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ARTICLE INFO ABSTRACT

Hypothesis: Self-driven actions, like motion, are fundamental characteristics of life. Today, intense research

Keywords: focuses on the kinetics of droplet motion. Quantifying macroscopic motion and exploring the underlying
Resonant waveguide grating imager mechanisms are crucial in self-structuring and self-healing materials, advancements in soft robotics, innovations
OWLS optical biosensor in self-cleaning environmental processes, and progress within the pharmaceutical industry. Usually, the driving
Droplet motion forces inducing macroscopic motion act at the molecular scale, making their real-time and high-resolution

Self-propelled motion

Self-assembly

Oil/water interfaces

Marangoni effect

Characterization of surface properties

investigation challenging. Label-free surface sensitive measurements with high lateral resolution could in situ
measure both molecular-scale interactions and microscopic motion.

Experiments: We employ surface-sensitive label-free sensors to investigate the kinetic changes in a self-
assembled monolayer of the trimethyl(octadecyl)azanium chloride surfactant on a substrate surface during the
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self-propelled motion of nitrobenzene droplets. The adsorption-desorption of the surfactant at various concen-
trations, its removal due to the moving organic droplet, and rebuilding mechanisms at droplet-visited areas are

all investigated with excellent time, spatial, and surface mass density resolution.

Findings: We discovered concentration dependent velocity fluctuations, estimated the adsorbed amount of
surfactant molecules, and revealed multilayer coverage at high concentrations. The desorption rate of surfactant
(18.4 s71) during the microscopic motion of oil droplets was determined by in situ differentiating between droplet
visited and non-visited areas.

1. Introduction

Motion is one of the essential behaviors of living organisms. In the
past several decades, considerable efforts have been devoted to
designing and investigating self-propelled motion in inanimate systems
to mimic the motion of organisms [1-3]. In these systems, the moving
entities are vesicles [4], solid particles [5], and droplets of various sizes
propelled at the liquid-air and liquid-solid interfaces [6-8], and in the
bulk liquid phase [9-11]. The related mechanism of the motion can be
diversified. In several cases, the motion is generated by a nonuniform
distribution of surfactant around the object, which is translated into the
net force acting on the droplet [12-19]. In other cases, this phenomenon
can generate fluid flow inside the droplets/vesicles, contributing to the
development of Marangoni flow inside them, which governs the motion
[20-25].

The motion of the droplet determines the formation of a mono-
molecular layer due to the suspension gradient. No layer will form if this
movement is too slow or fast. Such molecular-scale processes are also
crucial for the development of self-structuring [26,27] and self-healing
materials [28], as well as for the pharmaceutical industry [29-31]
development or printing industry [32,33]. Macroscopic and nanoscale
movements also influence biological processes, where a conformational
change can be induced, governing subsequent motion [34]. These phe-
nomena are based on the fundamental principle of molecular-scale self-
assembly, where higher-order processes trigger self-assembling move-
ments. This occurs on solid-liquid film interfaces or other surfaces. At
the end of the process, the self-propelled droplet can remove contami-
nant molecules via adsorption, thus contributing to self-cleaning or
bioremediation technologies [31,35-39]. One of the categories of these
motions occurs at either the liquid-solid or gas-solid interface
[13,15,40-44]. In all cases, the motion of the liquid droplets at the solid
substrate results from the imbalance in the forces due to the surface
tension acting on the liquid-solid contact line. Until now, the in-
vestigations of active droplet motion on a solid interface have pre-
dominantly focused on the dynamic aspects of the cause of the motion.
They are, namely, the characterization and description of the forces
generated and, based on this knowledge, how the motion can be
controlled and directed. However, no attention has been devoted to
investigating the (spatio)temporal change in the characteristics of the
solid surface and the self-assembled films, which is a crucial factor in
designing and engineering new self-propelled systems. This is predom-
inantly, due to the lack of appropriate techniques capable of monitoring
changes in nanometer-scale thin layers, and the macroscopic motion of
the droplet simultaneously. Therefore, the dynamic changes in the self-
assembled films were simply overlooked.

This study investigates a system in which the surfactants dissolved in
the water are adsorbed to the solid surface, and then an organic droplet
is placed on the surface. The interfacial tension around the droplet is
homogeneous at the beginning of the experiments. Then, surfactant
molecules on the solid surface are desorbed and dissolved in the organic
droplet. Due to the small perturbation, the contact angle and the cor-
responding surface tension vary around the droplet, creating a net force
generating the motion of the droplet [13]. To understand more deeply
the underlying mechanism and dynamics of the motion, an important
aspect is to gain information about the timescale of the formation of self-
assembled monolayer of surfactants in the solid-liquid interface,
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quantify the desorbed amount of the surfactant molecules caused by the
droplet and reveal the kinetics of the rebuilding of the monolayer. To
achieve them, we used surface-sensitive label-free optical methods,
namely the resonant waveguide grating (RWG) with improved lateral
resolution [45] and optical waveguide lightmode spectroscopy (OWLS)
[46,47], and quartz crystal microbalance (QCM) [48-50], both equip-
ped with a flow-through liquid cell.

Evanescent field-based surface-sensitive label-free optical tech-
niques, such as surface plasmon resonance (SPR) [51-53], OWLS, and
RWG, have emerged as powerful tools for characterizing the self-
assembly of (bio)molecular layers on solid surfaces with sub-
nanometer resolution in the thickness of the assembled films. These
techniques allow for real-time monitoring of molecular adsorption,
desorption, and self-organization on solid surfaces, with high sensitivity
and specificity. The operating principle of the above-mentioned label-
free optical techniques is based on measuring changes in the refractive
index (RI) in the close vicinity of the sensor surface. These sensing
methods apply evanescent electromagnetic fields generated by coupling
a free space propagating laser light into a bound optical mode of the
transducer. This is typically achieved using a high refractive index prism
or coupling gratings [50]. The evanescent field component of the excited
bound optical mode is localized at the sensor surface and diminishes
with an exponentially decaying intensity in the bulk liquid media
introduced above the sensor. These methods offer a significant advan-
tage by providing high sensitivity by examining a relatively large surface
area close to the sensor surface, typically within a thickness range of
0-200 nm. In general, the detected response signal is directly propor-
tional to the overall shift in the effective RI of the employed surface-
bound optical mode. The effective refractive index shift depends on
the change in the local refractive index within the evanescent field [50].

SPR is based on the excitation of surface plasmons at a metal-
dielectric interface, and the change in the monitored RI is usually
detected as a shift in the resonance angle needed to excite the surface
plasmon mode by a light beam introduced to the interface through a
prism. Conventional SPR sensors are limited in performing structural
analysis of the surface deposited layers because they can only employ a
single optical mode with transverse magnetic (TM) polarization. As a
result, by measuring a single quantity only, namely the change in the
effective refractive index of this mode, it is not possible to determine the
two independent refractive index (na) and thickness (da) parameters of
the surface adsorbed molecular films. Instead, the SPR signal is cali-
brated using an approximate relationship (typically one resonant unit
(RU) ~ 1 ng cm™?) to determine the surface mass density (M) of the
investigated analyte [50].

OWLS and RWG are based on the excitation of surface-bound optical
modes (guided or waveguide modes) in a high refractive index thin-film
planar optical waveguide. The change in the effective refractive index is
usually monitored by following the shifts in the resonant angle needed
for waveguide mode coupling or the shifts in the reflected light intensity
or wavelength at maximal mode excitation. The sensitivity and high-
throughput capability (96 or 384 well microplate-based formats) of
RWG sensors allow for the examination of a wide range of biological,
chemical, and biophysical processes, and phenomena in a completely
label-free manner, providing valuable insights into various systems and
their kinetic processes [45,54-57]. Similar to SPR, it can employ only
one type of polarized mode, the Oth-order optical waveguide mode with
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TM polarization. In contrast, the OWLS sensor can quantify the layer
build-up and structure of the adsorbed molecular layers with greater
detail but uses a single sensor only. OWLS was demonstrated to follow
the self-assembly of organic molecules or the formation of poly-
electrolyte catalyst layers [58-60]. Of note, self-assembled layers were
investigated by SPR, too [61-63]. In contrast to SPR, the OWLS device
employs two surface modes with orthogonal polarizations, namely the
Oth-order waveguide mode with transverse electric (TE) and TM po-
larization. By detecting these two independent modes, the optogeo-
metrical parameters of the surface adsorbed layers and their structure
can be characterized, and both the thickness and refractive index of the
adsorbed layers (na, dpa) can be determined together with the M of the
assembled films [50]. The OWLS sensor is also well-suited for the
detailed analysis of molecular scale ordering [64], such as revealing the
surface orientation of bioreceptors in label-free bioassays [50,65-67].

Until now, the RWG biosensors have found their primary application
in cellular assays, monitoring the real-time process of cellular adhesion
and the role of the glycocalyx in adhesion [47]. RWG can also be used to
study the behavior of living cells under flow conditions in real-time [55].
Significantly, the application of RWG biosensors extends beyond
studying cell populations; they can also be utilized for investigating
individual cells due to the high spatial resolution available in state-of-
the-art systems. Notably, Ferrie et al. have developed an RWG sensor
(high-frequency RWG imager) capable of performing wavelength shift
and intensity modulation-based measurements to monitor detailed
beating patterns of cardiomyocyte cells [68]. Due to its high resolution
(RWG biosensors a spatial resolution of 25 ym and a sampling time of 3
s), RWG sensors can analyze the adhesion kinetics of cancer cells [69]
and cancer cell invasion into a 3D Matrigel film [70]. In another work,
the RWG biosensor with single-cell resolution was combined with ro-
botic fluidic force microscopy (Robotic FluidFM), achieving an un-
precedented throughput in the single-cell adhesion force measurements
of large cell populations. When the surface adsorption of biomolecules is
investigated, RWG can monitor the surface adsorbed mass density in
real-time after a simple calibration procedure [47].

In the present work, we applied these powerful optical waveguide
methods in a completely different scientific field for the in-situ moni-
toring of the motion of organic droplets and the underlying driving
processes with molecular-scale resolution. We utilized the RWG, QCM,
and OWLS sensors with flow through cuvette arrangements to investi-
gate the kinetics of self-assembled monolayer formation of the trimethyl
(octadecyl)azanium chloride, also called as stearyltrimethylammonium
chloride (STAC) surfactant, playing a vital role during the self-propelled
motion of organic droplets. The adsorption-desorption of the STAC
surfactant on the sensor surfaces and the orientation of the adsorbed
molecules were all monitored. Uniquely, both the droplet motion and
the kinetic changes in the STAC layer were investigated in situ using a
high spatial resolution RWG device. The regeneration kinetics of the
self-assembled monolayer at surface areas visited by the moving droplet
were also revealed and studied for the first time. By combining the ca-
pabilities of QCM, RWG, and OWLS, we achieve a more comprehensive
understanding of the droplet-surfactant interaction, including the ki-
netic mechanisms of self-propelled droplet motion at the molecular scale
and the characterization of the surface mass density and structure of the
surfactant films.

2. Materials and methods

2.1. OWLS instrument and related protocols for monitoring the surface
assembly of STAC layers from bulk solutions

An OWLS210 instrument (MicroVacuum Ltd., Budapest, Hungary)
was used to in situ monitor the adsorption and desorption processes of
the surfactant STAC molecules on the sensor surface. OWLS is a surface-
sensitive technique utilizing a planar optical waveguide chip with a
single coupling grating. The base of the waveguide chip is an 8 mm x 16
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mm glass substrate. Using the sol-gel technique, a TiO,-SiO, waveguide
layer was created on this glass substrate (OW2400 sensor chip, Micro-
Vacuum Ltd.). In the center of the chip, a shallow 1 mm wide optical
grating was formed within the waveguide layer. The grating on the
optical chip was illuminated by a He-Ne laser beam with a wavelength of
632.8 nm. This laser beam coupled through the grating generates an
evanescent electromagnetic field that can probe changes in the refrac-
tive index near the optical waveguide surface (within a penetration
depth of approximately 100-200 nm) [46]. The applied sensor chips
support the Oth-order TE and TM waveguide modes. Photodiode de-
tectors were positioned at both ends of the sensor chip. These detectors
measured the intensity of light coupled into the waveguide while
adjusting the angle of incidence of the illuminating laser beam. The
grating equation was employed to calculate the effective refractive
index value based on the measured coupling resonant angle [71]. By
applying the mode equations, the refractive index and thickness of the
adsorbed layer can be determined from the measured values, enabling
the calculation of the adsorbed surface mass density using de Feijter’s
formula [71,72]. The sampling time for the measurements was set to 13
s. During the measurement process, the solution is directly applied to the
surface of the waveguide sensor. The liquid cuvette and the injected
solution entered through an injection port on top of the cuvette. A
peristaltic pump was used to maintain a liquid flow rate of 1 pl/s into the
cuvette [72].

The OWLS sensor chip was thoroughly cleaned before each mea-
surement. Chips were soaked in dihydroxy(dioxo)chromium for 3 s and
then rinsed with Milli-Q water (MQ, ultra-pure water). Subsequently,
they were immersed in a 0.5 M potassium hydroxide (KOH) solution and
rinsed with MQ water. The chip was sonicated in MQ water eight times
for 5 min, after each cycle, the water was changed to a fresh one. For the
drying process, nitrogen gas was utilized. Dried chips were left in MQ
water overnight (for faster OWLS baseline saturation) until the mea-
surements were done on the next day. During the OWLS measurement,
the baseline was recorded in MQ water for approximately 10 min.
Subsequently, a 0.01 mM STAC (Sigma-Aldrich Chemie GmbH, Darm-
stadt, Germany, catalog number: 53112-10G) solution was pumped into
the OWLS cuvette and allowed to interact with the surface for 40 min.
The reversibly adsorbed STAC was washed off with water. After, 0.1 mM
STAC solution was pumped onto the surface for 40 min. In the next step,
the excess STAC was again washed off with water for 40 min. Finally, the
1 mM STAC solution was pumped into the cuvette and then washed off
with water.

2.2. QCM instrument and related protocols for monitoring the surface
assembly of STAC layers from bulk solutions

Besides the OWLS, a QCM instrument, the so-called QCM-I (QCM
with impedance measurement by MicroVacuum Ltd. (Budapest,
Hungary)), was used to independently measure the formation of the
STAC layers using the concentrations and times mentioned above. QCM
sensors with a thin coating of waveguide film were employed (QCM
TiAuTiSi chips, resonant frequency 5 MHz). Variations in surface
adsorbed mass, such as adsorption or desorption of molecules on the
crystal surface, result in measurable changes in the frequency and
dissipation of the oscillation. An impedance (or admittance) spectrum is
obtained to measure the resonance frequency and dissipation outputs
[50].

First, we rinsed the chips with MQ water, then propanol, then MQ
water, propanol, and finally MQ water again. Next, we soaked the chips
in Roche Cobas Cleaner solution (Roche) for 5 min. After, we soaked
them in a 2 % (v/v) Hellmanex III solution for another 5 min. Then
thoroughly washed the chips with MQ water, and dried with N flow.
Finally, we place the QCM sensors on a metal tray and put the tray into
an ozone cleaner (Microvacuum Ltd.) for 15 min. During the QCM
measurement, we used exactly the same protocol as in the OWLS mea-
surements. QCM data were analyzed by the NBS-QCManalysis software
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Fig. 1. A Schematic illustration of the working principle of RWG biosensor. Each waveguide sensor on the RWG plate is illuminated by a broadband light and as soon
as a droplet adsorbs on the surface, the reflected wavelength is changed. This change in the detected wavelength leads to sensor signal shifts. B The images of two
versions of RWG biosensors are illustrated. 96-well plate format detected the monolayer formation of the surfactant. A cuvette was attached to the conventional Epic
plate with a septum, through which we pumped the samples. Excess material is discharged through the outlet. The oil droplet motion experiment occurred in the
custom-made polytetrafluoroethylene (PTFE) well on an RWG biosensor. RWG biosensors can detect individual kinetic curves by the separated pixels of the sensor
surface. The motion of the oil droplet induced the wavelength shift change on the biosensor.

using the Kelvin-Voigt model [50].

2.3. RWG sensors and related protocols for monitoring surfactant self-
assemblyand organic droplet motion

The RWG-based Epic (Corning Inc., Corning, NY, USA) devices
usually operate with 96- or 384-well Society for Biomolecular Screening
(SBS) standard format biosensor microplates. RWG sensor units are
made from the glass bottoms and Nb,Os waveguide film deposited on a
thicker glass substrate with etched coupling gratings of the cell assay
microplates. The bottom of the waveguide was illuminated with
825-840 nm wavelength light, and the resonance wavelength was
coupled into the Nby,Os waveguide layer at sensor areas through the
coupling gratings incorporated between the glass substrate and the
waveguiding film. Only the specific resonant wavelength could
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propagate through a series of total internal reflections in the waveguide
and form an evanescent field above the sensor (see Fig. 1A). This field
was determined as the exponentially decaying electromagnetic field
generated when the light was reflected from the waveguide-aqueous
cover boundary and has a penetration depth of 150 nm. The sensor
detected the change in RI of the close vicinity of the surface of the
waveguide. After a short propagation distance inside the waveguide, the
incoupled resonance wavelength was outcoupled by the same grating
and illuminated a CCD camera. The resonance wavelength depends on
the refractive index of the layer above the sensor. Since the CCD camera
can detect the image of the outcoupled signal, the image of the refractive
index distribution near the sensor surface can be obtained. The device
monitors the changes in resonant wavelength (A1) with a time resolu-
tion of 3 s.

Two versions of the RWG biosensor were applied in our
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molecule. The dashed lines are the estimated monolayer coverage based on refs. [74,75] The top drawing indicates the structure of the adsorbed STAC layers at

various bulk concentrations.

measurements (Fig. 1B). The surfactant adsorption and monolayer for-
mation were studied with an Epic BT biosensor using a 96-well plate. A
flow-through liquid cell fitting into the wells was designed, through
which we passed our samples through a septum at a flow rate of 1 ul s~ *.
In contrast, the droplet motion was measured with the Epic Cardio RWG
sensor. The Epic Cardio biosensor has a spatial resolution of 25 pm,
while the Epic BT has 90 um. As a result, the Epic Cardio biosensor can
detect the surface adhesions of single living cells [45,47,69,73], and it is
an excellent candidate for monitoring the molecular-scale surface effects
during droplet motion. Of note, the RWG-based Cardio biosensor oper-
ates similarly to the Epic BT biosensor, but can only simultaneously
monitor 12 sensors of a 384-well biosensor microplate. Only the sensor
glass bottoms (inserts) and the biosensor microplates without the plastic
wells were used here. It is important to emphasize that the EPIC Cardio
sensor records 12 x 80 x 80 kinetic curves simultaneously due to large
lateral resolution of each of the 12 RWG sensor units (each having 80 x
80 measured pixels in the 2 x 2 mm? area).

A STAC (Sigma-Aldrich) water solution with various concentrations
(1 mM, 0.1 mM, and 0.01 mM) was used in the Epic biosensor and Petri
dish experiments. Since the STAC is a quaternary ammonium salt, the
headgroup has a positive charge irrespective of the pH. In the Epic
biosensor, 1 mM water solution of STAC (Sigma-Aldrich) was used. The
organic solution containing 5 mM iodine (Iz) (Sigma-Aldrich) solution of
nitrobenzene (Thermo Fisher Scientific) saturated with potassium iodide
(KI) (VWR International) was used for droplet motion measurement. At
room temperature (23+0.5 °C), a nitrobenzene droplet was placed in an
aqueous phase into the RWG biosensor plate and the surface of the Petri
dish.

3. Results and discussion

3.1. Characterization of STAC adsorption at different concentrations
using OWLS and QCM

The adsorption properties of STAC molecules on the substrate were
studied using OWLS and QCM sensors at 0.01, 0.1, and 1 mM
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concentrations. The motivation for the applications of these concen-
trations was that only a high concentration of STAC (1 mM) was used in
the droplet motion experiments reported in the literature
[6,7,16-25,8-15], and prior works supposed a compact self-assembled
monolayer at this concentration. Of note, the employed techniques
could not characterize the molecular layer buildup, only the droplet
motion, and the examination of lower concentrations is completely
missing in the literature. The main results of our OWLS and QCM ex-
periments are shown in Fig. 2. Based on the surface density of the STAC
(4.9 molecules nm’z), we estimated the amount of STAC for a compact
monolayer (282 ng cm™2) [74,75]. We found that at low STAC con-
centration (0.01 mM), there is no compact monolayer formation (OWLS
and QCM measurements provided the surface coverage of 30 and 80 ng
cm ™2, respectively). Increasing the surfactant concentration, the
adsorbed amount increases with a saturation trend. At a moderate STAC
concentration (0.1 mM), the absorbed amount (OWLS: 300 ng em 2 and
QCM: 250 ng cm™2) indicates nearly complete monolayer formation.
However, at a high STAC concentration (1 mM) used in other studies in
the past, the adsorbed amount (OWLS: 525 ng cm™2 and QCM: 380 ng
em™2) is significantly greater than the amount estimated from the sur-
face density of STAC (see dashed line in Fig. 2). This indicates the for-
mation of a partial bilayer (multilayer) on the surface of the substrate.
This hypothesis is reasonable since the apolar carbon chain can interact
via van der Waals interaction.

It is important to emphasize that for highly ordered adsorbed layers,
the OWLS technique can indicate layer anisotropy (birefringence), as
predicted by theoretical calculations and demonstrated to various self-
assembled structures [48-50,67,75]. In short, by applying the homo-
geneous and isotropic layer model for the measured OWLS data, one can
calculate the quasi-isotropic thickness and refractive index of the
adsorbed films. These values are under or overestimated, depending on
the sign of the anisotropy. For the STAC layers, a heavily overestimated
(around 1.9-2) layer refractive index was obtained (see SI Fig. S1)
indicating negative birefringence (the layer refractive index is larger
parallel with than perpendicular to the surface, ordinary Rl is larger than
extraordinary). However, the OWLS can predict the true layer thickness
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Fig. 3. Mode-switching in the motion of an organic droplet (30 pL) containing 5 mM iodine solution of nitrobenzene saturated with potassium iodide by varying the
concentration of STAC in the water phase, A, B 1 mM, C, D 0.1 mM, and E, F 0.01 mM.

by taking a reasonable averaged RI for the films, even for anisotropic
films. These values are shown in the SI file, and a reasonable agreement
between QCM and OWLS data was found. (see SI Figs. S1 and S2) Of
note, the larger OWLS mass per unit area at high concentrations might
also be in connection with the optical anisotropy. Theoretical calcula-
tions predict that for negatively birefringent films, the OWLS over-
estimates the surface adsorbed mass density [76].

3.2. Mode-switching of the droplet motion

After investigating the STAC layer buildup and before investigating
the STAC removal and motion of the organic droplet on the RWG sensor
surface, we conducted droplet motion experiments in a glass bottom
Petri dish using the above three STAC concentrations (1 mM, 0.1 mM,
and 0.01 mM). We used borosilicate Petri dishes with a diameter of 52
mm without any surface cleaning or treatment. In a typical experiment,
the water solution of STAC was transferred to the Petri dish, creating a
0.5 cm liquid layer. After 20 min, 30 pL of nitrobenzene droplet was
placed on the glass substrate. The droplet motion was recorded using a
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digital camera (Samsung X4).

The motivation for these preliminary experiments was that only a
high concentration of STAC (1 mM) was used in the droplet motion
experiments reported in the literature [6,7,16-25,8-15], no data is
provided at lower concentrations. At the high concentration of STAC (1
mM), the droplet exhibited random motion, having an average speed of
1.97 mm s~ ! with a high standard deviation (0.81 mm s !, Fig. 3A and SI
Video). The droplet motion can be explained by the difference in the
contact angle of the oil droplet [13]. The contact angle at the front be-
comes lower than that of the rear, which originates from the difference
in the surface concentration of STAC. The adsorbed STAC is easily
removed from the solid surface to the organic phase containing Is.
Therefore, after passing the oil droplet, the surface concentration of
STAC decreases, which is the origin of the driving force of the droplet
motion. At a moderate STAC concentration (0.1 mM), the motion mode
changed to the directional (straight) one. However, the average speed
(1.76 mm s~ !) and the standard deviation (0.85 mm s !) remained the
same compared to the motion using high STAC concentration (Fig. 3B
and SI Video). We did not observe any motion at the low surfactant
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Fig. 4. 12 RWG sensors on the plate are shown and each sensor provides multiple data points, resulting in a total of 12 x 80 x 80 independent kinetic curves from
the independent pixels located on each of the 12 sensors. A, The surface of the sensor without chemicals showed a green color. B, The color changed to red by the
adsorption of the STAC molecular layer. C, Enters the drop (indicated by a brown circle) on the STAC layer. D, The drop goes through the STAC layer and picks up
materials from the surface. E, The droplet changes direction. F, Smaller droplets separate. G, The droplet returns H, The drop stops, and STAC covers the surface
again. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

concentration (0.01 mM) (Fig. 3C and SI Video).

The mode-switching of the organic droplet motion on the substrate
observed in the experiments can be explained by the following argu-
ments. The fundamental mechanism of droplet motion is the dynamics
of the contact line, which is a triple line among an oil droplet, STAC
aqueous solution, and solid substrate. The contact line of the droplet is
more strongly pulled toward the aqueous phase if the concentration of
absorbed STAC molecules is high. For the low STAC concentration, the
amount of STAC molecules absorbed to the substrate should be smaller,
and thus, the force generated at the droplet surface cannot move the
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droplet. Therefore, the droplet exhibits the rest state. For the moderate
STAC concentration, more STAC molecules are absorbed at the substrate
surface, which leads to a higher driving force. Once the droplet moves
slightly in a direction determined by fluctuation, the front side of the
droplet touches the substrate with higher concentration, and the front is
strongly pulled in the moving direction. Therefore, the droplet exhibits a
straight motion. In the case of higher STAC concentrations, the force that
pulls the droplet surface towards the aqueous phase becomes stronger.
Therefore, the droplet is pulled in several directions, resulting in the
dynamic deformation of the droplet (SI Video). The droplet that
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Fig. 5. Representative kinetic curves of STAC layer formation recorded by RWG Cardio sensor. The average kinetic signal of one sensor was presented, which were
averaged the various sensor part pixel signals A, Monolayer of STAC builds up on the left side of the sensor. The nitrobenzene droplet did not reach this sensor area.
B, Biosensor images demonstrate the droplet motion. The black area shows derived smaller droplets, which the original oil droplet leaves behind. The red surface is
the STAC-covered surface, while the green color represent the area where the STAC was picked up from the surface. The size of the sensor is 2 x 2 mm. C, The
nitrobenzene droplet passed through the STAC-covered monolayer on the right side of the sensor. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

compact monolayer

.

S g movement
_

l“ Nt
\\3/' < ¢
X $ $
1 2 4 5
600
£
2 400
~< = /-———4
<
200 4
0 +A4 re-built monolayer
0 10 20 30 40 50 60 70
Time (min)

Fig. 6. Illustration of the possible adsorption of the STAC molecules on the sensor surface. 1, The STAC molecules adsorption on the sensor surface. 2, The hy-
drophobic carbon chains of STAC are oriented outwards, while the polar head is attached to the sensor surface. 3, The droplet desorbs the STAC molecules from the
surface. 4, After the droplet has picked up the STAC molecules, the STAC molecules in the solution are adsorbed onto the surface. 5, A new saturated monolayer is
formed on the surface. The kinetic signals for each process are shown in the inset.

dynamically changes its shape can change its direction of motion since
the force acting at the local surface of the droplet is not coherent.
Therefore, in such a case, the center of mass of the droplet also shows a
random motion.

3.3. Kinetic analysis of self-catalyzed droplet motion and STAC layer
dynamics by high spatial resolution RWG sensor

Before investigating the droplet motion on the sensor surfaces, we
examined the STAC build-on process on the same surface using the 96
well plate fit flow-through cuvette and direct injection. For the details,
see SI Fig. S3. Of note, at this surface, a close to monolayer coverage was
achieved at the highest concentration. The slightly lower mass (around
190 ng cm™?) compared to the OWLS and QCM measurements, we
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attribute to the different behavior of self-assembly on the SiO,-TiO3 and
Nb,Os surfaces.

The self-propelled motion of the nitrobenzene droplet in STAC was
monitored in real time by the RWG-based Cardio biosensor to record the
kinetics of droplet motion. The typical experimental curves for STAC
layer formation and regeneration after droplet motion are shown in
Fig. 4. The baseline was recorded in water. Then, the STAC solution was
pipetted into the well. Once the STAC layer reached saturation, a
nitrobenzene drop was added into the well, exhibiting random motion
on the STAC layer with an average speed of 13.4 mm s~ . The motion
lasted around 1 min, and after that, the droplet stuck to the surface.
Kinetic information on monolayer formation was collected for 20 min.

Fig. 5B indicates the wavelength shift pattern on a biosensor pixel
affected by drop after the nitrobenzene droplet passes through the
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Fig. 7. Estimation of the desorption rate of STAC due to the droplet motion. A, Representative kinetic curves of STAC adsorption and desorption due to the droplet
motion recorded by RWG biosensor. B, Image of the biosensor right after the nitrobenzene droplet passed through the STAC-covered monolayer on the right side of
the sensor. The dashed line shows the passage of the edge of the droplet. C, Photograph of droplet motion. The droplet was fitted with an ellipse illustrated broken
yellow line. D, Desorbed amount of STAC in the function of the distance measured from the passage of the edge of the droplet. E, The jump of wavelength shift (44
min) depends on the time length passing the oil droplet. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 1
Comparison of the advantage and disadvantage of surface-sensitive label-free techniques which can potentially detect changes at droplet interfaces.
Detection technique sampling lateral resolution advantage disadvantage references
time

OWLS 1-10s No lateral resolution real-time detection, submonolayer single sensor [86,90]
sensitivity
detection of anisotropy

Imaging SPR 10s lateral resolution of high lateral resolution fixed metal interface

less than 2 pm [91,92]

SPR few seconds no lateral resolution real-time detection, submonolayer no anisotropy detection [90,93]
sensitivity

QCM 6.2s no lateral resolution real-time detection, submonolayer high sensitivity to vibration, mechanical [82,85,90]
sensitivity, viscoelastic layer properties noises

Ellipsometry 1to100s no lateral resolution sensitivity to thicker layers Mlumination through bulk liquid,may scatter ~ [89]

the light and disturb the signal
Imaging ellipsometry 1s high lateral resolution,  high lateral and temporal resolution Ilumination through bulk liquid, may scatter ~ [85,87]
0.5 um the light and disturb the signal
Total internal refraction 4s no lateral resolution high temporal resolution droplet may scatter the light and disturb the [88,89,94]
ellipsometry signal
resonant waveguide 3s resolution 80 um high temporal resolution low lateral resolution [95]
grating (RWG)
Single-cell RWG 3s high lateral resolution,  high lateral and temporal resolution not available commercially [69,96]

25 ym

domain (upper picture) and at the end of the observation (bottom pic-
ture). Fig. 5A shows the characteristic kinetic curve of the adsorption of
the STAC on the surface of the biosensors. Before adding the droplet, the
STAC monolayer built up and uniformly covered the surface of the
biosensor with the estimated desorption rate coefficient of 1.20 x 10>
s! (Fig. S5). In Fig. 5B, after the addition of the nitrobenzene droplet,
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the droplet started to move, and this motion was fueled by the partial
removal of surfactant molecules from the monolayer driven by the
dissolution of the STAC due to the interaction of the organic droplet with
the amphiphilic molecules of the STAC. In the case of the RWG sensor
measurements, there was no washing step, as the STAC monolayer was
stripped off only by the droplet passing through the sensor. Biosensor
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images present the average wavelength shift in the domains unaffected
by the droplet motion. On the other hand, Fig. 5C shows the kinetic
curve in which a droplet moved through the domain. Once a droplet
passed the domain, the signal dropped by one-third, indicating the
desorption of the STAC molecules due to their dissolution in the nitro-
benzene. This amount corresponds to 72 ng cm ™2 in this representative
experiment. For the conversion of wavelength shift to surface adsorbed
mass, see the SI. Of note, in repeated experiments this removed relative
amount heavily fluctuated, reaching even 80 % in some cases. This is
most probably in connection with the observed velocity fluctuations. We
hypothesize that this amount can be inversely proportional to the speed
of the droplet. We can observe that after the removal of STAC, the
monolayer built up within ~20 min, because the STAC molecules
floating in the liquid supernatant were able to re-adsorb onto the surface
after the droplet had passed. A schematic diagram of the droplet
movement is illustrated based on kinetic signals, as shown in Fig. 6.
STAC molecules can be adsorbed onto the sensor surface by electrostatic
interaction. The hydrophobic carbon chains of STAC align outwardly,
while the polar head attaches to the sensor surface. The droplet causes
the desorption of STAC molecules from the surface. Once the droplet
dissolves the STAC molecules, the STAC molecules from the solution are
readsorbed onto the surface. This results in the formation of a new
saturated monolayer on the surface.

The dissolution of STAC into the oil phase has been shown qualita-
tively by separate experiments of the droplet motion, for example con-
tact angle of water on the glass plate before and after soaking into the oil
phase [13]. Our results enable us to quantitatively estimate the disso-
lution/transfer rate of STAC into the oil phase. Fortunately, the oil
passed through half of the sensor (see Fig. 5). By analyzing the results of
the sensor, the distance dependency from the boundary can be realized.
The decreasing value just after passing through the droplet was
measured around the boundary and plotted against the distance from
the boundary (Fig. 7). It indicates that the values much decreased near
the boundary, and they gradually recovered with time over a few mi-
nutes. The position dependency originates from the time length passing
through the oil droplet. Near the edge of the droplet, the pass length of
the droplet becomes shorter rather than the center. Thus, the time length
of soaking in the oil becomes also short. We estimate the time length
depending on the distance from the boundary by assuming the droplet
shape as an ellipse, and the droplet moved with a constant speed esti-
mated as 13.4 mm s~ ! from a separate Video observation under the same
experimental condition. The shape of the droplet was fitted with an el-
lipse whose long axis was a = 5.2 mm and short was b = 4.1 mm. Thus,
the pass length (I) can be calculated as the function of the distance from
boundary (x) as follows:

B (x—a/2)° _ (x-26)
I(x) = by/1 a2 4.14/1 e

Due to the droplet moving with a constant speed, v, the time period
exposed to the droplet can be estimated by I/v. The slope at the short-
time region was estimated as 1.46 x 107% g s™' cm™2, and the value
approached 7.93 x 1078 g cm™2. Based on the simple model [77], the

former corresponds to <</)(O) —’,i—d> kq and the latter (z/;(O) - i—‘;), where

¢(0) is the initial value, k, is the adsorption rate, and k, is the desorption
rate. Therefore, we can estimate the desorption rate into the oil phase as
18.4 s™1. For the detailed calculations see the SL

In analyzing the experiment results, it is important to consider the
reproducibility of the measurements. Based on the measurements, the
amount of STAC adsorbed on the biosensor surface at higher STAC
concentrations (1 and 0.1 mM) was reproducible with ~10 % error.
However, the amount of desorbed surfactant due to the droplet motion is
influenced by the contact time of the organic droplet with a surface
region. This contact time is affected by the size and speed of the droplet.
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Although the droplet volume was constant in the experiments, the speed
fluctuated widely. The maximum speed change observed was 3.71 mm
s~ over 0.1 s (Fig. 2). Consequently, the amount of STAC removed due
to droplet motion is influenced by the local speed of the droplet at the
given contact region with the surface. If the local speed is high, the
contact time of the droplet with the surface is shorter (thus, the desorbed
amount of STAC is low) and vice versa. Therefore, the reproducibility of
the droplet motion measurements is highly affected by this velocity
(speed) fluctuation of the droplet.

4. Conclusions

Here, we employed optical waveguide sensors to in-situ monitor the
motion of self-propelled organic droplets and the underlying driving
processes with molecular-scale resolution. We utilized RWG, QCM, and
OWLS devices to investigate the kinetics of the self-assembled mono-
layer formation of the STAC surfactant, which plays a key role during the
self-propelled motion. The surface adsorption-desorption of STAC
molecules and the orientation inside the self-assembled films were all
monitored at various STAC concentrations. In contrast to previous
works, we first employed lower bulk STAC concentrations than the
concentration, leading to the formation of compact STAC monolayers,
Moreover, we discovered that at 1 mM concentration, the formed STAC
layer has a multilayer structure on certain surfaces. This effect was
completely overlooked in the literature. Based on these systematic in-
vestigations, we discovered a mode-switching effect in the droplet mo-
tion, strongly depending on the bulk STAC concentration, and analyzed
the speed fluctuations during the droplet motion. Uniquely, both the
droplet motion and the kinetic changes in the STAC layer were inves-
tigated in situ using a high spatial resolution RWG device. The regen-
eration kinetics of the self-assembled monolayer at surface areas visited
by the moving droplet were also revealed and studied for the first time.
By combining the capabilities of RWG, QCM, and OWLS, we could verify
that during the motion of a nitrobenzene droplet on the substrate surface
decorated with a self-assembled monolayer of STAC molecules, there is a
removal of the surfactants driven by the dissolution of STAC molecules
in the organic phase. RWG and OWLS measurements indicated that the
adsorbed amount of the STAC molecules is around the monolayer
coverage at 0.1 mM bulk STAC concentration and slightly exceeds this at
1 mM concentration. Of note, a slightly lower than monolayer coverage
was observed in the RWG experiments at 1 mM concentration, what we
attribute to the different surface properties of the substrates used for
STAC adsorption. From the RWG measurements we concluded that the
droplet removed around one-third of the adsorbed amount with a rate of
18.4 s7!, which fueled the self-propelled motion of the nitrobenzene
droplet. Of note, due to the fluctuation in the velocity, this value is
presumably heavily fluctuating, too. This study can help to design a
similar self-propelled system at a solid-liquid interface by exactly
quantifying the adsorbed and removed amount of the surfactants and
their build-up kinetics.

It is important to emphasize that traditional methods for character-
izing the molecular-scale self-assembly processes do not effectively
capture self-driven droplet motion and the underlying molecular-scale
interactions in a single experiment. Table 1 shows a comparison of
surface-sensitive techniques typically available today, highlighting the
advantages and disadvantages of these techniques in the present field.

Interfacial processes are often characterized by optical methods such
as ellipsometry, OWLS, SPR, acoustic wave sensors, and quartz crystal
microbalance (QCM) [78-80]. However, while OWLS, QCM, SPR, and
ellipsometry provide advantages such as high sensitivity and real-time
monitoring, their missing lateral resolution makes them less suitable
for applications requiring detailed spatial information on molecular
scale events [43,81-84]. For example, the resonance frequency and
dissipation shifts at QCM were monitored with a time resolution of 6.2 s
for each selected overtone [50,85], while the time resolution 14 s at
OWLS [86] and few seconds at SPR [87]. This would make it difficult to
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follow the motion of droplets due to the limited time and lateral reso-
lution. Of note, imaging ellipsometry is favored for applications
requiring high lateral resolution and precise characterization of thin film
properties on surfaces. Although the liquid interface with moving
droplets may scatter the light, and this effect could destroy the optical
signal in standard elliposometry arrangements [88-90]. We emphasize
that achieving high lateral resolution in novel label-free (bio)sensors is
crucial for accurately characterizing interfacial processes and detecting
subtle changes in surface properties or macroscopic interactions
[50,69,79].

Our proof of principle work has a potential relevance in other fields,
too. Understanding monomolecular layer reconstitution is crucial for
self-structuring [26,27] and self-healing materials [28], as well as
pharmaceutical formulations [29-31] aiming to create such layers. The
recovery dynamics of surface layers at the solid-liquid interface are also
significant for advancing self-cleaning technologies [31,35,36]. Both
macroscopic and nanoscale movements hold promise for future studies
in soft robotics [97-101], point-of-care testing [102,103], and powerless
actuation [104,105], utilizing the motion generated by a rotating
droplet within fluidics. Therefore, the methodology introduced here, for
simultaneously monitoring macroscopic motion and the underlying
molecular-scale effects in a label-free and non-invasive manner, could be
adapted to other research fields on advanced materials, functional
coatings, and novel ways of actuation. Potential directions for future
research could also involve expanding the analysis to different types of
surfactants to gain a deeper understanding of universal self-organization
mechanisms and organic droplet motion. Additionally, comparing re-
sults with alternative surface analysis techniques could better illuminate
the differences in the structure of the self-assembled surface layers.
Especially, the discovered multilayer formation and its effects on droplet
motion could be investigated in more detail by modifying the RWG
surfaces to obtain over the monolayer STAC films. Concerning the RWG
sensors, these experiments would benefit from a much larger homoge-
neously covered sensor area (several cm) with significant lateral reso-
lution. Instrumental development in the direction of precise temperature
control would be also useful to be able to perform more sophisticated
experiments.
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