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Abstract. The viscoelastic material properties of the model organism C. elegans were probed with a
micropipette deflection technique and modelled with the standard linear solid model. Dynamic relaxation
measurements were performed on the millimetric nematode to investigate its viscous characteristics in
detail. We show that the internal properties of C. elegans can not be fully described by a simple Newtonian
fluid. Instead, a power-law fluid model was implemented and shown to be in excellent agreement with
experimental results. The nematode exhibits shear thinning properties and its complex fluid characteristics
were quantified. The bending-rate dependence of the internal damping coefficient of C. elegans could affect
its gait modulation in different external environments.

1 Introduction

Caenorhabditis elegans is a millimeter-long, transparent
nematode used as a model organism in biology to study,
e.g., genetics, cancer, and aging [1]. The small worm has
recently gained popularity as an ideal model for studies
of motility due to its elegant undulatory locomotion: an
efficient form of motion shared with sperm cells, worms,
and snakes ranging several orders of magnitude in size.
The motion of C. elegans has been extensively studied
in liquids to probe the active micro-swimming kinemat-
ics and dynamics of the worm in a purely viscous envi-
ronment [2-7]. The crawling motion of the nematode on
a gel substrate has also been investigated [8-10], as well
as the interactions between worms, both in fluid and on
agar [11-13]. The smooth modulation between the gaits
of swimming and crawling has furthermore been the focus
of many studies [3,7,14-16].

To form a complete understanding of the undulatory
locomotion of C. elegans, a knowledge of the passive ma-
terial properties of the nematode is required. The material
properties affect how much energy the worm has to spend
on bending its own body as it performs its undulating mo-
tion and simultaneously pushes off against the surround-
ing medium. Extensive work has been performed to study
the elasticity of the model organism, either through direct
measurements or by utilizing the swimming kinematics of
the worm [3,17-20]. In many of these studies, however, the
results rely heavily on theoretical assumptions of the vis-
coelasticity of the soft biological tissue. In previous work,
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we probed the material properties of C. elegans directly
and implemented the Maxwell model, a well-known model
for viscoelasticity, to capture the bending dynamics of the
worm [20]. We showed that the viscous component of this
model, responsible for relaxation, responds as a shear thin-
ning fluid when the nematode is bent at different bending
speeds. This shear thinning property of C. elegans sug-
gests that it is easier for the worm to bend its own body
quickly, than to produce the same motion slowly. Such
an internal body property could strongly affect the gait
modulation of the nematode in different environments.

Here we present a detailed experimental study of the
viscous relaxation of the nematode and apply a well-
known viscoelastic model to describe the worm material.
We will show that a pure Newtonian fluid can not correctly
capture the viscous component responsible for relaxation,
but that the implementation of a complex, power-law fluid
is necessary to understand its relaxation. We find that
the worm is strongly shear thinning and quantify the vis-
coelastic properties of young adult and adult C. elegans
nematodes.

2 Experiment

Micropipette deflection was used to measure the mate-
rial properties of C. elegans as shown in the schematic
illustration of fig. 1(a) and in the optical microscopy im-
age of fig. 1(b). In this technique, the deflection of a long
(1-2c¢m) and thin (~ 20 um) glass micropipette, which
acts as force measuring spring, is force-calibrated and used
as a sensor capable of measuring forces down to the nN
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Fig. 1. a) Schematic diagram of the experimental micropipette
deflection setup. b) Optical microscopy image of the bending of
a young adult worm. The insets show a zoom in of the pipette
deflection (Az = 11.4 £ 0.1 pm) between the points of worm-
support contact (bottom) and the end of the bending part of
the experiment (top).

range. This technique was previously introduced to probe
the elastic properties of C. elegans by simply bending the
worm [20], and has since then been used to study the
active dynamics of the nematode crawling on a gel sur-
face [10] as well as swimming in an infinite fluid [6] and
close to solid boundaries [7]. Micropipette deflection has
furthermore been applied to, e.g., probe the adhesion dy-
namics of vesicles, cells, and cellular aggregates [21-25],
as well as the cellular response to stiffness [26,27].

In our experiments, the micropipettes were manufac-
tured and calibrated (spring constant k) as described
in [20-22]. Before an experiment, worms were picked from
agar plates into a drop of M9 buffer containing 10 mM
of NaNj3 that acted as an anesthetic. This drug has been
shown to not affect the material properties of the nema-
tode [20]. A chamber consisting of two thin glass cover
slips was then built around the drop with two 2mm tall
spacers on both sides and filled up with more M9-NaN3y
solution. The worm-containing chamber was then care-
fully moved onto an inverted microscope where the force-
sensing pipette was mounted onto an zyz-translational
stage and moved into the chamber. To directly probe the
viscoelastic material properties, three-point bending mea-
surements were performed on the worm bodies. An anes-
thetized worm was held by the pipette at the point of
the vulva by applying suction, and centered between two
simple supports. As in our previous experiments [20], the
support was made of a thicker (~ 50 um) micropipette
curved into the shape of a U and mounted on the oppo-
site side of the chamber to a motorized translation stage.
The worm could then be bent by pushing it into the gap
between the two sides of the U-shaped support, which
was done by moving the support (z,, from left to right in
fig. 1) with a constant speed (v, ) towards the worm. This
causes a deflection (x) of the pipette to the right, a spring-
like force (F' = kpx) to the left and the worm to bend
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Fig. 2. Force as a function of time for the bending (blue circles)
and relaxation (red dots) parts of the experiment. The Hookean
model of eq. (1) has been fit to the bending data, as shown by
the blue line. The inset shows a zoom in on the relaxation data.

(y = zy—x = vyt —2). The experiments were run using an
in-house LabView code controlling the motor and camera.
All wild type (N2) C. elegans nematodes used in this work
were young adults or adults. The worms were acquired
from the Caenorhabditis Genetics Center and were culti-
vated according to standard methods [28] on Escherichia
coli (OP50) nematode growth media (NGM) plates at
20°C. All chemicals were sourced from Sigma-Aldrich.
The experiments in this work consisted of two parts.
First the worm was quickly bent by moving the support
as described above. In the second and main part of the ex-
periment, the motion of the support was stopped and the
worm was left to relax under the applied force. To measure
actual forces, images of the experiments were captured
with a camera at a rate of 2 fps and the pipette deflection
was extracted with cross-correlation image analysis per-
formed with an in-house Matlab script. The deflection was
then multiplied by the spring constant of the pipette (kp ~
2-6nN/pm), giving the force with an uncertainty of less
than 10%. In fig. 2, the force from such an experiment is
plotted as a function of time, and the two different regimes
are denoted by different markers. The change in the force
due to relaxation of the worm is always significantly
smaller than due to the initial bending, as highlighted in
the inset of fig. 2. As the focus of this work was to probe
the viscoelastic relaxation of the worm material, the ini-
tial bending experiment was performed with a high speed
of the supports (30-50 ym/s) during just a few seconds to
minimise any viscous dissipation to occur before the start
of the pure relaxation part of the experiment. Here it is
important to notice that both the force and worm defor-
mation vary as a function of time since the force-sensing
pipette causes the worm to bend as the force relaxes. This
is taken into account in the models, as described below.

3 Model

The initial bending part of our experiment was performed
with high speeds to exclude any viscous dissipation, and
the material is thereby assumed to behave in a purely
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Fig. 3. The standard linear solid (SLS) model, with two elastic
springs (spring constants k1 and k2) and a viscous dashpot
(damping coefficient ¢). The compression (y) of this connection
corresponds to the bending of the worm and the force (F) is
that applied by the deflected pipette.

Hookean manner. The worm bending can thus be written
as yp, = Fy,/k, where k is the total spring constant of the
worm and the subscript b denotes the bending regime. For
our experiment, the force can also be written as Fy,(t) =
kpzp(t) = kp(vet — yb). Combining these two expressions
gives
kpvuk
Fy(t) = T kpt. (1)

For the relaxation part of the experiment, we model
the worm material with the standard linear solid (SLS)
model [29], where a purely viscous dashpot (damping co-
efficient ¢) is connected with two purely elastic springs
(spring constants k; and kg) as shown in fig. 3. The series
connection of ¢ and ks is known as the Maxwell model
and has been shown to successfully describe the viscoelas-
tic properties of C. elegans in dynamic bending experi-
ments [20]. In order to study material relaxation, the par-
allel connection of a second spring is necessary to prevent
continuous viscous flow at long times, which would not be
representative of a soft biological tissue.

The SLS model relates the applied force F' with the
material deformation y as [29]

) 1 N k1ko
—~ (p+l2p_ . 2
i= i (P ey @)

Comparing the SLS and Hookean models, k = ki + ko and
corresponds to the initial elastic response of the viscoelas-
tic material.

3.1 Newtonian fluid

First, we assume a theoretical dashpot containing a purely
Newtonian fluid. During the relaxation part of the exper-
iment, Fy(t) = kpa,(t) = kp(so — ye(t)) and F, = —kp 9,
where sq is the distance the support was moved during the
initial bending, and time has been restarted so that t =0
when the relaxation starts. Solving eq. (2) with these sub-
stitutions and the boundary condition F}(0) = k,(so—vo),
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where 7 is the initial worm bending, gives
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We want to stress that the SLS model is necessary to
describe the worm material as a whole, i.e., both in the
bending and relaxation regimes. The Maxwell model itself
can only describe the active bending of the nematode [20],
whereas the Kelvin-Voigt model, where a spring is con-
nected in parallel with a dashpot [29], has the same func-
tional solution as the SLS model in the relaxation regime.
The SLS model thus captures the physics of both regimes
and should be used when investigating the pure material
properties of the worm, as is done here. In the case of a liv-
ing, actively moving worm, however, solving the Maxwell
model in the bending regime is sufficient to properly de-
scribe the viscoelastic properties of the nematode.

3.2 Power-law fluid

To take any non-Newtonian (complex) viscous properties
of the worm into account, the Ostwald-de Waele power-law
fluid model [30] was implemented. This model has been
widely used to describe the flow of many different complex
fluids and was, furthermore, shown to describe the viscous
component of C. elegans in our previous work [20]. As we
will show below, the power-law fluid is necessary due to
the failure of the purely Newtonian model to describe the
observed relaxation. In the Ostwald-de Waele model, an
effective damping coefficient is used to account for the
change of flow as a function of bending rate:

Coff = a"y*d. (4)

Here a is the flow consistency index (damping coefficient
at bending rate 1s7!) and d the power-law index (a mea-
sure of the deviation from pure Newtonian flow). For a
Newtonian fluid, d = 0 and the damping coefficient would
be constant as in sect. 3.1. When d > 0, however, the fluid
is shear thinning. The bending rate in our system has been
defined as 4 = /L, where L is the distance between the
two simple supports. Substituting eq. (4) into eq. (2) and
solving for the relaxation case gives

k 4 Ad ¢
F*=C+-2 |(B— Ay)T T + ————t .6
A ( 0) P (5)

where A, B, and C are the following constants:
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Fig. 4. Relaxation force as a function of time. The dashed
blue line is the fit from the Newtonian SLS model of eq. (3)
and the solid red line shows the fit from the power-law fluid
model of eq. (5). The fit residuals (A) are shown in the bottom
graph, where the dashed grey lines denote the experimental
uncertainty.

4 Results and discussion
4.1 Newtonian relaxation

Since the first part of the experiment was performed with
high bending speeds to minimise any viscous dissipation,
the force was purely linear as a function of time during
the initial worm bending. As shown by the best fit line in
fig. 2, eq. (1) was successfully fit to the force data in this
regime and k could thereby be determined, reducing the
number of fitting parameters necessary for the relaxation
part of the experiment. The total spring constant was in
other words used when fitting the Newtonian model of
eq. (3) to the relaxation data, so that only two fitting
parameters were necessary: k1 and ¢, while ks is fixed by
k — k1. The result is shown in fig. 4, where the relaxation
force is plotted as a function of time. The SLS model is fit
(dashed blue line) to the data and the residual between
theory and experiment is shown in the bottom graph of
fig. 4, where the expected experimental uncertainty (forces
corresponding to pipette deflections of less than 0.1 pm) is
drawn with dashed lines. It is clear that this viscoelastic
model does not capture the data within the uncertainty of
the measurements. The failure of the model is especially
clear in the beginning of the relaxation, where the force
and worm deformation change rapidly.

4.2 Non-Newtonian relaxation

In previous work, we showed that the worm possesses
shear thinning properties when bent with different bend-
ing speeds [20]. The worm bending rate 4 remains con-
stant throughout such an experiment, and the assumption

Eur. Phys. J. E (2015) 38: 36

of a constant damping coefficient (for that specific exper-
iment) is therefore valid. However, during the relaxation
stage of our current experiments, 4 changes rapidly and
fitting for a constant damping coefficient for the relaxation
of this complex viscoelastic material is thus not correct.
We therefore implemented the power-law fluid model as
described in sect. 3.2 to model the mechanical relaxation
of the nematode. As shown by the solid red line of fig. 4,
the non-Newtonian fluid model of eq. (5) is successfully
fit to the relaxation data. Again, k has been fixed by the
initial bending portion of the experiment, and the data
is fit with three fitting parameters: k1, a, and d. There is
a significant improvement of the fit when implementing
the non-Newtonian damping coefficient as compared to
the Newtonian case, and the non-Newtonian model clearly
captures the data within the experimental uncertainty, as
highlighted by the residuals.

Tens of relaxation experiments were performed with
different nematodes (of similar size) and eq. (5) was suc-
cessfully fit to all data sets. The flow consistency and
power-law indices could thereby be determined as a =
0.10 £+ 0.03mNs'~?/m and d = 0.9 + 0.1. Since d > 0,
the nematode is shown to consist of a shear thinning
viscous component. Furthermore, the power-law scaling
¢ o< 0901 s in excellent agreement with that found
previously by bending the worm with different bending
speeds, where ¢ oc ¢~ [20]. C. elegans thus shows
stronger shear-thinning properties than typical complex
fluids made of macromolecules like polymers, for which
the power-law indices are in the range of dpolymers =
0.4-0.85 [30-32]. The complex fluid property of C. ele-
gans could be due to its collagen-rich cuticle [33], since
this extracellular matrix component has been shown to
be strongly shear thinning [34-36], with a power-law in-
dex of deollagen = 0.76 £ 0.01 [37].

Other factors or complexities that could render shear
thinning properties of C. elegans include the different
cross-sectional structure of the worm along its body, where
various tissues will be deformed differently during bend-
ing. In this work, we consider the viscous flow component
of the worm as a composite parameter in a viscoelastic
model, and not necessarily as actual flow of internal body
fluids. For the case of a nematode, however, there is in
fact some internal motion of the heterogenous tissues and
fluids as the body is deformed. This flow could contribute
to the shear thinning properties of the worm. Finally, the
high hydrostatic pressure of the nematode body cavity
could affect the viscous characteristics of the worm. How-
ever, as our experiments were performed with low ampli-
tude bends, changes in the internal pressure due to bend-
ing would not be significant. These avenues could be fur-
ther investigated by performing relaxation experiments on
mutants with different developmental defects or with cu-
ticle or muscle variations.

Knowing the quantitative power-law fluid properties
of C. elegans, it is now also possible to calculate the ef-
fective damping coefficient experienced by the nematode
during its active undulatory locomotion. When crawling
on agar, the adult C. elegans worm bends its body at a
speed of Yeraw1 =~ 104 pm/s [38] and with a wavelength
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of Acrawl = 650 £ 30 pum [3], corresponding to an effective
damping coefficient of ceft crawl = @(Yeraw/0-5Acraw1) "¢ =
0.29 £+ 0.07 mNs/m. The effective internal damping coeffi-
cient of the worm swimming in a fluid with a water-like
ViScosity (Yswim = 970 pm/s, Aswim = 1540 £ 40 pm [3,4])
can in the same way be calculated as ceg swim = 0.08 +
0.03mNs/m, and is significantly lower than that used in
higher viscosity environments. The internal properties of
the worms can thereby not be considered invariant, but
depend strongly on the type of motion performed by the
nematode. The change in the internal viscous properties
of C. elegans should thus be accounted for when studying
its gait modulation in response to varying environmental
factors, such as an increased viscosity or confinement.

5 Conclusions

In this work, the viscoelastic material properties of the
model organism C. elegans were probed experimentally
with a dynamic and time-resolved micropipette deflection
technique. Direct relaxation experiments were performed,
and the nematode deformation was described with the vis-
coelastic standard linear solid model. It was shown that
the viscous component of the worm material could not be
described as a Newtonian fluid. Instead the Ostwald-de
Waele power-law fluid model was implemented and shown
to be in excellent agreement with our experimental obser-
vations. The viscous relaxation of C. elegans is character-
ized by a shear thinning power-law fluid with a flow consis-
tency and power-law index of a = 0.10 + 0.03 mNs' =% /m
and d = 0.9 £ 0.1, respectively. The strong bending-rate
dependence of the internal properties of the worm, show-
ing a lower effective viscosity at higher bending speeds,
could affect the gait modulation of the undulating motion
in various environments.

The financial support by NSERC of Canada is gratefully ac-
knowledged. The authors also thank Rafael Schulman for in-
teresting discussions.
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