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The well calibrated force-extension behaviour of single
double-stranded DNA molecules was used as a standard
to investigate the performance of phase-only holo-
graphic optical tweezers at high forces. Specifically, the
characteristic overstretch transition at 65 pN was found
to appear where expected, demonstrating (1) that holo-
graphic optical trap calibration using thermal fluctuation
methods is valid to high forces; (2) that the holographic
optical traps are harmonic out to >250 nm of 2.1 um par-
ticle displacement; and (3) that temporal modulations in
traps induced by the spatial light modulator (SLM) do
not affect the ability of optical traps to hold and steer
particles against high forces. These studies demonstrate
a new high-force capability for holographic optical traps
achievable by SLM technologies.

1. Introduction

Holographic optical tweezers (HOT) is a technique
in which the phase of a trapping laser beam is modu-
lated, for example to generate multiple, steerable
trapping foci in a sample chamber. The ability of
HOTs to independently manipulate multiple trapped
particles in three dimensions in real time has led to
their application in a broad range of fields including

Superposed schematic of a DNA molecule stretched be-
tween microspheres held in two holographic optical
traps.

micropatterning, optical sorting and, more recently,
cell biology [1-3]. For the most part, these applica-
tions have taken advantage of the ability of optical
traps to hold and manipulate particles, but have not
made use of their force-measuring capabilities. This
is due in large part to uncertainties in the shape of
optical traps generated by the discrete phase modu-
lation using spatial light modulators [4, 5], whether
the traps can be considered as static when located at
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a fixed position within a sample chamber [6, 7],
changes in trap stiffness as optical traps are steered
within a sample [6, 8], and the maximum forces at-
tainable with this technique [3, 9]. All these ques-
tions must be addressed before HOTs find wide
acceptance in quantitative force-measuring applica-
tions.

Previously, we demonstrated that HOT traps
could be positioned with nanometre resolution, and
furthermore showed that trap stiffness remained
constant within 5% when traps were steered over
distances of >20 um within a sample chamber [6].
These results provided promising evidence that the
technique could be used for force-measuring applica-
tions [3]. An additional requirement for this applica-
tion is that HOT traps be capable of exerting high
forces on trapped particles and of maintaining parti-
cles in the traps as their positions are updated. To
date, most applications of this technique have used
weak traps for manipulation rather than stiff traps
for force measurement. Two recent papers have ap-
plied high forces to particles trapped in HOT, esti-
mating that these exceeded 60 pN, however, in both
cases, the high forces were calculated by assuming
that the trap stiffness obtained at low forces (<2 pN)
was valid in the high-force range [3, 9]. The harmo-
nic range of an optical potential depends on many
instrument-dependent parameters and on particle
size and refractive index. Even for a conventional,
non-holographic optical trap, the potential can be-
come anharmonic for relatively small displacements
from the trap centre (<100 nm) [10], suggesting that
care must be taken when extending trap stiffness ca-
librations obtained from thermally sampled positions
to high forces.

The most common method used to probe the opti-
cal potential experienced by a trapped particle is the
application of a known drag force on the particle,
either by moving the trapping chamber (and en-
trained fluid) at known speed [8, 9, 11], or by apply-
ing known flow speeds to the solution within the
chamber [12]. For application to stiff optical traps, the
former method requires a stage that can be translated
at controlled high speeds, while the second requires
controllable flow. Both methods require knowledge
of the bead size, which has some uncertainty even for
well calibrated commercial samples [13].

We demonstrate here an alternative approach,
namely using the well-calibrated force-extension be-
haviour of DNA, to probe whether the harmonic po-
tential of holographic optical traps extends to forces
greater than 65 pN. The elasticity of double-stranded
DNA (dsDNA) has been well established from sin-
gle-molecule stretching experiments [14]. The force-
extension curve is highly nonlinear, conforming at
low forces to the entropic worm-like chain model of
polymer elasticity and exhibiting a plateau at a force
of 65 pN. In this so-called overstretch plateau, the

molecular contour length increases by 70% as the
two strands of DNA melt [15]. Observation of a pla-
teau at 65 pN is a clear signature of a single, torsion-
ally unconstrained dsDNA. The use of DNA as a
metrology standard has previously been demon-
strated in the low-force regime [16]. Here, we use
the overstretch plateau as a force standard to de-
monstrate the capabilities of HOT for high-force
measurements. We compare results of DNA mea-
surements made with our conventional, single-beam
optical tweezers instrument to the HOT measure-
ments. We show that our HOT instrument can hold
particles in stiff, harmonic traps in the presence of
>65 pN of force applied through DNA tension, and
that these particles stay trapped in the presence of
high tension while trap positions are updated. These
results further demonstrate the potential of this tech-
nique for high-force measurements.

2. Experimental

2.1 Holographic optical tweezers set-up

Most DNA stretching measurements were conducted
using our holographic optical tweezers instrument
described previously and shown schematically in Fig-
ure 1 [6]. It uses a Holo-Eye HEO 1080P LCOS
phase-only spatial light modulator (SLM) to spatially
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Figure 1 (online color at: www.biophotonics-journal.org)
Schematic of the holographic tweezers setup. An infrared
laser beam is expanded, after which a half-lambda zero-or-
der wave plate in combination with a polarizing beam
splitter cube provides manual control over the power di-
rected to a spatial light modulator (SLM). The SLM mod-
ulates the wavefront of the laser beam and the lenses L1
and L2 image the SLM onto the back focal plane of a high-
numerical aperture objective lens, which focuses the light to
create one or more optical traps. A second identical objec-
tive lens captures the light, which is imaged onto a position-
sensitive diode (PSD) for trap calibration. The counterpro-
pagating visible light, passing through the dichroic mirrors
D1 and D2, is directed to the high-speed camera for particle
tracking. See text for details.
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modulate the phase of our 1064 nm trapping laser
(Spectra Physics J20-BL-106C), with 27t phase mod-
ulation at each pixel. Phase patterns (kinoforms) are
generated in LabVIEW using gratings-and-lenses
calculations [17] with aberration corrections [18].
The light is focused by a high-numerical-aperture
water-immersion objective lens (Olympus UplanApo/
IR, 60x, 1.2 NA) into our sample chamber. A posi-
tion-sensitive photodiode (PSD; OSI Optoelectro-
nics, DL-10) is used for high-bandwidth measure-
ments only to calibrate the trap stiffness of a single
trapped particle [6], and is used because it has a
much higher bandwidth than our camera. Images of
the trapped particles were recorded at 368 frames/
second using a high-speed camera (PCO, 1200 HS).
Particle positions were determined from these
images at high spatial resolution using correlation
analysis [6]. In principle, these positions from our
high-speed camera could be used to calibrate optical
traps, however, for high trap stiffnesses such as used
here, camera integration times must be properly ta-
ken into account ([19] and A. van der Horst et al.,
manuscript in preparation).

Figure 2 depicts the experimental geometry in
our sample chamber. An end-labelled DNA mole-
cule was stretched between two polystyrene micro-
spheres, which were coated to specifically bind the
ends of the DNA (Sections 2.3 and 2.4). Two differ-
ent sizes of particles were used to distinguish be-
tween the labels. One HOT trap was kept stationary
while the second was steered to different positions
to stretch the DNA. The kinoforms for these posi-
tions were precalculated and sent to the SLM as an
image stack, so that we reproducibly obtained identi-
cal trap separations for the same or different DNA
molecules. Trap 1 was located at (x, y)=(14.3 um,
8.9 um) with respect to the zero-order spot in the fo-
cal plane, while trap 2 was moved stepwise in the
range from (17.5 wm, 8.9 um) to ( 25.8 um, 8.9 wm).
Trap locations were chosen to avoid ghost traps in
the vicinity of the DNA, and to sample more densely
the steeper parts of the expected force-extension
(F —z) curve (35.4nm steps) while taking larger
steps (177 nm) in the flatter parts of the curve. The
HOT traps resided at each position for 0.3 seconds
(110 image frames on our high-speed camera). At
the end of a stretching experiment, when the attach-
ment of the DNA to a particle broke [20], we re-
leased the bead in trap 2, after which the trap stiff-
ness for the particle in trap 1, xj, was determined
from power spectral analysis of its PSD position data
[6]. A typical value for these experiments was
1 =250 pN/um. In principle, forces could also be
measured using trap 2. However, the change in posi-
tion of this trap for each DNA extension would re-
sult in increased uncertainty in particle offset from
the trap centre and trap stiffness (Section 3.2), so
only trap 1 was used for force measurements.

A

Figure 2 (online color at: www.biophotonics-journal.org)
A. Schematic of DNA stretching in our HOT instrument.
A 2.10-pm-diameter antidigoxigenin-coated polystyrene
sphere is trapped in the left, stationary HOT trap (trap 1),
while a 3.17-um-diameter streptavidin-coated polystyrene
sphere is displaced stepwise to the right as this HOT trap
(trap 2) is steered. An 11.7-kbp-long dsDNA molecule is
modified at its ends with biotin and digoxigenin, respec-
tively, which tether the DNA molecule specifically be-
tween the microspheres. The force applied to stretch the
DNA is determined from the bead displacement from the
stationary trap (trap 1), while the extension of the DNA is
found from the separation between particles. B. Schematic
of DNA stretching in our single-beam OT instrument.
Here, the optical trap is stationary and the DNA is
stretched by moving the micropipette.

2.2 Single-beam optical tweezers set-up

We used our separate single-beam optical tweezers
instrument, described in more detail previously [21,
22], for control measurements to stretch DNA (Fig-
ure 2b). Similar to the HOT setup, it uses water-im-
mersion objectives and a position-sensitive photo-
diode to produce and calibrate an optical trap, in
this case from an 835 nm, 200 mW diode laser. DNA
was stretched between an optically trapped bead
and a second bead held on the tip of a micropipette
by suction. The micropipette was mounted in the
sample chamber, which was translated in the plane
perpendicular to the optical axis by a nanometre-
precision two-axis piezoelectric stage (Mad City
Labs, Nano H-50). DNA stretching experiments
were performed using the same polystyrene micro-
spheres and DNA samples as in the HOT experi-
ments. Images of the particles were recorded and
saved at 10 Hz using a CCD camera (Flea, Point
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Grey Research) and their positions were determined
by correlation analysis.

2.3 DNA preparation and labelling

Double-stranded DNA molecules used in our experi-
ments were obtained by digestion of plasmid pPIA2-6
[23] with restriction endonucleases Eagl (New Eng-
land Biolabs) and EcoRI (Invitrogen). The purified
11.7 kilobasepair (kbp) fragment was labelled using
Klenow exo- DNA polymerase (Fermentas) and a
mixture of dATP, dGTP, biotin-dCTP (Invitrogen)
and digoxigenin-dUTP (Roche), each at 33 uM,
resulting in dsDNA with two biotin groups at one
end and two digoxigenin groups at the other.

2.4 Bead preparation and testing

Streptavidin (Molecular Probes) was crosslinked to
carboxyl functionalized 3.17-um diameter polystyr-
ene microspheres (Spherotech) using EDC (Fluka
Analytical). 2.10 um diameter polystyrene micro-
spheres, covalently coated with protein G (Sphero-
tech), were allowed to react with anti-digoxigenin
(Roche), whose Fc region binds to protein G. This
interaction was then stabilized by crosslinking with
DMP (Sigma-Aldrich). Before a stretching experi-
ment, DNA was incubated for an hour at room tem-
perature with the anti-digoxigenin beads, letting the
antibody-antigen interaction coat the beads in DNA.
The DNA concentration was approximately 0.1 nM
during incubation, with a ratio of no more than 100
DNA molecules per bead. The beads were then in-
cubated with 10 mg/ml BSA for 20 minutes to block
non-specific binding, and finally washed to remove
unbound DNA and BSA.

We have developed an assay for DNA binding to
our anti-digoxigenin-coated microspheres, and tested
it on a 2.1 kbp DNA fragment labelled using a pro-
tocol similar to that described in Section 2.3. Anti-
digoxigenin beads and labelled DNA were incubated
as described above. Unbound DNA was removed
through repeated washing steps. The beads were
then incubated for one hour on a mixer at room
temperature with streptavidin alkaline phosphatase
(Promega), which can bind to biotin on the free end
of the DNA molecules. Free streptavidin alkaline
phosphatase was washed away. The beads were then
incubated with pNPP (Sigma-Aldrich), whose hydro-
lysis is catalysed by alkaline phosphatase to produce
a yellow substrate with a strong absorbance peak at
405 nm. By ensuring pNPP was in excess and the in-
cubation time was sufficiently short, the absorbance
at 405 nm was proportional to the quantity of strep-

I Anti-digoxigenin beads

0.07 - : :
Il Anti-fluorescein beads

Absorbance per femtomolar beads

No DNA 1500 3000 6000

Number of DNA molecules per bead during incubation

Figure 3 (online color at: www.biophotonics-journal.org)
Results of pNPP quantification of DNA binding to beads.
Beads were incubated with labelled DNA at the indicated
ratios, then quantified. DNA bound specifically to anti-di-
goxigenin coated beads and non-specifically to the anti-
fluorescein coated control beads. The finite signal when no
DNA was present indicated non-specific binding of strepta-
vidin-alkaline phosphatase to the beads. Error bars show
the standard deviation of 3 separate trials.

tavidin alkaline phosphatase present, and so to the
number of biotinylated DNA molecules. We normal-
ized the optical density at 405 nm by the bead concen-
tration to obtain a value proportional to the average
number of DNA molecules bound per bead. Bead
concentration was determined for each sample by
measuring the intensity of 532 nm laser light it scat-
tered at 90°, and comparing this to a calibration curve
produced from samples of known concentration.

By using this assay, we confirmed that digoxigen-
in-labelled DNA was successfully bound to the anti-
digoxigenin beads and had accessible biotins (Fig-
ure 3). Signal increased with DNA concentration,
and was greater for specifically bound DNA (incu-
bated with anti-digoxigenin beads) compared with
non-specifically adsorbed DNA (incubated with anti-
fluorescein coated beads). Due to the significant le-
vel of background signal in the absence of DNA, the
assay works best for large numbers of bound DNA
molecules (here, approximately 10 times the number
per bead used in the single-molecule experiments),
so is best suited to experiments testing whether or
not bead and DNA labelling is effective.

2.5 Force-extension measurements of DNA

Experiments were performed in the middle of home-
made multistream flow cells that consisted of two
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microscope cover slips sandwiching a fluid channel
created by excising a Y-shaped physical channel
from the centre of a Nescofilm spacer (NESCO;
chamber volume 10-20 ul). Holes drilled in one of
the coverslips permitted fluid flow through two inlets
and an outlet; the two inlet channels allowed us to
use streptavidin and DNA-coated anti-digoxigenin
microspheres simultaneously without mixing [24].
Before every experiment, both the chamber and the
beads were washed with 10 mg/ml bovine serum al-
bumin (BSA) to prevent non-specific interactions
between the beads and glass surfaces. Experiments
were conducted in a buffer solution (150 mM NacCl,
10 mM Tris and 1 mM EDTA, pH 8.0) in which the
overstretch transition of dsDNA is expected to occur
at 65 pN [25].

At the beginning of an experiment, the flow cell
was positioned such that the traps were close to
the interface between streams and only one type of
beads was present in the field of view. After trap-
ping one of the microspheres with a holographic
trap, the chamber was moved up-/downwards, past
the interface, to trap the other type of bead in a
second holographic trap. Finally, the flow was
stopped and the sample chamber repositioned so
that the two trapped beads were in a region free
of other beads. The two trapped microspheres were
brought in proximity to enable the formation
of the biotin-streptavidin interaction. (The 2- and
3-um particles used in these experiments facilitated
close approach of the two bead surfaces while
maintaining a relatively large separation between
the traps.) Tethers were detected by the tension-in-
duced displacement of particles from the trap cen-
tres. In the HOT instrument, many tethers lasted
only tens of seconds, much shorter lifetimes than in
the single-beam optical tweezers instrument. This
lifetime shortening was due to the higher power
1064 nm laser and could be improved by adding an
oxygen scavenging system (PCA/PCD) to the sam-
ple [20].

Tethered DNA molecules were stretched step-
wise using predetermined kinoforms, as described
above. Camera images were analysed to obtain the
positions of the particles and the offset of the parti-
cle from trap 1 as a function of time. Unless other-
wise specified, the end-to-end extension of DNA,
z(f), was determined in each image using the posi-
tions of each particle relative to its initial position
(x1(2), x2(1)), plus a fixed offset x¢: z(¢) = x2(t) — x1(2)
+ xo. The force applied to the bead in trap 1 (equal
in magnitude to the tension in the DNA) was deter-
mined from Fi(f) = —r1x1(f) + Fo. The force and dis-
placement offsets, constant for a given tether, are ne-
cessary because our correlation algorithm provides
the position of each particle relative to its position in
an initial reference template image, not an absolute
position measurement [6].

Force-extension curves of DNA molecules were
fit with the inextensible worm-like chain (WLC)
model of entropic elasticity [26, 27]:

T 1 1
o ¢ 1 1)

L, N2 L. 4
a(1-%
(1)

L. is the contour length of the DNA (in our case
3.96 um), L, is its persistence length, kg is Boltz-
mann’s constant and 7 is the absolute temperature.
L, and the offsets xo and Fy are the fitting para-
meters used for each experimental force-extension
curve. There is a strong interdependence among
these three parameters, particularly evident when fit-
ting a limited number of F-z data points as from our
HOT measurements. Thus, an estimate of xy and Fj
was first obtained by setting L, = 53 nm; using these
values as initial guesses for a least-squares fit, xo, Fy
and L, were allowed to vary to best fit the available
data. DNA’s force-extension behaviour is known to
deviate from the inextensible WLC model at high
forces [28], and so fits reported here were performed
to data points below 5 pN.

For determinations of the residuals between the
experimental HOT F — z data and a WLC fit, only
xo and Fj were allowed to vary in fitting each curve,
while L.=3.96 um and L, =45 nm were held fixed.
(This value of L, was used for consistency with the
average value found for this sequence of DNA in
our single-beam optical tweezers instrument.) The
point of this analysis was to quantify observed mod-
ulations, and thus it was important to compare the
measurements to the same model, even if this did
not represent the best fit for each curve that would
have been obtained by allowing L, to vary.

F(z)

3. Results and discussion

3.1 Stretching DNA to high force

Supplementary Movie 1 shows a DNA stretching ex-
periment with three stretches and relaxations. Still
images from such an experiment are shown as the
figure in the abstract to this article (with a schematic
of a tethered DNA molecule superposed for illustra-
tive purposes). Figure 4 shows a plot of each bead’s
position as a function of time as a DNA molecule is
stretched, with the tether breaking at the end of this
experiment. The regions of different slope are due
to the difference in step sizes chosen for sampling
different regions of the force-extension curve. As
trap 2 is steered and the DNA stretched, the gradual
displacement of particle 1 from the stationary trap is
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(seen by the spikes in the trace of particle 1; particle
2 experiences displacements of similar magnitude,
not seen because of the scaling in Figure 4). This ef-
fect has been noted previously for HOT traps [29]
and is discussed more, below. In our experiments,
particle excursions were greater for larger steps of
trap 2, so could be minimized by using smaller step
sizes, if desired. To ensure these dynamics were
excluded from our analysis, the average particle po-
sitions for each kinoform were determined using
only the central 60% of the data at each extension
(66 data points).

The average positions of the trapped particles, as
determined from video tracking, were used to deter-
mine the end-to-end extension of the DNA, z, and
the force, F, required to attain this extension, as de-
scribed in the Methods Section. A representative
force-extension curve of DNA, recorded in our
HOT instrument, is shown in Figure 5. This shows
the expected WLC response at low forces, followed
by the characteristic overstretch transition at 65 pN.
The appearance of the plateau at 65 pN demon-
strates that the calibrated trap stiffness from the
power spectrum of thermally induced motion is valid
to forces of at least 65 pN. For these experiments
with a trap stiffness of x; =250 pN/um, our results
demonstrate that 2.10-um-diameter particles in stiff
HOT traps experience a harmonic potential out to
displacements of at least 260 nm.

Position of trap 2 (um)

Figure 5 (online color at: www.biophotonics-journal.org)
A. Representative force-extension curve of DNA, showing
characteristic overstretch transition at 65 pN. Overlaid on
the black data points is a WLC fit with L, =45 nm. The
small number of data points involved in the fit below 5 pN
results in large uncertainties of fitting parameters. If more
information about this low-force region were desired, trap
2 could be stepped in smaller increments. B. Force residuals
from WLC fits to F-z data from 4 different molecules
(7 curves) showing systematic deviation from expected
values (black squares). The positions here correspond to
the region <5 pN in plot a. Data points represent the mean
values and error bars the standard errors of the means.
Lines are a guide to the eye. Using a corrected position of
trap 1, determined for each position of trap 2, the force re-
siduals are altered but still display systematic modulations
(blue triangles).

The spikes in Figure 4 correspond to updates of
the position of trap 2. It is remarkable that the
trapped particles are not lost during this refreshing
of the SLM, particularly because of the significant
tension in the DNA. Previous work showed that
HOT traps can be repositioned in step sizes of a
bead radius without losing the trapped particle, even
in the presence of external flow [29]. The maximal
forces exerted in that work were approximately
2 pN. Here, our results show that the trap position
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can be changed in 177 nm steps and, for our system,
the particles are retained in the traps even in the
presence of 65 pN of force exerted through the
DNA. Additionally, these results demonstrate that
the 300 Hz trap modulations introduced by our SLM
[6, 7] do not affect the ability of the HOT traps to
maintain particles in the presence of high external
force.

3.2 Apparent force modulations

Force-extension curves measured for DNA in our
HOT instrument exhibit apparent force modulations
(Figure 5), most clearly seen in the flatter portions
of the curves. These appear to be systematic, as seen
by the non-zero average force residuals between
WLC fits and measured F — z data. The modulations
are not due to the DNA or beads used in these ex-
periments. Figure 6 shows an example of a force-ex-
tension curve recorded for DNA from the same sam-
ple, immobilized using beads from the same
preparation, stretched in our single-beam optical
tweezers instrument. It is clear that this measure-
ment shows the expected WLC behaviour at low
forces, and furthermore, exhibits the overstretch pla-
teau at 65 pN, as expected. Thus, the modulations
observed in the HOT measurements are specific to
that instrument.

We sought to account for these small, yet sys-
tematic, modulations by examining our assumptions
of a stationary trap 1 and of constant trap 1 stiffness.

60l A N
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Figure 6 (online color at: www.biophotonics-journal.org)
A. Representative force-extension curve of DNA recorded
in our single-beam optical tweezers instrument, showing
the WLC fit to the data (L, =48 nm). B. Residuals of
force from this WLC fit, which are much smaller than for
the HOT stretching data. Lines are a guide to the eye.

If either of these values changed during a stretching
experiment, we would miscalculate the true force,
since forces are determined from Fi(f) = —r; Axy(2).

Close examination of Figure 4 reveals discontinu-
ous changes in the position of trap 1 throughout the
experiment, an effect particularly perceptible in the
flatter portions of the curve. To determine the extent
of this movement, we performed separate experi-
ments using the same kinoforms, in which a 2.10 um
particle was trapped in trap 1. An “empty” trap 2
was then stepped alternately between its maximum
separation from trap 1 and intermediate positions, to
minimize contributions of drift to these measure-
ments [6], and the mean position of the bead in trap
1 at each position of trap 2 was determined from im-
age analysis. As seen in Figure 7, deviations of these
mean positions from the overall average position are
small (<6 nm) but reproducible. They are apparent
in both x and y directions, although the deviations in
the direction perpendicular to trap steering are con-
siderably smaller than in the parallel direction.
Using the “corrected” trap 1 positions for each kino-
forms (Figure 7), we recalculated the forces in our
DNA measurements. While slightly changing the F-z
curve, a systematic deviation in force residuals of the
same order as before correction remained (Fig-
ure 5b).

We also investigated whether the apparent modu-
lations in force arose from significant changes in trap
stiffness in trap 1 as trap 2 was steered. Based on
our previous work, this was not expected, but the
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Figure 7 The position of the particle in trap 1 versus the x
position of trap 2. Plotted are the deviations of the mean
positions from the overall average position for particle 1 in
both x (top) and y (bottom) directions. The error bars in-
dicate the standard deviation (N = 8). Systematic devia-
tions in both directions from the mean position are ob-
served, even though trap 2 is steered only in the x direction.
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positions used here brought the particles closer to
each other than we had previously studied [6]. We
performed power spectrum measurements of a
2.10 um particle held in trap 1 with positions of trap
2 corresponding to the maximum and minimum posi-
tions of trap 1 measured in Figure 7 (20.4 wm and
21.6 um, respectively). The calibrated stiffness values
differed by only 2% (data not shown), an insignifi-
cant change.

It is possible that the modulations arise from out-
of-plane motion of particle 1: the correlation algo-
rithm we use is designed to track particle positions
in the (x, y) plane only. Out-of-plane motion, along
the optic axis, could result in perceived motion in
the (x, y) plane, resulting in a measured apparent dis-
placement of the trapped particle. In these measure-
ments, with DNA stretched in the x direction, out-
of-plane motion would arise from the shift of the
traps along the optic axis. This should be accounted
for by correcting the position of trap 1 (Figure 7).
Furthermore, if the DNA were being stretched in-
creasingly out of the (x, y) plane, the z-offset of a
bead should change monotonically with increasing
trap separation, not in an oscillatory fashion. This
monotonic axial displacement was observed for
some tethers, as seen in Supplementary Movie 1,
though was generally most apparent immediately be-
fore losing the particle from the trap.

The most likely source of the observed modula-
tions is interference between the two holographic
traps [A. Farré etal., manuscript in preparation].
Work with two non-holographic optical traps found
that even with orthogonally polarized beams, a 2%
cross-talk between beams existed, giving rise to
changes in intensity and light distribution within the
two traps [13]. This resulted in modulations in trap
positions on the order of 1 nm for traps separated by
>500 nm, which increased to 5 nm as the traps ap-
proached closer. Presumably, such interference ef-
fects would be more evident with both traps having
the same polarization, as in our case of phase-modu-
lated HOT traps created with the same SLM. It is
therefore somewhat surprising, although pleasantly
so, that the modulations we observe here are only
on the order of ~6 nm, and were only on the order
of <2 nm for previous work with traps separated by
distances of ~9 um [6].

4. Conclusions

These studies have conclusively shown that cali-
brated high forces (>65pN) are attainable with
SLM-based holographic optical tweezers. In our set-
up, this demonstrates that HOT traps are harmonic
out to displacements of >250nm for 2.10 um
trapped particles. Furthermore, even though high

forces are exerted on the trapped particles through
DNA tension, particles are not lost from the HOT
traps as trapping kinoforms are updated on the
SLM.

The maximal laser power, and hence trap stiff-
ness, are limited by the damage threshold of the
SLM. The trap stiffness (x ~ 250 pN/um) we have
used here is a factor of three higher than previous
maximum stiffnesses reported for HOT traps [3, 6].
In principle, for single-molecule stretching experi-
ments, two traps of different stiffness could be cre-
ated, providing one trap of higher stiffness than we
have used (and thereby increasing the maximum
force obtainable within the harmonic region), but
this was unnecessary for the present work.

We observed small (<2 pN) but systematic mod-
ulations in apparent force applied to the DNA as a
function of particle separation. This is likely due to
optical interference between holographic traps,
which can result in changes of the equilibrium posi-
tion of particles by ~5nm, but is not manifest as
changes in trap stiffness. While these modulations
are undesired, they are small when compared with
force and length scales for measurements of soft bio-
materials [30] and thus should not prove problematic
for application of this technique to quantitative high-
force measurements.
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