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Abstract

Single-particle tracking with real-time feedback control can be used to study three-dimensional
nanoparticle transport dynamics. We apply the method to study the behavior of adsorbed nanoparticles
at a silicone oil-water interface in a microemulsion system over a range of particles sizes from 24 nm to
2 000 nm. The diffusion coefficient of large particles (> 200 nm) scales inversely with particle size,
while smaller particles exhibit an unexpected increase in drag force at the interface. The technique can
be applied in the future to study three-dimensional dynamics in a range of systems, including complex

fluids, gels, biological cells and geological media.

1. Introduction

The dynamics of colloidal nanoparticles in complex media are of considerable interest in fields
ranging from cell biology to oil exploration and recovery .*** Given the three-dimensional nature of
such media, it is important to be able to follow the nanoparticles in full 3D space in order to capture all
the essential aspects of their behavior and so probe the underlying physics. In this work, we apply a
real-time, 3D tracking system to determine the diffusion coefficients of nanoparticles absorbed at the

oil-water interfaces of oil droplets in a micro-emulsion. Nanoparticles absorbed at an interface are
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confined and can move only laterally along the interfaces because of the large adsorption energy.***®

The interfacial dynamics of adsorbed nanoparticles provide a mechanism for probing such interfaces and
are also relevant to understanding such phenomena as the formation of and stability of Pickering
emulsions and particle assembly at interfaces. However, several open questions remain regarding the
basic physics of interfacial nanoparticle transport, primarily because of the lack of tools available for
probing dynamics in situ. Several experimental methods, such as laser scanning confocal microscopy,
optical microscopy and fluorescence photobleaching, have been applied to investigate the interfacial
dynamics of colloidal particles.'?> These methods have limits in particle size, spatial resolution,
temporal resolution, and typically require special sample preparations to create flat interfaces suitable
for conventional microscopy. Confocal microscopy can effectively measure the three-dimensional (3D)
positions of multiple particles by acquiring stacks of images in the z direction, but the stack acquisition
rate (on the order of 1 Hz to 10 Hz) is relatively slow for tracking fast moving nanoparticles in 3D. 6%
Recent advances in optical microscopy have enabled 3D tracking of multiple particles simultaneously,**
%8 put their operation is constrained to within a distance on the order of the depth of focus from the
microscope’s focal plane, and therefore well-controlled interfaces unavailable in real-world geometries
such as gels, emulsions, or geological media must be used. Complementing and motivating the
experimental studies, there are a large number of theoretical investigations on interfacial dynamics of
colloidal particles.***® Different analytical and numerical conclusions have been obtained under
different assumptions. While several experimental measurements have been applied to verify or support
the theoretical conclusions, there remains an important gap between experimental observations and
theoretical explanation. One possible source of discrepancy is the use of homogeneous continuum
approaches in theoretical investigations of interfacial dynamics, where heterogeneous fluidic or even
atomic structure may become important at the nanoscale.®® Furthermore, issues such as surface charge,
heterogeneity of surface functionality (“patchiness”), three-phase line tensions, physical ageing of

contact lines, size-dependent hydrophobicity, interface curvature and interface deformation are expected



to play crucial roles, again becoming increasingly important at the nanoscale.***® It is critically
important, therefore, to develop new, accurate methods for making experimental measurements of

interfacial nanoparticle dynamics in realistic systems.

In this paper we use a 3D real-time feedback tracking apparatus to investigate interfacial
dynamics of fluorescent polystyrene nanoparticles in oil-in-water emulsions by monitoring the in situ
motion of individual nanoparticles at the oil-water interfaces of droplets, over a wide range of
nanoparticle sizes in a true 3D geometry. The 3D positions of nanoparticles diffusing at the surfaces of
oil droplets are tracked with high spatial (=50 nm) and temporal (=5 ms) resolution. Diffusion
coefficients (D) of nanoparticles with diameters ranging from 24 nm to 2 000 nm, have been measured
both at interfaces and in water. For freely diffusing particles in water, measured D scale linearly with the
inverse of particle radius (R™) and agree well with theoretical values estimated from the Stokes-Einstein
equation. For particles adsorbed at interfaces, diffusion coefficients are reduced because of the high
viscosity of the oil. Surprisingly, measured D do not scale linearly with R™ and small particles (diameter
< 200 nm) diffuse relative slowly. The measurements indicate that the drag coefficient (normalized to
the particle radius R) increases as the size of particles decreases. The standard drag coefficient equation
accounts for the interaction of the absorbed particle with the liquids on both sides of the interface using
a contact angle-dependent function. However, we find that this equation can only be fit to the data by
allowing the contact angle to vary with particle size. Using this assumption, we estimate that the contact
angle of particles at interfaces decreases from 0.9 x to 0.5 7 as the particle size decreases from 2 000 nm
to 24 nm. We discuss several physical phenomena that might lead to such behavior, including variation
in surface functionality, charge-induced interface deformation, interface curvature and three-phase line
tension. Based on the data, we propose that three-phase line tension is the dominant effect. Our results
demonstrate the capability of real-time 3D tracking for investigating in situ dynamics of interfacial
nanoparticles in 3D geometries, with high spatial and temporal resolution. The method opens the

possibility for studying transport phenomena in other complex, intrinsically three-dimensional materials,



including complex fluids, gels, biological cells and geological media.
2. Experimental Section

(1) 3D real-time feedback tracking apparatus

Building on recent advancements in real-time feedback control of diffusing particles,*>* we

have developed an apparatus to perform 3D tracking of individual fluorescent nanoparticles at oil-water
interfaces. Figure 1(a) shows the experimental design. The basic idea is that a focused excitation laser is
scanned in a small (sub-micron) periodic pattern, while fluorescence photons are collected and
demodulated in real-time to derive a feedback signal suitable for closed-loop tracking with a 3D piezo
electric stage. Our design closely follows that of reference.®® A 532 nm laser beam is first deflected

along the x-axis at frequency f,.,, = 312.5 kHz by an acousto-optic deflector (AOD 1), then split into

two beams by a polarizing beamsplitter (PBS). Both beams are then deflected along the y-axis at the

same frequency f,.,, by AODs 2 & 3. In order to deflect the beams in a circular pattern, the y-axis

deflections have 90 ° phase shift from the x-axis deflection (this phase shift value is subsequently
adjusted to correct for small variations in beam alignment and resulting acoustic propagation times). By
attenuating the radio frequency (r.f) drive signals into the y-axis AODs, the optical powers of beams 1

and 2 are alternately turned on or off at frequency f, = f,,./2 = 156.25 kHz to create intensity variation

along the z-axis. The beams pass through lens pairs, allowing independent adjustment of their focal
planes in the sample before being combined by another PBS. Finally, the beams are focused by a
microscope objective (63x/NA 1.2 water immersion) into a liquid sample. The result is an alternating
cycle of circular scans above and below the (detection) focal plane. Nanoparticle fluorescence is
collected by the objective lens, separated from the excitation light by a dichroic filter, and measured by a
single-photon counting Si avalanche photodiode. As the block diagram (Figure 1(b)) shows, the
fluorescence signal is demodulated on a field-programmable gate array (FPGA) programmed in

LabView.>>™’ The error signals are fed back to a three-axis piezoelectric sample stage (75 pm travel in



Xy, 50 um travel in z) to move the sample and lock the nanoparticle in the focus of the objective lens.
Although the feedback control loop operates in quasi-continuous time (discretized only by the FPGA
clock signal at 40 MHz =1/25 ns), data is recorded at a lower rate for convenience. The stage positions
along X, y and z axis and the fluorescence intensity are recorded every millisecond. The overall
bandwidth of the feedback system is several hundred Hertz, limited by the mechanical response of the

piezoelectric nanopositioning stage.
(if) Sample preparation

We use silicone oil (Sigma Aldrich, product # 146153) with density of 0.97 g/cm® and viscosity

of 100 mPa s at 25 °C (measured by a viscometer). The nanoparticles (Invitrogen, product # F8887) are

carboxylate-modified polystyrene spherical beads with nominal diameters of 24 nm, 100 nm, 200 nm,
490 nm, 1100 nm, and 2000 nm. According to the manufacturer, the coefficient of variation (standard
deviation/mean size) of bead diameter is 20 % for 24-nm beads and 5 % for 100 nm and larger beads.
We confirmed the size of the beads to be consistent with the manufacturer values by scanning electron
microscopy (SEM). The polystyrene beads are labeled with red fluorescent dye, which has an emission
peak at 650 nm. The beads are negatively charged due to their carboxylate modification. Prior to use, the
beads are cleaned by performing several cycles of centrifugation and washing to remove azide

preservative and residual surfactant.

Oil-in-water emulsions are simply prepared by adding 30 uL silicone oil into 200 uL aqueous

suspension of nanoparticles then shaking the mixture by hand for a few minutes. The obtained oil
droplets have diameters ranging from ten to several hundred microns. To ensure that we observe a
single, isolated particle, the bulk concentration of the initial nanoparticle suspension is reduced such that

we observe on average less than 1 particle per oil droplet. After preparation, a small volume (20 uL) of

the resulting emulsion is sealed in a sample cell made of two glass coverslips with approximately 100

um depth. For 3D nanoparticle tracking experiments, we only choose the oil droplets stuck to the lower



glass surface, as Figure 2 shows, to eliminate the diffusion of free oil droplets.
3. Results and Discussion

Using our 3D tracking apparatus, we measured diffusion dynamics of polystyrene particles with
diameter from 24 nm to 2 000 nm at oil-water interfaces. Figure 3 (a-c) shows a typical measurement
result from a 3D tracking experiment. A 200 nm-diameter polystyrene particle is adsorbed and diffusing
at the surface of a silicone oil droplet in water. The particle is tracked for over 300 s, until it reaches the
travel limit of the piezoelectric sample stage (at which point the controller resets and the stage is moved
back to its center position). A 3D trajectory plot and projections onto Xy, xz and yz planes clearly reveal

the spherical profile of the oil droplet with a diameter around 10 pum.

The diffusion coefficient (D) of a particle is estimated from the mean-square displacement using

D= j;;_ = %(Dx + D, +D_), where Ar* = Ax® + Ay? + Az? is the change in the particle’s (three-

. . .. . . . & ® . . .
dimensional) position in time At (See Figure 4).”® For example, D, = ﬂ—;ﬁ. For free particles moving in

3D we take d = 3 while for interfacial particles, the surface diffusion coefficient is found by taking d = 2
to account for the reduced dimensionality of the surface.>® For a particle freely diffusing in water, the
diffusion coefficient along x, y and z is expected to be isotropic, D, = D, = D_, due to the
homogeneous environment. One of our control experiments on a freely diffusing particle confirms D,
D, and D_ have the same values for a 200 nm particle in water. Figure 4 (a) shows the 3D trajectory of
the particle. Figure 4 (c) shows the calculated mean square displacement (MSD) (upper) and diffusion
coefficient vs delay time (lower) plots. The measured diffusion coefficient D = (Dy + Dy + D;)/3= (2.1 +
0.04) um® /s , which is good agreement with the theoretical value (2.2 + 0.1) um? /s estimated from the
Stokes-Einstein equation (uncertainties are 1 standard deviation; the uncertainty in the theoretical

estimate reflects the uncertainty in the particle size). In the lower plot of Figure 4(c), the diffusion

coefficient appears smaller than the true value at short times (< 5 ms), because the tracking apparatus



has a finite response bandwidth. Re-plotting the data in this format aids the experimentalist in
determining when the feedback loop is under- or overdamped and is analogous to the determination of
the step response of a control system. An estimate of D in this type of plot can be found from the flat
(constant) portion of the curves. We estimate the error in the observed diffusion coefficient through
repeated measurements — typically estimating D on each 1-second interval of a trajectory. Quoted errors
are one standard deviation of the measured Ds. For an adsorbed particle at oil-water interfaces,

D..D, and D, depend on the angles between the axes and interfaces because of inhomogeneous

constraints along x, y and z axes. Figure 4 (b) is a 20 s part of the trajectory of a particle absorbed at an
oil/water interface shown in Figure 3 (b). The calculated diffusion coefficients are, as Figure 4 (d)

shows, D, = (0.04 + 0.004) um?/s, D,, = (0.12 + 0.008) ym?®/s, D_ = (0.08 £ 0.006) um*/s. As
the particle moves on the surface of the oil droplet, the individual values of D, D, and D_ change as the

particle explores the different local orientations of the interface. However, the surface diffusion

coefficient D = (D, + D, + D_)/2 = (0.12 £ 0.006) um® /s remains constant, within experimental

error.

Figure 5(a) shows the measured D of polystyrene particles with diameters ranging from 24 nm to
2 000 nm. For freely diffusing particles in water (diamonds), the measured D agrees with the theoretical

value estimated from the Stokes-Einstein equation: D, = kT /(6mn,.R) . Here, k is Boltzmann constant,
T is temperature, 7, = 1.0 mPa = is the viscosity of water at room temperature, R is the particle radius.

The measurements on freely diffusing particles demonstrate the accuracy and reliability of the 3D
tracking apparatus over a wide range of particle sizes and diffusion coefficients. The diffusion
coefficient of particles absorbed at an oil-water interface would be expected to fall in between those for
diffusion in water and oil, with the value depending on the contact angle at the three-phase boundary.
However, the measured values of D (circles) approach the value expected for diffusion in oil at small

particle sizes. We also note that the spread in measured diffusion coefficients is significantly larger than



the measurement error, or that expected from particle size variations, for the particles absorbed at the

oil/water interface — in contrast to the results for the freely-diffusing particles.

One possible explanation for non-linear dependence of D on R™ is the charge-induced
deformation of the oil-water interface around the adsorbed particles.* To investigate these
electrocapillary effects, we performed control experiments, in which the pH value is decreased to 4, the
isoelectric point of the carboxylate group, to neutralize the charge on polystyrene particles. However, as
Figure 5(a) shows, nearly identical results are measured for charged and neutralized nanoparticles,
suggesting that the charge-induced deformation model is not an explanation for the increased drag

coefficients. In the figure, data at pH=4 (triangle) is shifted to the right to avoid overlapping plots.

Curvature of the interface may also be expected to play a role in interfacial diffusion, but here
the radius of curvature of the droplet is at least an order of magnitude larger than the radius of curvature
of the particle. We measured D of polystyrene particles (24 nm, 200 nm, 1 100 nm) at the surfaces of oil
droplets with different diameters. As the Figure 6 shows, the measured D is independent of oil droplet
diameter, demonstrating that curvature effects on interfacial dynamics are negligible for our

measurements on oil droplets.

Another possibility is a variation in contact angle with particle size. We can estimate what

contact angle would be necessary to explain the observed diffusion coefficients using a modified Stokes-

Einstein equation, D = ffTR , to describe the Brownian diffusion of spherical particles at locally flat

fio
liquid-liquid interfaces.®"*® Here, f is a drag coefficient, which is a complicated nonlinear function of
the contact angle & and the viscosities of water #,.. and oil #,. In our experiments, #,.. /1, * 0.01, so

32(1+co=d)

that the nonlinear function can be simplified (taking nw/ 1o — 0) : f = 67 (tanh Tji 3" Thus,

the contact angle of adsorbed nanoparticles at oil-water interfaces under the assumption of a locally flat

interface can be calculated from the measured D with the following equation:



cosf = garctanh[‘%]: — 1. Here the diffusion coefficient of particles in oil ( D,) is calculated from

the Stokes-Einstein equation. As Figure 5(b) shows, the calculated & decreases from 0.9 = to 0.5 m as the
diameter of particle decreases from 2 000 nm to 24 nm. & decreases rapidly for particles with diameter

less than 200 nm, deviating strongly from the expected R™ scaling.

The decreasing contact angle might occur as result of a variation in surface coverage of
functional groups on the polystyrene surface. However, it is not clear why such a variation would be
monotonic with particle size. “Patchiness” or heterogeneity in coverage could also be expected to give
increasing variability at small sizes, due to resulting variations in contact angle or local deformation of
the interface; however, one expects these effects to increase the variability but not necessarily change the
mean value of the drag force. Effects associated with particle surface heterogeneity may explain the
increased spread in the diffusion coefficients measured for the absorbed particles. In order to study the
variability in surface functionality, we performed Zeta potential measurements with two different
methods (electro-osmotic flow and dynamic light scattering), but results were inconclusive over the
large range of particle sizes studied here. This is indicative of a significant and general difficulty in

characterizing the surface functionality of individual nanoparticles.***?

Another possibility that might explain the changing contact angle with particle size is the three-
phase (particle, oil and water) line tension 1, which has been observed to be positive or negative in
experimental and theoretical studies alike.**** Line tension can cause changes in the contact angle of
nanoparticles at interfaces, and becomes important for smaller particles as the perimeter-to-surface-area

ratio increases. To test whether line tension explains our observations, we fit our data using a modified

T

-1 _ )
R}'D”._‘.‘inﬂj Where’ 5"3 - (}rp\'-' - }rpojﬁ}rm-; is the

Young-Dupre equation:*® cos 6 = (cos 6;)(1—

contact angle when T = 0. Here, ¥,,, = 50 mN/m.*® 8, = 0.9  is the calculated contact angle of 2 000
nm polystyrene particles, which experience a negligible line tension effect. This value of &, is consistent

with that estimated from an optical image.'® As figure 5(c) shows, the line tension model shows



qualitatively similar behavior to the measured values if the line tension is negative. Negative line tension
would pull the particles towards the interface and consequently increases the immersion depth into the
oil. In that case, small particles would diffuse more slowly because of increased drag coefficients. The
line tension model cannot exactly reproduce the measured data, which indicates the existence of other

effects.

4. Conclusions

We have applied real-time feedback control tracking of single fluorescent particles to study the
transport of adsorbed nanoparticles at a silicone oil-water interface over two orders of magnitude in
particle size. Our results show anomalous behavior for small particles (< 200 nm), which may be
partially explained by systematic variation in surface functionality or negative line tension effects but do
not appear to arise from electrocapillary (charge) effects. The technique is robust and can in the future
be applied in studying nanoparticles in crowded interfacial assemblies and other three-dimensional

systems, such as biological cells, complex fluids, or geological media.
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Figure 1(a) Schematic diagram of the experimental apparatus for tracking freely diffusing fluorescent

nanoparticles in three dimensions. Inset shows that two focused lasers scan in a two-circle pattern in the

focus of a microscope objective lens; the circular scans have 500 nm radius, while the difference in z
positions is 1.5 um. A fluorescent nanoparticle is locked in the center of the pattern. AOD: acoustic

optical deflector; PBS: polarized beam splitter; APD: avalanche photodiode; FPGA: field programmable
gated array. (b) Block diagram of the particle tracking system.
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Figure 2. (a) Schematic diagram of a sample: a silicone oil droplet stuck to surface of glass coverslip is
immersed in aqueous suspension of polystyrene nanoparticles. (b) Inset shows an adsorbed polystyrene
nanoparticle diffusing at surface of the oil droplet.
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Figure 3. (a) 3D tracking of a 200 nm diameter polystyrene particle diffusing at the surface of a silicone

oil droplet in water. Top: X, Y, z positions of tracking stage. Bottom: fluorescence intensity. (b) 3D
trajectory shows the profile of oil droplet. (c) Projections of the trajectory onto xy, xz and yz plane.
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Figure 4. Three dimensional trajectories of individual polystyrene nanoparticles (200 nm in diameter)
diffusing (a) freely in water and (b) at oil-water interface. (c) Freely diffusing nanoparticle has identical
diffusion coefficient in x, y and z directions. Upper: mean square displacement (MSD) vs delay time
plot. Lower: diffusion coefficient vs delay time plot. (d) Adsorbed nanoparticle has different diffusion
coefficient in X, y and z directions due to the constraint of oil-water interface. The MSD plot is simply

given by MSD = El":'-"n} ENIF , — 7)), 1= 1, ..., N-1, where the delay time, At =n 5t (t is the

time interval between data points) and D = MSD/2dAt . The MSD is known to exhibit systematic errors
in camera-based measurements, when tracking errors and camera integration time is ignored.®®2 The
effect of localization noise and tracking errors in the feedback controlled case are analyzed in previous
work,% where it is found that the MSD asymptotically approaches the true diffusion coefficient.
Analysis of MSD curves also indicates three-dimensional tracking (localization) errors of approximately
100 nm for freely diffusing nanoparticles and 50 nm for adsorbed nanoparticles.
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Figure 5. (a) Measured D of polystyrene particles with diameters from 24 nm to 2 000 nm. For freely
diffusing particles in water, the measured D (diamonds) is consistent with theoretical value estimated
from the Stokes-Einstein equation (dotted line), i.e. D is proportional to R™. Error bars are marked on
the theoretical lines to take account of the uncertainty in particle size. For particles absorbed at an oil-
water interface, the measured D (circles) does not linearly scale with R™. The measured values of D have
more than an order of magnitude deviation from the values expected for the smallest particle sizes,
tending towards that expected for diffusion in oil (solid line). The same result is observed when the
charge on the particles is neutralized by changing the pH value to 4. The data (triangle) are shifted to
right to avoid overlapping plots. (b) The calculated contact angle, &, decreases from 0.9 « to 0.5 7 as the

diameter of particle decreases from 2000 nm to 24 nm. (c) Fit to measured D values obtained with line
tension model. From top to bottom, T = (0,—1,—5,—14,—100) X 107N The inset shows the fitting

error has a minimum at 7 = —14 x 107N,
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Figure 6 (a) Diffusion coefficient (D) of polystyrene particles (24 nm, 200 nm, 1 100 nm in diameter) at
surfaces of oil droplets with different diameters. The value of D is independent of oil drop diameter,
demonstrating that curvature effects on interfacial dynamics are negligible for our measurements. (b)
Optical microscope images of oil droplets with different diameter. Top: 24 nm polystyrene particles.
Middle: 200 nm. Bottom: 1 100 nm. The scale bars are 20 pum.
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