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Probing Surfactant Bilayer Interactions by Tracking

Optically Trapped Single Nanoparticles

Jeonghyeon Kim and Olivier J. F. Martin*

Single-particle tracking and optical tweezers are powerful techniques for
studying diverse processes at the microscopic scale. The stochastic behavior
of a microscopic particle contains information about its interaction with sur-
rounding molecules, and an optical tweezer can further facilitate this observa-
tion with its ability to constrain the particle to an area of interest. Although
these techniques found their initial applications in biology, they can also shed
new light on microscopic interface phenomena by unveiling nanoscale mor-
phologies and molecular-level interactions in real time, which are obscured in
traditional ensemble analysis. Here, the application of single-particle tracking
and optical tweezers are demonstrated for studying molecular interactions

at solid-liquid interfaces. Specifically, the surfactant behaviors at the water—
glass interface are investigated by tracing gold nanopatrticles that are opti-
cally trapped on these molecules. The underlying mechanisms governing the
particle motion, which can be explained by hydrophobic interactions, disrup-
tions, and rearrangements among surfactant monomers at the interfaces, are
discovered. These interpretations are further supported by statistical analysis
of an individual trajectory and comparison with theoretical predictions. The
findings provide new insights into the surfactant dynamics and also illustrate
the promise of single-particle tracking and optical manipulation for studying

processes and microscopic structures
in nature." Thus, the observation of
individual trajectories, known as single-
particle tracking (SPT), has established
itself as a powerful tool to study molecular
processes and interactions, especially in
biological ~ systems.[28111215]  Moreover,
SPT holds great promise for studying
nanoscale chemical and physical pro-
cesses,>1*8 and novel applications of
SPT are still actively emerging.[1”]

An optical tweezer is another useful
tool in single-molecule studies, which
provides a non-invasive way of manipu-
lating microscopic objects with great pre-
cision.'24 Tt combines a Gaussian laser
beam with a high numerical aperture
objective lens to produce a tight focal spot,
which creates an optical force that can
bring small objects to the intensity max-
imum.l*’! Beyond the original capabilities
to grab tiny objects,?®?] optical tweezers
have found diverse applications enabled
by its ability to locally apply precise and

nanoscale physics and chemistry of surfaces and interfaces.

1. Introduction

The motion of a microscopic particle suspended in a medium
provides information about its interactions with its surround-
ings.22 Tt can be a purely random movement like the Brownian
motion, but it can also be as complicated as hopping lipids on
a cell membrane.’l Measuring trajectories of single particles
such as polystyrene beads,*°! gold nanoparticles,®” fluorescent
proteins,®% and quantum dots!"”) has revealed fundamental
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controlled forces, ranging from measuring

piconewton forces in molecular motors!?®!

to stretching or relaxing DNA to deter-
mine its elastic properties.*’]

Therefore, the utilization of optical tweezers in SPT experi-
ments brings important advantages in giving a tracer particle
pinpoint access to an area of interest and providing controlled
forces to facilitate observation. After their initial and major
applications in biophysics,?#303U optical tweezers and SPT are
being increasingly implemented together in physics such as
microrheology®? and hydrodynamics.**! Franosch et al.,” for
instance, studied the Brownian motion of an optically trapped
bead in water and revealed that surrounding water molecules
act back on the particle once disturbed by the particle’s thermal
motion. In particular, the optical tweezer played a crucial role
in their discovery of such weak interactions by providing con-
trolled forces and thus facilitating the characterization of the
particle motion.

Unlike these successful demonstrations in biophysics and
physics, the combination of optical tweezers and SPT has not
yet actively emerged in chemistry and surface science. The SPT
alone has been extensively used in surface science to unveil
molecular-level details of diffusion,?***! mass transport,[®
catalytic reactions,’®) and many other processes,*! which
were inaccessible with classical bulk or ensemble measure-
ments.?¥l On the other hand, optical trapping has also found
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its distinctive applications, such as in Raman spectroscopy>**!

and photo-catalysis.!l Despite these various attempts, a mar-
riage of optical tweezers and SPT has yet to be implemented,
but their marriage holds great promise for monitoring the
time evolution of chemical reactions at the microscopic
scale.

Here, we demonstrate the combined application of optical
tweezers and SPT to probe surface interactions at an interface.
We study a specific case of optically trapped gold nanoparti-
cles, which also serve as an optical probe for SPT, interacting
with surfactant molecules adsorbed at a water—glass interface.
Surfactants exist both on the glass walls of liquid containers
and on the surfaces of the particles, spontaneously forming
assembled structures.>! We bring these heterogeneous sur-
faces close to each other by positioning a single particle at a
time near a glass wall using an optical tweezer. We monitor the
particle trajectories and investigate any anomalous behaviors in
particle motions due to the local interaction of the surfactant
molecules. We first demonstrate the effect of adsorption states
on particle motion by showing a qualitative correlation between
the thermodynamic model of adsorption and the statistics of
measured single-particle trajectories. Furthermore, individual
trajectories show evidence of long-term interactions between
adsorbed molecules enforced by stable and long trapping of the
particles near the interface. This long-term interaction exclu-
sively occurs between incomplete surfactant bilayers on particle
and glass surfaces, suggesting a possibility of the fusion of the
bilayers on different surfaces. Finally, we perform statistical
analyses on the time-averaged mean squared displacement of
a single-particle trajectory, strengthening our interpretation of
long-term bilayer interactions.

2. Results and Discussion

2.1. Surfactant Adsorption at Water—Glass Interface

Surfactant molecules adsorb at water—glass interfaces, sponta-
neously forming complex structures.l*] One of our hypotheses
is that the morphology of surfactant self-assemblies can influ-
ence the particle—surface interactions. We examine this effect by
altering the structure of the adsorbed molecules and comparing
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the subsequent particle movements. Cetyltrimethylammonium
chloride (CTAC) was used as an example of cationic surfactants.

The self-assembly structures of the adsorbed molecules
depend on several factors such as pH,*! salt,*#1 and surface
preparation.P%> The change of solution pH or salinity can alter
the overall surfactant self-assemblies on both the particles’ sur-
faces and the glass walls. In contrast, the surface treatments on
glass surfaces can provide a selective modification of adsorbed
surfactants on the treated glass walls. Therefore, we used the
latter approach to examine any changes in the particle—surface
interactions due to a structural change of self-assemblies on
glass surfaces while keeping the surface characteristics of the
particles the same.

We prepared two different glass surfaces, and surfactants
form either spherical aggregates or bilayer membranes
depending on the properties of the glass surfaces (Figure 1).
The first type of glass surface is a native glass without any sur-
face modification. In general, a glass surface becomes nega-
tively charged when immersed in water through the deprotona-
tion of its silanol groups:1*2

SiOH = SiO™ +H" (1)

In case of cationic surfactants, the negatively charged silanol
(SiO7) groups drive the initial adsorption through the elec-
trostatic attraction with the cationic surfactant head groups.
The adsorption of cationic molecules reduces the overall sur-
face charge, and once the surface becomes neutralized, these
molecules act as nucleation points for further adsorption.!
At this stage, the hydrophobic interactions among surfactant
tail groups drive the adsorption, similar to micelle formation
in bulk solution. The molecules start to form centrosymmetric
aggregates,’l aka admicelles, as shown in Figure la. The sur-
face coverage rises steeply by forming these admicelles in this
concentration span, and it soon reaches saturation near the crit-
ical micellar concentration (CMC).

The second type of glass surface is modified by oxygen-
plasma treatment to increase the number of silanol groups
on its surface.’® Henceforth, we call this type of glass an
activated glass. After the plasma treatment, the activated sur-
face becomes superhydrophilic due to the increased charged
groups. We empirically tested the contact angle with water after

b o~ CTAT molecule

Activated glass

Figure 1. Schematic diagram showing probable morphologies of adsorbed surfactant molecules at the glass—water interface. a) A bare glass and b) a
glass surface treated with oxygen (O,) plasma. The activated glass surface has denser silanol groups compared to the native glass. These silanol (SiO")
groups on each surface act as electrostatic binding sites for cationic surfactant adsorption.
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oxygen-plasma treatment and observed complete wetting with a
0° contact angle (Figure S1, Supporting Information).

When such an activated glass is immersed in surfactant
solution, the electrostatic attraction drives the initial adsorption
like the adsorption with native glasses. We postulate that the
adsorbed molecules are so close together that they form a quasi-
continuous film. In experiments, we observed an immediate
increase in the contact angle with surfactant solution compared
to the 0° contact angle with water. Figure S1, Supporting Infor-
mation shows the contact angle with the activated glass as a
function of CTAC concentration, which increases with the con-
centration until it reaches saturation at 1 mm. Such an increase
implies that a surfactant monolayer is formed with hydrophilic
head groups electrostatically adsorbed to the surface and hydro-
phobic tail groups facing toward the bulk liquid. Any further
adsorption that is hydrophobically driven forms a second layer
above the first one (Figure 1b), rather than clustering as discrete
aggregates as was the case for the bare glass (Figure 1a).

Such changes in self-assembly morphologies induced by
the surface properties have been extensively studied in the lit-
erature.24>1 Ducker et al.l* studied surfactant (cetrimonium
bromide, CTAB) aggregates on mica using AFM imaging.
They found a transition from a flat bilayer to cylinders when
reducing the binding sites on mica by introducing electrolyte
(KBr). Lamont et al.*l reported similar findings where they
observed sequential changes in the structures of CTAC on mica
(bilayer — ordered cylinder — disordered cylinder — short cyl-
inder — sphere) on the addition of rival cations (Cs®). Lastly,
Grant et al.PY investigated the influence of surface hydropho-
bicity on the aggregate structures of nonionic surfactants where
hydrophobic interactions are the main adsorption driving force.
They observed the evolution of adsorbed structures from dif-
fuse spherical aggregates to a monolayer with increasing sur-
face hydrophobicity. All these findings deliver the same mes-
sage that the increase in active binding sites on surfaces leads
to lower-curvature structures. Based on these ideas, we pos-
tulate that CTAC forms a bilayer structure on activated glass
and discrete globular aggregates on bare glass as illustrated in
Figure 1.

2.2. Particle Trajectory in a Harmonic Optical Trap

We used gold nanoparticles (150 nm average diameter) as an
optical probe in this study. They scatter visible light resonantly,
making their scattering cross sections much larger than their
physical cross-sections and thus having been successfully uti-
lized as nanoscale probes under optical microscopes.l°”1354
They are also free from photobleaching or photoblinking,
which enables long and continuous measurements, unlike
their fluorescence counterparts.>’!

An optical tweezer was employed to confine the motion of a
particle in a local domain and facilitate monitoring the particle’s
trajectory. Without an optical tweezer, the gold nanoparticles
did not stay in the interfacial area due to electrostatic repulsion
and also because of fast Brownian motions at such a small size.
We emphasize that the optical tweezer not only provided a lat-
eral confinement (parallel to the glass—water interface) but also
a vertical confinement (normal to the interface) by constantly
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pushing the particle towards the glass surface with its radiation
pressure. These lateral and vertical confinements significantly
increased the chances of particle—surface interaction and ena-
bled monitoring long-term phenomena. The optical trapping
and imaging system is described in detail in the Experimental
Section (Section 4).

Figure 2a shows an example time-series position data
extracted from a single-particle video recording. (An example
image and feature-finding process are illustrated in Figure S2,
Supporting Information. More example trajectories are shown
in Figure S3, Supporting Information.) Each position data point
is color-mapped, gradually changing from yellow to dark blue
for legibility. The position fluctuation inside the optical trap
decreases over a timespan of 40 s in Figure 2a. Such changes
with time deviate from a simple diffusion model and can be
related to the interaction that the particle undergoes with its
surroundings, especially with the molecules adsorbed on the
glass wall. In other words, without surface interactions, the dis-
tribution would remain the same, only restricted by the optical
trap, with no temporal dependence.

To quantitatively assess the time-dependent position data, we
defined a radial displacement, r,, as the distance from the origin
(corresponding to the trap center) to the particle position (X(t),
Y(t)) where the XY-plane is a plane parallel to the glass—water
interface:

n=yX(0)+Y() (2)

Figure 2b shows the evolution of r, for the same trajectory
in Figure 2a. The gradual decrease in the envelope of r, depicts
well the temporal changes in the particle motion inside the
optical trap. Since r, fluctuates between its extremes, we cal-
culated the moving average of r, to smooth out the short-term
fluctuations and quantify its long-term decrease. We used a
time window of 5 s (corresponding to 1730 data points) to cal-
culate the moving average, 7, and plotted it as the red-dashed
line in Figure 2b.

Interestingly, such changes in particle motions occur
only with activated glass surfaces. For a bare glass substrate
at the same CTAC concentration—shown in the inset of
Figure 2b—there is no apparent change in the average radial
displacement, 7 (the solid grey line in the inset). This differ-
ence between the native and activated glasses indicates that the
structure of the adsorbed surfactants at the water—glass inter-
face plays a role in the particle-surface interactions.

In addition, the absence of any changes in 7 for the bare
glass case indicates that some long-term effects of the optical
tweezer, such as optical heating, are still negligible in our
experimental conditions. (To be more precise, the optical
heating itself is not negligible based on our previous study
comparing thermal and non-thermal probes,® and in fact, it
can accelerate the interactions by providing thermal energy.
However, the thermal equilibrium is reached almost instan-
taneously compared to the timescale discussed in the present
study, which we confirmed by optical heating simulations (Sec-
tion S5, Supporting Information). Therefore, we can say that
the optical heating has no long-term effect.)

The hypothesis that the particle-surface interaction is sensi-
tive to the surfactant morphologies can be tested in two ways:
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Figure 2. Time-varying motion of particles in harmonic optical traps. a) Position distribution of a single optically-trapped particle near an activated
glass wall, color-mapped with time. The XY coordinates are defined on a plane parallel to the glass surface, and the origin is aligned with the laser trap
center along the laser propagation direction. b) Radial displacements (defined in Equation (2)) as a function of time for the same particle in (a). The
red-dashed line indicates a moving average (r;) with a subset size of 1730 data points. The inset shows the radial displacement of the same kind of
particle at the water/bare glass interface for comparison; the grey solid line shows the same moving average. c) Histograms of the mean radial displace-
ments at t = 0 and 30 s. The particles were trapped at t = 0 s and stayed in the optical trap for 30 s or more. From (a) to (c), the CTAC concentration
was 1.0 mwm, and the glass surface was activated by O,-plasma treatment. d) Comparison of the decreases in r for the first 30 s between the bare and
activated surfaces as a function of CTAC concentration. The reduced amount, 1, is expressed as a percentage of its initial value, 7.

1) comparing the behavior of % between bare and activated
glass surfaces and 2) varying the CTAC concentration which
provides different adsorption states, for example, surface cov-
erage and aggregate structures. To facilitate the comparisons
between the different surfaces and among different concentra-
tions, we quantified the amount of long-term decrease by the
difference in the value of 7, during the first 30 s of trapping:

H=T— T (3)

which is also indicated as a red arrow in Figure 2b. We chose
the time window of 30 s as it is a typical length of each
recording, and (not all but) most of the particles reach a steady
state within this period.

We performed dozens of measurements for each of the exper-
imental conditions to average out the effect of experimental
variations such as variances in particle sizes and/or charges,
and the inhomogeneity of glass surfaces. Different trajecto-
ries in Figure S3, Supporting Information demonstrate these
variances within the same experimental conditions. Figure 2c
illustrates an example analysis for 28 measurements at 1.0 mm
CTAC with activated surfaces. The 7, represents the average

Adv. Mater. Interfaces 2023, 10, 2201793 2201793 (4 of 11)

displacement immediately after trapping, whereas the %, repre-
sents the average displacement after staying 30 s in the optical
trap. In that case, the overall left-shift of the histogram toward
smaller values indicates the converging trends of particle foot-
prints for randomly chosen particles in random locations.

We tested five different concentrations (0.1, 0.5, 1.0, 1.5, and
2.0 mwm), which cover the range below and above the CMC so
that each concentration corresponds to different adsorption
phases. In general, the extent of surface coverage reaches its
maximum near the CMC.[¥#! We found that the CMC of our
particle-CTAC mixture is 1.4 mwm (Figure S4a, Supporting Infor-
mation), which is slightly higher than the values reported in the
literature (1.0-1.1 mm) due to the existence of the gold colloids
in the solution. We refer to our recent publication for more
details of the CMC.P®l

Figure 2d summarizes the analyses of the amount of the
decrease in 7 for bare and activated substrates as a function
of CTAC concentration. The reduction in the mean radial dis-
placement, 7, is expressed as a percentage of its initial value,
%. For each concentration, the data points (32 £ 6 measure-
ments on average) are shown on the right, and the distribution
fit is shown on the left. For all the examined concentrations,
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the average temporal change is absent for the bare glass cases
(as seen in the inset of Figure 2b), with a distribution centered
around the origin. It implies that regardless of the surface cov-
erage increase with the concentration, the spherical admicelles
on bare glass substrates have no influence on the long-term
changes in particle motion.

On the other hand, the average decay in 7 is much notice-
able for the activated glasses but only at specific concentrations,
notably at 1 and 1.5 mm in Figure 2d. These concentration-
dependent results bolster the proposed hypothesis that the
particle-surface interaction is responsive to the surfactant mor-
phologies. We will elaborate on the effect of surface coverage
and adsorbed morphologies in detail in Section 2.4.

2.3. Surfactant Bilayers on Particle Surfaces

The stark contrast of the particle motion between the bare and
activated surfaces proves that the arrangement of the surfactant
molecules at the water—glass interface determines whether
or not long-term particle-surface interactions occur. One
remaining question is why these interactions occur only with
the bilayer structures and not with the globular aggregates.

To answer this question, we also need to consider the sur-
face of the particles. The particle surface before mixing with
the surfactant solution is initially covered with citrate anions,
used as stabilizing agent. On the addition of surfactant solu-
tion, the CTA* cations adsorb on the citrate-capped gold sur-
faces due to electrostatic attraction. According to a recent study
by Li et al.,®! the self-assembly structure of CTA* cations on
citrate-capped gold surfaces undergoes, with increasing con-
centration, a gradual transition in the following order: incom-
plete monolayer — complete monolayer — imperfect bilayer —
perfect bilayer — (perfect bilayer + micelles). In our previous
study,P® we found a good agreement between this model pro-
posed by Li et al.**l and our experimental measurements of col-
loidal properties. We invite the readers to our publicationl®®! for
detailed discussions and here we give a summarized descrip-
tion in the following.

At the lowest concentration in our system, the surfactants
seem to form imperfect bilayer on the particle surfaces. If
the surfactant self-assembly formed monolayers (a prior stage
before bilayer formation), the particles readily aggregates due
to the hydrophobic interactions among the hydrocarbon tails
exposed to the bulk fluid.! Since we did not find any indica-
tion of aggregation in our size measurement using dynamic
light scattering (Figure S4c, Supporting Information), we pos-
tulated that the surfactant molecules form (imperfect) bilayer
structures at the lowest concentration.

The first layer of this bilayer consists of surfactant molecules
adsorbed to the gold surface by electrostatic attraction. The
second layer comprises molecules adsorbed to the first layer
by hydrophobic interactions (similar to the bilayer formation
on a flat surface). For this bilayer formation, the completion of
the first layer precedes the initiation of the second layer.*”] The
fractional coverage of the second layer then gradually increases
with concentration. We experimentally confirmed the gradual
growth of the second layer by concomitant increases in the par-
ticles’ zeta potential (Figure S4b, Supporting Information).

Adv. Mater. Interfaces 2023, 10, 2201793 2201793 (5 of 1)

INTERFACES

www.advmatinterfaces.de

Once the bilayer formation is complete on the particles’ sur-
faces and the surfactant concentration is higher than the CMC,
micelles in the bulk fluid can also be associated with the par-
ticle surface.l*” By measuring the hydrodynamic size of the par-
ticles, we discovered the involvement of adsorbed micelles near
the particles. In Figure S4c, Supporting Information, the abrupt
decrease in the hydrodynamic size above the CMC indicates a
decrease in the thickness of the electric double layer due to the
increase in local ionic concentration. This can be interpreted as
the presence of micelles strongly associated with the particle
surface. The particle drawings in Figures 3 schematically illus-
trates the developments of adsorbed surfactant morphologies
on the particles” surfaces.

To summarize, the surfactant bilayers are present at both
the water—glass interface and the particle surface in case of the
activated glass. Their structural resemblance can be the key to
understanding their interactions. For instance, these bilayers
can be more likely to merge, similar to the fusion of lipid
bilayers in life.’”>8! In general, bilayers are known as a highly
mobile structure.” As a result, the outer layer can migrate over
the first layer without leaving the surface completely.’! The first
layer, which is electrostatically adsorbed on the surface, can be
more tightly bound and not easily dissociated with the surface.
Therefore, when the two bilayers come close in the instances of
particle trapping, a disruption and rearrangement of the outer
layers may occur, resulting in changes in particle behaviors.

2.4. Effects of Bilayer Coverages on Long-Term Interactions

Figures 3a and 3c illustrate the likely development of the sur-
factant morphologies over the investigated concentration range.
We studied in depth the particle behaviors on bare glass sub-
strates (Figure 3a) in our previous work.*®l Here we focus more
on the difference between bare and activated surfaces, and
especially, on the particles’ behaviors on bilayer membranes
(Figure 3c) and their long-term interactions (Figure 3b).

Before going into detailed discussions, we make two
assumptions about this system. First, we assume that the par-
ticle-glass distance remains similar regardless of surfactant
concentration. We found experimental evidence that the drag
coefficient, which is sensitive to the particle-glass distance,!%"!
remains similar over the whole concentration range in our pre-
vious analysis of the same system with bare glass.® This result
is counter-intuitive as we expect that the particle’s vertical posi-
tion is determined by the balance between the radiation pres-
sure of the laser beam and the electrostatic repulsion between
the two charged surfaces, and the surface charge (and thus the
repulsion potential) increases with concentration. A possible
scenario is that the surfactant molecules adsorbed at the con-
tact area migrate outside of this region due to the electrostatic
repulsion. This explains why the particle height is not deter-
mined by the overall concentration. In addition, this assump-
tion still holds for the activated glass as bilayers are also known
to be highly mobile. The second assumption is that the effect
of surfactants in the bulk solution is insignificant in long-term
reactions. As supporting evidence, long-term changes were
not observed in the bare glass case across the whole concen-
tration range tested in this study (Figure 2d). This implies that
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Figure 3. Effects of surfactant morphologies on particle motion as a function of concentration. a) and c) Cartoons showing plausible surfactant
self-assembly formations at the gold/water and glass/water interfaces. When the glass surface is activated with O,-plasma treatment, the adsorbed
surfactant structure is assumed to undergo a structural change from globular aggregates to bilayers. The changes in surface coverage and aggregate
morphologies is depicted according to the surfactant concentration. b) Distributions of mean radial displacement (7 ) as a function of CTAC concen-
tration. Three datasets are displayed side by side for comparison: i) 1y, bare glass, ii) 1, activated glass, and iii) nq, activated glass.

the surfactants in the bulk solution are of little effect in long-
term behaviors, whether they exist as monomers below the
CMC (0.1, 0.5, and 1.0 mm) or micelles above the CMC (1.5 and
2.0 mmMm).

Figure 3b shows the summary of trajectory analyses, quanti-
fied as the statistics of the mean radial displacement, 7, as a
function of CTAC concentration. Each data point was calculated
from an independent measurement of single-particle trajectory.
Three datasets are plotted side by side for comparison: (i) the
initial mean (%) for bare glass, (ii) the initial mean (%) for acti-
vated glass, and (iii) the mean after 30 s (7,) for activated glass.
The distribution of 7, for bare glass is not shown in Figure 3b
for clarity as it remains similar to % in (i). The data points in (ii)
and (iii) were calculated from the same dataset as they refers to
the initial and steady-state values, respectively.

A comparison among (i), (i), and (iii) across different con-
centrations provides qualitative insights into the mechanisms
that govern the particles motions on different surfaces: one is
the hydrophobic interaction between the particle and the sur-
face, and the other is the extent of bilayer coverage. Compared
to admicelles, the primary distinction of bilayer structure is that
the hydrophobic interiors can be exposed to the bulk fluid. The
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exposed hydrophobic groups on a glass surface can interact
with hydrophobic groups on a particle surface when the particle
approaches. The resulting attraction force explains the decrease
in 7 for the bilayer structures in Figure 3b compared to the
spherical ones. An exception occurs, however, at the lowest con-
centration (0.1 mm), where the structural difference at this low
coverage is negligible.

On the other hand, the coverage extent determines how
much and how fast the 7 decrease will be. When a particle is
brought to the surface by the optical tweezer, the hydrophobic
interaction brings the particle closer to the surface. As a result,
the charged head groups can be disrupted and rearranged,
creating a hydrophobic patch below the particle (as illustrated
below the second particle in Figure 3c) and, consequently, devel-
oping an electrostatic trapping potential. The size of the hydro-
phobic patch in the bilayer membrane will determine how tight
the confinement will be. At low coverages, the confinement of
the particle will be moderate, and the reaction will take place
promptly as there are a relatively small number of molecules
to rearrange. The results at the second lowest concentration
(0.5 mm) in Figure 3b support this idea. They show a rela-
tively modest decrease in ¥ compared to higher concentrations
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(1 or 1.5 mwm); furthermore, this decrease happens in the early
stage of the trapping so that we do not see much differences
between 7, and 7,. The variance of the distribution of 7 also
decreases significantly, compared to that at the lowest concen-
tration. In other words, the rearrangement process seems to
reduce the effect of experimental variations originating from
surface heterogeneity.

As the coverage increases with concentration, the overall
hydrophobic area (i.e., the exposed hydrophobic regions of
the first layer) shrinks, and the surfactant bilayer surrounds
a trapped particle more tightly, as depicted in Figure 3c. The
dramatic decrease in 7 at 1.0 mm supports this explanation.
Other noticeable differences at this concentration are the long-
term decrease in 7 over tens of seconds (from 7 in (ii) to 7,
in (iii)) and the broadened distribution of 7 in (ii). These two
phenomena can be closely related and understood by the fol-
lowing explanation. The slow interaction can be a consequence
of a two-step process. The incomplete particle bilayer is first
combined with the nearest hydrophobic patches on the glass
surface (the initial response related to %). This contact domain
then gradually grows by taking in other hydrophobic patches
that were initially not in the immediate vicinity but slowly
diffused over the surface to the particle location (the transi-
tion from % to %).3¥ Due to the random nature of the surface
states, this process can happen at various rates (as shown in
Figure S3, Supporting Information), which can result in the
broad distribution of % in the initial stage of the process. Such
a slow diffusion is less obvious at 1.5 mw in Figure 3b. This can
be interpreted as that the bilayer coverage has almost reached
its saturation at this concentration near the CMC (as expected
in general®l), and there are hardly any exposed hydrophobic
interiors nearby that can diffuse and cooperate.

As a side note, a similar effect of rearrangements can also
occur with spherical admicelles,® shown as a slight decrease
in % in (i) when increasing the CTAC concentration from the
lowest concentration up to the full coverage concentration
in Figure 3b. However, the effect seems much more limited
than in the bilayer case due to the low mobility of spherical
admicellar structures.

At the highest concentration (2.0 mm) above the CMC, the
effect of bilayer interaction is further reduced. The particles’
zeta potentials have increased due to micelles’ association with
the particle surface (Figure S4, Supporting Information). This
can be interpreted as the completion of the particle bilayer. We
also expect a full surface coverage on the glass surface at this
concentration higher than the CMC. As a result, the complete
bilayers and stronger electrostatic repulsion between the par-
ticle and the surface can hamper the interaction (the last par-
ticle in Figure 3c). Accordingly, the 7 recovers its mean and
variance comparable to those at the lowest concentration.

With the optical tweezer, which provides a facile manipu-
lation of the particle location with the assistance of precise
piezoelectric control, we also observed a “memory effect” while
we disturbed the stable trapping by relocating the particle to a
new place and bringing it back a few seconds later. Video S1,
Supporting Information shows such a particle recording at
1 mm CTAC, where the long-term particle-surface interaction
is most apparent. At the beginning of the recording, it shows
a particle stably trapped after reaching its steady state (i.e., an
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equilibrium) at the center. At around 3 s of the timestamp in
the video, the particle is moved to a new location on the left
side where it becomes immediately destabilized and settles
down slowly, similar to our previous observations at this CTAC
concentration. The particle stays in this new trap position for
about 8 s and is moved back to the original location. Surpris-
ingly, at the original trap location, the particle instantly recovers
its stabilized motion. Such an immediate recovery attests to
the depletion of the surfactant bilayer at the optical trap, which
remains even after the particle leaves the place. It also implies
that the back diffusion of molecules to this depleted area is
reciprocally a slow process.

2.5. Statistical Analyses of a Time-Varying Single-Particle
Trajectory

We have interpreted particle dynamics by examining particle
trajectories and investigating the effect of surfactant mor-
phologies and coverages in particle-surface interactions. So
far, we have focused on the statistical mean and variance of 7,
changing with time and concentration. On the other hand,
each trajectory can also be analyzed further by taking the sta-
tistics along its time axis. The time-averaged mean squared dis-
placement (MSD) is the most common measure when we deal
with particle trajectories. Using the time-averaged MSD, for
example, we can analyze the forces acting on the particle, based
on a priori knowledge of particle dynamics."*!! To be more
precise, we first formulate a Langevin equation to describe
the motion of a particle and compare the measured MSD with
the MSD solved for the Langevin equation. Any deviation from
the theoretically solved MSD can prove the involvement of addi-
tional forces or interactions.

A particle in an optical trap can be modeled as a damped har-
monic oscillator in a fluid with a Langevin equation:[®!

mix(t) + Y x(t) + Kx(t) = Fpenn () 4)

where m is its inertial mass, y is its damping (fluid friction)
coefficient, x is the spring constant of the optical trap, and
Fiperm is the random thermal force. The inertial term, mi(t),
can be omitted from the equation for describing a particle in
an aqueous medium on a timescale longer than a few micro-
seconds.®2 The solution for MSD to the Langevin equa-
tion without the inertial term becomes:[°!

2T

MSDiingern (7) = — (1—e™) (5)

where kg is the Boltzmann constant and T the temperature.

To attest to the involvement of additional forces arising from
the particle-surface interactions, we calculated the time-averaged
MSD from the measured trajectory shown in Figure 2a. This tra-
jectory, Ty, is a time-series position data of length N:

Ty = {(X,, Y003, Yo (X0, Yo} ©

where each position is defined in a 2D space. For this trajectory,
Ty, the time-averaged MSD is defined as follows:[!

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOLILLIOD 8A 18810 3(eoldde ayy Aq pausenob ae sajoiLe VO ‘8sN JO Se|ni Joj AfeldT8ulUO A8]IAA UO (SLORIPUOD-PUR-SLUIB)ALI0O" A3 1M ALe.q | U [UO//:SdNL) SUORIPUOD pue swie | 8u18eS *[£202/60/60] Uo AkiqiTauluo A8 |im *-1d3,18a enbeuiolqig Aq £6/T02202 IWPe/Z00T 0T/I0p/W0D A8 im AeIq 1l juo//:Sciy Wwolj pepeoiumoq ‘9 ‘€202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

01 0.01 0.1 1
0.08
0.06 : !
&E\ k=2.91x 107 N/m
2 — y=2.19 x 10° N-s/m
=
a5 (]
N
=
0.02 =
f. B Initially trapped
I ]

0.01 0.1 1
Time lag, t (s)

INTERFACES

www.advmatinterfaces.de

b 0.01 0.1 1
0.008 : |
0.006 ‘

E [

= 0.004 o® )

s o*

a k=333 x 10° N/m

g y=2.40 x 10® N-s/m
0002 | @ After stabilized|

[ |

001 0.1 1
Time lag, t (s)

Figure 4. Time-averaged mean squared displacement (MSD) of segmented trajectories. a) Time-averaged MSD calculated from the first five-second
segment of the trajectory shown in Figure 2a. The MSD solution of the Langevin equation in 2D (black solid line) is fitted to the measured MSD (grey
squares). b) Time-averaged MSD from a segment of the same trajectory after reaching a steady state (red circles). The 2D solution of the Langevin
equation (red solid line) is fitted to the data, with constraints on x and yto keep the fitted curve within the upper and lower limits of the measured
MSD. The shaded areas in (a) and (b) indicate the time lags to reach the MSD plateaus.

S (X = X+ (Y = ) )

MSDmcasurcd (T) = N

for any time lag 7=1, 2, ..., N — 1. We subdivided the trajectory
into five second-long segments and calculated the time-averaged
MSD for the first segment (¢ = 0 — 5 s) and another segment
after reaching the steady state (¢t = 50 — 55 s) for comparison.

The first segment corresponds to the timespan when the
particle has just been trapped and initiated any interaction.
The MSD calculated from this segment using Equation (7) is
plotted in Figure 4a in a double logarithmic scale. The next step
is to fit the MSDpgeyin to this MSD obtained from the experi-
ment. However, the solution given in Equation (5) is for a one-
dimensional trajectory. Since we used the measured trajectory
defined in two dimensions (Equation (7)), the solution of the
Langevin equation should also be multiplied by the trajectory
dimension. Therefore, we used a modified solution of the Lan-
gevin equation for two dimensions (=2X MSDjueein (7)) to fit it
to the measured MSD. Before executing the curve fitting, we
also estimated the temperature K at the particle to be 366.61 K,
a value calculated from an electromagnetic heating simula-
tion (Section S5, Supporting Information for more details).
Then we estimated the values of the spring (x) and damping
(7) constants in the least-squares sense as shown in Figure 4a.
The measured MSD shows a good agreement with the theo-
retical MSD, implying that the Langevin equation successfully
describes the initially trapped particle motions.

Since we know the average size of the particle, we can also
roughly estimate the drag coefficient y using Stokes’ drag
(the frictional force exerted on a spherical object in a viscous
fluid): Ysioes = 371d, where 17 is the viscosity of the fluid and
d the particle diameter. This drag should be corrected further
as the particle moves near the glass wall.l®¥l Assuming that the
particle-surface gap is roughly 1/10 of the particle radius, the
hydrodynamic drag increases by =2.36 times near the surface
compared to the Stokes’ drag.*¥l The drag coefficient, therefore,
is approximated as 1.41 x 10 N s m™ by assuming the par-
ticle diameter d = 150 nm and the viscosity 17 = 0.423 mPa s for
water viscosity at 340 K (Section S5 and Figure S5, Supporting
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Information for the water temperature simulation). This value
of yis comparable to the value we found from the curve fitting
of MSDy4ngevin to the measured MSD (2.19 x 10 N's m™"). The
discrepancy between them can be attributed to any mismatch
between the assumptions and the actual values for the particle
size and water viscosity. It can also be attributed to the particle—
surface interaction during the first five trapping seconds.

In contrast to the initial segment, the MSD calculated from
the segment after reaching the steady state exhibits an anom-
alous behavior that is significantly deviating from the theo-
retical prediction (Figure 4b). For the curve fitting in this case,
we applied a boundary condition for kK and (0 < k< 4 x 1075;
0 < y< 2.4 x1078) to keep the fitted curve between the minimum
and maximum values of the measured MSD for the measured
time lags. The estimated value for x has increased about ten
times compared to the value fitted to the initial segment. It sup-
ports our hypothesis that the rearrangement of the incomplete
bilayer can create a complementary trapping potential. The esti-
mated drag, % has also increased about ten times, likely due
to the increased restrictions in particle motion imposed by
the bilayer interactions based on our hypothesis. Most impor-
tantly, the Langevin equation now fails to describe the motion
of the particle after reaching the steady state. This implies that
the particle does not behave like a damped harmonic oscillator
anymore, suggesting the emergence of a new type of force or
physical interaction such as the fusion of the bilayers, as we
suggested earlier.

Some theoretical works also suggest that the subdiffusive
behavior between 7= 0.01 s and 0.5 s in Figure 4b can rep-
resent geometrical confinement.®>%l Furthermore, several
experiments in biology reported similar findings that the sub-
diffusive motions of probe molecules were caused by increased
obstruction such as polymer networks in the cytoplasm[®! or
the presence of the cell nuclei.’¥ In addition, a very similar
time-averaged MSD dependence on 7 was also reported by Jeon
et al.l®! with a polystyrene bead in a worm-like micellar solu-
tion, where the elongated micelles form a transient polymer
network. They explained that such a characteristic subdiffu-
sive motion in the millisecond range resembles the movement
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of a particle in a viscoelastic medium. These theoretical and
experimental findings provide solid evidence that the particle
in Figure 4b experiences geometrical confinement and a coinci-
dent viscoelastic effect, which can be related to the interactions
among surfactant molecules. However, an important differ-
ence in our case is that these interactions were constrained to
the interface since the surfactant concentration was below the
CMC, that is, prior to the micelle formation in the bulk solu-
tion. Therefore, the MSDs in Figure 4a,b corroborate the idea
of the bilayer rearrangement and the partial fusion proposed in
the previous section.

3. Conclusions

We have examined the trajectories of colloidal particles locally
confined at a water—glass interface by an optical tweezer.
These optically bright particles act as a nanoscale probe that
can respond to various changes in surfactant self-assemblies
adsorbed at the solid-liquid interfaces. Such changes include
the development of surfactant coverages during the adsorp-
tion process, morphological changes induced by surface
preparation, and dynamic interactions between particles and
surfaces. The statistics of single-particle trajectories provided
information on the average particle behaviors, which were also
well correlated with the adsorption phase described in the lit-
erature.*! Individual trajectories, on the other hand, showed
local and dynamic behaviors of the adsorbed molecules in real
time, which have been obscured in traditional thermodynamic
experiments. We analyzed the spatial and temporal motions of
optically trapped particles and provided new insights into the
interactions governing the particle motions at the nanoscale.
Especially, by studying the unique system consisting of a
gold nanoparticle, a glass—water interface, and surfactants,
we found evidence of the fusion of surfactant bilayers at the
narrow gap between the particle and the surface. Our findings
demonstrate the great potential of optically trapped nanopar-
ticles as a probe to investigate real-time chemical processes at
the nanoscale. In particular, we expect that this marriage of
SPT and optical manipulation can also shed new light on even
more complex interfacial phenomena when combined with
recent developments in three-dimensional SPT*) and high-
speed imaging.")

4. Experimental Section

Materials: Gold colloids with 150 nm diameter, stabilized in
citrate buffer, were purchased from Sigma-Aldrich (a product of
CytoDiagnostics, Inc.). CTAC was obtained from Sigma-Aldrich
(25 wt% in H,0) and diluted the solution with distilled water to reach
desired concentrations ranging from 0.1 to 2.0 mm. A separate gold
nanoparticle-CTAC mixture is prepared for each CTAC concentration.
The stock gold colloids were centrifuged for 30 min at 200 x g for
separation and re-dispersed using a vortex mixer in a CTAC solution at
a desired concentration. The concentration of gold nanoparticles was
further reduced in order to have a sparse appearance under an optical
microscope and thus ensure single-particle trapping. The dispersity
of gold nanoparticles in surfactant solution was confirmed by zeta
potential and hydrodynamic size measurements (Figure S4, Supporting
Information) using dynamic light scattering (Zetasizer Nano ZS,
Malvern Panalytical). A pair of borosilicate glass coverslips (145 um in
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thickness) and a double-sided adhesive spacer (120 um thickness, Grace
Bio-Labs SecureSeal imaging spacer) were used to build a fluid chamber.
All the trapping experiments were performed inside the fluid chamber to
keep the liquids from evaporating.

Preparation of Glass Surface: Starting with borosilicate glass
coverslips (Menzel Gliser), two different types of glass surfaces
were prepared to alter the adsorbed morphologies of the surfactant
molecules. One type of glass is native glass without any surface
modification. The other type of glass is treated with oxygen plasma (at
200 W for 60 s with a 400 mL min™' flowrate) to activate its surface.?l
The plasma-treated glasses were immediately used to prepare the fluid
chambers so that the time between the surface treatment and the
sample preparation is minimized. All glass coverslips were sonicated
in acetone and isopropyl alcohol baths for 30 minutes each, before use
or surface modification.

Optical Trapping and Video Analysis of a Trapped Particle: In each
experiment, a single gold nanoparticle was optically trapped near a
glass wall using a He-Ne laser. A dry objective lens (60x, 0.85 NA) was
used to focus the trapping laser at the water—glass interface. The laser
power was controlled to be 10 mW before entering the trapping objective
using a laser-line variable beamsplitter (VA5-633, Thorlabs). The
trapping objective lens and the sample were mounted on piezoelectric
stages to adjust the trap position and the sample location with a
nanometer resolution.

Contrary to a typical optical trapping setup, the laser beam was
not expanded and therefore did not entirely fill the entrance pupil of
the trapping objective lens. The resulting loosely-focused laser beam
produced a strong radiation pressure and a weak lateral trap at the
chosen power level. As a result, the strong radiation pressure brought
the particle close to the glass surface, which played a crucial role in
observing the particle-glass surface interactions; simultaneously, the
moderate optical restoring force restricted the diffusion of the particle
in a confined area. The particle’s vertical position was determined
by the balance between the radiation pressure of the laser beam
and the electrostatic repulsion at the narrow gap between the particle
and glass surfaces. For each measurement, the particle was pushed
toward the glass surface until it was most stably trapped laterally. This
implied that the beam waist was located where the radiation pressure
and the electrostatic repulsion canceled each other.

Figure S6, Supporting Information shows the schematic of the
optical trapping and imaging system used in this study. The imaging
setup operates in high-angle annular dark-field (HAADF) mode,
which eliminates the signals from the background. As a result, the
gold nanoparticles appear as a bright optical probe, enabling high-
speed image acquisition compared to that of the low-intensity
fluorescence counterparts.'™ The particle motion within an optical
trap was recorded using a CMOS camera (CM3-U3-50S5C-CS, FLIR)
at a 346 framerate. Each measurement recorded a sub-region of the
CMOS sensor in size of 96 x 96 pixels for =10 000 frames or more.
Two-dimensional particle trajectories (parallel to the glass surface)
were traced from time-lapse image data. The authors only analyzed
observations with single nanoparticles and excluded those with
multiple particles such as an example shown in Video S2, Supporting
Information. For tracing, a python toolkit, Trackpy,”"l was used, which
is based on a particle-tracking algorithm developed by Crocker et al.’?l
The temporal and spatial resolutions of a trajectory were, respectively,
determined by the camera frame rate (1/346 = 3 ms) and the camera
pixel size divided by the image magnification (3450/60 = 57.5 nm per

pixel).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Supporting Information is available from the authors. A dataset for all
the particle recordings and the corresponding trajectories is available in
our Zenodo data repository./?!
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