as well as
numerical simulations reveal the existence of an anomalous cargo transport regime, where
contrary to expectation, the flagellar-propelled cargo rotates faster as we increase the cargo
size. This counter-intuitive behavior may play a crucial role in the design of future artificial fla-
gellar-based propulsion systems, where targeted transport of cargo is the goal and higher rota-
tional speeds could reduce the efficiency of directional propulsion. Finally, our analysis also
highlights the contribution of the asymmetric cargo-flagellum attachment in the rotational
velocity of the micro-swimmer. This turning mechanism should be also taken into account in
manufacturing bio-inspired synthetic swimmers where a directional targeted motion is critical
for delivery of drug-loaded cargoes.

Supporting information

S1 File. Supplementary material to the manuscript.
(PDF)

S1 Video. Experiment: An axonemally-driven bead. An isolated and demembranated flagel-
lum from green algae C. reinhardstii is attached to a 1 micron-sized bead. The axoneme is reac-
tivated with 1 mM ATP and beats at around 110 Hz.

(MOV)

$2 Video. Experiment: Bead trajectory. Trajectory of the bead in S1 Video. Over time, the
bead is propelled on a helical-like trajectory (blue curve).
(MOV)

$3 Video. Simulations: Symmetric versus asymmetric bead-axoneme attachment. The sim-
ulation of a bead symmetrically attached to a flagellum shows that it swims on a straight path.
The flagellar beat pattern consists only of the traveling wave component C; (Cy = 0); see also
Fig 7A.

(MOV)

$4 Video. Simulations: Symmetric versus asymmetric bead-axoneme attachment. The sim-
ulation of a bead asymmetrically attached to a flagellum shows that it swims on a curved path.
The flagellar beat pattern consists only of the traveling wave component C; (C, = 0); see also
Fig 7B.

(MOV)

S5 Video. Simulations: Symmetric versus asymmetric bead-axoneme attachment. The sim-
ulation of a bead asymmetrically attached to a flagellum shows that it swims on a curved path.
The flagellar beat pattern consists only of the traveling wave component C; (Cy = 0); see also
Fig 7C.

(MOV)
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$6 Video. Experiment without calcium. Experimental beat pattern reported in Ref. [14] used
for the analysis in Fig 8. Here [Ca**] =0 mM and [ATP] = 80 uM.
(MOV)

S7 Video. Experiment with calcium. Experimental beat pattern reported in Ref. [14] with
[Ca**] = 0.1 mM and [ATP] = 80 uM.
(MOV)

Author Contributions

Conceptualization: Azam Gholami.

Formal analysis: Albert J. Bae, Raheel Ahmad, Alain Pumir, Azam Gholami.
Funding acquisition: Eberhard Bodenschatz.

Investigation: Albert J. Bae, Eberhard Bodenschatz, Alain Pumir, Azam Gholami.
Methodology: Azam Gholami.

Resources: Eberhard Bodenschatz.

Supervision: Azam Gholami.

Validation: Albert J. Bae, Azam Gholami.

Visualization: Raheel Ahmad, Azam Gholami.

Writing - original draft: Azam Gholami.

Writing - review & editing: Eberhard Bodenschatz, Alain Pumir, Azam Gholami.

References

1. Shah AS, Ben-Shahar Y, Moninger TO, Kline JN, Welsh MJ. Motile cilia of human airway epithelia are
chemosensory. Science. 2009; 325(5944):1131-1134. https://doi.org/10.1126/science.1173869 PMID:
19628819

2. Faubel R, Westendorf C, Bodenschatz E, Eichele G. Cilia-based flow network in the brain ventricles.
Science. 2016; 353(6295):176—178. https://doi.org/10.1126/science.aae0450 PMID: 27387952

3. LyonsR, Saridogan E, Djahanbakhch O. The reproductive significance of human Fallopian tube cilia.
Human reproduction update. 2006; 12(4):363-372. https://doi.org/10.1093/humupd/dmli012 PMID:
16565155

4. Witman G. The Chlamydomonas Sourcebook: Cell Motility and Behavior: Volume 3. vol. 3. Academic
press; 2009.

5. Goldstein RE, Polin M, Tuval |. Noise and synchronization in pairs of beating eukaryotic flagella. Physi-
cal review letters. 2009; 103(16):168103. https://doi.org/10.1103/PhysRevLett.103.168103 PMID:
19905728

6. WanKY, Leptos KC, Goldstein RE. Lag, lock, sync, slip: the many ‘phases’ of coupled flagella. Journal
of the Royal Society Interface. 2014; 11(94):20131160. https://doi.org/10.1098/rsif.2013.1160 PMID:
24573332

7. Singh AV, Hosseinidoust Z, Park BW, Yasa O, Sitti M. Microemulsion-based soft bacteria-driven micro-
swimmers for active cargo delivery. ACS nano. 2017; 11(10):9759-9769. https://doi.org/10.1021/
acsnano.7b02082 PMID: 28858477

8. AlapanY, Yasa O, Schauer O, Giltinan J, Tabak AF, Sourjik V, et al. Soft erythrocyte-based bacterial
microswimmers for cargo delivery. Science Robotics. 2018; 3(17). https://doi.org/10.1126/scirobotics.
aar4423 PMID: 33141741

9. Carlsen RW, Sitti M. Bio-hybrid cell-based actuators for microsystems. Small. 2014; 10(19):3831—
3851. https://doi.org/10.1002/smll.201400384 PMID: 24895215

10. Singh AV, Sitti M. Patterned and specific attachment of bacteria on biohybrid bacteria-driven micro-
swimmers. Advanced healthcare materials. 2016; 5(18):2325-2331. https://doi.org/10.1002/adhm.
201670097 PMID: 27240122

PLOS ONE | https://doi.org/10.1371/journal.pone.0279940 March 10, 2023 22/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279940.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279940.s008
https://doi.org/10.1126/science.1173869
http://www.ncbi.nlm.nih.gov/pubmed/19628819
https://doi.org/10.1126/science.aae0450
http://www.ncbi.nlm.nih.gov/pubmed/27387952
https://doi.org/10.1093/humupd/dml012
http://www.ncbi.nlm.nih.gov/pubmed/16565155
https://doi.org/10.1103/PhysRevLett.103.168103
http://www.ncbi.nlm.nih.gov/pubmed/19905728
https://doi.org/10.1098/rsif.2013.1160
http://www.ncbi.nlm.nih.gov/pubmed/24573332
https://doi.org/10.1021/acsnano.7b02082
https://doi.org/10.1021/acsnano.7b02082
http://www.ncbi.nlm.nih.gov/pubmed/28858477
https://doi.org/10.1126/scirobotics.aar4423
https://doi.org/10.1126/scirobotics.aar4423
http://www.ncbi.nlm.nih.gov/pubmed/33141741
https://doi.org/10.1002/smll.201400384
http://www.ncbi.nlm.nih.gov/pubmed/24895215
https://doi.org/10.1002/adhm.201670097
https://doi.org/10.1002/adhm.201670097
http://www.ncbi.nlm.nih.gov/pubmed/27240122
https://doi.org/10.1371/journal.pone.0279940

PLOS ONE

Flagellum-driven cargoes

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Mostaghaci B, Yasa O, Zhuang J, Sitti M. Bioadhesive bacterial microswimmers for targeted drug deliv-
ery in the urinary and gastrointestinal tracts. Advanced Science. 2017; 4(6):1700058. https://doi.org/10.
1002/advs.201700058 PMID: 28638787

Prakash P, Abdulla AZ, Singh V, Varma M. Tuning the torque-speed characteristics of the bacterial fla-
gellar motor to enhance swimming speed. Physical Review E. 2019; 100(6):062609. https://doi.org/10.
1103/PhysRevE.100.062609 PMID: 31962428

Prakash P, Abdulla A, Singh V, Varma M. Swimming statistics of cargo-loaded single bacteria. Soft Mat-
ter. 2020; 16(41):9499-9505. https://doi.org/10.1039/DOSMO01066A PMID: 32966524

Ahmad R, Bae A, Su YJ, Posveh SG, Bodenschatz E, Pumir A, et al. Bio-hybrid micro-swimmers pro-
pelled by flagella isolated from C. reinhardtii. Soft Matter. 2022;. https://doi.org/10.1039/D2SM00574C
PMID: 35703562

Chen DT, Heymann M, Fraden S, Nicastro D, Dogic Z. ATP consumption of eukaryotic flagella mea-
sured at a single-cell level. Biophysical journal. 2015; 109(12):2562—2573. https://doi.org/10.1016/j.bpj.
2015.11.003 PMID: 26682814

Geyer V. Characterization of the flagellar beat of the single cell green alga Chlamydomonas reinhardtii.
Sachsische Landesbibliothek-Staats-und Universitatsbibliothek Dresden; 2013.

Ahmad R, Kleineberg C, Nasirimarekani V, Su YJ, Goli Pozveh S, Bae A, et al. Light-Powered Reactiva-
tion of Flagella and Contraction of Microtubule Networks: Toward Building an Atrtificial Cell. ACS Syn-
thetic Biology. 2021;. https://doi.org/10.1021/acssynbio.1c00071 PMID: 33761235

Geyer VF, Sartori P, Friedrich BM, Julicher F, Howard J. Independent control of the static and dynamic
components of the Chlamydomonas flagellar beat. Current Biology. 2016; 26(8):1098—1103. https://doi.
org/10.1016/j.cub.2016.02.053 PMID: 27040779

Saggiorato G, Alvarez L, Jikeli JF, Kaupp UB, Gompper G, Elgeti J. Human sperm steer with second
harmonics of the flagellar beat. Nature communications. 2017; 8(1):1-9. https://doi.org/10.1038/
s41467-017-01462-y PMID: 29123094

Gong A, Rode S, Kaupp UB, Gompper G, Elgeti J, Friedrich BM, et al. The steering gaits of sperm. Phil-
osophical Transactions of the Royal Society B.2020 375(1792):20190149. https://doi.org/10.1098/rstb.
2019.0149 PMID: 31884910

LiuZ, QinF, ZhuL, Yang R, Luo X. Effects of the intrinsic curvature of elastic filaments on the propulsion
of a flagellated microrobot. Physics of Fluids. 2020; 32(4):041902. https://doi.org/10.1063/1.5143372

Gholami A, Ahmad R, Bae A, Pumir A, Bodenschatz E. Waveform of free, hinged and clamped axo-
nemes isolated from C. reinhardtii: influnece of calcium. New J Phys. 2022; 24:053025. https://doi.org/
10.1088/1367-2630/ac688d

Bessen M, Fay RB, Witman GB. Calcium control of waveform in isolated flagellar axonemes of Chlamy-
domonas. The Journal of Cell Biology. 1980; 86(2):446—455. https://doi.org/10.1083/jcb.86.2.446
PMID: 6447155

Hyams JS, Borisy GG. Isolated flagellar apparatus of Chlamydomonas: characterization of forward
swimming and alteration of waveform and reversal of motion by calcium ions in vitro. Journal of Cell Sci-
ence. 1978; 33(1):235-253. hitps://doi.org/10.1242/jcs.33.1.235 PMID: 31367

Mojiri S, Isbaner S, Muhle S, Jang H, Bae AJ, Gregor |, et al. Rapid multi-plane phase-contrast micros-
copy reveals torsional dynamics in flagellar motion. Biomedical Optics Express. 2021; 12(6):3169—
3180. https://doi.org/10.1364/BOE.419099 PMID: 34221652

Gray J, Hancock G. The propulsion of sea-urchin spermatozoa. Journal of Experimental Biology. 1955;
32(4):802—-814. https://doi.org/10.1242/jeb.32.4.802

Johnson R, Brokaw C. Flagellar hydrodynamics. A comparison between resistive-force theory and slen-
der-body theory. Biophysical journal. 1979; 25(1):113-127. https://doi.org/10.1016/S0006-3495(79)
85281-9 PMID: 262381

Purcell EM. Life at low Reynolds number. American journal of physics. 1977; 45(1):3—11. https://doi.
org/10.1119/1.10903

Lauga E, Powers TR. The hydrodynamics of swimming microorganisms. Reports on Progress in Phys-
ics. 2009; 72(9):096601. https://doi.org/10.1088/0034-4885/72/9/096601

Keller JB, Rubinow S. Swimming of flagellated microorganisms. Biophysical Journal. 1976; 16(2):151—
170. https://doi.org/10.1016/s0006-3495(76)85672-x PMID: 1247645

Leach J, Mushfique H, Keen S, Di Leonardo R, Ruocco G, Cooper J, et al. Comparison of Faxén’s cor-
rection for a microsphere translating or rotating near a surface. Physical Review E. 2009; 79(2):026301.
https://doi.org/10.1103/PhysRevE.79.026301 PMID: 19391834

Geyer VF, Howard J, Sartori P. Ciliary beating patterns map onto a low-dimensional behavioural space.
Nature Physics. 2022; p. 1-6.

PLOS ONE | https://doi.org/10.1371/journal.pone.0279940 March 10, 2023 23/24


https://doi.org/10.1002/advs.201700058
https://doi.org/10.1002/advs.201700058
http://www.ncbi.nlm.nih.gov/pubmed/28638787
https://doi.org/10.1103/PhysRevE.100.062609
https://doi.org/10.1103/PhysRevE.100.062609
http://www.ncbi.nlm.nih.gov/pubmed/31962428
https://doi.org/10.1039/D0SM01066A
http://www.ncbi.nlm.nih.gov/pubmed/32966524
https://doi.org/10.1039/D2SM00574C
http://www.ncbi.nlm.nih.gov/pubmed/35703562
https://doi.org/10.1016/j.bpj.2015.11.003
https://doi.org/10.1016/j.bpj.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26682814
https://doi.org/10.1021/acssynbio.1c00071
http://www.ncbi.nlm.nih.gov/pubmed/33761235
https://doi.org/10.1016/j.cub.2016.02.053
https://doi.org/10.1016/j.cub.2016.02.053
http://www.ncbi.nlm.nih.gov/pubmed/27040779
https://doi.org/10.1038/s41467-017-01462-y
https://doi.org/10.1038/s41467-017-01462-y
http://www.ncbi.nlm.nih.gov/pubmed/29123094
https://doi.org/10.1098/rstb.2019.0149
https://doi.org/10.1098/rstb.2019.0149
http://www.ncbi.nlm.nih.gov/pubmed/31884910
https://doi.org/10.1063/1.5143372
https://doi.org/10.1088/1367-2630/ac688d
https://doi.org/10.1088/1367-2630/ac688d
https://doi.org/10.1083/jcb.86.2.446
http://www.ncbi.nlm.nih.gov/pubmed/6447155
https://doi.org/10.1242/jcs.33.1.235
http://www.ncbi.nlm.nih.gov/pubmed/31367
https://doi.org/10.1364/BOE.419099
http://www.ncbi.nlm.nih.gov/pubmed/34221652
https://doi.org/10.1242/jeb.32.4.802
https://doi.org/10.1016/S0006-3495(79)85281-9
https://doi.org/10.1016/S0006-3495(79)85281-9
http://www.ncbi.nlm.nih.gov/pubmed/262381
https://doi.org/10.1119/1.10903
https://doi.org/10.1119/1.10903
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1016/s0006-3495(76)85672-x
http://www.ncbi.nlm.nih.gov/pubmed/1247645
https://doi.org/10.1103/PhysRevE.79.026301
http://www.ncbi.nlm.nih.gov/pubmed/19391834
https://doi.org/10.1371/journal.pone.0279940

PLOS ONE

Flagellum-driven cargoes

33.

34.

35.

36.

37.
38.

39.

Shapere A, Wilczek F. Self-propulsion at low Reynolds number. Physical Review Letters. 1987;
58(20):2051. https://doi.org/10.1103/PhysRevLett.58.2051 PMID: 10034637

Lauga E. Floppy swimming: Viscous locomotion of actuated elastica. Physical Review E. 2007;
75(4):041916. https://doi.org/10.1103/PhysRevE.75.041916 PMID: 17500930

Friedrich BM, Riedel-Kruse IH, Howard J, Julicher F. High-precision tracking of sperm swimming fine
structure provides strong test of resistive force theory. Journal of Experimental Biology. 2010; 213
(8):1226—1234. https://doi.org/10.1242/jeb.039800 PMID: 20348333

Katz DF, Drobnis EZ, Overstreet JW. Factors regulating mammalian sperm migration through the
female reproductive tract and oocyte vestments. Gamete research. 1989; 22(4):443—-469. https://doi.
org/10.1002/mrd.1120220410 PMID: 2656459

Berg H. Motile behavior of bacteria. Physics today. 2000;. https://doi.org/10.1063/1.882934

Martinez VA, Schwarz-Linek J, Reufer M, Wilson LG, Morozov AN, Poon WC. Flagellated bacterial
motility in polymer solutions. Proceedings of the National Academy of Sciences. 2014; 111(50):17771—
17776. https://doi.org/10.1073/pnas.1415460111 PMID: 25468981

Patteson A, Gopinath A, Goulian M, Arratia P. Running and tumbling with E. coli in polymeric solutions.
Scientific reports. 2015; 5(1):1—11. https://doi.org/10.1038/srep15761

PLOS ONE | https://doi.org/10.1371/journal.pone.0279940 March 10, 2023 24/24


https://doi.org/10.1103/PhysRevLett.58.2051
http://www.ncbi.nlm.nih.gov/pubmed/10034637
https://doi.org/10.1103/PhysRevE.75.041916
http://www.ncbi.nlm.nih.gov/pubmed/17500930
https://doi.org/10.1242/jeb.039800
http://www.ncbi.nlm.nih.gov/pubmed/20348333
https://doi.org/10.1002/mrd.1120220410
https://doi.org/10.1002/mrd.1120220410
http://www.ncbi.nlm.nih.gov/pubmed/2656459
https://doi.org/10.1063/1.882934
https://doi.org/10.1073/pnas.1415460111
http://www.ncbi.nlm.nih.gov/pubmed/25468981
https://doi.org/10.1038/srep15761
https://doi.org/10.1371/journal.pone.0279940

