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Detection of Forces and Displacements along the Axial Direction
in an Optical Trap

Christopher Deufel and Michelle D. Wang

Cornell University, Department of Physics, Laboratory of Atomic and Solid State Physics, Ithaca, New York

ABSTRACT We present measurements of the forces on, and displacements of, an optically trapped bead along the pro-
pagation direction of the trapping laser beam (the axial direction). In a typical experimental configuration, the bead is trapped in
an aqueous solution using an oil-immersion, high-numerical-aperture objective. This refractive index mismatch complicates
axial calibrations due to both a shift of the trap center along the axial direction and spherical aberrations. In this work, a known
DNA template was unzipped along the axial direction and its characteristic unzipping force-extension data were used to
determine 1), the location of the trap center along the axial direction; 2), the axial displacement of the bead from the trap center;
and 3), the axial force exerted on the bead. These axial calibrations were obtained for trap center locations up to ~4 um into the
aqueous solution and with axial bead displacements up to ~600 nm from the trap center. In particular, the axial trap stiffness
decreased substantially when the trap was located further into the aqueous solution. This approach, together with conventional
lateral calibrations, results in a more versatile optical trapping instrument that is accurately calibrated in all three dimensions.

INTRODUCTION

In the past two decades, optical trapping techniques have
helped to revolutionize mechanical studies of single bio-
logical molecules. When a biological molecule is attached to
an optically trapped bead, forces exerted by, and displace-
ments of, the biological molecule can be detected via those
of the trapped bead. Essential to these techniques are ac-
curate force and displacement calibrations of the optical
trapping system. Calibration methods for lateral directions
(perpendicular to the laser propagation) have been well es-
tablished (for a review, see Svoboda and Block (1)). However,
those for the axial direction (laser propagation direction)
have proved to be much more challenging.

In general, both lateral and axial calibrations are desirable
for an accurate measurement. When the motion to be de-
tected is only along the lateral directions, lateral calibrations
are generally sufficient (for representative examples, see
Svoboda et al. (2), Molloy et al. (3), Smith and Bustamante
(4), Wuite et al. (5), deCastro et al. (6), Liphardt et al. (7),
and Shaevitz et al. (8)). However, in many other experi-
mental configurations, the motion to be detected has both
a lateral and an axial component. For example, in studies of
the RNA polymerase motor (9-12), the polymerase is at-
tached to the surface of a microscope coverglass while one
end of the DNA to be transcribed is attached to a trapped
bead (or vice versa). Translocation of the polymerase pro-
duces both a lateral and an axial motion of the trapped bead.
Axial contributions start to dominate the signal for a short
DNA tether between the trapped bead and the polymerase.
Besides studies of RNA polymerase, a number of other
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single-molecule studies adopt a similar experimental config-
uration (13-17). In fact, for DNA tethers shorter than the
radius of the bead, it would be advantageous to operate
solely along the axial direction to avoid having to deal with
a complicated geometry. For these experimental configura-
tions, it becomes imperative to accurately calibrate axial forces
and displacements.

In a typical single-molecule experimental configuration,
the bead is trapped near the laser focus in an aqueous solu-
tion across a microscope coverglass from an oil-immersion,
high-numerical-aperture (NA) objective. The refractive
index mismatch between the aqueous solution (index of
refraction 1.33) and coverglass (index of refraction 1.52)
produces a shift of the laser focus from its nominal focus
along the axial direction and distorts the laser-beam profile
(spherical aberrations). These effects are more evident for a
system with a large numerical aperture objective, an over-
filling laser beam at the back focal plane of the objective, and
a deep focusing of the objective into the aqueous solution.
Furthermore, the trap center and the laser focus along the
axial direction do not coincide due to the presence of the
scattering force. This results in the trap center being located
down-beam of the laser focus.

Therefore, three parameters must be established by axial
calibrations. First, the location of the axial trap center relative
to the coverglass surface (trap height) (see Fig. 1 A) needs to
be accurately determined. Second, the axial displacement of,
and, third, the axial force on, the trapped bead need to be
calibrated against an axial detection signal. Theoretical work
has shown that the latter two calibrations depend on the trap
height due to spherical aberrations (18,19) and therefore they
should be established experimentally at various trap heights.

Some aspects of these axial calibrations have been
investigated experimentally. Trap height has been measured
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FIGURE 1 Experimental configuration. (A) Cartoon of
the unzipping configuration. A DNA molecule is unzipped
axially by moving the coverglass away from an optically

Zeq trapped bead. The coordinate system (z) is fixed with

respect to a stationary microscope objective. The left-hand
cartoon shows that z = 0 is defined as the position where
the upper surface of the coverglass (z) just makes contact
with a trapped bead. The right-hand cartoon shows that the
DNA molecule is progressively unzipped as the coverglass
is lowered at a constant velocity ve,. An index of refraction
mismatch between the aqueous solution and the cover-
glass brings the laser focus closer to the objective as the

3, . . . .
coverglass is lowered. zrp is the axial trap center location.
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displacement of the bead center from the trap center. z, is
the position of the upper surface of the coverglass. /i is
the trap height defined as the axial distance between z., and

C 5 1F u el nEelE —‘ mEmEE M M Zirap- (B) Schematic of the DNA molecule used for pattern
% matching (not to scale) (see text). The sequence of the
a ligation region is shown. The locations of the digoxigenin
@ 'E‘ and biotin labels, and the nick are also indicated. (C) Axial
§ £ detection resolution. A bead was fixed to the coverglass
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using two methods (20,21). One method measures the corner
frequency of a trapped bead at different coverglass positions
relative to a fixed objective. The relation between trap height
and coverglass position is obtained by using the known re-
lation of viscous drag coefficient versus trap height. This
method requires the assumption that trap stiffness is inde-
pendent of trap height and this assumption necessarily in-
troduces some uncertainties in this conversion. A more
accurate method takes advantage of an oscillatory axial
signal that is observed as the coverglass is moved away from
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a trapped bead. The oscillations arise from interference be-
tween the beam and its reflection from the trapped bead. They
are more evident with a less focused laser beam. Therefore,
to make this method more feasible, a separate laser beam for
detection is desirable.

In addition, the relation of axial displacement versus axial
signal has been estimated (20-25). By moving the cover-
glass with a fixed or freely trapped bead through the trapping
laser beam, the axial signal is detected as a function of the
coverglass position. It is worth noting that this relation






























