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Abstract: Cilia are slender flexible structures extending from the cell body; genetically
similar to flagella. Although their existence has been long known, the mechanical and
functional properties of non-motile (“primary”) cilia are largely unknown. Optical traps are
a non-contact method of applying a localized force to microscopic objects and an ideal tool
for the study of ciliary mechanics. We present a method to measure the mechanical
properties of a cilium using an analytic model of a flexible, anchored cylinder held within an
optical trap. The force density is found using the discrete-dipole approximation. Utilizing
Euler-Bernoulli beam theory, we then integrate this force density and numerically obtain
the equilibrium deformation of the cilium in response to an optical trap. The presented
results demonstrate that optical trapping can provide a great deal of information and insight
about the properties and functions of the primary cilium.
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1. Introduction

Eukaryotic non-motile cilia [1] are slender structures extending from the bodies of cells, 0.2
microns in diameter and several microns long, the specific length being regulated by the cell itself [2].
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Although their existence has been long known, knowledge of their mechanical [3-5], sensory [6,7] and
functional [8-10] properties is still incomplete. After considerable effort, sophisticated models of the
ultrastructure [11-13], equilibrium [14] and dynamic [15-17] response of cilia to applied fluid flow
exist. However, these models make use of material parameters that are incompletely measured, such as
the elastic and shear moduli [3-5,16,18]. One of our overall goals is to better measure the mechanical
properties of primary cilia to gain fresh insight regarding the functional significance of this organelle.

Optical traps are a non-contact method of applying a localized force to microscopic objects and an
ideal tool for the study of ciliary mechanics. Optical scattering and gradient forces on micrometer
scale particles were first reported in 1970 [19]. Optical trapping in three dimensions via a single laser
beam (“gradient trapping’) was reported shortly thereafter [20]. Optical trapping is already used for
determining the mechanical properties of microtubules [21] and similar cytoskeletal structures;
previous optical techniques for cilia often involve attaching dielectric spheres to the tip [18,22].
However, the sensory nature of the primary cilium implies that it is preferable to generate and measure
the deformation of a cilium in a non-contact fashion, and from this deduce the elastic modulus and
refractive index. We have previously demonstrated the ability to measure the force applied by an optical
trap in the absence of information about the optical or physical properties of the trapped object [23].

Figure 1 presents a schematic of the measurement; a cilium is trapped and the trap is displaced from
the center of the (undeformed) cilium by a distance “dy” and base of the cilium by a distance “6z”; the
flexible cilium deforms in response to the applied load. A detailed description of the apparatus has
been presented in [23].

cilium

Figure 1. A cilium is trapped with trap displaced from the center of the base by a distance
“dy”’; the flexible cilium deforms in response to the applied load. The resulting shape is
shown when the trap is located at the distal tip of the cilium, but in general is located a
distance “dz” from the cell surface.

The Electric Field and the discrete dipole approximation (DDA)

Cilia are slender dielectric cylinders and due to their size, can be considered optically
homogeneous. Because cilia are oriented along the optical axis of the trapping beam, scattering
algorithms based on for example, Mie scattering, break down [24-26]. As detailed in Ref. [26], the far-
field scattered intensity contains a term 1/cos(0) that diverges as the light propagation axis becomes
parallel with the cylinder axis (6 = 909. The discrete dipole approximation (DDA) is an alternate
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means of calculating the force on non-spherical particles [27-30]. In DDA, objects are modeled as a
collection of interacting dipoles. The DDA approach, being a first-order approach, suffers from
difficulties if the relative refractive index is high. As discussed in [31], our system with a low relative
refractive index (An = 0.02) can be modeled reasonably well with the DDA approach. Higher-order
corrections to DDA have been developed [31] but are beyond the scope of this paper. The local electric
field at dipole “I” is a combination of the electric field of the beam and the scattered field from the
other dipoles

E(r;)) = E***"(r)) + Ziij G(ri,r)p(r) (1)

where G(ri,rj) is the dyadic Green’s function and the polarization p(r) = a(r)E(r) with a(r) the
Clausius-Mossotti polarizability [30] a(r) = 3€,,6,63 (e(r) — €,,,)/(e(r) + 2¢€,,), where & is the
separation between dipoles and e,, the relative permittivity of the surrounding cell culture media.
Optically, the cilium is approximately homogeneous so e(r;) = e(r]-) =€ and (r)=a=
3€m€083 (Ec - em)/(ec + Zem)-

Modeling the optical trap as a focused linearly-polarized (taken to be in the ‘y” direction) Gaussian
laser beam propagating in the ‘z’ direction, the incident field can be written as

w
Ee*™(r)) = Eg— exp(— p} /wPexp(ilk(z; — 82) —n; + kp}/2R;])9 (2

L

where:

e Electric field field amplitude E, = [4P/cey€,w3]/?

e Trap beam waist wy = Ay/n,,Tsin 1 (NA/n,,)

e Trap beam diameter at dipole ‘i’ w; = wo[1 + [(z; — 82)/2,]?]*/?

e Wavenumber k = 21tn,,, /A,

e Rayleigh length z, = 1/2 kw3

o« = tan (7 - 82)/7)]

e Radius of curvature R; = z; — 6z + [22/(z; — 62)]

e Radial coordinate p; = [(x; — 6x)% + (y; — §y)?]/?

e P the optical power

e NA the numerical aperture of the focusing lens, and

e 0x, Oy, 0z are the displacement of the center of the beam waist from the coordinate origin,
which we place at the center of the base of the cilium.

For the numerical calculations performed here, P = 0.5 W, NA = 0.95, and Ao = 1.064 pm,
corresponding to our experimental apparatus. The culture media is an aqueous saline solution with
estimated refractive index nm =1.33, resulting in zo = 1.2 um and wo = 0.32 um. When appropriate, we
set the refractive index of the cilium nc = 1.35, based on the chemical composition of the cilium [6].

Similarly, for numerical calculations presented here, we set the length of a cilium h = 3 pm and
diameter d = 0.2 um. The length of the cilium is regulated by the cell in response to stimulation by flow [6]
or other biochemical factors (for example, [32]), and 3 um is a typical length.

We note that in this paper, Equation (2) models the focused laser beam using the paraxial
approximation even though our microscope objective is specified as sin(0) = 0.71, corresponding to an
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error of 12% as compared to sin(6) = 6. Incorporating higher-order corrections, for example [33] or
using vectorial diffraction theory [34] is beyond the scope of this paper.

2. Results
2.1. The Force on a Dipole and the Force Density

In Appendix A and Figure 2 it is shown that for our experimental conditions the fraction of the
electric field produced by neighboring dipoles provides a negligible contribution to the total field,

greatly simplifying the analysis. Ignoring the scattered field contributions, the force on an individual
dipole can be calculated using F(r;) = %/, V;(E7*™" - E¢°™).
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Figure 2. (a) A plot of the points in a discretized cilium; (b) A plot of the ratio of the
scattered electric field in the y direction from the other dipoles to the total electric field in
the y direction as a function of s (microns) along the length of the cilium for (6x, dy, 6z) =

(O pm, O pm, 1.5 pm). Notice that the field from the other dipoles is never more than 3/100
of the total field.

For the y-polarized beam F(r;) = F(r;)y:
F(r) = —2ak§ 4(yl — 8y)exp(=2p7/w}) 3)

Extending this result by passing from discrete dipoles to a continuous distribution suggests a force
density ‘f” in the y direction of the form

2
f(r) = —2akE§ e )4 (v — 8y)exp(=2p(x,¥)*/w(2)?) (4)

Modeling the cilium as a circular cylinder of diameter ‘d’ and height ‘h’ with base centered at the
origin and axoneme oriented in the z direction, the total force in the y direction is given by

J f i J Jame f(r) dxdydz (5)

d/2 (d/2)2
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2.2. The z Dependence of the Force Density and the Bending of a Cilium

Here we use time-independent Euler—Bernoulli beam theory [35], valid for small static
deformations of beams under constant load. The load on the cilium at a particular value of ‘z’ is given
by integrating the force density over the cross section of the cilium at that value of ‘z’

The displacement of the centerline of the cilium in the y direction (‘Y’) at any position along its
length, parameterized by ‘s’, is given by solving the differential equation:

4

d*y
El o =F(s) = Jf(s)dA(s) =f

Zv(s) fJ(d/zV—[y—Y(s)]z
~[+v(s)]

fdxdy (6)

-J(@/2)2-[y-v(s)I?

where E is the elastic modulus (the mechanical property we wish to measure), | is the second moment
of area of a cross section of the cilium | = =d*, and boundary conditions Y(0) = 0, Y'(0) =0, Y"(h) =0
and Y"'(h) = 0. These boundary conditions correspond to a “simply supported” beam with “free end”.
Extension to the time-dependent problem (say, for oscillatory or pulsatile applied flow occurring in
vivo) is straightforward but not relevant for this report. In Equation (6), we modeled the cilium as a
stack of infinitesimally-thin disks of diameter ‘d’, each laterally displaced by an amount Y(s). The
coordinate s is related to z by ds? = dz? + dY2. For small deformations, s =~ z. When appropriate, we set
E=1.2*108N* um2 based on published reports [5,17,36-38].

2.3. The General Case

Equation (6) is not, in general, analytically solvable. Instead, we used an approximate analytic
solution using series representations, giving:

Jf(s)dA

= 6emeo

€m 2 2
OEO
m

2€

c+ _
SRR R R 8(_1)J'+k+m+p+q
2020000 -
7=0 k=0 1=0 m=0p=0q=071= 0\/_]'k!(2k+1)(2]+2m_p_q4‘1)
( 2 )]+k+1 d)2k+2]+m l-p—q-r+3 (2k+ 1) k+1—£ <2]) (2m>
w(z)2 2 l % 2)\p/)\ q

2j+2m— p q+ 1) (Sy)qu”(Sx)l

(7)

X

X

Appendix B derives this result, using the assumption that the beam is only displaced from the origin
in the direction of polarization and z. Although Equation (7) is rather complex, it does converge
rapidly, as shown in Figure 3.
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Figure 3. Plots of Equation (7) with increasing numbers of terms, indicated on the plot.
The series converges rapidly, indicating that only the first 5 or 10 terms are required for
numerical evaluation.

Using the series approximation, Equation (6) can be numerically solved, providing a final
equilibrium deformed shape of the cilium. The model can also output other experimentally convenient
parameters, for example the displacement of the cilium tip from equilibrium.

Example plots of Equation (7) are shown for a representative experiment (Figure 4), allowing the
displacement of the center of the trap relative to the cilium base to vary (Figures 5-7) and allowing the
bending stiffness to vary (Figure 8).

Y [um]
0.30
0.25
0.20
0.15
0.10
0.05

S[um
0.5 1.0 1.5 2.0 2.5 3.0 um]

Figure 4. Example deformation of a primary cilium for a representative experiment.
The trap parameters: incident power P = 0.5 W, trapping lens numerical aperture NA =
0.95, and trap wavelength Ao = 1.064 jum. The trap center was displaced from the cilium
base by 6y = 0.2 pm and 6z = 2.5 pm. The cilium length is 3.0 pm.
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Figure 5. Example deformation of a primary cilium for a representative experiment,
showing the effect of allowing the vertical displacement of the trap from the cilium base 6z
=0, 15, 3, and 4.5 pm. The trap parameters: incident power P = 0.5 W, trapping lens
numerical aperture NA = 0.95, and trap wavelength Ao = 1.064 pm. The trap center was
displaced from the cilium axis by 6y = 0.2 pm. The cilium length is 3.0 pm.

Y [um] Tip displacement as a function of trap displacement &z
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Figure 6. Example deformation of a primary cilium for a representative experiment,
showing the effect of varying the vertical displacement of the trap from the cilium base 6z.
Data graphs the displacement of the cilium tip Y(3) as 6z is varied. The trap parameters:
incident power P = 0.5 W, trapping lens numerical aperture NA = 0.95, and trap
wavelength

Ao = 1.064 pm. The trap center was displaced from the cilium axis by dy = 0.2 pm. The
cilium length is 3.0 pm.
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Figure 7. Example deformation of a primary cilium for a representative experiment, showing
the effect of varying the horizontal displacement of the trap from the cilium axis dy. Data
graphs the displacement of the cilium tip Y(3). The trap parameters: incident power P =05 W,
trapping lens numerical aperture NA = 0.95, and trap wavelength Ao = 1.064 m. The trap
center was displaced from the cilium axis by 6z = 1.5 pm. The cilium length is 3.0 pm.

Y [um]
1.0 Tip displacement as a function of Young’s modulus ‘E’
(62 =1.5 um)
0.8
0.4
0.2
E [N*um=2]
0.0 0.0005 0.001 0.0015 0.002

Figure 8. Example deformation of a primary cilium for a representative experiment,
showing the effect of varying the bending modulus of the primary cilium. Data graphs the
displacement of the cilium tip Y(3). The trap parameters: incident power P = 0.5W,
trapping lens numerical aperture NA = 0.95, and trap wavelength Ao = 1.064 m. The trap
center was displaced from the cilium axis by 8y = 0.5 pm and 6z = 1.5 pm. The cilium
length is 3.0 pm.

2.4. A Very Narrow Cylinder
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An alternative to the complicated approximation of the load from Equation (7) is to treat the cilium

as a one-dimensional object, one dipole thick. This changes the polarizability to
2

_3 (d) € — €nm 5 8

Passing to a continuous medium, the differential equation describing the deformation of the cilium

IS
d*y 6P nz —n?
dz*  Ecm?d?w*nZ + 2n2,

IR

By — Vexp(=2(8y — Y)?*/w?) 9)

where Y is the position of the center of the cilium. Figure 9 compares the results from Equations (7) and
(9), showing that the 1-D approximation provides reasonable results as compared to the full 3-D
expression.

Y [um] 8z=1.5 um, compare finite and zero diameter
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Figure 9. Example deformation of a primary cilium for a representative experiment,
showing the effect of idealizing the primary cilium as a 1-D object. Finite cilium diameter
(red), the 1-D idealized approximation (blue). The trap parameters: incident power P = 0.5
W, trapping lens numerical aperture NA = 0.95, and trap wavelength Ao = 1.064 pm. The
trap center was displaced from the cilium axis by 6y = 0.5 pm and 6z = 1.5 pm. The cilium
length is 3.0 pm.

3. Discussion

There are two aspects to our results presented above. First, we have demonstrated a method to
calculate the applied force by an optical trap. We have shown that our model can output a variety of
measurable results (cilium profile, tip displacement) as a function of several different experimental
inputs (trap displacement, cilium mechanical properties). For example, in concert with measured data,
we can determine the bending modulus of a primary cilium.

The rationale for using optical trapping to stimulate a primary cilium rather than fluid flow is that
optical traps apply a precise force to a single cilium, rather than apply a force to the entire apical
surface of cells. Thus, optical trapping has specific advantages as a tool to study ciliary
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mechanosensation. Since quantitative knowledge of the applied force is essential to use optical
trapping in this context, our results provide justification and validation of our optical trap method.

4. Conclusions

The motivation for this work was to develop a method to accurately measure the mechanical
properties of the primary cilium. Laser tweezers offers the ability to apply a quantified force in a non-
contact fashion. The goal here was to develop an initial model that can be used to analyze experimental
data (total applied force, movement of the cilium tip) that we can obtain in the laboratory. The
approximations introduced here were motivated by complexity of the analytical expression. Thus, we
took pains to demonstrate that our approximate solution still provides results with sufficient accuracy
and precision to be useful. However, it may be necessary to use more complicated differential equations
to find the final deformation when accounting for environmental factors such as fluid flow, gravity, and
thermal fluctuations. Similarly, solving the dynamic Euler-Bernoulli equation for beam oscillation may
introduce additional complicating factors that we have not yet accounted for. For example, as the cilium
is bending, the integrals in Equation (4) and (6) will depend on time. It is possible that a modified
shooting approach [39] could be used, but a fully dynamic model is beyond the scope of this paper.

The final deformation profile of the cilium is a function of many variables. Importantly, one of them
is the elastic modulus, a measure of stiffness. By measuring the displacement of the tip of the cilium
for many different positions of the center of the optical trap it should be possible to infer the value of
the bending modulus and the refractive index. It is critical to note that our model allows us to
determine the mechanical properties of the primary cilium by only measuring the tip displacement.
This is significant because the geometry of the primary cilium (parallel to the optical axis) greatly
complicates attempts to image the entire axoneme. Thus, our model has a significant advantage
because a single measurement of the tip displacement is sufficient to constrain the model and
determine, for example, the bending modulus. Accurately characterizing the mechanical properties of
the primary cilium is an essential step in demonstrating the biological relevance of this organelle.

Appendix A: Using the DDA to Calculate the Scattered Electric Field

Starting from Equation (1) and substituting
G(ri1;)p(r))

kr,
= e);z:'[(é’o:]) [kzr X rl] XP( )) (Al)
kr;
%( jp(rj) = 3ry(ry - p(r )))l
3]

for the scattered field contributions from other dipoles gives the local electric field
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E(r;) = E**“"(r))

et
+ az exp(l r;}) k2 ((rij ) Ebeam(rj)) i — 7,.iilEbeam(.rj)>

4meyrs
. 0L (A2)
# 2 (gen() = 3wy (v B () )|
ij
where r;j = r; — r; and r;; |r | Since the relative polarizability is small, terms of second order

dependence or hlgher are neglected.

The cilium is modeled as a cylinder with a hemispherical top shown in Figure 2. SciLab 5.3.3 code
was written to evaluate the above expressions. Our results show that the scattered field in the y
direction is very small compared to the total electric field in the y direction. Therefore, the scattered
field can be ignored for our purposes.

Appendix B: Series Solution for the Force on a Cylinder

The goal is to evaluate the integral'

J@/22-ly-vI2
j F(s)dA =K f ) j
3+ (az/z)2 - Y]Z

(BY)
= 8y)exp (== [(y = 8)? + (x — 6)7] ) ddly

oo(z)2

Using the error function éjErf(x) = [ exp(—x?) dx, we first obtain

(a@/2)?-[y-v] 2
f exp (— o) [((y —8y)? + (x — 8x)2]> dx

-y (d/2)?-[y-Y]?
_w@NWr -8\ V2(/(d/2)2 =y — Y]? — 6x)
= exp|—2 <—> Erf( o(2) (B2)

2V2 w(2)
. Erf (ﬁ(J(d/Z)z I —-YF+ 6x)>]
w(2)
Using the following series expansions:
v S (D@ + 0
7 Erflatx) =Z K12k + 1) (B3)
n n '
e = ) (et = ) gt 2
k=0 k=0
(v — By

0= [ 50— 07| = 2 (cor) =7 (B5)

To first obtain
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\F 2(/(d/2)? = [y — YI? - 5x)

\/_(\/(d/z)2 [y — Y2 + 6x)
w(2) w(z)
oo 2k+1 oo 2k+1
_ 2D (V2 2k +1 <k+l_£> e vam
_ZOZ Zﬁkl@kﬂ)(m(z)) ( l ) Tgl 2| D" -1)
d 2k+2—
(& i+ @0

o 4(=1)krm 11y /g3 \ P N (B6)
i IZ mZ Vrk! 2k + 1) (2k1+ ) (k +r% )(m(z)) v —1)?
=

,leven
d 2k+2-1l-m
2

X (8x)*
0,1 odd

From here, we assume ‘I’ is even. Then

-8\ V2(/(d/2)7 =y — Y]? — 6x)
exp [—2 <W) [Erf( w(z)

+ Erf <ﬁ(¢(d/2)2;(g Y2+ Sx))]

ii 2k+1 Zoo: 4(—1)J+k+m ( 2 >j+k+1 (y — 6y)¥ (Zk n 1) (k +1_£> (B7)
j=0 k=0 1=0 m= \/Ek'(Zk"' 1) \w(2)? J! l 1%1 2
d 2k+2 I-m
x -1 (3) (52!
And finally:
[ ran
ii 2§:1 Zoo: szzzm4(_1)j+k+m+p+q< 2 >j+k+1 (d)2k+2—l—m
g e e oer e VTjlk! 2k + 1) \w(z2)? 2
1 1 - diy
(PN (krzm2) (D) () @t [, ey
: m p —[%+Y]
=K§§2k+1i g szi g(—1)Jtktmip+q ( 2 )j+k+1 (B8)
j=0 k=0 1=0 m=0p=0g=0 r_o‘/T_[ 'K'QCk+1D(2j+2m—-p—q+1) w(z)?
2k+2j+m—-1l-p—q-7r+3

N| e~

) (k é— ) (i}) (Z(T G [CO U COL

r

where 2j + 2m-p-q is even.
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This expression is considerably simplified with the approximation d — 0; for a Gaussian beam
displaced from the cilium axis a distance ‘6p’,
2

e m g2 D0 (50yexp(—2(8p)2/w(2)?) (B9)
€. + 2€p, 0 w(2)*

when 6x or 8y = 0; this sum is equal to 0 and, therefore, the applied force when the trap is centered on
the cilium axis is equal to 0.
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