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ABSTRACT Optical tweezers have revolutionized our understanding of the microscopic world. Axial optical tweezers, which
apply force to a surface-tethered molecule by directly moving either the trap or the stage along the laser beam axis, offer several
potential benefits when studying a range of novel biophysical phenomena. This geometry, although it is conceptually straight-
forward, suffers from aberrations that result in variation of the trap stiffness when the distance between the microscope coverslip
and the trap focus is being changed. Many standard techniques, such as back-focal-plane interferometry, are difficult to employ
in this geometry due to back-scattered light between the bead and the coverslip, whereas the noise inherent in a surface-
tethered assay can severely limit the resolution of an experiment. Because of these complications, precision force spectroscopy
measurements have adapted alternative geometries such as the highly successful dumbbell traps. In recent years, however,
most of the difficulties inherent in constructing a precision axial optical tweezers have been solved. This review article aims
to inform the reader about recent progress in axial optical trapping, as well as the potential for these devices to perform inno-

vative biophysical measurements.

Optical tweezers provide a handle by which to interact with
and manipulate the microscopic world, and since its incep-
tion some 30 years ago (1,2), the technique has continued to
develop and evolve (3-5). Advances in optical force spec-
troscopy have yielded insight into a range of biological phe-
nomena, such as the transport of cargo by molecular motors
(6,7), the transcriptional procession of RNA polymerase
(8,9), translational activity by ribosomes (10), and the pack-
aging of DNA in bacteriophages (11). Optical tweezers typi-
cally function by generating an intense gradient force,
arising from a tightly focused laser beam, to trap a dielectric
particle attached to a molecule of interest. These instru-
ments can be calibrated to an incredible level of precision,
enabling the application of pico- to femtonewton forces
while measuring subnanometer spatial displacements with
microsecond temporal resolution (12).

One of the most successful implementations of optical
tweezers is that of the dumbbell trap (6,13). In this case, a
molecule is tethered between a pair of optically trapped mi-
crospheres (see Fig. 1 A). The configuration decouples the
molecule from vibrational noise arising from the micro-
scope stage (14), as well as from pointing instability of
the laser, because both traps arise from the same light source
(15). Dumbbell traps, however, have their own limitations,
as the setup is often quite complicated and experimental
throughput is limited to a single molecule. The limitations
of a dumbbell trap become especially apparent when work-
ing with small molecules. Since the two traps can only be
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brought so close to one another before each microsphere be-
gins to interact with the opposite trapping beam, one must
either work with longer molecules or introduce some sort
of linker molecule, such as a segment of DNA. The series
elastic compliance of the linker molecules must be deter-
mined and factored into any analysis (15,16). However,
because the linkers introduce thermal fluctuations that scale
with the length of the tether (17), they will inevitably reduce
the signal/noise ratio of the measurement (18).

A much simpler approach than the dumbbell trap is to
tether one end of a molecule to a microscope coverslip,
then optically trap a microsphere attached at the other end
of the tether (see Fig. 1, B and C). Since only one optical
trap is involved, the distance between the two tether points
can be brought arbitrarily close together, overcoming one
limitation of the dumbbell geometry. Another benefit of a
single trap is that it should halve the amount of oxidative
damage from singlet oxygen, which is known to be gener-
ated by the near-infrared trap light and the polystyrene mi-
crospheres, which can act as sensitizers (19). Furthermore,
an advantage of surface-tethered assays is that because
many molecules are simultaneously tethered, multiple mol-
ecules can be probed once the chamber is loaded. Some ex-
periments on molecular motors or processive enzymes, for
instance, where activity is initiated by the addition of
NTPs to the chamber, would not benefit from this paral-
lelism. However, in other experiments, such as studies of
protein folding or protein-mediated DNA looping, these as-
says could prove effective. Unfortunately, due to a variety of
complications with the conventional assays, the use of this
geometry in precision optical force spectroscopy has been
limited.
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FIGURE 1 (A) Dumbbell optical traps are able to directly apply force to

biological molecules along a single axis within the plane. (B and C) The
direction of laser propagation is the natural axis along which to extend a
surface-tethered molecule (B), but due to complications with this approach
force is typically applied in a plane parallel to the coverslip (C). Unfortu-
nately, the motion of the trapped microsphere and the optical force now
couple to both the lateral and axial directions. To see this figure in color,
go online.

In surface-tethered assays, the tendency is to apply force
by moving the microsphere perpendicular to the direction of
beam propagation (laterally) as opposed to along the axis of
the laser (axially). For long tethers, the position of the
microsphere within the harmonic potential of the trap,
which yields the applied force, is straightforward to deter-
mine. However, for short tethers (<1 wum), great care has
to be taken to obtain accurate force measurements (16).
This is because the displacement of the microsphere within
the optical trap, as the tether length is reduced, becomes
increasingly coupled in both the lateral and axial directions
(see Fig. 1 C). Since much of the force is now applied along
the axial direction, the microsphere significantly shifts its
distance above the coverslip, quickly entering a region
where the trap is no longer well calibrated, and potentially
crashing into the coverslip surface.

A solution to this problem is to simply extend the mole-
cule along the direction of propagation, or axis, of the laser.
Unfortunately, this approach suffers from a host of diffi-
culties. Aberrations from the glass-liquid interface of the
sample chamber as well as backscattered light between
the bead and coverslip lead to a trapping potential that is a
function of the height of the laser focus above the coverslip
(20). Likewise, obtaining a precise measure of the trap
height relative to the coverslip surface, as the trap is trans-
lated along the laser axis, poses its own challenges, as do
high-speed measurements of bead displacement within the
trap (such as back-focal-plane interferometry (21,22), which
give optical tweezers their impressive temporal resolution).
Moreover, by tethering one of the molecules to the micro-

Biophysical Journal 108(12) 2759-2766

Yehoshua et al.

scope coverslip, the experiment is strongly coupled to the
surrounding environment, which can introduce a significant
amount of ambient noise into the collected data.

We note that this same axial geometry is used with mag-
netic tweezers, which have seen some remarkable techno-
logical advances in recent years (23). Magnetic tweezers
can now apply forces similar to that of optical tweezers,
are relatively simple to construct, have a throughput
advantage, as multiple assays can be performed in parallel,
and can be applied to very short molecules. However,
when it comes to spatial and temporal resolution, optical
tweezers are still far superior to magnetic tweezers. Fortu-
nately, many of the challenges to utilizing axial optical
tweezers in precision single-molecule measurements
have been resolved by recent innovations, revealing axial
tweezers as a powerful nascent biophysical technique. In
this review article, our aim is to discuss the difficulties
encountered in employing axial tweezers, present the tech-
niques that have been devised to overcome these diffi-
culties, and showcase some of the exciting biophysical
explorations that are being undertaken with these unique
new tools.

Stability and precision of surface-tethered assays

Dumbbell optical traps have traditionally been chosen as the
technique of choice for precision force spectroscopy in large
part because they are able to decouple from experimental
noise, which can degrade a measurement. Confounding
sources of error arise from noise in the trap and/or detection
lasers, environmental sources such as vibrations and air cur-
rents, and mechanical and thermal drift. In the ideal case,
free of measurement errors, the spatial resolution of an
optical tweezers is limited only by thermal fluctuations
that drive the Brownian motion of the trapped microsphere.
The average position of the microsphere can be precisely
determined at the cost of temporal resolution. If instru-
mental noise is negligible over the measurement period,
the theoretical limit of spatial precision is on the order of
Angstroms (24). Despite the additional noise introduced
by the fluctuations of a second trapped bead, this limit is
achieved by dumbbell traps in a variety of ways, such as
by monitoring cross correlations between the beads (17),
applying active feedback control or, in the simplest
approach, holding one of the beads in a very stiff trap that
mimicks a surface (7).

Carter et al. recently showed that surface-coupled optical
traps can also attain a spatial precision nearing the theoret-
ical limit set by Brownian fluctuations (25). This atomic-
scale sensitivity was achieved in two stages. The group first
stabilized the sample to 0.1 nm in all three dimensions by
continuously measuring the position of a local fiducial
marker via back-focal-plane interferometry. These measure-
ments were employed within a feedback loop to actively sta-
bilize the sample set upon a three-axis piezostage. Second,
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both the trap and detection lasers were sent through a single-
mode polarization-maintaining optical fiber converting
pointing, polarization, or mode noise in the laser into inten-
sity noise. The output intensity was sampled and actively
modulated by an acousto-optic modulator (AOM) placed
before the input to the fiber, which greatly reduced the
inherent noise of the lasers. With these modifications, Carter
et al. were able to show basepair spatial sensitivity
(0.34 nm) and enhanced force detection resolving force-
induced changes of 0.1 pN in the unfolding dynamics of a
DNA hairpin, all within a surface-coupled assay. Although
dumbbell tweezers have been able to achieve sub-Angstrom
spatial resolution through elaborate means (such as passing
the laser through low-refractive-index gas-filled chambers
and maintaining 0.1 K temperature stability of the experi-
mental apparatus (26)), surface-tethered assays can achieve
performance comparable to that of most conventional
dumbbell assays and in theory could attain such ultrastable
performance if similar enhanced measures were taken.

Calibrating axial optical tweezers

To generate intense optical gradients, the majority of optical
tweezers make use of oil-immersion high-NA objectives
(NA >1.2). However, for biological specimens, optical trap-
ping regularly occurs within an aqueous environment lead-
ing to a refractive index mismatch between the liquid
solution (n ~ 1.33) and the immersion oil, which is typically
chosen to match the coverglass (n ~ 1.52 for borosilicate
glass). This mismatch results in both a focal shift and spher-
ical aberrations that tend to elongate the focus of the laser
along the axial direction (20). The focal shift can be esti-
mated by the relation (27)

6]

where hng is the nominal height of the focus about the
coverslip, har is the actual focal position, NA is the numer-
ical aperture of the objective, and n,, n, are the indices of
refraction of the oil and the aqueous environment, respec-
tively (see Fig. 2). The gradient force must compete with ra-
diation pressure to form a stable trap. As one moves deeper
within the sample chamber, elongation of the focal spot by
spherical aberrations results in a reduced axial trap strength,
so the actual trap center is positioned increasingly down-
stream of the focal spot. These effects can be alleviated by
using water-immersion objectives (20), although the NA,
and therefore the possible trap strength, of these objectives
is limited compared to oil-immersion objectives.

A proper calibration of an axial tweezers system requires
precise knowledge of where the trap center is in relation to
the coverslip surface, as well as what the axial displacement
is from the center of a trapped bead, and the resulting optical
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FIGURE 2 Oil-immersion objectives suffer from a mismatch in the
indices of refraction between the immersion oil and the aqueous sample me-
dium. In practice, the actual focal point, haF is shifted below the nominal
focal point, ing, of an index-matched system. Knowing the precise height,
h, of an optically trapped microsphere above the coverslip is critical to sur-
face-tethered assays. To see this figure in color, go online.

force on that bead. These are not trivial calibrations, since,
in comparison to conventional optical tweezers, the trap
stiffness is a function of axial position, as is the scattering
intensity for a bead within the trap. A number of solutions
have been found to account for these complications.

For instance, an estimate of the trap height, 4, measured
from the bead center to the surface can be attained by using
Faxen’s law, which provides a relationship for viscous drag,
v 1, as a function of proximity to a surface (28):
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where R is the bead radius and vy = 671R is the friction co-
efficient of a sphere in a fluid of viscosity 7. Measurements
of the power spectrum for an optically trapped bead,
S(f) = kT /m*y | (f> + f?), where kgT = 4.1 pN nm, can
be taken at varying distances from the coverslip, and the
data can be fit to yield a series of corner frequencies, fc.
The corner frequency quantifies the characteristic roll-off
of the power spectrum and is given by the ratio of the trap
stiffness, k, to the viscous drag as fc = kR2mwy, (29).
From this relationship, the data can then be fit to Faxen’s
law to provide a measure of the trap height. This method
is not valid beyond ~2 um from the surface, because at
that distance, surface effects are miniscule. However, the
real problem with this approach is that it assumes a constant
trap strength, which is clearly problematic, so the method
has limited applicability.

Deufel and Wang took the novel approach of using a well
characterized molecular construct to calibrate an axial twee-
zers system (30). To measure the trap height above the
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coverslip, which progressively shifts downward with stage
displacement, Deufel and Wang first unzipped a 3.7 kbp
sequence of double-stranded DNA (dsDNA) by extending
the molecule along the axial direction. As each basepair
sequentially denatured, the overall intensity signal, inferred
through back-focal-plane interferometry, displayed a series
of characteristic fluctuations with increasing trap height.
The measured intensity fluctuations could be directly map-
ped onto the well-established, theoretical force-extension
curve for the unzipping of dsDNA, providing an accurate
relation between measured intensity and trap height from
the coverslip surface throughout a 4 um range. After cali-
brating the trap height, the dsDNA construct was again
forced to unzip, but at much lower laser power, allowing
the bead to move further from the trap center at each height.
The measurements were then cross correlated to the well-
established theoretical force-extension prediction to extract
the relationship between measured intensity and displace-
ment of the bead from the trap center. For bead displace-
ments <~600 nm, the intensity signal displayed a linear
relation for a range of laser powers.

Chen et al. (31) used a quite different approach that did
not require an external construct for the calibrations. They
first adapted a technique employed in magnetic tweezers ex-
periments (32) to dynamically determine the bead-coverslip
separation. Initially, a stuck bead was scanned through the
optical trap, and a series of bright-field images of the bead
were recorded on a CCD camera. The bead was imaged
slightly out of focus so that it appeared as a dark spot
with a bright ring of intensity around its edges. This
donut-shaped intensity pattern could be fit by a polynomial,
and a precise measure of the distance between the ring and
the center of the microsphere was extracted at each axial
position. A trapped microsphere was then imaged and
compared to a fiducial bead stuck to the coverslip surface,
providing a precise determination of the bead-coverslip sep-
aration (*=1.4 nm). A related method was proposed by
Dreyer et al. (33) to image the interference pattern of the
forward-scattered laser light, within the back focal plane
of the condenser, onto a CCD camera. Dreyer et al. were
also able to determine the axial position of the bead to
within a few nanometers (~3 nm). Of course, a limitation
to both these techniques is that they employ a CCD camera,
which limits the temporal resolution of the measurements to
~1 kHz. Ultra-high-speed cameras, in the range 1-100 kHz,
are becoming increasingly available and affordable, but
although they acquire images at rates approaching that of
current detection schemes employing photodiodes, the
vast amount of data they acquire and the consequent over-
head involved in handling that data make video detection
less preferable.

Chen et al. avoided the inherent complications of an
extension-dependent trap strength by keeping the trap
height fixed while at the same time trapping the bead within
the linear region of the optical potential. In this way, varying
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the laser power would adjust the slope of the linear poten-
tial, resulting in an applied force. However, the real utility
of trapping within the linear region of the potential is that
it provides an all-optical force clamp in the axial direction.
This trick was first employed by the Block lab (34), but in a
dumbbell trapping geometry, to attain the sensitivity neces-
sary to observe basepair stepping of RNA polymerase (26).
To find and determine the extent of the linear part of the po-
tential, Chen et al. built a dual-beam optical tweezers system
with two beams of orthogonal polarization. The trap to be
calibrated was held stationary while a much tighter probe
trap moved a confined microsphere throughout the axial
range of the stationary trap. By analyzing perturbations to
the motion of the microsphere within the probe beam, the
group could precisely map the optical potential.

Recently, Mack et al. proposed a method for performing
axial optical tweezing that maintains the high temporal res-
olution afforded by position detection with a photodiode,
but without the need to introduce an additional calibration
construct (35). Their method makes use of the backscat-
tering of light between the trapped bead and the coverslip
surface, which gives rise to an oscillatory signal as the
trap is translated axially (see Fig. 3). Mack et al. found
that the background intensity pattern as a function of stage
displacement, As, for an untethered yet optically trapped
bead, is well described by the empirical fit:

Igs = Ppc(As) + Aggexp( — A h(As))sin(k h(As)

3)

+ ¢gc)-
Here, Apg, ¢BG,> ABG, and Pgg are fit parameters. Pgg(As)
can be expressed in terms of a third-order polynomial in
stage displacement, and h(As), which is the bead coverslip
separation for a free bead, can be written in terms of a

2.55

2.50

2.45

2.40

2.35

2.30

2.25

Scattered Intensity (V)

2.20

.
.
.
L)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
LY

2.15
0

,_.
N
wl
IS
«n

FIGURE 3 Scattering intensity versus axial stage displacement, Az. The
points (solid line) are the total measured (fitted) intensity signal for a trap-
ped microsphere at different heights, 4, above the coverslip, which displays
a periodic modulation. The dashed line is for a microsphere stuck to the sur-
face of the coverslip and is roughly linear. (Inset) Interference caused by
back reflections between the microsphere and the coverslip surface. To
see this figure in color, go online.
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second-order polynomial in As. As previously observed in
Neuman et al. (36), the oscillations in the intensity pattern
display a periodicity with wavenumber k = 4/Ay, where
Aw is the wavelength of the trapping laser light in water.
From this fit, they could accurately determine the trap height
above the coverslip.

Mack et al. then repeatedly measured the power spec-
trum, fitting it to a Lorentzian distribution to attain the
corner frequency, fc, and diffusivity, Dy o« kgT/y |
(measured in (V?)Hz ") of the bead at different bead-cover-
slip separations. The fits yielded both the trap stiffness, k =
27fcy |, and the displacement sensitivity 8 = Dy | /kgT.
The sensitivity ( specifies the response of the measured in-
tensity to changes in bead position with the bead-coverslip
separation held constant, but during an axial force-extension
measurement, this distance varies with molecular extension.
For the intensity response of a bead displaced some dis-
tance, Az, from the center of the trap, Mack et al. assumed
a linear model of the form I = Izg—{ Az and used the con-
sistency relation 8 = dI/dL, where L is the molecule exten-
sion, to connect the response { to 8. The resulting equations
can be used to iteratively extract both the extension, L, and
the displacement from the trap center, Az, rapidly and with
high accuracy.

Extending the range and increasing the trap
strength

As an optical trap is moved deeper within a sample, the op-
tical pressure arising from on-axis rays increasingly shifts
the trap position further downstream from the focus, eventu-
ally overcoming the gradient force. This limits the
maximum axial range of most optical traps to within
~20 um from the surface (29). By comparing an oil- to a
water-immersion objective, the latter of which correctly
matches the refractive indices, Vermeulen et al. showed
that the axial trap stiffness with a water-immersion objective
displayed no height dependence (20). In fact, with water-
immersion objectives, optical traps have been maintained
to depths of ~150 um.

Oil-immersion objectives, however, remain the preferred
choice for many experiments. Their larger NA can generate
tighter traps, although aberrations limit this improvement to
trapping close to the coverslip surface (20). Of more critical
importance, water-immersion objectives can be difficult to
use, as the water layer between the objective and coverslip
tends to evaporate over time, limiting extended-duration
measurements. Moreover, the imaging gains of a higher-
NA objective are necessary for some single-molecule exper-
iments, for example, those involving objective total internal
reflection fluorescence microscopy (37) in conjunction with
optical force spectroscopy.

Much effort has been made to mitigate the aberration ef-
fects of oil-immersion objectives, both in optical trapping
and in microscopy more generally. One approach, which
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is more of a compromise than a solution, is to more closely
match the refractive index of the immersion oil to that of
water, which can increase the axial trap stiffness by
reducing aberrations and can also be used to fine-tune the
trap height (38). Efforts to reduce spherical aberrations by
directly engineering the focal spot, which include the use
of spatial light modulators (39,40) and deformable mem-
brane mirrors (41), offer a more promising solution, since
wavefront modulations, although limited by the refresh rates
of these devices, can be easily updated to reflect changes in
trap height. For instance, Cizmar and colleagues were able
to use shaped laser light to correct for all aberrations
throughout the optical train (42). The ideal focus occurs
when all modes of the laser arrive at the focal point with
the same phase so as to constructively interfere. Cizmar
et al. achieved this by using a phase-only spatial light modu-
lator to directly optimize each mode in relation to an un-
modified reference phase. With these corrections, they
were able to create stable optical traps at milliwatt powers
using low-NA, uncorrected objectives and to trap particles
deep within a highly turbid medium, illustrating the power
of this approach.

Reducing the optical pressure on a trapped particle can
also lead to increased trap stiffness at much greater depths
within a sample and can mitigate the effects of back-scattered
light. The simplest approach is to reduce the intensity at the
center of the beam by introducing a center field stop (43),
but this method wastes much of the available laser power.
A more efficient approach is to employ non-Gaussian modes
of alaser to reduce the intensity at the beam center. Sato et al.,
for instance, employed the TEM; mode, which is doughnut-
shaped, to significantly increase the lateral trap stiffness. In
addition, optical trapping with the TEM; mode of the laser
was later found to result in increased axial trap stiffness (up
to approximately twofold) (44). Related strategies to increase
the axial stiffness, such as trapping with radially polarized
beams (45-47) or higher-order Laguerre-Gaussian modes
(48,49), or a combination of the two (50), or with axicons
(i.e., rotationally symmetrical prisms) (51), have also been
implemented and have shown similar gains.

Alternatively, Zemanek et al. (52) demonstrated that
strong axial traps can be created by a standing Gaussian
wave. This was first realized by reflecting a laser beam off
the mirrored top surface of a sample chamber to generate
the standing wave (52,53). Small particles (d < 0.1 ) could
be stably confined with the trap stiffness increased 10-100
times over that obtained using conventional optical tweezers
(54). However, for larger particles (d > 0.5 1), which are
associated with a concomitant increase in optical pressure,
a standing wave trap quickly becomes unstable.

Prospects for axial optical traps

At present, axial optical tweezers have been applied toward
only a limited number of biophysical measurements. Mack
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et al. (35) employed the axial calibration they developed to
study the winding and unwinding dynamics of the wild-type
H4 nucleosome (55). Although experiments similar in scope
have been performed on nucleosomes using conventional
optical tweezers (56), their experiments nonetheless show
the utility of an axial optical trap in performing precision
single-molecule measurements.

Recently, Nawaz et al. made novel use of an axial optical
tweezers to study the mechanical response of cells to pico-
newton forces (57). These experiments are conventionally
performed with atomic force microscopy (AFM), but ther-
mal noise experienced by the cantilever of the AFM when
submerged in liquid limits the precision with which forces
can be applied. Although the lower force limit for AFM is
~10 pN (3), AFM cell indentation experiments typically
apply much larger forces (of order ~100 pN), because the
lack of precision at low force makes it difficult to interpret
the mechanical response. Conventional optical traps, which
move in a plane parallel to the coverslip, could apply force
to a cell by pressing upon it from the side with a trapped
microsphere, which is quite different from AFM indentation
experiments, where the pushing force is applied to the top of
the cell. Axial traps, therefore, are a natural extension of the
AFM experiments for probing the response to forces down
to ~1 pN or less. Note, however, that Nawaz et al. were
able to avoid many of the difficulties associated with axial
tweezers, as discussed in this review, because the cells
were large (and thus far enough from the surface that
back-reflections were negligible) and only low forces were
applied (so a water-immersion objective provided a suitable
trap strength).

Precision axial optical tweezers could be used to explore
the low-force regime of a variety of other measurements
typically acquired via AFM, such as pull-out experiments,
where individual polypeptides (or other membrane associ-
ated proteins) are pulled through various lipid bilayer
domains (58). The stability of a membrane protein is gov-
erned both by forces that anchor the protein in the mem-
brane and by forces that interact with the secondary
structure of the protein. A classic example is the light-driven
proton pump bacteriorhodopsin, one of the most extensively
studied membrane proteins, which, along with adjacent
lipids, forms a two-dimensional hexagonal lattice known
as the purple membrane (59). Fine details of the inter- and
intramolecular interactions might be accessible with axial
tweezers that have not been resolvable with AFM (60). In
a similar way, axial tweezers provide an ideal geometry
for single-molecule measurements of binding or adhesion
forces (on small molecules, proteins, or nanoparticles)
without introducing a lateral or shearing force, which would
be generated by conventional tweezers. Likewise, at the
cellular level, axial tweezers could be used to map bacterial
adhesion forces, as individual bacteria might be trapped and
made to approach and retract from a perpendicular surface,
simplifying the interpretation of these experiments (61).
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Although the previous examples clearly show that axial
optical tweezers lend themselves to applications where
more conventional traps are inappropriate, another area in
which axial tweezers have considerable potential is the
direct measurement of single small biological molecules
with enhanced force precision and a high signal/noise ratio.
Chen et al. applied their optical force clamped axial twee-
zers to study the sensitivity of protein-mediated DNA loops
of a few hundred basepairs to constant and fluctuating forces
(62,63). Because of the extreme sensitivity of their instru-
ment, they were able to resolve force-induced dynamical
effects that resulted from applying only tens of femtonew-
tons of force. With this same instrument, they have been
able to directly apply forces to DNA sequences as short as
250 basepairs (31), at which point sequence-dependent
effects appeared (64).

Although optical tweezers are adept at finely resolving
the motion and forces involved in, for instance, the translo-
cation of a protein, single-molecule fluorescence techniques
are more suited to uncovering the internal conformations of
a protein of interest. Simultaneous fluorescence and optical
force-spectroscopy measurements are complicated by the
fact that the high-intensity lasers needed to create an optical
trap quickly photobleach most fluorescent labels by two-
photon processes. To get around this difficulty, the fluores-
cently labeled protein must be physically separated from
the optical trap, which again requires the introduction of
long linker molecules that degrade the precision of the mea-
surement. Another approach is to temporally interleave both
the trap and fluorescence excitation lasers so that the fluoro-
phores are never in the excited state, where intersystem
crossings occur, when the trap is on (65,66). Although this
is an extremely powerful technique, the rapid switching
(~66 kHz) and precision timing of the lasers and detection
elements make this approach quite challenging to imple-
ment. A single-beam trap would be easier to temporally
interlace with an excitation laser than would a dual-beam
trap. Alternatively, axial tweezers might accommodate fluo-
rescence measurements via a much simpler route. Since
many of the techniques discussed here for increasing the
strength and range of axial optical tweezers (employing
the TEMy; mode, higher-order Laguerre-Gaussian modes,
etc.) rely upon reducing the intensity in the central portion
of the trap laser, a fluorescently labeled protein could be
situated within this region that would remain at a much
lower laser intensity throughout a force-extension measure-
ment. For instance, Neupane et al. showed that a donut beam
can be focused through a high-NA objective (NA 1.4) with a
central intensity 20x less than the maximum value (67).

Since its inception, force spectroscopy with optical twee-
zers has proliferated in utility in the biophysical community.
Although they are perhaps the most natural geometry for
applying force with single-beam optical tweezers, axial
tweezers have long been overlooked due to technical con-
siderations that complicate their implementation. Now that



Axial Optical Traps

the fundamental challenges of using axial optical tweezers
have been overcome, they will, hopefully, serve as a new
and powerful addition to the single-molecule toolbox, help-
ing us to gain an increasingly quantitative understanding of
life’s underlying mechanisms.
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