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We present the tracking of ellipsoidal micrometric particles close to an air-water interface performed

with Dual Wave Reflection Interference Microscopy. Particle's position and angles with respect
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to the interface are simultaneously measured as a function of time.
Square Displacement five particle mobilities (3 translational and 2 rotational) and two translational-
rotational cross-correlations are extracted and compared with our simulations, obtained imposing
either slip and no-slip boundary conditions. The comparison reveals an agreement with no-slip
boundary conditions prediction for orthogonal translation and out-of-plane rotation, and with slip
ones for parallel translations and in-plane rotation. We rationalize these evidences in the framework

of surface incompressibility at the interface.

1 Introduction

The dynamics of spherical particles dispersed in a Newtonian fluid
near an interface has been widely studied in the past both exper-
imentally and theoretically. Although for a fluid-fluid interface
the particle dynamics is expected to be governed by slip bound-
ary conditions (BC)1"3| experiments often deviates from expecta-
tions. Indeed, while all experimental results relative to the move-
ment parallel to the interface approaches predictions for full slip
BCHE, for orthogonal dynamics the measured mobilities range
from slip to no-slip BCS8. Deviation from slip boundary con-
dition has been recently rationalized considering the presence
of small concentration of interfacial active agents determining
surface incompressibili. In this perspective, our group has
shown that surface incompressibility at air-water interface pe-
culiarly affects Brownian dynamics of spherical particles, with
movement normal to the interface approaching no-slip BC pre-
dictions, while the one parallel being in agreement with full-slip
BCO.

Differently from spherical particles, the dynamics of colloids
with complex morphology is still almost unexplored®13. Ear-
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lier studies have mostly focused on ellipsoidal particles™, as this
morphology is the simplest after the spherical one. Because of
anisotropy, particle hydrodynamic interactions with the confining
interface result in a complex tensorial mobility, which demands
the knowledge not only of the position but also of the orientation
and the aspect ratio of the ellipsoid. Studies of ellipsoids in the
presence of a fluid-fluid interface concerned mainly the absorp-
tion™18 and the 2D confined dynamics at the interfacellZ. Very
little is known on the dynamics of an ellipsoidal particle near an
air-liquid interface. This lack of knowledge contrasts with the es-
sential role played by the mobility of micrometric non-spherical
entities close to fluid interfaces. Many systems of practical in-
terest, like the motion of bacteria in biofilm forrnation, the
draining dynamics in flotation processes, and the fabrication
of Pickering emulsions?!, demand indeed the knowledge of the
near interface particle mobilities.

In this paper, we study the dynamic behavior of micrometric el-
lipsoids near an air-water interface. Using Dual Wave Reflection
Interference Microscopy (DW-RIM), we are able to measure
the dynamics of five (3 translational and 2 rotational) degrees
of freedom of the particle, along with the particle aspect ratio
and its distance from the interface. In particular, we here address
how the surface incompressibility affects the ellipsoid rotational
degrees of freedom and the translational-rotational cross correla-
tions. The experimental results are compared with the outcomes
of our numerical simulations.
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2 Materials and methods

2.1 Sample preparation and experimental set-up
Prolate ellipsoids are produced at the desired aspect ratio (4), i.e.
the ratio between the major and the minor axes, in the range 5 to
12 by stretching with a custom developed stretching device sulfate
latex beads of diameter 2a = 8.7+ 0.9 um (MolecularProbes™)
embedded in a Poly(vinyl alcohol) matrix and heated at 100°C23,
For each particle, we measure the time evolution of the three
translation degrees of freedom (x, y, and z) together with the
zenithal angle (6), which the ellipsoid’s major axis forms with
the air-water interface plane xy, and the azimuthal angle (¢) of
rotation of the major axis projection in the xy plane (see Fig. [1).
Samples are prepared dispersing ellipsoids in a cell made of a
hollow glass cylinder enclosed on the top by a microscope slide
and exposed to air on the bottom. Water pinning at the lower
cylinder edges prevents water falling due to gravity. Ellipsoids
number concentration is chosen low enough to allow neglecting
inter-particles hydrodynamic couplings (mutual distance at the
interface vicinity larger than 100 um). Sample cell is then located
on the sample stage of the DW-RIM set-up which, in brief, con-
sists of a custom inverted microscope working in reflection and
mounting a 50X long working distance objectivg’} The set-up is
designed to simultaneously illuminate with two low coherence
monochromatic light sourcesﬂ and to collect the interference sig-
nal from the reflections at the particle-water and at the air-water
interfaces with an RGB camera. The choice of an RGB camera is
motivated by the exigence of simultaneously recording in differ-
ent channels the light incoming from the two light sources. From
the interference pattern information on the motion orthogonal to
the interface is accessed, while the superposition of the two wave-
lengths allows to unequivocally determine the particle-interface
distance®22, All precautions are taken to reduce evaporation, vi-
brations and particles drifts?%, Because of gravity, ellipsoids sed-
iment towards the air-water interface until they reach an equilib-
rium gap distance at few hundreds of nanometers where gravity
is balanced by DIVO repulsion®?. At equilibrium, ellipsoids major
axis is on average parallel to the interface, but because of ther-
mal agitation 6 fluctuates in a range of few degrees (less than 5°)
around zero. After the equilibrium position is reached, data are
acquired for few minutes at 30 fps in order to recover trajectories
of 5000-10000 frames length.

2.2 Data acquisition and analysis

Dedicated algorithms have been designed specifically for the
tracking of the DW-RIM interference pattern of ellipsoidal par-
ticles (Fig. [2). The distance z and the zenithal angle 6 are col-
lected analyzing, for each frame, the interference (see Fig. [2).
Simultaneously, the movement in the plane parallel to the air-
water interface along the axes parallel (x) and orthogonal (y) to
the ellipsoid main axis and the azimuthal angle ¢ are accessed by
tracking the interference pattern center of mass and its orienta-

* Mitutoyo Apochromatic objective MY50X-805, 50X, WD 3, NA 0.55.
T Thorlabs collimated LEDs M625L3-C2 and M505L3-C2.
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tion (see Supplementary Information).

With this procedure the obtained resolutions are 100 nm for
the ellipsoid x and y positions, few nanometers for z, 0.3° for ¢
and about 10% for 6. A more detailed description of the optical
system and of experimental technique can be found in Ref.22,

The data reported in the present work refer to 11 different ellip-
soids with average aspect ratio 8.4+ 1.9 and mean distance from
the air-water interface in the range 787 + 103 nm. In figure [3]
typical time evolution of the measured positions (Fig. [3p) and
orientations (Fig. ) is shown for one ellipsoid.

From the tracking the Mean Square Displacement (MSD) (Fig.
) and the Mean Square Angular Displacement (MSAD) (Fig.
) are evaluated: MSDy (1) = <[k (t+1) fk(z)]2> , where k is x,
¥, z, 0 and ¢ (for notation simplicity in equations vtve name MSDy,
both the MSD and the MSAD). From the MSD and MSAD the dif-
fusion coefficient D; along the freely diffusive degrees of freedom
x, y and ¢ are obtained with a linear fit. As it can be seen in Figs.
and [3p, the motion along z and the rotation along € are not
free but confined in the DIVO potential due to the colloid and
the air-water interface interactions??. As a consequence, MSD,
and MSDy are both characterize by sub-diffusive behavior with
a plateau for large lag times. They are therefore fitted with the
analytic solution of the Langevin equation assuming an harmonic
potential 2228 whose free fitting parameters are the diffusion co-
efficient and the potential stiffness. Translational and rotational
mobilities M, are obtained as My = Dy /kgT, where kg is the Boltz-
mann constant and 7 the temperature.

2.3 Simulations

Because of the lack of exact models for ellipsoids at close distance
to the interface, we compare experimental results with numerical
simulations. The latter are designed considering a free-buoyant

—

Fig. 1 Geometry of the system where measured and simulated parame-
ters are reported:reference systems solidal to the laboratory (x',y’,7’) and
to the ellipsoid (x,y,z), ellipsoid’s center of mass coordinates (xo,y0,20),
zenithal angle 6 between ellipsoid major axis and x axis, azimuthal angle
¢ in the xy plane. The simulation is performed within a cube of lat-
eral size L and with boundary surfaces I', (particle surface), T, (all the
external boundaries of the computational domain except the air-water
interface) and Iy (the air-water interface).
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Fig. 2 Typical interference pattern of an ellipsoidal particle of aspect
ratio 6 as it is recorded from the camera (a) and after binarization (b).
Data relative to the red cannel. Please note that the high intensity
lateral wings are not part of the interference pattern but consequences
of multiple reflection and refraction inside the ellipsoid.

rigid ellipsoid suspended in an incompressible Newtonian lig-
uid in proximity of an interface, where both full-slip (v, =0,
‘7NH =0) and no-slip (v, =0, v = 0) BC are simulatedﬂ Such
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Fig. 3 Data relative to the trajectory of one of the tracked ellipsoids after
sedimented to the air-water interface. a. Translational measured degrees
of freedom x (red line), y (orange line) and z (blue line). b. Rotational
measured degrees of freedom 0 (light-blue line) and ¢ (magenta line). c.
Mean Square Displacement along x, y and z (same colors of a). Dashed
lines are linear guidelines representing the expected behaviour for a free
Brownian diffusion. d. Mean Square Angular Displacement along ¢ and
0 (same colors of b). Dashed lines are linear guidelines representing the
expected behaviour for a free Brownian diffusion.

+1In the boundary conditions expression, || and L denote respectively the direction
parallel and perpendicular to the interface, the velocities are the one of the fluid at
the considered interface and + and — symbols represent the right and the left limit

BC have been chosen based on previous results on the Brownian
diffusion of spherical particlesIEI where the surface incompressibil-
ity condition results in a no-slip BC for particle diffusion along the
z-axis and quasi-slip BC for the parallel one. The same no-slip BC
is expected to hold for an ellipsoid diffusing perpendicularly to an
incompressible interface (see Supplementary Informations). On
the ellipsoid surface, no-slip boundary conditions are imposed. A
schematic representation of the investigated system is shown in
Fig. A Cartesian reference frame with the origin at the air-
water interface and with the z—axis orthogonal to the interface
is considered. The particle is positioned with its center of mass
on the z—axis. The system of partial differential equations along
with the BC are reported in the Supplementary Informations.

We solve the governing equations by applying a single non-zero
component of the combined force/torque vector (F,T) and com-
pute the six components of the translational and rotational veloc-
ity vector (u, w). By varying the imposed non-zero component of
the force/torque vector, in six iterations we can compute the full
mobility matrix M27:

(2)e() o

that is symmetric and positive definite and can be partitioned as:

Ma M, } -

M=
[M,f M.

with both the submatrices M, and M, being symmetric. The sub-
matrices M, and M, account for the translational and rotational
coupling, whereas M,, accounts for the translation-rotation cou-
pling.

Due to the symmetry, for any particle-interface distance z, all
the configurations obtained for different azimuthal angles ¢ (ro-
tations around the z—axis) are equivalent. Consequently, the
particle-interface hydrodynamic interactions and, in turn, the mo-
bility matrix are functions of z and 6 only, namely, M = M(z, ).
Because of the invariance for rotations around z-axis, it is suffi-
cient to compute the mobility matrix only for configurations with
the major axis of the spheroid lying in the xz-plane; the mobil-
ity or friction matrices for orientations outside the xz-plane are
simply obtained by rotations around z-axis.

3 Results and Discussions

We compare the measured mobilities M}"*** with simulations ob-
tained using slip and no-slip BC M;"". To this aim, for each exper-
iment, we run a simulation having as input the measured values
of a, b and average z for the particle at hand, with 6 kept fixed
to zercﬁ For the five mobilities we define the mobility relative
difference as: AMy/M™ = (M** — M;™) /M;™ . In Fig. -c, we
report AM; /M;"™ for the translational motion, in the case of slip
(full circles) and no-slip (open circles) BC. The reported values

with respect to the position of the interface.
§ We checked that the experimental fluctuations in z around its mean value and of 6
around 0° only slightly affect the simulated mobilities.
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Fig. 4 Relative difference of mobilities between data and simulations for
full slip (filled circles) and no-slip (empty circles) boundary conditions.
The reported data refer to: (a) My, (b) Mayy, () Myzz, (d) Mcyy, (€)
M, ;;. In the corresponding insets, sketches depict the motion direction
or the rotation with respect to the interface (laying on the xy plane).

with their error bars represent the averages and standard devia-
tions on the 11 measured particles. As expected the experimental
translational mobilities parallel to the interface (Figs. , ) are
close to the slip BC, while the translational mobility orthogonal
to the interface (Fig. ) approach the no-slip BC.

In Fig. [Ad-e, we also report the in-plane and out-of-plane ro-
tational mobility relative difference, again for slip (full circles)
and no-slip (open circles) BC. Consistently with the translations,
the average value of the in-plane rotational mobility (Fig. [)
is close to slip BC, while the one of the out-of-plane rotational
mobility is near to no-slip BC (Fig. ). Actually, in the case of
the out-of-plane rotational mobility the two boundary conditions
give comparable results within the experimental error. This is not
surprising because, for small 6, the rotation is equivalent to the
superposition of two orthogonal motions in opposite directions
localized on the ellipsoid tips. In such an idealized picture, the
interfacial velocity field has the symmetry of a dipolar field hav-
ing both radial and non-radial components. Since slip BC applies
for the non-radial component and no-slip BC for the radial one,
we expect similar differences in both cases. Please note that for
both BC the measured significant deviations from the simulated
values can result from the large experimental noise on Hﬂ

We also evaluated the cross correlations between different de-
grees of freedom, comparing their trend with simulated cross mo-
bilities. To this aim we calculate the rotational-translational cross-
correlations C, o and C,_, (at time delay 0) between the angular
velocity of the out-of-plane rotations @ and two components of

9 As error on 0 propagates from the error on b (see Supplementary Information) an
improved characterization of the ellipsoids semi-axes should be required for improv-
ing the measurement of 6.
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Fig. 5a. Cross-correlations vs. theta: blue circles correspond to C,._ (0),
red squares corresponds to C,, »(0). b. Cross mobilities M, ;, (blue) and
My, (red) vs. theta: full line represent simulation with slip BC, while
dashed line the simulation with no-slip BC.

the particle velocity: v,, along the interface normal, and v,, along
the ellipsoid main axis.

i (8,1)- @ (0,1 +1)),
V02 0.0), (@2 (8.0)), le=o

In Eq. (3), v; is either v; or v, and (...), indicates the time aver-
age on t. Angular dependency is obtained splitting the trajectories
in 5 different subsets depending on the instantaneous value of 6
and evaluating Eq. for each interval of 6. In Fig. [Sp are
reported the cross correlations averaged over all the measured el-
lipsoids, where the abscissa reports the average angle 6 in each
subset of data.

In the case of C,_ for negative & we observe that v, and w
are anti-correlated, while for positive 0 they are correlated. To
rationalize the observed cross-correlation, note that as soon as
0 deviates from zero one extremum of the ellipsoid is farther
from the interface than the other. In this condition, if the particle
approaches the interface (negative v;), the ellipsoid extremum
closer to the interface will experience a greater drag, indepen-
dently from the assumed BC. Consequently the ellipsoid is sub-
jected to a torque restoring the condition 8 = 0. Therefore, if
0 >0 a v; <0 induces an w < 0, while v, > 0 induces an @ > 0,
and thus in both cases a positive cross correlation holds. Vice-
versa, if 6 < 0, a v; < 0 induces an @ > 0, while a v, > 0 induces
an o < 0, and thus in both cases a negative cross correlation. It is
worth noticing that the observed cross correlation is not a conse-
quence of the ellipsoids-interface potential well, which also tries
to restore the 8 = 0 condition. Indeed, in the limit of a harmonic
potential, a rotation of the ellipsoid along 6 would generate only
a restoring torque, with no force in the direction of the z axis.

For C(vy, ), the negative sign observed indicates that the be-
haviour is anti-correlated for both 6 > 0 and 6 < 0, as in systems
where parallel drag decreases approaching the boundary22.

In order to verify whether the cross-mobilities have the same
trend as the cross-correlations, we simulated and reported in Fig.
the cross mobilities M, ., (blue curves) and My, ., (red curves)
versus 6: where M, ., corresponds to C(v;, ), while M, ,, cor-

Cv,-,a)(e) = (3)




responds to C(vy,®). For each mobility both no-slip (dashed
line) and slip (continuous line) BC are considered. The cross-
mobilities are simulated for an ellipsoid of aspect ratio A = 8.6 at
a particle-interface distance z./2b = 1.167, corresponding to the
average aspect ratio and distance of the experiments. Shadowed
regions in Fig. [5b account for the inter-sample aspect ratio vari-
ance AA = :l:0.6

The trend of the simulated mobilities is the same of the experi-
mental cross correlations, for both full-slip and no slip BC.

4 Conclusions

We report the first systematic study of mobilities of a micromet-
ric ellipsoidal particle in the close vicinity of an air-water inter-
face. Five different ellipsoidal mobilities (3 translational and 2
rotational) are measured and compared with dedicated simula-
tions for slip and no-slip boundary conditions. Moreover, the out-
of-plane and the in-plane roto-translations cross-correlations are
calculated and compared with simulated cross-mobilites. Analo-
gously to the spherical particles®, surface incompressibility rules
the translational mobilities: parallel ones approach predictions
for slip BC, while the orthogonal one is close to no-slip BC. The
rotational degrees of freedom reinforces the importance of sur-
face incompressibility on the mobility of the ellipsoid: in fact,
the in-plane rotation mobility is governed by the slip BC, while
the one of out-of-plane rotation is controlled by the non-slip BC.
The roto-traslations cross-correlations are found in a qualitatively
agreement with the simulated cross-mobilites.

We believe that our findings will be relevant to predict the mo-
tion of micro and nano entities close to liquid interfaces in a va-
riety of fields ranging from biophysics to material processing. In
particular, the relevance of the present results can be perceived
considering the strong geometrical analogy of the present system
with the one of a living bacteria moving close to an air water in-
terface. Indeed, recent papers report how anomalies on the mo-

29l results

tion of Escherichia colil? and Pseudomonas aeruginosa
from surface incompressibility, thus making the classical theoreti-
cal assumption of free air-water interface far from reality in such
systems. Pointing out the additional effect of surface incompress-
ibility on the rotational dynamics, we hope to help systematize
the study of surface incompressibility effects on the dynamics of
micrometric organisms in water and stimulating further investi-

gations in the field.
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