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Direct Measurement of the Nonconservative Force Field Generated by Optical Tweezers
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The force field of optical tweezers is commonly assumed to be conservative, neglecting the complex
action of the scattering force. Using a novel method that extracts local forces from trajectories of an
optically trapped particle, we measure the three-dimensional force field experienced by a Rayleigh
particle with 10 nm spatial resolution and femtonewton precision in force. We find that the force field is
nonconservative with the nonconservative component increasing radially away from the optical axis, in
agreement with the Gaussian beam model of the optical trap.
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Optical trapping has broad applications among research-
ers after 40 years of development [1]. Examples include
simple manipulation of nanoparticles and cells [2], precise
measurements of piconewton forces and nanometer or
smaller displacements in biological systems [3], and
three-dimensional (3D) imaging of polymer networks [4].
In optical tweezers, a laser beam is focused by a high
numerical aperture objective lens to a diffraction-limited
spot in which two types of forces act: a stabilizing gradient
force that results from the intensity gradient and a desta-
bilizing scattering force that points along the propagation
direction of the light. Neglecting the detailed action of the
scattering force, optical tweezers have been commonly
assumed to act as Hookean springs, creating a 3D harmonic
potential for the trapped particle. Most force experiments
in biology and physics have been performed under this
assumption. These experiments are usually performed in
two ways. In direct force measurements, the force is de-
termined by the particle’s displacement from its equilib-
rium position assuming a fixed spring constant for each
direction. In indirect force measurements, the particle’s
spatial probability distribution is converted into an energy
landscape using the Boltzmann distribution. Force-
extension and stiffness-extension profiles are then calcu-
lated as first and second derivatives of the energy land-
scape. This method was initially used to calibrate optical
tweezers [5] and was later also applied to investigate the
mechanics of motor proteins in three dimensions [6]. An
inherent assumption in indirect force experiments is that
the trapped particle is in thermal equilibrium and explores
the energy landscape driven only by thermal forces origi-
nating in the surrounding fluid. The thermal equilibrium or
similar assumptions were made in experiments that studied
the escape of a particle over an energy barrier [7], the
violation of the second law of thermodynamics for small
systems and short time scales [8], and the fluctuation
theorems for nonequilibrium systems in statistical physics
[9]. If the gradient force were the only force acting on a
trapped particle, the thermal equilibrium assumption
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would be valid in all cases. However, the scattering force
is always present in an optical trap along with the gradient
force. As the intensity drops strongly away from the optical
axis, the scattering force drops too; this inhomogeneity of
the scattering force subsequently generates a nonconserva-
tive contribution to the force field. Recently, holographic
video particle tracking was used to measure the influence
of the nonconservative force on a micrometer sized particle
[10]. However, under the experimental conditions used, the
video rate imaging was too slow to separate the determi-
nistic drift of the particle caused by the optical force from
the random Brownian motion driven by thermal forces.
Thus the nonconservative force field in an optical trap has
not been measured directly or resolved spatially.
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FIG. 1 (color). The local force acting on a particle in an optical
trap can be determined from the time series of its Brownian
motion. (a) A single beam optical trap formed by a focused
Gaussian beam propagating in the positive z direction (not drawn
to scale). (b) Time series of the particle position along the x axis.
The two horizontal lines indicate the x boundaries of the volume
element shown in (a). Note: Only the blue and green sections
actually cross the selected volume element. (c) Multiple paths
crossing the same volume element (left) are analyzed to obtain
the local force from the average drift component of the diffusing
particle (right).
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In this Letter, we first introduce a novel method for
measuring a 3D force field from the drift component of
Brownian motion. We then determine experimentally the
force field acting on a Rayleigh particle in a single beam
gradient trap and compare it with the theoretical result
obtained using a Gaussian beam model for the light inten-
sity distribution in the trap. Both the experiment and the
Gaussian beam-based model show a significant nonconser-
vative contribution to the force field that increases away
from the optical axis. Finally, we discuss effects of the
nonconservative force on typical optical trapping
experiments.

To determine the force field of an optical trap experi-
mentally, we introduce a method for measuring the local
force acting on the trapped particle without assuming any
particular property of the force field except that it is time
invariant (Fig. 1). Typically, time series of the particle’s
thermal position fluctuations are readily available, and
therefore, we want to calculate the force field directly
from these fluctuations. To achieve this, we consider the
Brownian motion of a particle in an external force field
within a fluid medium. The equatlon of motion for such a
partlcle with mass m at pos1t10n Fismf=F stoch T F tic T
F wrap> Where F stochs F fric, and F wrap are the stochastic thermal
force, the viscous drag, and the trapping force, respec-
tively. For times much longer than the characteristic time
scales of the particle’s inertia and the hydrodynamic mem-
ory effect, the inertial term can be neglected. The viscous
drag force then simplifies to Stokes’s law F e =
—67mav. The stochastic force drives the diffusion of the
particle but does not change its average position. In con-
trast, the external trapping force F wrap 1€ads to an average
drift of the particle in the force direction. Depending on the
time scale of observation and the magnitude of the external
force, the particle’s motion is dominated either by the drift
or by diffusion. Even for the motion in weak external fields
where diffusion dominates, however, the random displace-
ments average out by observing the particle for a suffi-
ciently long time. Therefore, the external force field can be
calculated as ﬁtrap(;O) = 6mna((AF);—;,/At), where
(A?);:;O, which we refer to as local drift, is the average
displacement of the particle in a time interval At when it
starts at position 7, and moves under the external force
F wap(Fo). In practical terms, the particle’s average local
drift can be calculated from a position time series in the
following way: each time ¢ the particle visits a selected
volume element at 7, the local drift at this volume element
is calculated as the difference between its current position
and its position at ¢ + At. The result is then averaged over
the total number of visits N to that particular volume
element (Fig. 1): (AF);—;, = XN |[F;(r + Ar) — F7()]/N.

Applying the local drift method to a Brownian particle in
an optical trap is demanding for several reasons. First, to
measure the correct magnitude of the local force that acts

on the particle, the size of the volume element has to be
small in comparison to the spatial variation of the force
field. In our experiments we chose volume elements with
an edge length of 10 nm. Additionally, to measure the
displacement vectors within such a small volume element,
the position of the particle has to be measured with much
higher precision than the volume elements dimensions. In
Brownian motion, spatial precision and temporal resolu-
tion of the position measurement are directly coupled. For
instance, a 200 nm particle in water at room temperature
diffuses about 3 nm in 2 ws. In our experiment, we have
reached a sampling rate of 600 kHz. Only recently, such
high precision and bandwidth have been achieved in 3D
particle tracking [11,12]. The remaining task is to collect
an adequate amount of position data for each volume
element within the trapping volume. This is achievable
since the confinement in the trap forces the particle to
revisit each volume element repeatedly.

In our experiments, a single beam gradient trap is
formed by focusing a 1064 nm laser (IRCL-850-1064-s,
CrystaLaser) with a high numerical aperture objective lens
(UPLSAPO 60XW, Olympus). A solution of 200 nm poly-
styrene beads (F8811CA, Molecular Probes) with a con-
centration of approximately one bead in 1 ulis prepared in
deionized water. A single bead is optically trapped and its
3D position is measured by forward scattered light inter-
ferometry [12]. The position is detected by an InGaAs high
bandwidth quadrant photodetector (G6849, Hamamatsu)
as described before [11,12]. We recorded 108 positions at
600 kHz with a 16-bit data acquisition board (NI-6120,
National Instruments). After the position data are cali-
brated [13], the described local drift method is applied to
calculate the 3D force field.

Figure 2(left) shows the projection of the force field onto
the transverse x-y plane at z = 0 [14]. For small displace-
ments from the optical axis, the magnitude of the force
increases linearly with the displacement [13]. However, the
force vectors generally do not point towards the optical
axis because the force constants along the x and y axes
differ by a factor of 1.7 (k,/ ky, = 1.7). The measured force
constants  k, =62 X107 °*N/m and k,=3.5X
1079 N/m agree well with previous experimental data
and theoretical calculations [15] in which the polarization
of the trapping laser was taken into account. A weaker
force constant is observed in the plane of polarization (y
plane) as expected. Figure 2(right) shows the projection of
the force field onto the x-z plane at the average y position
(y = 0) [14]. The force along the optical axis increases
much more slowly with displacement than that along the
lateral directions. The ratios of the force constants
(ky/k, =", ky/k, = 4) are also in good agreement with
earlier measurements [15].

A standard way to quantify the local nonconservative
component of a force field is to calculate its curl as

curl(F) = V X F, which is zero by definition for a con-
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FIG. 2 (color). Experimental force field calculated from the
local drift of a 200 nm particle. Left: force field in the x-y plane
located at z = 0. Right: force field in the x-z plane located at
y =0. Laser power P =26 mW, y polarized. Ar= 17 us.
Errors for each dimension are within *1- % 8 fN, going from
the center to the outer region of the trap, with =8 fN corre-
sponding to an error of *=2.4% assuming a 340 fN force.

servative force field. Figure 3(a) shows the projection of
the 3D curl of the experimental force field onto the x-y
plane. Since we measured no significant axial component
of the curl, Fig. 3(a) represents the true magnitude and
orientation of the curl field. The vortexlike structure of the
curl field with counterclockwise orientation indicates that
the experimental force field has indeed a significant non-
conservative component. Because of its vector product
nature, curl(F) is perpendicularly oriented to the noncon-
servative force, which originates from the scattering force
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FIG. 3 (color). Curl of the experimental, simulated, and theo-
retical force fields for a Rayleigh particle in a single beam
gradient trap. (a) Curl from experiment averaged over a
*90 nm range along the z axis. The red circle indicates the
approximate minimum. (b) Curl of the force field calculated
from Brownian dynamics simulation with a 200 nm particle and
n = 1.57 at a laser power of 25 mW. Inset: curl of the force field
calculated from Gaussian beam model.

and points mainly along the z axis. Its counterclockwise
orientation corresponds to a scattering force decreasing
away from the optical axis. The curl field orientation would
become clockwise if the scattering force increased away
from the optical axis, as expected for instance for particles
that are large relative to the wavelength of light. The center
of the vortex appears at about 40 nm along the positive y
axis, and the magnitude of the vectors increases away from
this point. To verify our results, we performed first order
Brownian dynamics simulations of a 200 nm particle mov-
ing in a single beam gradient trap formed by a Gaussian
beam [13]. The Rayleigh approximation still provides the
values of the forces that lie within a few tens of percent of
the exact values for this particle diameter [16]. The beam
parameters were chosen to reflect quantitatively the experi-
mental parameters. We calculated the force field from the
simulated particle position tracks using the local drift
method as applied to the experimental data before. As
shown in Fig. 3(b), the curl of the calculated force field
agrees with high accuracy with that of the force field used
in the Brownian dynamics simulation [Fig. 3(b), inset],
thus validating the precision of the local drift method.
However, for the simulated data, the position of zero curl
is located exactly on the optical axis, and there is no
asymmetry between the x and the y axis. The shift of
the position of vanishing curl in the experiment is very
likely a result of the imperfect alignment of the optical
trap. The asymmetry in the curl of the experimental force
field is a result of the polarization dependence of the
scattering force that was not taken into account in our
simulation for simplicity. Since the transverse beam inten-
sity profile changes less steeply in the direction of polar-
ization (y), a weaker change of the scattering force in this
direction is expected and observed. Since the change of the
scattering force with respect to the y axis determines the
magnitude of curl along the x axis, a smaller curl compo-
nent should be expected along the x axis, which is clearly
visible in Fig. 3(a).

To estimate the average work that can be done by the
nonconservative force on the trapped particle, we integrate
the force along different closed paths in the x-z plane ([13]
Fig. S5). For a particle following a rectangular closed path
along the optical axis from z = —40 nm to z = +40 nm,
and back on a path at x = 20 nm away from the optical
axis, the energy put into the system is = 0.25kzT. The
average nonconservative force acting on the particle along
this path can be estimated from (F,.) = W /s, where W is
the work done along the path and s is the length of the
closed path. For the discussed case, the average noncon-
servative force is 5 fN, which corresponds to an average
particle speed of 3 um/s. With this considerable speed,
the particle would circle the path about 15 times a second
and put approximately 3.6kgT per second into the system.
However, we would like to point out that a particle is
unlikely to follow such a path spontaneously. If no thermal
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forces acted on the trapped particle, the dominating gra-
dient force would just pull it back to the point of zero force,
regardless of its starting position in the trap. The energy
would be dissipated by the viscous force, and the particle
would come to rest. No circulating motion of the particle
would be observed in this case, unlike the circulation one
would expect for a particle in a vortex. Therefore, energy
due to the action of the nonconservative force can only be
transferred to a particle continuously through the action of
thermal forces that drive the particle away from the posi-
tion of zero force. In order to discuss a situation where the
nonconservative force may play an important role, we
consider again the curl of the experimental force field
[Fig. 3(a)]. As the magnitude of the curl increases away
from its minimum position, the strongest effect is expected
in experiments where the trapped particle is displaced far
away from the optical axis. This is the case, for instance, in
single molecule force experiments when large forces (10—
100 pN) are applied to prestretch or unfold molecules [17].
However, much larger particles are typically used in these
types of experiments, for which the Rayleigh regime ap-
proximation is no longer valid. In fact, a geometrical
optical force calculation shows that the curl field pattern
for large particles can even reverse, meaning that the
scattering force increases with the distance from the optical
axis and, therefore, the curl of its force field is expected to
change its orientation. More precise calculations are re-
quired for the transition regime where the particle diameter
is on the order of the wavelength of the trapping laser.

In summary, we have developed a novel method to
precisely measure the 3D force field of an optical trap
from the trajectories of the Brownian motion of a trapped
particle with nanometer spatial resolution. Our method
imposes no requirements about the nature of the probed
force field as long as it is constant over the course of the
experiment. We confirmed that the force field generated for
a Rayleigh particle in a single beam gradient trap is non-
conservative as predicted by the Gaussian beam model. In
combination with thermal position fluctuations of the par-
ticle, the nonconservative forces lead to a complex flow of
energy into the system. The actual flow depends on the
particular experiment and requires a theoretical case-by-
case analysis.

Quantifying the drift component of Brownian motion
presents a novel way to measure weak forces on the
nanometer scale that were previously obscured by thermal
fluctuations. Because of the coupling of temporal and
spatial resolution in the observation of Brownian motion,
these experiments require position detectors with both high
bandwidth and spatial precision. With recent progress in
detector technology for optical tweezers [18], subnanom-
eter precision in mapping 3D force fields might be within

reach and would pave the way for a new class of experi-
ments in single molecule biophysics and the study of
Brownian motion in confined geometries.
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