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Hydrodynamic Mobility of an Optically Trapped Colloidal Particle near Fluid-Fluid Interfaces
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Using optical tweezers, we measure the anisotropic hydrodynamic mobility of a colloidal particle by
tracking its thermal motion in an optical trap located near fluid-fluid interfaces, namely, liquid-vapor and
liquid-liquid interfaces. The method requires no controlled fluid flow, is independent of conservative
interactions between particle and interface, and resolves distance dependent friction to within a fraction of
the particle radius. Near the liquid-vapor interface, the friction decreases below that in the bulk,
corresponding to predictions of a ““perfect-slip” surface.
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The aim of microfluidics is to miniaturize reaction ves-
sels and their connecting conduits to “lab on a chip”
dimensions. However, this magnifies the influence of
bounding walls on the microflow. The drag force on a
particle entrained in these microfluidic flows is larger
than the particle’s drag in a bulk fluid. This is due to the
hydrodynamic interactions between colloid and surround-
ing solvent molecules being altered by the nearby solid
surface. These microvessel boundaries need not be solid
surfaces, but can also be soft surfaces, such as in vesicle
membranes, or an immiscible fluid that forms impenetrable
boundaries. Fluid mechanists have derived theoretical pre-
dictions of how the particle friction becomes anisotropic
and dependent upon distance from a surface that is gov-
erned by various boundary conditions [1-5]. However,
experimental measures of particle friction near a single
surface are comparatively few and exist only near solid
surfaces.

The hydrodynamics near solid surfaces was thought to
be understood in the 19th century; however, recent experi-
mental reports of fluid “slip” (or nonzero fluid velocity) at
hydrophobic solid surfaces have spurred several recent
investigations (for a review, see [6,7]). Such slip corre-
sponds to a decreased particle friction near a solid surface,
and decreased energy dissipation—and, consequently,
such slip surfaces are of considerable interest in energy
savings. There has been significant debate about the micro-
scopic mechanisms which cause slip. There is some con-
sensus that the slip interpretation of some experiments
might be complicated by the presence of an adsorbed gas
layer near the solid surface, which could give rise to an
apparent “slip.” Indeed, a recent strategy for producing
drag-reducing solid surfaces focussed upon the capture and
retention an adjacent gas layer with a fine-structured super-
hydrophobic surface [8].

In this Letter, we report the first experimental measure-
ments of the hydrodynamic anisotropic friction of a col-
loidal particle as a function of distance from fluid-fluid
interfaces, including a gas-liquid interface that does not
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support a stress. Our experimental method, optical tweez-
ers (OT), uses light to localize a transparent colloidal
particle near the bounding interfaces of a thin water film
(Fig. 1). The particle’s thermal motion in the optical trap
depends sensitively upon the nearby surface and our pre-
cise measurements of these particle fluctuations provide us
with a quantitative measure of the particle’s friction and
how it varies with distance and direction from the surface.
This method is ““passive” in the sense that the particle’s
friction is measured in a quiescent fluid without external
imposition of either a flow or bulk motion of the particle.

The hydrodynamic friction or Stokes’ drag on a particle
of radius a in a bulk fluid of viscosity 7 is &, = 67na,
which is inversely related to the diffusivity Dy = kzT/ &,
or mobility of the particle, uy = 1/&, (here we use mo-
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FIG. 1 (color online). An illustration of the optical tweezers
method to determine the anisotropic mobility of a colloidal
particle confined to an optical trap near an interface. When
generated with a high numerical aperture lens and a light
beam with Gaussian intensity (TEMy), the optical trap provides
a harmonic potential which tightly confines the colloid’s diffu-
sive motion to a two-dimensional trapping (focal) plane, local-
izing the motion about the focal point. Analysis of the particle
fluctuations in the frequency domain yields values of
z-dependent diffusivity parallel to the interface, (or Dy), in the
vicinity of the lower liquid-solid interface or an upper liquid-
vapor or liquid-liquid interface.
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bility and diffusivity interchangeably). When a particle’s
center is located a small distance z from a surface, where
z/a can be on the order of a few particle radii, the diffu-
sivity becomes anisotropic, with its components parallel
and perpendicular to the surface, D and D, differing
considerably in value from the isotropic bulk diffusivity,
Dy. An exact hydrodynamic formulation of D | /D, for a
particle near a solid surface with no-slip boundary condi-
tions was given famously by Brenner [1], replacing the
lubrication approximation attributed to GI Taylor, and
complementing Faxen’s Law [9] for D /D, near no-slip
solid surfaces. These predictions, as well as more recent
ones for different boundary conditions, follow the form

Dy /Do =1+ gM(a/z),

where the closed-form expressions for the coefficients in

the power series gl-l’L depend upon prescribed boundary
conditions [1,3-5,9]. Further, Lauga and Squires [4] con-
structed predictions for D/ D, near solid surfaces using a
boundary condition that was characterized by a parameter
called the “slip length”: variation of the slip length pa-
rameter from zero to infinity provides formulae that re-
cover the limiting, classical cases of no-slip and perfect-
slip boundary conditions.

For a shear-stress free surface, where there is perfect
slip, it is predicted [2,3] that the friction of a particle
moving parallel to the surface is reduced as z/a approaches
1. In contrast, particle friction near a no-slip surface is
enhanced. Indeed, between the vapor and solid interfaces,
D) /Dy is predicted by theory to vary from about 3/2 to
1/2. The leading order term in the asymptotic expansion
for D)/ D, is altered dramatically with boundary condition,
changing sign from gllI = —9/16 for the no-slip to gll| =
+3/8 for the perfect-slip condition. In contrast, for
D, /D,, gll is less sensitive to boundary condition, chang-
ing from —9/8 for no-slip to —3/4 for perfect slip. Thus, a
measurement of Dj/D, more sensitively detects the inter-
face condition than measures of D | /D,. In what follows,
we describe a high-resolution technique to measure D/ D
near interface, and further provide the first experimental
evidence for decrease in parallel-friction near a gas-liquid
interface, in an apparent measure of perfect slip.

Experimental measures of anisotropic mobility have
been limited to near a solid surface, often with the aim to
experimentally fit a slip parameter for hydrophobic sur-
faces. Most of the experiments record the thermal motion
of a colloidal particle near a solid surface, using dynamic
light scattering (DLS), particle tracking or fluorescence
spectroscopy. Some investigate colloid mobility within
fluid-filled slits of varying thickness 4 and report an iso-
tropic diffusivity D = (r?(1))/2t averaged over small slit
thicknesses [10,11], while others resolve parallel and per-
pendicular components of (r*(¢)) within fluid layers of
thickness Az located z from a solid surface [12], or be-

tween two parallel walls [13]. However, when close to the
solid surface, D) ; can vary strongly over a particle di-
ameter, and as Az is usually on the order of a particle radius
or more, the experimental error in Dy | (z) increases as the
surface is approached. Moreover, z-dependent conserva-
tive interactions, such as long-ranged electrostatic interac-
tions between the particle and surface, can bias diffusive
trajectories and consequently, a fitting exercise is required
to remove this bias from experimental data. Alternatively,
long-ranged electrostatic interactions at a solid surface can
be minimised with added salt; however, this is not an ideal
remedy for fluid-fluid or membrane surfaces as this poten-
tially changes the surface. Importantly, attempts to fit the
experimental measures of colloidal Brownian motion to a
slip length parameter are ambiguous due to this lack of
resolution at close distances to the solid surface, where
mobility varies most dramatically.

The use of OT to probe hydrodynamics at solid surfaces
overcomes these experimental limitations. By tightly con-
fining the particle’s diffusive motion to a focal plane
parallel to the flat surface, i.e., pinning the particle’s z
distance from the surface, the influence of long-ranged
colloid-surface interactions is effectively removed in
parallel-mobility measurement. The focused laser’s inten-
sity determines the tightness of the trap, which limits the
particle’s diffusive excursions from the focal point. Thus
the range of diffusive motion can be adjusted to minimize
the variation in z and the influence of long-ranged con-
servative interactions with the surface. In addition, the
resolution in measured D) (z) is also enhanced. The
particle’s motion at low frequencies details the “rattling”
of the colloid within the confining optical trap; at high
frequencies the hydrodynamic diffusivity can be probed,
and at even higher frequencies, the effect of inertia can be
explored [14]. Shaffer et al. [15] demonstrated the en-
hanced resolution of OT measurements of colloid mobility
or friction near solid surfaces and showed a significant
reduction in the experimental error in Dy | (z) within a
few particle diameters of the solid surface.

Here we report OT measurements of a colloid’s hydro-
dynamic mobility/friction in a water layer bounded by a
solid and a fluid-fluid interface, namely, an immiscible
liquid-liquid interface or a liquid-gas interface. Our
method pins a single colloidal particle to an x-y focal
plane, located a distance z from an interface and confines
the diffusive motion in the x = {x, y} plane by a harmonic
potential. The particle motion obeys the Langevin equation

dx
iy, =~k /.

where £ is the particle’s anisotopic and z-dependent fric-
tion coefficient, k is the optical trapping constant, and f is a
random force, characterized by a mean and variance of
(f(0) =0and (f(1)f(¢')) = 2kpT&6(t — ¢'). A solution to
the inertialess Langevin equation is
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where the characteristic time scale is 7 = &)/k. The
correlation function, C(#), defined as C(z) = {(x(¢)x(0)), is
Cr) = k’*TT exp[—t/7] by equipartition. The Fourier
transform of the time correlation function C(¢) is referred
to as the power spectrum density, PSD(w) and is

2Dy
Tﬁz + w?’
We construct power spectral densities from the Fourier
transform of experimentally sampled trajectories of an
optically trapped colloid, x(w), and fit eqn (1) to the
data, determining D) as a fitting parameter. For consis-
tency, we also ensure that

& _ (02
k D” '

PSD (0) = (| %(w) I*) = Q)

T =

We apply our OT technique to probe the mobility of a
5.08 wm-dia. silica particle in water in proximity to three
different surfaces: a hydrophilic surface, an oil interface,
and a vapor interface. These interfaces are created using a
film of deionized, purified water, roughly 100 xm (up to
800 wm) thick and containing 100 silica particles, on a
plasma-cleaned (hydrophilic) glass coverslip. One ml of
mineral oil was added to the top of the water to create a film
bounded by a hydrophilic solid and an immiscible liquid.
To minimize evaporation during data recording, we sealed
the vapor-exposed water films, with a second coverslip to
create a liquid-vapor interface, and allowed the thin vapor
and water films to equilibrate. Each of these samples were
placed in the optical tweezers apparatus described in Wang
et al. [16] The OT apparatus consists of a Nikon DIAPHOT
300 inverted microscope equipped with a 63X (NA =
0.75) LWD (Long Working Distance, up to 1.5 mm) ob-
jective lens and a 4 W infrared laser (A = 1064 nm) iso-
lated on an air-cushioned optical table. A servo-motor
controls the z placement of the microscope stage to within
*0.1u and a quadrant photodiode sensor detects particle
position with resolution 15 nm at a 2 kHZ sampling rate. A
fraction of the laser power is used to generate the optical
trap: the optical trapping constant in the focal plane is, on
average, k~ 1.7 pN um™!, but is determined for each
trapping plane location by analysis of the power spectral
density. The maximum particle displacements in the focal
plane are Ax ~ 350 nm or less than 1/10 of the particle
diameter.

The focal plane to which the colloid is tightly confined is
positioned by raising or lowering the objective lens. The
closest possible distance of the focal point from the solid
surface is estimated from the defocusing of particle images
and confirmed by fitting with predictions of Dj(z). When
the focal point is closer than a particle radius from the solid
interface (i.e., z = a), or alternatively within a particle

radius of the upper water-oil or water-vapor interface
(i.e., Z = zZgim — @), the probe particle cannot track with
the focal point. The optical trap does not have sufficient
strength to pull the particle into the upper, high surface
tension interface, nor into the solid, and consequently, the
particle escapes from the trapping (focal) plane and ap-
pears defocused. Thus, by viewing the images of the probe
particle we can judge where the trapping plane is located
relative to the upper and lower interfaces. Near these
interfaces, we sample the particle fluctuations in a se-
quence of planes that differ by Az = 1 um, or about 1/5
of the particle diameter, and assign z/a = 1 to that trap-
ping plane at the closest distance to the surface where the
particle remains focussed and the z dependence of the
measured D) disappears. At each focal point location, z,
we sample 200 sec of particle motion at 2 kHz and, using
Eq. (1), fit D) to the resulting PSD (Fig. 2). We also show
results in Fig. 3 for D near the solid surface, measured
using orthogonal orientation of the solid surface.

Figure 3 is a composite of anisotropic mobility measure-
ments for a silica particle in a thin water film sandwiched
by the lower hydrophilic solid surface (right side of figure)
and an upper water-oil or water-vapor interface (left side).
Each point corresponds to a fitted value of Dy ) (z)/Dy
from a single trajectory’s PSD and the error in the fitted
value as well as the overestimated error in z/a is within the
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FIG. 2 (color online). A representative power spectrum density
constructed from a 200 s trajectory of a single colloidal particle,
sampled at 2 kHz at focal plane z/a = 8 above the solid surface.
This experimental PSD data is fit to Eq. (1) using nonlinear
regression and the fitted Lorentzian curve is included. The fitting
parameters and associated error for this Lorentzian fit is D) =
(8.4 = 0.3) X 107 m?s~!. This small error in fitting the mo-
bility is characteristic of all PSDs generated at each z/a. We
overestimate the error in z/a as 1/2 of our focal point step-size,
or Az/a = +0.20.
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FIG. 3 (color online). Anisotropic mobility near fluid-fluid
interfaces (left side) and solid surface (right side) versus distance
from surface. Left: Djj/D, versus dimensionless distance from
fluid-fluid interface, (zg, — z)/a, for water-vapor interface
(open triangles) and water-oil interface (solid triangles). Lines
are first order predictions of D)/ D, for surfaces with perfect slip,
glll = +3/8 (solid line), which compares with water-vapor inter-
face, and for the no-slip surface, g'l| = —9/16, which compares
with the oil-water interface. Right: Dy/D, (filled circles) and
D, /D, (open circles) versus dimensionless distance from hy-
drophilic solid surface, z/a. Included for comparison is the first
order hydrodynamic predictions for g'l| = —9/16 and g; =
—-9/8.

size of the data points. When the particle is close to the
solid surface (1 = z/a <10) we measure both D;/D,
(filled points) and D, /D, (open points), and show that
the hydrodynamic friction increases. These data are con-
sistent with previous OT measurements [15] near no-slip
solid surfaces (including hydrophobic solid surfaces)
where both Brenner’s exact result and Faxen’s Law hold.

As the particle is elevated to the top of the water film of
thickness zgm,, it encounters the fluid interface, either a
water-oil interface (solid triangles), or in a different ex-
periment, the water-vapor interface (open triangles). Near
the water-vapour interface, the mobility increases, or the
friction decreases dramatically, reflecting the surface’s in-
ability to support a shear stress. These measured values of
Dy /Dy for the water-vapor surface are consistent with
theoretical predictions for mobility near surfaces which
are perfectly slipping, or incapable of supporting a shear
stress, also shown in Fig. 3. To first order in a/z, the
classical prediction by Lee et al. [2] is

Dy _ i(M)(z)

DO 16 7’1 + 7’2 Z '
with 7, being the viscosity of the fluid where the diffusing
probe particle is located, and 7, the viscosity of the other

fluid. This prediction spans the slip and no-slip predictions:
if n, — oo, the parallel mobility decreases as if near a solid
no-slip boundary while if n; >> 7,, the parallel mobility is
enhanced. In the case of the water-vapor interface, esti-

mated at ; = 1 cP and 5, = 0.02 cP respectively, recov-

ering gllI = (.36, which is close to that of the perfect-slip

boundary of 3/8 ~ 0.375. On the other hand, the viscosity
of the mineral oil is estimated at 1, ~ 34 cP, leading to
gQ = —(0.54 for the water-oil interface, close to the ideal
no-slip value of gll| = —9/16 ~ 0.56.

Using OT, we have measured for the first time, the
friction of a particle near fluid-fluid interfaces, specifically
a liquid-gas surface which does not support stress, and a
liquid-liquid surface. We demonstrated the dramatically
different behavior of the local mobility of a colloid particle
when near these surfaces: near the water-vapor surface the
particle’s friction is diminished with respect to its bulk
value while near a water-oil surface (as well as water-solid
surfaces) the particle friction is enhanced. We envisage
that this technique can be applied to various complex
interfaces, including surfaces modified by surfactants and
membranes.
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