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Diffusion-Based Height Analysis Reveals Robust Microswimmer-Wall Separation
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Microswimmers typically move near walls, which can strongly influence their motion. However, direct
experimental measurements of swimmer-wall separation remain elusive to date. Here, we determine this
separation for model catalytic microswimmers from the height dependence of the passive component of
their mean-squared displacement. We find that swimmers exhibit “ypsotaxis,” a tendency to assume a fixed
height above the wall for a range of salt concentrations, swimmer surface charges, and swimmer sizes. Our
findings indicate that ypsotaxis is activity induced, posing restrictions on future modeling of their still-

debated propulsion mechanism.
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Confining surfaces, such as planar walls, have a far-
reaching impact in the microswimmer world, often ensur-
ing microswimmer function and survival [1]. Encounters
with surfaces give rise to accumulation, as seen for sperm
[2], algae [3], and bacteria [4], and enable the formation of
bacterial biofilms that facilitate their spreading, co-
operation, and capture of nutrients [5—7]. Moreover, sur-
faces can significantly modify swimming trajectories; e.g.,
bacteria often exhibit circular motion with the direction
controlled by the boundary condition [8-11], in stark
contrast to their run-and-tumble motion in bulk.

Striking surface effects are not only found in biological
systems, but are also present for synthetic microswimmers
[12-18]. Model catalytic colloidal swimmers exhibit
autonomous directed motion due to self-generated chemi-
cal gradients [19]. Recently, neighboring walls were shown
to significantly alter the magnitude of their swim speeds
[15-18]. This revealed that walls play a far greater than
previously expected role on self-propulsion, providing a
path toward resolving seemingly conflicting experimental
observations. For example, speed differences under similar
conditions may stem from the phoretic interplay between
the hydrodynamic boundary condition on the wall and the
out-of-equilibrium chemical species generated by the
swimmer [17]. Current models predict a wide range of
behaviors close to walls, including hovering, sliding, and
forward and/or backward propulsion [12,20-33]. This
diversity is partly due to the complexity of and uncertainties
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in the propulsion mechanism and partly due to the hydro-
dynamic and numerous phoretic couplings that wall prox-
imity can introduce. Thus, quantitative insight into
swimmer-wall separation is pivotal to pinpointing missing
details of the propulsion mechanism and, in turn, tailoring
swimming behaviors, e.g., for guiding microswimmers in
complex environments.

To date, no reported experiment has directly measured
swimmer-wall separations. However, based on qualitative
observations, separations are anticipated to be smaller than
the swimmer size [13,34], even as small as a few tens of
nanometers [35,36]. Such separations cannot be directly
resolved by standard optical microscopy [35], which is why
holographic microscopy has been proposed [16], as it
yields three-dimensional positions of spherical particles
with high precision [37]. However, fitting holograms of
spheres half-coated with a metal is computationally expen-
sive, especially when studying dynamics, since discrete
dipole approximations have to be employed in the numeri-
cal calculations to obtain their positions [38]. Furthermore,
inhomogeneities in the metal coating introduce additional
fit parameters and uncertainties in determining particle
positions. Another way to measure small particle-wall
separations is total internal reflection microscopy, which
yields separations from the scattering of evanescent waves
off of particles close to a wall [39]. Here, too, the
asymmetric coating interferes with interpreting the result
and obtaining accurate measurements. Hence, a novel
measuring approach is needed.

In this Letter, we present a facile and straightforward
method for obtaining microswimmer-wall separations
in situ. We determine the translational diffusion coefficient
of the swimmer from mean-squared displacement curves
and obtain the height from its theoretically predicted
dependence on swimmer-wall separation. Our method
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https://orcid.org/0000-0002-8781-7368
https://orcid.org/0000-0002-2221-6473
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.125.238001&domain=pdf&date_stamp=2020-12-02
https://doi.org/10.1103/PhysRevLett.125.238001
https://doi.org/10.1103/PhysRevLett.125.238001
https://doi.org/10.1103/PhysRevLett.125.238001
https://doi.org/10.1103/PhysRevLett.125.238001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 125, 238001 (2020)

(a) +H,0, (c) o.10 0.8 (@) 1.2 —— V=A+ (B/(C + croci))
Pt — L ] | P
i I:V> 3 0:08 %I = 1 B o.sg 30.9 g\
“ Vb £ 0.06f do.aS Eo.6- 0
h " 3;0 06 I I 0.4= 30 6 \ T
1.25 a < > ? Tt
sx . lioo 0.04f . § 0.2 0.3
j\% ~ -o.75§
I -0. 50; 0.02 1 1 1 1 1 1 0.0 O-G 1 1 1 1 1 1
Ho. Q »* ©
| P o o%o¥o 0% oSoYo oo d\ S
10 10
Chact (MM) Cnact (MM) Cnact (MM)

FIG. 1.

Salt-dependent motion above a planar wall. (a) Schematic of the experiment. We obtain the swimmer-wall separation £ from

the measured translational diffusion coefficient D of the swimmer and its theoretically predicted dependence on wall separation. (b)—(d)
Effect of salt concentration ¢y,c; on the motion of 2.77 + 0.08 um colloids with 4.4 + 0.2 nm Pt. All reported values are medians, and
error bars denote first quartiles. (b) Diffusion coefficient (orange diamonds) and separation (purple hexagons) in the Brownian state in
water with cy,cr- Lines show theoretical predictions based on balancing electrostatics and gravity. (c) Diffusion coefficient (circles) and
separation (squares) in the active state in aqueous 10% H,0, with cy,c;. Dotted lines indicate mean values. (d) Speed decrease in 10%
H,0, with cyycr- The solid line is a least-squares fit with V.= A + [B/(C + cnac1)], where A is 0.35 + 0.09 pm/s, the remaining speed
in high salt, B is a prefactor, and C is 0.09 £ 0.07 mM, the ion concentration already present in solution, following from ionic diffusio-

osmosis along the wall.

can be applied to most synthetic microswimmers and may
be extended to a range of swimming microorganisms,
moving parallel to walls. We applied it here to catalytically
propelled model microswimmers. Besides the fuel concen-
tration, we systematically varied additional parameters
known to affect self-propulsion, as well as particle-wall
separations in passive systems: the salt concentration in
solution, swimmer size, and swimmer zeta potential. We
were thereby able to gain unprecedented insights into their
effect and the presence of a wall on the swimming behavior.

We obtained swimmer-wall separations from experimen-
tal measurements of the separation-dependent translational
diffusion coefficient D of the swimmers. D as well as
propulsion speeds V were extracted from mean squared
displacements (MSDs) following Refs. [40,41]. That is, we
fitted the short-time regime (At < 7y) of the MSDs with
Ar? = 4DAt + V?Ar? [40]; g is the rotational diffusion
time, 7z = 1/Dgpux> With Dy = kgT/87anR> the bulk
rotational diffusion coefficient, R the radius, # the viscosity,
kg the Boltzmann constant, and T the absolute temperature.
The first term corresponds to the passive diffusion con-
tribution that is usually obscured by the activity-induced,
short-time ballistic behavior [41] but may be obtained with
sufficient statistics. Reliable measurements require frame-
rate adjustment, such that the regime where both diffusion
and activity contribute to the MSD can be resolved. See
Supplemental Material [42], which additionally includes
Refs. [43—47], for details on tracking and MSD calculation
[48], as well as a discussion on the consistent short-time
(At < 1) expansion of the MSD [40,41,49]. To calculate
the separation n between the particle and wall [see also
Fig. 1(a)], we first consider the ratio d = D/Dyyy, with
Dy = kgT/67nR the bulk diffusion constant. For
d Z 0.6, the well-known prediction by Faxén [50-53]:
d(h) =1~ (9/16)y + (1/8)r° — (45/256)r* — (1/16)y°,

withy = R/(h + R), can be used to extract 4. Ford < 0.4, a
lubrication theory result, d(h) = —1/[(8/15)log (h/R)—
0.9588], is more appropriate [54,55]. In the intermediate
(0.4 < d £0.6) regime, applicable to most of our experi-
ments, we interpolate the combined numerical data by
O’Neill [55] and Kezirian [56]; see Supplemental
Material, Sec. II A [42]. The d(h) relation that follows is
provided as a supplement to this publication. Here, we fitted
for i using the interpolated expression.

In all experiments, we used 3-(trimethoxysilyl)propyl
methacrylate (TPM) monodisperse colloids [57] half-coated
with a thin Pt layer (= 4.5 £0.2 nm) at a dilute concen-
tration (~10~7 vol/vol). In water, colloids exhibited passive
Brownian motion, while dispersion in 10% H,0O, rendered
them active through a catalytic process. Colloids quickly
reached the lower glass wall and continued to move adjacent
to it, while their motion was recorded with an inverted
Nikon Eclipse Ti microscope through a 60x oil objective
(NA = 1.4). Swimming experiments were recorded for
30 s at 19 frames per second; see Supplemental Material,
Sec. IC [42].

To demonstrate the effectiveness of our method, we first
carried out control experiments in deionized water and in
water at pH 3.3, equivalent to the pH in the swimming
experiments, at 5 frames per second. In these cases, D was
acquired from fitting MSDs with Ar? = 4DAt. Figure 1(b)
shows that the extracted separation corresponds well to a
theoretical prediction based on a balance of electrostatic
repulsion and gravity [58,59]; see Supplemental Material,
Sec. II B [42]. That is, we recovered the expected decrease
in separation with increasing salt concentration: Salt
increases the solution’s ionic strength, thereby effectively
screening the charge on the particle and wall. This reduces
the Debye length, i.e., the distance over which surface
charges act, bringing the colloids closer to the wall.
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FIG. 2. Swimmer base zeta potential and size dependence of propulsion above a planar wall. All reported values are medians, error
bars denote first quartiles, and dotted lines represent mean values. All experiments were performed in aqueous 10% H,O,. (a),(b) The
base zeta potential {;, of TPM colloids with diameters between 2.70 £ 0.06 and 2.77 £ 0.08 ym and Pt coating thicknesses ~4.4 =
0.2 nm was varied through surface functionalization. (a) Diffusion coefficient (circles) and separation (squares) with ;. (b) Speed for
the same {;, range as in (a). The inset shows speed with separation (purple circles), with the white circle marking the intersection of mean
values and the rectangle around it denoting standard deviations. (c),(d) Variation of the radius R of active TPM spheres with similar {,,
and Pt (coating thickness ~4.5 £ 0.2 nm) affects (c) the diffusion coefficient and (d) swimmer-wall separation. The inset in (c) shows
swim speed with R. Solid lines in (c) are fits with a/R” with a = 0.120 £ 0.004 um?/s and b = 1.3 & 0.2 (main) and the expected a/R
[29] with @ = 2.2 + 0.4 um?/s (inset). The dotted line in (d) shows mean separation (0.32 & 0.08 xm).

To verify our method further, we compared separations
resulting from our diffusion coefficient-based method to
those directly measured with digital in-line holographic
microscopy, for uncoated silica spheres with well-known
size and refractive index [60]. We found good agreement
between the two methods, which confirmed that we indeed
recovered colloid-wall separations, using a computed rather
than a measured value of Dy.

Having established the validity of our method, we
employed it to our catalytic microswimmers. First, we studied
the effect of salt concentration in solution. For these experi-
ments, we used TPM spheres of 2.77 £ 0.08 ym diameter
half-coated with 4.4 + 0.2 nm Pt. Surprisingly, in active
systems we found a behavior completely unlike that of
passive systems in Fig. 1(b). For the same particles and salt
concentration range, D and / remain constant within meas-
urement precision; see Fig. 1(c). Particles propel themselves
parallel to the wall at constant separations of 0.25 4= 0.06 ym.

At the same time, we found a decrease in speed with
increasing salt concentration [see Fig. 1(d)], where the
line represents the least-squares fit with V =A +
[B/(C + cnac1)]- This expression follows from a salt-
gradient-based contribution to the observed speed [34],
with A the remaining speed in the limit of high salt, B a
prefactor, and C the ion concentration already present in the
medium. From the fit, we find the reasonable numbers
0.35+0.09 yum/s and 0.09 +0.07 mM, for A and C,
respectively. The fitted C value agrees reasonably well with
the background ion concentration (0.008 mM) we obtained
from electrical conductivity measurements [61] for 10%
H,0, (2.7 uS/cm, llium technology, model 2100 conduc-
tivity meter) assuming hydrogen ions as the dominant ion
species. We return to this salt gradient in the discussion.

Second, we explored the effect of colloid zeta potential £,
the electric potential at the colloid’s surface. We used
270 £0.06 and 2.77 £0.08 yum diameter colloids with

different surface functionalizations [62] and, thus, different
. The reported ¢ correspond to those of the parent colloids
(see Supplemental Material, Secs. IA and 1B [42], for
characterization) before adding the Pt coating. We therefore
use the adjective “base” and a subscript “b,” i.e., {}, to
indicate that we know only the zeta potential of the uncoated
colloid and not that of the swimmer. We note that passive
colloids with {;, > —12 mV were typically stuck on the
negatively charged wall; see also Supplemental Material,
Sec. ID [42].

However, for the active system, we found that wall
separation remained unaffected for the entire (wide)
range of {;, under study; see Fig. 2(a). In all cases, particles
moved at 0.24 4 0.04 ym from the wall, which matches the
separations measured for different salt concentrations.
Unexpectedly, as we will return to, the colloids self-propelled
not only at a constant 2 when varying {;,, but also at
quantitatively comparable speeds V; see Fig. 2(b). We can
indeed collapse the data by plotting V as a function of / [see
the inset in Fig. 2(b)], further demonstrating that ¢, does not
affect the swimming behavior. We note that the direction of
motion was away from the Pt cap for both positive and
negative (.

Third, we focused on swimmer size, another parameter
known to affect swim speeds [29]. We performed experiments
using TPM spheres with a wide range of radii but with similar
Pt coating thicknesses and {,; see Supplemental Material,
Sec. I A, for characterization [42]. We found that diffusion
coefficient decreases with swimmer size; see Fig. 2(c),
where the solid line represents the least-squares fit with D =
a/R* (a=0.120+£0.004 ym*/s and b =1.3+0.2).
The inset shows the measured swim speeds together
with a fit of the expected scaling V = a/R [29] (a = 2.2+
0.4 um?/s). Strikingly, swimmer-wall separation remained
relatively constant with R; see Fig. 2(d)—the dashed line
shows the mean separation of 0.32 + 0.08 um.
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FIG. 3. Activity-induced ypsotaxis. (a) Diffusion coefficient D with increasing H,O, (fuel) concentration. (b) Equivalent swimmer-
wall separation & for the same fuel concentration range. (¢) Swim speed V for the same fuel concentration range as in (a),(b). All
experiments were performed using 2.23 + 0.11 ym diameter TPM spheres with 4.5 + 0.2 nm Pt. All reported values are medians and

error bars denote first quartiles.

The above experiments reveal that our swimmers exhibit
“ypsotaxis”: a tendency to assume a specific height (in
Greek: ypsos) for a wide range of parameters. Remarkably,
the height appears independent of salt concentration, ¢,
and even size, running not only counter to our intuition for
passive systems but also to features of common self-
propulsion mechanisms. For our Pt-coated swimmers, this
robust separation distance was found to be 0.27 = 0.11 ym
on average, in line with the observation that micron-sized
catalytic swimmers do not self-propel over steps of a few
hundred nanometers [13]. Such a height is further con-
sistent with wall-dependent speeds [15-18], for which wall
separation must not substantially exceed the swimmer size
to ensure strong osmotic coupling [12,20,26]. The wide
range of swimmer sizes employed here showed that buoy-
ancy is not the prime contributor to ypsotaxis. This is
further underpinned by our observation of swimmers
moving along the top wall, upon inversion of the sample
holders, for a period of time. We hypothesize that ypsotaxis
is instead primarily caused by phoretic and osmotic flows;
i.e., it is activity driven.

To test for this, we performed experiments using 2.23 +
0.11 ym diameter TPM spheres with 4.5 + 0.2 nm Pt for
various H,O, concentrations and, hence, degrees of activity.
Indeed, we found that the diffusion coefficient and, thus,
swimmer-wall separation not only decrease rapidly with
increasing fuel concentration from the Brownian state (0%
H,0,) [see Figs. 3(a) and 3(b), respectively], but also plateau
beyond 0.25% H,0O,. Similarly, the speed also increases
sharply and then plateaus above 0.25% H,0O,; see Fig. 3(c).
These observations imply that the constant separation dis-
tance is induced by the activity, thereby confirming our
hypothesis on the origin of ypsotaxis. We argue that said
origin also causes the active alignment of catalytic swimmers
with respect to the wall [12,13,42,63]; see the discussion in
Supplemental Material, Sec. II D [42].

Our results provide new insights into the debated nature
of the propulsion mechanisms [64]. Current thinking favors
self-electrophoresis [34,65], i.e., motion generated via self-
generated ionic currents, as simple salts are known to

greatly decrease propulsion speeds. The lack of speed
variation with ¢, however, is not commensurate with this
or other ion-based propulsion mechanisms, typically scal-
ing with ¢ or ¢?; see [66]. A possible explanation is that a
different ¢ at the Pt cap dominates the swimmer’s behavior.

However, speed variation with salt—typically indicative
of a change in activity—is not readily reconciled with a
constant 4 which is also activity driven, even if the cap’s ¢
dominates. Drawing upon our previous work [17], we
provide an alternative wall-centric explanation: Suppose
that the swimmer’s bulk speed is unaffected by adding salt.
The swimmer’s effective near-wall speed may still vary,
provided salt impacts the osmotic counterflow induced by
the swimmer-generated chemical species interacting with
the wall [17]. Our fit in Fig. 1(d) reveals that the osmotic
contribution to the speed bears the hallmarks of ionic
diffusion [67]. This requires a net-neutral gradient of ions
with different electric mobilities to be involved, often
referred to as a salt gradient. This salt gradient might
originate from the chemical dissociation reactions in the
long-range H,0O, gradient with the wall [66], stemming
from fuel consumption at the Pt cap. This model would
have the right features to show an ionic diffusio-osmosis
along the wall; see Supplemental Material, Sec. 11 C [42].

In summary, we established a novel method for meas-
uring microswimmer-wall separations utilizing the height
dependence of the diffusive component of their mean-
squared displacement. We found that catalytic model
microswimmers propel at roughly fixed heights of a few
hundred nanometers from planar walls. Our work further
showed that nearby walls could be dominant factors in
controlling swim speeds; i.e., ion-induced flow may play a
role only at the wall and not at the swimmer surface. This
would necessitate a paradigm shift in modeling experi-
mental observations and in identifying the still missing
details of their propulsion mechanism. Our method can be
readily applied to other types of spherical microswimmers
moving parallel to walls and may be extended to different
swimmer shapes as well. We are confident that further
application of our method will provide novel insights on the
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impact of confining surfaces in the microswimmer world
and, in turn, facilitate predicting swimming behaviors in
complex environments.
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