pubs.acs.org/JPCC

Article

Surfactants Control Optical Trapping near a Glass Wall
Jeonghyeon Kim and Olivier J. F. Martin*
Cite This: J. Phys. Chem. C 2022, 126, 378−386

Downloaded via ECOLE POLYTECHNIC FED LAUSANNE on March 14, 2022 at 14:40:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Beyond their original capability to grab and hold
tiny objects, optical tweezers have emerged as a powerful tool to
investigate fundamental physics at microscopic scales. A precise
characterization of the optical trap is one of the key requirements
in such applications. A typical trapping system often involves a
colloidal particle, stabilized in a ﬂuid as an optical probe.
Surfactants are commonly added to provide colloidal stability,
but their incidental eﬀects on the tweezer−particle interactions
have been overlooked despite their prevalent use. Here, we study
the interplay among the tweezer, the particle, and the surfactants
adsorbed on the interfaces, including a nearby glass wall. In trapped
particles’ motion analysis, we ﬁnd that the surfactants can aﬀect the
motion of the particle through the interactions between them. We
discuss the eﬀect of the surfactants’ assembly structures on the particles’ statistical behaviors. In particular, we investigate the thermal
eﬀect on the particle surroundings induced by the optically heated particle by analyzing the diﬀerence between metallic and dielectric
probes. Our results explain how, under nanoscale conﬁnement, the adsorbed surfactants can aﬀect the particle behavior in an optical
trap and propose a possible strategy of using an optically heated particle for localized surface modulation.

■

INTRODUCTION
Since the 1970s, when Ashkin ﬁrst demonstrated the utilization
of radiation pressure for optical manipulations,1−4 optical
tweezers have been successfully applied to various ﬁelds,5−7
notably in biology, to manipulate small viruses and bacteria8−10
or to observe some of the smallest forces in life produced by
motor proteins.11,12 Apart from biological applications, they
have provided an ideal test bench to study fundamental physics
in colloid and interface sciences,13 ranging from hydrodynamics14,15 to thermodynamics.16−18
Colloidal micro- or nanopaticles are the optical probes of
choice to study physical phenomena at the nanoscale with
optical tweezers.14−18 By tracking a particle, we can characterize
its immediate surrounding at the nanoscale.13,15,19 However, this
also requires precise characterization of the optical trap itself20
and an understanding of the dynamics and interactions of
particles suspensions in ﬂuids.
Among a variety of soft materials that constitute the
environment of a probe in an optical trap, ionic surfactants
play a fundamental role in colloidal suspensions. They develop
charged layers on surfaces and prevent aggregation by providing
electrostatic repulsion.21,22 Consequently, trapping experiments
with colloidal nanoparticles inherently involve the eﬀects of
surfactants. In particular, these eﬀects can have a substantial
impact under nanoscale conﬁnement, where the surface area to
volume ratio increases signiﬁcantly. However, despite their
ubiquitous role in optical trapping, the many-sided eﬀects of
surfactants have not yet received signiﬁcant consideration in trap
© 2021 American Chemical Society

characterization. It is only recently that surfactants have drawn
researchers’ attention, particularly, to their thermoelectric23,24
or thermophilic/thermophobic inﬂuences25 on plasmonic
optical traps. These studies reported the role of surfactants in
optical trapping, but they also limited their discussions to the
thermal response of surfactants in the bulk medium;23,25 the
eﬀects of surfactants on surfaces still remain elusive.
Here, we describe the primary eﬀect of surfactants on the
optical traps, particularly at the vicinity of surfaces. For this, we
analyze the motion of an optically trapped particle near a glass
wall using high-speed video microscopy.26−28 We construct the
simplest possible environment, consisting of a surfactant
solution at various concentrations and a glass chamber to
contain ﬂuids. We study cetyltrimethylammonium chloride
(CTAC) as an example of cationic surfactant and a gold
nanoparticle as an optical probe. The gold nanoparticles have
unique optical properties, such as large scattering and absorption
cross sections, making them outstanding imaging tracers29,30
and nanoscale thermal probes.31−33 Along with classical video
analysis,26 we examine the zeta potentials of the gold
nanoparticles as well as their hydrodynamic sizes, which change
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formed by balancing the radiation pressure and the electrostatic
repulsion between the positively charged particles and the
positively charged glass wall. The trapping objective was
mounted on another piezoelectric stage for precise adjustment
of the optical trap position.
Particle Tracking. The movement of a trapped particle was
recorded by a CMOS camera (CM3-U3-50S5C-CS, FLIR) at a
frame rate of 346 frames per second. An additional short pass
ﬁlter with a 600 nm cutoﬀ wavelength was included in the
imaging path to cut the laser light scattered by the particle. The
position of a particle was determined using a Python package,
Trackpy,35 which uses the feature-ﬁnding and liking algorithms
developed by Crocker and Grier.26 All trajectories for trapped
particles were collected for at least 20 s (10 s for PS beads due to
relatively weak axial trapping stiﬀness), which corresponds to
∼7000 frames. We provide an open access data set for the
particle recordings and the corresponding trajectories and MSD
analysis in ref 36.
Colloidal Properties. The characteristics of colloidal
particles in surfactant solutions, including their hydrodynamic
sizes and zeta (ζ) potentials, were measured using dynamic light
scattering (Zetasizer Nano ZS, Malvern Panalytical). The
conductivities of the samples were also determined during the
ζ potential measurements. For optimal measurements, the
particle concentration was adjusted according to the stock
particle concentration. Supporting Information Figure S2 shows
the eﬀect of gold colloid concentration on the ζ measurements.
The average ζ potentials remain independent of dilution factors,
but the lowest particle concentration is subject to large variance
due to a low signal-to-noise ratio. The dilution factors (10 times
for gold nanoparticles and 100 times for PS beads) were selected
accordingly.

as a consequence of the surfactant structures adsorbed on the
surfaces. Based on this information, we propose a plausible
model to explain the inﬂuence of the surfactants, particularly
those at the interfaces, on the trapped particles’ behaviors. We
also hypothesize that the optical heating of the particles by the
trapping laser can perturb the surfactant assemblies, which can
act back on the particle’s motion. Controlled experiments with
polystyrene beads as a nonthermal probe are performed to
support this interpretation.

■

METHODS
Materials. Cetyltrimethylammonium chloride (CTAC) was
obtained from Sigma-Aldrich in solution (25 wt % in H2O). The
CTAC solution was diluted with distilled water to reach desired
concentrations. Gold nanoparticles with a 150 nm diameter,
stabilized suspension in citrate buﬀer, were purchased from
Sigma-Aldrich. Polystyrene (PS) beads (210 nm diameter),
which have carboxyl (−COOH) coatings and contain
ﬂuorophores (Flash Red, absorption maximum at 660 nm,
emission at 690 nm), were purchased from Bangs Laboratories,
Inc. The nanoparticle suspensions were centrifuged and
redispersed in the CTAC solution using a vortex mixer. We
adjusted the particle concentration by diluting 1 part of the
particle solution with 500 parts of the CTAC solution of the
desired concentration (1000 parts for PS beads) to reduce the
particle concentration sparse enough to ensure single-particle
trapping.
Glass coverslips from Menzel Gläser (145 μm in thickness)
and a double-sided adhesive spacer (120 μm thickness, Grace
Bio-Laboratories SecureSeal imaging spacer) were used to build
a microﬂuidic chamber. Glass coverslips were sonicated in
acetone and isopropyl alcohol for 30 min each, before use.
Optical Measurements. The gold nanoparticles and
ﬂuorescent polystyrene beads in the microﬂuidic chamber
were imaged using a commercial optical microscope (IX71,
Olympus) equipped with a 60×, 1.45 NA, oil-immersion
objective (PLAPON 60xO TIRFM, Olympus). Supporting
Information Figure S1 provides an overview of the optical setup.
The imaging system is essentially reﬂected dark-ﬁeld microscopy. The samples were illuminated from below through the
objective. The backward scattered light from the specimen was
collected by the same objective lens, transmitted through a darkﬁeld mirror. The dark-ﬁeld mirror is a transparent plate with a
small elliptical silvered mirror in the center, tilted at an angle of
45° to the optical path. The projection of this elliptical mirror
onto the transverse plane is a circular light stop, which blocks the
direct reﬂection of the light source and the trapping laser and
transmits only the high-angle part of the scattering to form a
dark-ﬁeld image.34 The sample stage incorporated a threedimensional piezoelectric translation for the high precision
control of the sample position.
Trapping Experiments. A 632.8 nm linearly polarized He−
Ne laser was used for particle trapping. The power of the laser
was controlled in front of the laser using a laser-line variable
beamsplitter (VA5−633, Thorlabs) to have a power of 10 mW
before the entrance pupil of a trapping objective. The laser beam
was focused at the bottom of the microﬂuidic chamber using a
60×, 0.85 NA, air objective lens to trap the particle close to the
water−glass interface. The beam was not expanded and
therefore underﬁlled the objective’s entrance pupil. The
resulting low numerical aperture produced a large radiation
pressure toward the substrate, bringing particles close to the
bottom of the microﬂuidic chamber. A stable optical trap was

■

RESULTS AND DISCUSSION
Mean Squared Displacement. We examined an optically
trapped particle’s statistical behavior as a function of CTAC
concentration by analyzing its mean squared displacement
(MSD). The MSD at time lag τ is deﬁned as
MSD(τ ) ≡ ⟨[x(t + τ ) − x(t )]2 ⟩

(1)

where x(t) is the position of the particle as a function of time t,
i.e., the particle trajectory. The MSD can be thought of as an area
explored by a particle in a given time lag τ.
The optically trapped particle is modeled as a damped
harmonic oscillator in a heat bath.37 To keep a constant
temperature, we ﬁxed the size and material of the particles (gold
and 150 nm in diameter) and the incident laser power (10 mW
before the trapping objective). These three parameters
determine the amount of optical heating by the laser.38,39
Supporting Information Figure S3 shows the measured
absorbance spectrum of the 150 nm gold colloid; this particular
colloid was carefully chosen to have its highest absorbance at the
trapping laser’s wavelength so that it not only acts as an optical
probe but also serves as a localized heat source.
Based on the constant temperature assumption, we can
describe the motion of a damped harmonic oscillator in one
dimension with the Langevin equation40
mx(̈ t ) + γx(̇ t ) + κx(t ) = Ftherm(t )

(2)

where m is its inertial mass, γ is its friction (drag) coeﬃcient, κ is
the spring constant of the optical trap, and Ftherm is the random
thermal force acting on the trapped particle. On time scales
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Figure 1. Particle trajectory in an optical trap and its mean squared displacement (MSD). (a) Example trajectories of a trapped particle at three
diﬀerent time scales (0.1 mM CTAC). The green circle has an area the same as the MSD(τ → ∞), which indicates the area over which the particle is
conﬁned over a long time scale. (b) Double-logarithmic plot of the MSD calculated from the trajectory shown in a. The value of MSD(τ → ∞) is
indicated as the dashed horizontal line.

Figure 2. Statistical distribution of MSDs for diﬀerent surfactant concentrations. (a) A typical example MSD(τ → ∞) histogram for a total of 66
measurements at 0.1 mM CTAC. A log-normal distribution is ﬁtted to the data histogram to approximate the skewed data distribution and to calculate
the mode of the statistical population. (b) Semilogarithmic plot summarizing all the MSD(∞) as a function of bulk CTAC concentration. For each
concentration, at least 30 trajectories are analyzed for the log-normal distribution ﬁt. The red solid bars represent the mode values of each distribution.

longer than a few microseconds, the inertial term, mẍ(t),
becomes negligible in aqueous media due to the low Reynolds
number.41 The reduced Langevin equation without the inertial
term can be solved for MSD,37 which is
MSD(τ ) =

2kBT
(1 − e−τκ / γ )
κ

size distribution, which is well-known to follow the log-normal
distribution. Supporting Information Figure S4a shows the
measured size distribution of the colloids used in this study,
which is also well-approximated with a log-normal. The
relationship between the size distribution and that of MSD(∞)
can be inferred from eq 3, where MSD(τ) converges to 2kBT with

(3)

κ

τ → ∞. Since the trapping laser power was ﬁxed for all the
measurements, the stiﬀness κ can be assumed to be constant.
Only the temperature T may vary with the size variance, as does
the absorption by the particle. Figure S4b in the Supporting
Information shows the Mie calculation for the absorption cross
section with increasing particle size; a larger particle tends to
have a larger absorption cross section, raise the temperature T,
and therefore have a greater value for MSD(∞).
Such an asymmetric distribution appears for all the examined
CTAC concentrations. We made a total of 651 measurements,
i.e., 55 measurements on average for each concentration. We
ﬁtted each data set with a log-normal to observe the underlying
trends for varying surfactant concentrations. The mode of the
data set was also calculated from the log-normal ﬁt as a statistical
representative value (e.g., the red solid vertical line in Figure 2a).
Figure 2b summarizes the results as a function of CTAC
concentration. For each concentration, the data points are
drawn on the left half, and the log-normal ﬁt is drawn on the
right half with the mode highlighted as the red horizontal bar.
These mode values reveal that the diﬀerent amounts of
surfactants can strengthen or weaken the optical trap. We
grouped the results into three categories (Phase I, II, and III)

where kB is the Boltzmann constant and T is the temperature.
Figure 1a shows an example of three successive trajectories for
an optically trapped gold nanoparticle at diﬀerent time scales. It
visualizes the temporal evolution of the two-dimensional
position ﬂuctuations, (X(t), Y(t)), at increasing time intervals
(0.02, 0.2, and 2.0 s). Figure 1b shows the MSD calculated from
this trajectory. When the time lag τ becomes long enough,
typically longer than 0.1 s in our experiments, the MSD reaches a
plateau; we call it MSD(τ → ∞) or simply MSD(∞), which is
closely related to the area in which the particle’s motion is
conﬁned by the restoring optical force. This area is shown as a
green circle in Figure 1a. Eq 3 tells us that among the three
variables that determine the MSD(τ), only the temperature T
and the trapping stiﬀness κ decide the value of MSD(τ → ∞),
not the friction coeﬃcient γ; the value of γ aﬀects the slope of the
linear dependence on τ at short time scales (Figure 1b).
We have analyzed at least 30 trajectories for each
concentration to obtain a distribution of MSD(τ → ∞). An
example distribution at 0.1 mM CTAC is plotted as a histogram
in Figure 2a, which consists of 66 measurements. Interestingly, it
reveals that the data set has a skewed distribution rather than a
symmetric one. One possible explanation for this is the particle
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Figure 3. Critical micelle concentration (CMC) and colloid characteristics. (a) Conductivity of the bulk nanoparticle−surfactant solution and its
piecewise linear ﬁt to determine the CMC. (b) Hydrodynamic size and (c) zeta (ζ) potential of the colloidal gold nanoparticles as a function of CTAC
concentration.

by centrifuging the gold colloids, carefully removing the
supernatant, and redispersing the residue in the target CTAC
solution. Since we cannot completely remove the supernatant,
about 5% of the original buﬀer remains in the residue and dilutes
the surfactant concentration. For these reasons, we found a
slightly higher value for the CMC of the colloid−surfactant
mixture, which will be used as the value for CMC throughout the
discussion.
Figure 3b,c shows the hydrodynamic size and ζ potential of
the gold colloids, which change as a function of CTAC
concentration. When combined, these diﬀerent measurements
give valuable information about the surfactant structures on the
particles’ surfaces. According to the study by Li et al.,47 the
CTA+ cations form assembly structures on colloidal surfaces in
the following order: incomplete monolayer → complete
monolayer → imperfect bilayer → perfect bilayer → (perfect
bilayer + micelles). The hydrodynamic size (171 nm) and ζ
potential (39 mV) at the lowest CTAC concentration in Figure
3b,c imply that the surfactant molecules form at least imperfect
bilayer structures on gold nanoparticle surfaces, whose charge
was originally negative due to the citrate ions and became
positive with the adsorption of the positively charged CTA+
cations. If the particles had not reached the imperfect bilayer
state, remaining either in the state of the incomplete monolayer
or complete monolayer (i.e., the hydrocarbon tail groups of the
CTA+ molecules exposed to the bulk solution), they would have
aggregated due to the hydrophobic eﬀect among particles.47
Since the size distribution shows a unimodal distribution with an
average size of 171 nm (Supporting Information Figure S4a), it
indicates no aggregate, and the CTA+ cations must form at least
an imperfect bilayer assembly. These imperfect bilayers develop
into perfect bilayers with increasing CTAC concentration,
supported by the growing hydrodynamic size and ζ potential up
to the CMC.
The glass−water interface also experiences a drastic change
from the lowest concentration up to the CMC.46 In this region,
the surface coverage with admicelles rapidly increases and
reaches its maximum above the CMC.46 This type of adsorption
behavior has been reported in the literature for various
surfactant−substrate combinations45,46,52 and also extensively
reviewed by Atkin et al.44 Therefore, we assume that this general
adsorption model also works for our glass−CTAC solution
system.
Combining the observation for the gold nanoparticles and the
assumption for the glass−solution interface in this concentration
range below the CMC, we can expect increasing electrostatic

based on the trends discovered by the mode values. We will
elaborate on each category and a plausible role of the surfactant
in the following section.
Eﬀect of Adsorbed Surfactants. CTAC surfactants adsorb
on the glass and gold nanoparticle surfaces.42−44 On the glass
surface, they form centrosymmetric aggregates, termed
admicelles, which resemble micelles in the bulk solution.45,46
The formation of admicelles appears early in the adsorption
process, at concentrations below the bulk critical micellar
concentration (CMC) .45,46 Tyrode et al.46 performed a detailed
study on the adsorption of cetyltrimethylammonium bromide
(CTAB, the corresponding bromide salt of CTAC) on silica, and
we refer to this paper for a detailed description of the adsorption
process.
On the other hand, CTA+ molecules form a bilayer structure
on the gold surfaces.42 A recent study by Li et al.47 proposed an
insightful mechanism for the assembly structure of CTA+
molecules on citrate-capped gold colloids, which varies not
only with CTAB concentration but also with the ratio of CTAB
molecules to gold nanoparticles.
We adapted these two studies by Tyrode et al.46 and Li et al.47
to understand how the CTA+ molecules adsorb and form
assemblies on the diﬀerent interfaces in our trapping system.
(Although they studied CTAB instead of CTAC, both
surfactants have cetyltrimethylammonium cations (CTA+) in
common, and we assume that the eﬀect of the halide counterions
(Br− or Cl−) is not signiﬁcant in this study where we consider
the low concentration range at which both of CTAB and CTAC
form similar aggregates.48) Together with our measurements of
the CMC, the particles’ zeta (ζ) potentials, and their
hydrodynamic size variation, we will provide a plausible
interpretation of the relationship between the surfactant
structures and the trapped particles’ behaviors.
We ﬁrst measured the conductivity of the gold colloid−
surfactant solution as a function of CTAC concentration to
determine the CMC in bulk. The CMC was determined as 1.4
mM by ﬁnding the intersection of two straight lines that were
ﬁtted into the conductivity/concentration data above and below
the CMC49,50 (Figure 3a). This value of 1.4 mM is higher than
the values reported in the literature (1.0 to 1.1 mM)44,51 possibly
due to two factors: First, the bulk solution is a mixture of
surfactants, gold nanoparticles, and water; the surfactants adsorb
on the particles’ surfaces, which eﬀectively reduces the bulk
concentration and thus shifts the apparent CMC to a slightly
higher value. The second factor is related to the solution
preparation step. We prepared the colloid and surfactant mixture
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as 0.02 pN toward the trap center. The similarities in force
magnitudes between the optical tweezer and admicelle/particle
interaction imply that the electrostatic interaction between the
admicelle and the particle is signiﬁcant enough to inﬂuence the
optical trap and thus the particle motion.
In the next phase of the MSD(∞), Phase II in Figure 2b, the
distribution and its mode show a step-like increase above the
CMC and then stagnate up to 2.5 mM. This transition should
also be related to the change in the surfactant structure.
Returning to Figure 3b, we ﬁnd an abrupt decrease in the
hydrodynamic size at 1.5 mM. Such an abrupt change indicates
the involvement of a new species, which has a higher electrical
charge than that of a single CTA+ molecule and thus more
eﬃciently screens the particle’s surface charge, making the
electrical double layer thinner: the advent of micelles. The
plummeting hydrodynamic size and the steeper rise in the ζ
potential in Figure 3b,c substantiate together the existence of
micelles in the particles’ outer layers. Therefore, we estimate that
the bilayer on the particle surface is almost complete at the end
of Phase I, and the micelles in the bulk start to become
associated with the particle in the beginning of Phase II.
These micelles at the particle−liquid interface apparently do
not aﬀect the MSD(∞), as its distribution stagnates throughout
the three concentrations in Phase II. A plausible explanation is
that these micelles are also mobile around the particle and
rearrange themselves, similar to the previous assumption in
Phase I. The step-like increase in the MSD(∞) can be explained
by the fully occupied glass−liquid interface above the CMC. The
admicelles are now closely packed and have lost their mobility.
The previously mentioned eﬀect of additional trapping potential
created by the rearranged admicelles will disappear, which will
raise the MSD(∞) values.
The ﬁnal concentration region, Phase III in Figure 2b, features
another step-like increase and exponential growth of MSD(∞).
The second jump between 2.5 and 3 mM can be attributed to the
complete saturation of the particle surface with micelles, similar
to the ﬁrst jump associated with the full coverage of the glass
substrate. The plateau of the ζ potentials in Figure 3c supports
the saturated adsorption on the particle surface. Since both the
glass and particle surfaces are fully saturated at this stage, the
adsorbed structures on the interfaces remain the same. The only
variation with the increased concentration is the number of
micelles in the bulk solution. The exponential growth in the
MSD(∞) in Phase III indicates that the bulk micelles disturb
stable trapping, and video investigations (Supplementary Video
1) also show impeded particle movements.
A recent study by Jiang et al.25 provides a convincing
explanation of this phenomenon. They studied the role of
surfactants in plasmonic trapping and described that the
surfactants in bulk could alter a trapped object’s thermal
response, making it thermophilic or thermophobic depending
on the type of surfactants. Another study by Lin et al.23 also
reported a similar eﬀect based on a nonuniform surfactant
distribution in bulk upon a temperature gradient. In particular,
they discovered that CTAC makes gold nanoparticles
thermophilic driven by a surfactant-induced thermoelectric
ﬁeld, which enhanced the trapping stiﬀness of their thermoplasmonic trap 2−3 orders of magnitude higher than that of
optical tweezers.23 However, in our system, the heat source is the
trapped particle itself, whose position and concomitant
temperature gradient constantly ﬂuctuate. Therefore, even if
the CTAC makes the gold nanoparticle thermophilic, the selfinduced thermoelectric ﬁeld can disturb the optical trap.

repulsion between the particle and the surface with the gradual
adsorption of CTA+ molecules on both surfaces. This repulsive
force can elevate the equilibrium position of the particle above
the surface and thus can decrease the hydrodynamic drag53
following Faxén’s law.54 However, in Supporting Information
Figure S5, we calculated the drag coeﬃcient γ by ﬁtting the
measured MSDs with eq 3 and found that the γ values remain
similar over the whole concentration range. They do not show
any close correlation with the ζ potentials of the particles nor
with the surface coverage of the glass substrate. One possible
explanation is that the radiation pressure by the optical tweezer
dominates over the electrostatic repulsion and keeps pushing the
particle close to the glass wall. Therefore, we can assume that the
particle’s axial position remains similar across the whole
concentration range used in this study.
With this understanding, we construct a model for the lowest
concentration range below the CMC to interpret the trapped
particles’ behaviors in Phase I (Figure 2b). In Phase I, the mode
of the MSD(∞) distribution decreases, and the distribution
2k T
itself is narrowing. Since MSD(τ → ∞) = κB from eq 3, the
decrease in MSD(∞) implies an increase in the trapping
stiﬀness κ under the assumption of a constant average
temperature. Based on the idea that the particle surface has an
incomplete bilayer and the glass surface has yet to be fully
covered below the CMC, we can hypothesize that these
molecules are partly mobile, and they can rearrange themselves
when the particle sits on the glass wall. This rearrangement then
forms an additional lateral trapping potential, and the particle’s
MSD(∞) decreases as a consequence. This decreasing trend for
the MSD(∞) can be understood by the fact that denser
admicelles result in a deeper and narrower potential well.
Two driving forces can be proposed for the mobility and
rearrangement: (1) the electrostatic repulsion between the
particle and the surface admicelles and (2) the increased
temperature around the particle by laser heating.32,55 In general,
admicelles are mobile, and they can migrate over the surface
without leaving the surface completely, which requires much less
energy than desorption.56 Around the optically trapped and
heated nanoparticle, there is suﬃcient energy for the admicelles
to diﬀuse over the surface, since the local temperature of an
optically trapped gold nanoparticle can easily reach up to 100 °C
even at moderate laser powers.38,39 The electrostatic repulsion
can drive the micelles away from where the particle rests.
Once being settled around the trapped particle, these micelles
can form an additional trapping potential, as we hypothesized
based on the observed decreasing trend in MSD(∞) in Phase I.
First, we estimated the magnitude of the interaction force
between the particle and the micelle with the DLVO theory
(Supporting Information Figure S6 and Section 6 for more
details). The maximum magnitude of the repulsive force was
∼0.46 pN, and it decreased exponentially with separation
distance, h. For instance, at h = 30 nm, the force is repulsive and
has a magnitude of 0.04 pN; a fraction of this force (i.e., a
projection onto the lateral surface) contributes to the particle
trapping. On the other hand, the optical force induced by the
trapping laser also falls into similar magnitudes. The trapping
stiﬀness of the optical trap at 0.1 mM CTAC (where the eﬀects
from admicelles are assumed to be minimal) is calculated as 1.13
× 10−7 N/m, using eq 3 with an estimated temperature of 366 K
(Supporting Information Section 5 for more details). At around
170 nm displacement from the trap center, the same as the
radius of the MSD(∞) shown in Figure 2a, the force is estimated
382
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Figure 4. Cartoon showing plausible morphologies of adsorbed surfactant cations, CTA+, at the glass−water interface and the gold nanoparticles’
surfaces at varying CTAC concentrations from low (left) to high (right). Adapted from Li et al.47 for gold colloid surfaces and Tyrode et al.46 for a
glass−water interface.

Figure 5. Polystyrene (PS) beads as a nonthermal probe. (a) Zeta potential and (b) hydrodynamic size of the PS beads compared with those of gold
nanoparticles as a function of CTAC concentration. Each data point represents an average of 10 measurements. For each concentration, 10 data points
are displayed for the ζ potential, and 3 data points are displayed for the hydrodynamic size. (c) Distributions of MSD(∞) for optically trapped PS
beads near the glass wall. The left half shows the data points of at least 30 measurements, and the right half shows the ﬁtted log-normal distribution. The
data and its distribution for gold nanoparticles are plotted behind for comparison. (d) Comparison of the MSD(∞) between gold and PS nanoparticles
for the whole concentration range in semilogarithmic scale. The data points represent the mode of each distributions. The error bars indicate the
⟨25,75%⟩ interquartile range.

Figure 4 summarizes plausible morphologies of adsorbed
surfactant molecules on the glass substrate and gold colloids, at
increasing CTAC concentrations (see Supplementary Video 1
for corresponding particle recordings). It depicts gradual
changes in the surface coverage as well as the likely surfactant
assemblies on diﬀerent interfaces, adapted from Li et al.47 and
Tyrode et al.46 Below the lowest concentration (Cmin), the
particle is electrostatically attracted and stuck on the negatively
charged glass surface (Phase 0). For stable colloids, a minimum
concentration of 0.1 mM was required in this study. From Cmin

to CMC (Phase I), the particle trapped close to the glass wall
may rearrange the admicelles, inducing a self-constraint on its
movement and thus exhibiting the most stable trapping among
the examined concentration groups. From CMC up to Csat
(Phase II), the particle is stably trapped on the fully covered
glass surface, where the eﬀect of the admicelles vanishes. At this
stage, the particle surface has not yet been saturated. Above Csat
(Phase III), all the interfaces are completely saturated, and the
particle starts to be impeded while ﬁnding a stable trap position,
possibly due to the eﬀect of the surfactants in the bulk.23,25
383
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Polystyrene Beads. We explained the motion of the
trapped gold nanoparticles based on the surfactant assembly
structures that develop with increasing surfactant concentration
(admicelles, bilayers, and micelles in the bulk) and the possible
inﬂuence of the particle on these structures. One of the
hypotheses was the thermal eﬀect of the optically trapped gold
nanoparticles, which causes the local rearrangement of
admicelles at the glass−solution interface. To test this
hypothesis, we performed trapping experiments with polystyrene (PS) beads, which absorb much less light and thus produce
much less heat (Supporting Information Figure S3 for the
absorbance spectrum for gold and PS nanoparticles).
We used PS beads that have carboxyl groups on their surfaces,
making them negatively charged (−41.5 ± 0.5 mV) like the gold
nanoparticles with citrate coatings (−27.2 ± 0.2 mV). Figure
5a,b show their ζ potentials and hydrodynamic sizes as a
function of CTAC concentration, superimposed on the gold
nanoparticle data for comparison. The initially negative surface
charge became immediately positive with the addition of CTA+
molecules, and their ζ potential magnitudes changed almost
identically to those of gold nanoparticles with increasing CTAC
concentration (Figure 5a). The development of their hydrodynamic size also resembles those of gold nanoparticles with
about 70 nm oﬀset (Figure 5b). The similar behaviors in the
surface charges and the stark contrast in the optical absorbance
make the PS beads a successful candidate to test the thermal
eﬀects.
Figure 5c summarizes the MSD analysis for the PS beads, with
the results for gold nanoparticles for comparison. The beads
were trapped by the same optical tweezer at four diﬀerent CTAC
concentrations (0.1, 1, 2.5, and 5 mM). By comparing the results
from this nonthermal probe, we discovered a few interesting
diﬀerences. First, the distributions remain similar across vastly
diﬀerent concentrations, supporting our hypothesis that the
changes originate from the thermal eﬀects. Furthermore, the
distributions for the PS beads are narrower and symmetrical. We
have previously explained the gold nanoparticles’ skewed
distribution by combining the asymmetric size distribution
and size-dependent optical heating. The PS beads also have an
asymmetric log-normal size distribution with a comparable
variance (Supporting Information Figure S4a), but the optical
heating eﬀects are absent in this case. Therefore, we can
understand that the optical heating makes the distribution
skewed and broader for gold nanoparticles. The remaining
variance in the MSD(∞) distribution for the PS beads can be
attributed to other experimental variations such as the surface
charges and shapes of the particles and site-speciﬁc local surface
variations. The only exception occurs at 1.0 mM CTAC, where
the gold nanoparticles have a narrower yet skewed distribution.
As we suggested earlier, it may be explained by the interactions
with the admicelles, which disrupt the distribution of admicelles
and reduce their randomness through rearrangement.
Figure 5d reveals the diﬀerent developments of the MSD(∞)
for the gold and PS nanoparticles. The points and error bars
respectively represent the modes and interquartile ranges (25−
75%) of the data. The modes of the PS beads remain similar, as
expected from Figure 5c, showing neither the decrease in Phase I
nor the increase in Phase III that are observed for the gold
nanoparticles. The overall shifts of the MSDs to higher values for
the PS beads can be attributed to weak axial conﬁnement due to
their relatively small scattering force compared to that of the
highly reﬂective gold nanoparticles. Since the ζ potential of the
PS beads and the surface coverage of the glass substrate
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drastically change over the examined concentration range, the
adsorption of surfactant molecules seems to have negligible
eﬀects on the motion of the PS particles. It also appears that the
micelles in bulk do not perturb the trap from the results at 5.0
mM CTAC. Therefore, the observations with the PS beads
support the two hypotheses regarding the thermal eﬀects of the
gold nanoparticles on their motions, namely the heat-induced
migration of the adsorbed micelles on the glass surface at low
concentrations and the disturbance caused by the bulk micelles
in the presence of a temperature gradient at high concentrations.

■

CONCLUSION
This paper has studied the eﬀect of adsorbed surfactants
(CTAC) on an optically trapped gold nanoparticle by analyzing
its trajectories inside the trap. Close to the liquid−glass interface,
the particle interacts with the surfactants in a way that
strengthens or inversely disturbs stable trapping, depending on
the surfactant concentration. Below the CMC, we have
evidenced that the unsaturated surfactant layer can create an
additional trapping potential. The interaction between the
surfactant admicelles and the optical heated metallic particle has
been suggested as a possible mechanism, which was supported
by theoretical modeling using the DLVO theory and controlled
experiments with cooler PS beads. Above the concentration at
which both the particle and glass surfaces are fully saturated, we
have found that micelles in bulk perturb the optical trap,
analogous to the recent ﬁndings by Lin et al.23 Our ﬁndings
develop a fundamental understanding of the inﬂuence of
surfactants on optically trapped objects, where surfactants are
often required for colloidal stability. The same methodology can
be applied to diﬀerent combinations of surfactants, colloidal
particles, and substrates. Moreover, a gold nanoparticle as a
thermal probe can become a versatile tool in surface sciences to
locally elevate the temperature around the particle and
simultaneously investigate temperature-related phenomena
such as desorption or polymerization, by statistically analyzing
its motion.
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