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Particle transport in asymmetric scanning-line optical tweezers
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We describe a scanning-line optical tweezing technique with an asymmetric beam profile in the back focal
plane of the microscope objective. The motion of a trapped particle along the scan line is studied as a function
of beam asymmetry, and it is shown that this technique can be used to exert a constant lateral force on the
particle, realizing purely optical constant-force tweezing. The observed effect is attributed in a geometric optics
model to a non-zero lateral component of the scattering force.
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[. INTRODUCTION mately constant, lateral radiation pressure forces on a trapped
particle over a distance of several microns, thus eliminating
Over the past decade optical tweezers have become dhe need for feedback mechanisms.
increasingly powerful tool for the study of biomolecules and  Scanning-line optical tweezers scan the focus of the trap-
colloidal systems. In most experimental configurations, ging laser beam rapidly along a line in the focal plane of the
tightly focused laser beam is used to trap a microscopic pamicroscope objective. The resultant optical gradient forces
ticle through optical gradient forces in a harmonic potentialeffectively trap the particle in the two dimensions perpen-
in all three dimensions. Such an optical trap is relatively stiff,dicular to the scan line, while allowing it to move with rela-
with a lateral spring constant of the order of 100 N, tive ease along this line. A number of experiments have used
which exceeds by far the stiffness of most biomolecules thafhis technique to create very shallow one-dimensional poten-
are studied with these instruments, such as viral DNA mollial wells, where the trapped particle “sees” only an effective
ecules under moderate tensifij or single titin molecules potent_ial that is determined by the time.average (_)f the light
[2]. Therefore, measurements with such a stationary trap afgtensity at any spot along the scan line. In this manner
effectively imposing constant-extension conditions upon th&orockeret al. have measured entropic interactions in binary

molecule, providing for experiments where force is mea-colloids [6], interaction potentials between polymer-coated

sured as ’a function of extension microsphere$7], and attractions between colloidal particles
For numerous applications, however, a mode in which the" Pl'%lt)a/;neereiggmgifs].were static in nature, and considered

molgculg is held with a constant force regardless of .'ts '.sx'only the time average of the optical potential. There is, how-

} . X "Rer, a wealth of dynamic phenomena that can be observed
are studies of motor proteins that move processively along;, scanning line optical tweezers once the time depen-

the DNA strand, such as RNA polymerasel or phage-  gence of the optical potential is fully taken into account.
head packing motorg4]. Conventional optical tweezers can gacheuxet al. demonstrated that a stationary but time-
be operated in a constant-force mode by using a feedbagkependent asymmetric potential along the scan line acts as a
mechanism, which tracks the motion of the trapped particlghermal ratchef9]. Faucheuwset al. have also experimentally

by moving the focus of the laser beam or the distant attachstudied the motion of a particle in symmetric scanning-line
ment point of the molecule in such a fashion that the averageptical tweezerg10]. They found three different regimes,
displacement of the particle from the center of the trap redepending on the velocity of the scan. At low velocities, the
mains constanf{5]. Such an active feedback trap requiresparticle remains trapped, at intermediate velocities it moves
rather elaborate feedback electronics and operates well onlyriefly in the direction of the scan and then escapes, and at
at higher loads. Furthermore, this kind of feedback is rathehigh velocities the particle is in a diffusive regime where it
slow and provides only average constant-force conditionsmoves freely along the scan line. They have also shown
but cannot respond quickly to fast individual events such asheoretically that for an arbitrary asymmetric one-
a single step of a motor molecule. For experiments in th&limensional potential in the focal plane the particle will al-
low-force or even zero-force regime or experiments withways move in the direction of the scan, regardless of the
high temporal resolution, another method is required. exact shape of the potential.

In this paper, we show that scanning-line optical tweezers In our study we show that an asymmetry in the beam
with an asymmetric beam profile in the back focal plane ofprofile in the back focal plane of the microscope objective
the microscope objective can be used to exert small, approxhas a markedly different effect than such an asymmetry in

the focal plane. Most notably, the particle moves in the di-
rection where the trap is weakest, irrespective of the scan
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In order to measure the position of the microsphere in the
optical potential, we collect the laser light that is transmitted
through the sample cell on the other side with a condenser
lens and image it onto a fast photodiode. When the laser
beam hits the microsphere during the scan, the transmitted
light intensity drops momentarily. From the timing of this
dip, we can infer the position of the microsphere with an
accuracy of about 50 nm each sddd].

A/D Data = The optical system is controlled by a computerized signal
Acquisition Card — . L . . .

: generation and data acquisition system, as depicted in Fig. 1.
' Arbitrary Wave- A programmable arbitrary waveform generatdiektronix
i form Generator AFG320 generates the frequency modulation signal for the
Telescope y I RF driver (IntraAction Corp. Model DE-272M of the
: D/A Analog acousto-optic modulator. The frequency modulation signal is
. Outpis Card a sawtooth function of 20 kHz that generates the scan. An
: — additional ele_ctronic analpg scaling and switching circuit is
Defloctor Analog used to modify the amplitude and offset of the scan ramp.
agm Driver | Modulator This allows us to position a particle that is trapped in the line
Razor Blades ‘T‘ potential by collapsing the scan into a single point. Subse-
quently, the particle can be released again into the line po-
FIG. 1. Schematic setup of the scanning-line optical tweezers. Aential by switching back to full scan amplitude.
Gaussian laser beam is partially cut by a pair of knife edges and The data acquisition system consists of a fast photodiode
deflected by an acousto-optic modulat&OM). The knife edges mounted in the focal plane of the condenser lens, an ampli-
are imaged onto the back focal plane of a microscope objectivefier with 10-MHz bandwidth, and a 14-bit analog-to-digital
which focuses the beam into the sample cell. A condenser lenggnverter card with a sampling rate of 10-MK3ageScope
images the transmitted laser light onto a fast photodiode. The opti1410Q_ Acquisition of a 500-point data frame is triggered by
cal setup is supported by a computerized data acquisition systemMina start of each scan. Up to 20000 frames were acquired
each time a microsphere was released into the line potential,
radiation pressure, exerting a net force on the particle in thagovering 0.2 s. The data are stored and analyzed off line to
direction regardless of the scanning motion. yield the position of the particle as a function of time upon
release into the line potential. In addition, we monitor the
position of the microsphere optically through epi-
fluorescence microscopy. The images are acquired with a

Our scanning-line optical tweezer apparatus consist§ommercial charge-coupled device camera and_ digitized w?th
mainly of a Nd:YAG (yttrium aluminum garnetlaser (. @ frame grabber card for subsequent off-line video analysis.
=1064 nm), an acousto-optic modulatdntraAction Corp.
Model DTD-274HAH, a telescope system, and a microscope
objective (Zeiss Plan-Neofluoar 100X 1.3 pilas shown in
Fig. 1. The laser beam is deflected by the acousto-optic The principal aim of this study is to probe the particle
modulator, imaged onto a beam steering mirror, and imagegtansport in an optical line potential created by scanning a
again onto the back focal plane of the microscope objectivepeam that is asymmetric in the back focal plane of the mi-
where it has a typical intensity of 480 mW. The microscopecroscope objective. To this end, we positioned a microsphere
objective focuses the laser beam to a diffraction-limited spotvith the optical trap in the middle of the scan line and re-
10 wm deep into the sample cell. A movable slit is placed inleased it. The motion of the microsphere was recorded by
front of the acousto-optic modulator such that the telescopesbserving the transmitted laser light in the image plane of the
image it onto the back focal plane. It is used to control thecondenser lens as previously described. This experiment was
beam profile. The slit is wider than the beam at this pointrepeated for seven different positions of the beam-shaping
enabling us to selectively cut off only one side of the Gaussslit in front of the acousto-optic modulator which lies in a
ian profile. plane conjugate to the back focal plane of the microscope

The sample cell consists of a microscope slide and a coveasbjective. The fractional drop in intensity due to the partial
slip, separated by an approximately 10én thick spacer. It blockage of the beam was measured for each position of the
is filled with an aqueous solutiofl-mM NaCL ethylenedi- knife edges directly behind the slit. The overall laser power
amine tetra-ocetic acid 1-mM, 10-mM TrisCl, 0.1-mM was then adjusted such that the integral intensity after the slit
Tween20;pH8.0) of fluorescent polystyrene microspheres ofwas the same for all measurements. The results are shown in
1 um diameter(Bangs Laboratories, Incat an extremely Fig. 2(@). Upon release into the line potential, the micro-
low volume fraction (P<<10~’). The cell is hermetically sphere moves at approximately constant velocity to one end
sealed with an epoxy glue to prevent evaporation and fluidf the scan line. The position of the beam-shaping slit deter-
flow. It is mounted on a translation stage that is actuated witimines the direction and velocity of this motion. If the beam
a stepper mototNewport PP-12under computer control.  entering the microscope objective is partially blocked on the
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infinite hydrodynamic friction coefficient of the particle, the
impulsefF(t)dt that acts on the particle each scan vanishes,
as U(—=)=U(>). When the microsphere reacts to the
force, however, the time it moves towards the center of the
laser beam against the direction of the scan is shortened,
while the time it moves away from it is extended. Therefore,
the impulse and the net displacement of the particle are posi-
tive for v>0 and negative fov <0. Therefore, the particle
will always move in the direction of the scan, which is con-
trary to our experimental observation. This effect, however,
can explain the slight change in particle velocity upon rever-
sal of the scan directiofseen in Fig. ?)]. Furthermore, the
net displacement of the sphere per scan scales asymptotically
asv 2 in the model of Faucheugt al.[10], and we there-
fore expect the particle velocity to be inversely proportional
to the scan frequency. In our experiment the particle velocity
depends only weakly on the scan frequency, as long as the
scan rate is well above the escape velocity of the trap. The
right -e-left generally small difference in particle velocity upon reversal
of the scan direction, however, exhibits a frequency depen-
dence consistent with this mod@lata not shown

Inertial effects that take the mass of the particle into ac-
count complicate this analysis, and we have performed addi-

FIG. 2. Trajectories of a bead being released into the scannin onal numerical c_allculat|ons for our experlmgntal param-
line potential;(a) while blocking different parts of the laser beam in | ter§ to gauge their importance. These calculations show that
the back focal planeA, B, and C blocking 30%, 25%, and 20% inertial eff'e.cts are extremely small compared to the forces
from the left, respectivelyd not blocking the beam at aEE, F, and ~ @nd velocities observed or calculated in the simpler model
G blocking 20%, 25%, and 30% of the beam from the righp. ~ @bove. Thus we conclude that scan direction and frequency
Released into a potential while cutting 36% off the beam from thdndependent motion of the particle cannot be attributed to the
right side. The scan direction was reversed for the two traces agl0ving optical potential in the focal plane of the objective.
indicated. Another effect that can possibly lead to the observed par-

ticle transport might be a change in the optical gradient force
left side, the particle moves to the left and vice versa. Theas the laser focus moves along the scan line. Such a position-
velocity of the microsphere increases as the fractional blockdependent change in the spring constant of the trap can be
age of the beam is increased. When more than 40% of theaused by a frequency dependence of the diffraction effi-
beam is blocked, however, we were unable to stably trap aiency of the acousto-optic modulator, changes in intensity
particle in the line potential as the confinement in the axialas the laser beam passes through the subsequent optical ele-
direction becomes too weak. ments, and imaging errors such as geometrical aberrations.

In order to distinguish a transport caused by an asymme- In order to determine whether such effects cause indeed
try of the optical potential in the back focal plane from anthe observed behavior, we measured the lateral stiffness of a
effect caused by the reaction of the microsphere to the scarstationary trap at different positions along the scan line for
ning motion of the trapping potential itself, we reversed thedifferent beam asymmetries. For this aim, a known viscous
scan direction. Figure(B) shows that the particle still moves drag force was applied to the trapped microsphere by moving
in the same direction at almost the same velocity, everthe sample cell at a constant velocity in the direction of the
though the direction of the scan has been reversed. This deraean line. The displacement of the particle with respect to its
onstrates that the motion of the optical potential and anyequilibrium position in the trap was measured by video mi-
possible asymmetries in that potential in the focal plane areroscopy at a velocity of 10@.m/s which corresponds to a
not primarily responsible for the observed particle transportfriction force of ~1.0 pN. The intensity of the laser beam
as Fauchewet al. [10] have shown that a moving one- was attenuated about eightfold4060 mW at the back focal
dimensional potential always leads to a net transport in th@lane irrespective of the chosen beam asymmetry. This re-
direction of the scanning motion, irrespective of the exactduction in power approximates the average power the par-
potential shape. ticle “sees” during a scan. The measurement was repeated

Following their argument, we look at the forces and re-for nine different positions of the stationary trap on the scan
sultant motion of a microsphere when it is subjected to thdine for five different beam profiles in the back focal plane of
gradient forces of the scanned trap. These forces can be dére microscope objectivecorresponding td, D, andF in
scribed as the derivative of a one-dimensional optical potenFig. 2a), as well as for a 49% cut, where the trap was just
tial, F(x,t)=(—alox)U(x,t), where the trap potential marginally stabl¢ In addition, reversal of the fluid flow al-
moves along the axis at a velocityv, i.e., U(x,t)=U(x  lowed us to determine the asymmetry of the trap. The results
—vt). If the microsphere was stationary, as in the limit of anare shown in Fig. &).
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2 | the lateral component of the scattering force. When the laser beam
z& 504 is partially blocked, it hits the microsphere no longer orthogonally
=~ 1° to the scan line, but under a small angleThe force corresponding
to the radiation pressure of the back reflection from the microsphere
0 0 has now a lateral componeRtsin 6, which in turn moves the par-
o 2 4 & 8 10 ticle to the side where the beam is blocked.
Positi . .
osition [um] strongly that the particle transport is not related to the change

FIG. 3. Trap stifinesk as a function of position across the scan in lateral trap stiffness across the scan line.
line for different beam profiles, acquired using different techniques.  To further independently characterize the position depen-
(a) Viscous drag method: squares denote measurements taken witlence of the trap stiffness not only in the lateral but also in
out cutting the beam. Circles denote data taken while cutting théhe axial direction, we observed the Brownian motion of a
beam by 25% from the leffilled symbols and from the rightopen  particle in the harmonic potential of the stationary trap for
symbolg, respectively. Triangles denote data taken while cuttingdifferent positions along the scan line at full laser power. For
49% off the beam. The laser power was attenuated approximatelghis aim, the photodiode in the focal plane of the condenser
eightfold. (b) Brownian motion: trap stiffness in lateral direction |ens was replaced by a split photodiode. Position data were
(squares, left scaleand in axial directior(triangles, right scale acquired at a rate of 100 kHz for several seconds, and the
time-correlation function computed. A least-square fit to a

While the data show some systematic variations of th&louble exponential decay yields the time constants for the
lateral trap stiffness across the scan line, this cannot explaifgteral and axial motions of the particle in the trap, respec-
the observed particle transport that we described earlier. 1Hve!Y [12]. The corresponding spring constaktsf the trap

particular, the sign of the overall slope of the trap stiffness ad'® obtained fromr= g_/ k.’ where7_|§ the lateral or_aX|aI time
a function of position does not reverse when the side fro onstant and the friction coefficient of the microsphere.

which the beam is cut is changed. Such a reversal in slope he data shown in Fig.(B) exhibit the same slight decrease

. : . of trap stiffness on the right side of the scan line as in the
however, would be required to explain why the direction of . drag f
the particle transport reverses when the beam asymmetry \IISISCOUS rag force measuremgnts. .
We therefore propose a different model to explain the

reversed, as seen in Figla2 Further_more, we _observ_e fchat scan direction and velocity independent particle transport
the trap stifiness decreases appreciably only in the limit of g, ¢ auriputes it to a lateral component in the scattering
very unstable trap, i.e., when 49% of the beam is cut offoce \When the laser beam hits the microsphere, a small
This, again, is inconsistent with the fact that the transporfortion of the beam is reflected. This reflection gives rise to
velocity increases when the beam becomes more asymme}giation pressure and in turn a force acting on the particle. If
ric. If the position dependence of the trap stiffness was thghe beam is perfectly symmetric, this force acts in the axial
cause of this effect, an increase in the slope of the trap stiffdirection perpendicular to the scan line, and, without a lateral
ness as a function of position as the asymmetry is increasasbmponent, does not result in particle transport. If the beam
would be required. The data in Fig(eB show absolutely no is asymmetric in the back focal plane of the microscope ob-
evidence of such an increase in slope for the larger bearjective, the back reflection is no longer perpendicular to the
asymmetries. scan line, as shown in Fig. 4. This creates a lateral compo-
In addition, we noticed that the exact shapes of the curvesent of the radiation-pressure induced scattering force. Any
in Fig. 3(a) strongly depend on the alignment of the acousto-such asymmetry, such as cutting the beam from one side,
optical modulator, while the particle transport shown in Fig.changes the average angle of incideficd the focused laser
2 is very reproducible. In particular, the reversal of the scadight onto the microsphere. We use the average afiglde-
direction when the beam asymmetry is reversed is observegrmined by the center of gravity of the intensity distribution
even in a grossly misaligned system, suggesting veryn the back focal plane of the microscope objective, to esti-
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FIG. 5. Measured and calculated values for the lateral compo- '_:lG' 6. Escape v_elocities of a microsphere from the ;tationary
nent of the scattering force. The experimental values were deteﬁptlcal tra.lp.(l) Blocking 49% of thg laser beam from the rigg)
mined from the velocities of the motion shown in FigaRand are not blocking the beam, an@) blocking 49% from the left.
compared to the predictions from Ed.).

any artifacts from a change in trap stiffness due to its axial

mate the strength and direction of the lateral scattering forcdocation in the cell. The results for two strongly asymmetric
We calculate this force by modifying the standard expressioffeam profiles and a symmetric trap are shown in Fig. 6. For
for the radiation-pressure induced force on a reflecting surthe symmetric trap, the escape velocities are about equal in
face, and obtain both directions, while the asymmetric beam profiles reduce
the escape velocities in the direction of the weakened side of

PR the beam. This is consistent with the radiation-pressure

Fo 0)=2?sin 0, (1) model described above and in Fig. 4.

The model of a constant lateral radiation pressure on the
microsphere can also be tested by mapping the force acting
on a trapped particle as a function of its displacement in the
trap. For this aim, we used the same constant-acceleration
technique as described above to apply an increasing viscous
drag force to the microsphere. As before, the displacement
. ; fvas measured by fluorescence video microscopy, while the
only for a fgactlon of the scan perlod,_ we assume that Norce was inferred from the velocity of the microscope stage.
average 10% of the total laser power is incident on the Mlrhe expected force-displacement relationship, the derivative

crosphere. With these parameters we can calculate the €8t a Gaussian potential, was fitted to the data, with an addi-

pected force acting on the particle as a function of the fracfional offsetx, in the displacement that allows for a constant

tional plockage .Of the beaf” n .the back focal plane. AIateral force, such as the proposed radiation pressure force,
comparison of this computation with the observed forces, as

determined from the velocities from Fig(&2, is shown in
Fig. 5. The model agrees well with our experimental obser- A ~(x—xg)%/20°
vations. It explains not only the scan direction and velocity F(X)=—(X—Xg)e V0% +F,, @
independent lateral force on the microsphere, but also yields 7
good quantitative results.

To directly measure the lateral scattering forces, we meawhere A is the depth of the potentialy the waist of the
sured the escape forces for a particle in a stationary trapeam, and-, the force offset corresponding ig.
without the scanning modulator, in and against the direction The result for one representative curve with a beam asym-
of the scattering force. Experimentally, this was accom-metry corresponding to a blockage of 49% of the laser beam
plished by applying a constant acceleration to the sample&s shown in Fig. 7. The experimental data agree extremely
cell. This creates a linearly increasing friction force on thewell with the theoretical prediction, except for forces right at
microsphere, until the trap, which has an intensity ofthe escape velocity. This indicates that the optical potential is
~30 mW at the back focal plane, can no longer hold theindeed nearly Gaussian with very litle asymmetry in the
particle. The velocity at which this happens was determinedocal plane of the microscope objective, but shifted by the
by fluorescence video microscopy. Special care was taken @dditional radiation-pressure force. The displacement in the
ensure that the trap remained at a constant depth ofri0 absence of an external drag force, as determined from the fit,
above the cover slip while the stage is in motion, avoidingis Xo=—50 nm, which corresponds to a lateral radiation

whereP is the average incident laser power illuminating the
microsphere, andR the Fresnel coefficient for reflection at
normal incidence, using a refractive indexrof 1.59 for the
polystyrene bead and=1.33 for the surrounding aqueous
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Noting that E(—x)=E*(x), we find that the intensity
|E(x)|? is symmetric with respect to the optical axis, as
shown in our experiment. A numerical calculation of the po-
tential that corresponds to E@) shows that this potential is
indeed nearly Gaussian in the central region. At 49% beam
blockage, it has a width of 550 nm as compared to a width of
430 nm for the potential corresponding to the unblocked
beam. This is consistent with the data shown in Fig. 7, as
well as the observation that the trap stiffness decreases with
increasing beam blockage, as shown in Fi@).3

IV. CONCLUSIONS

In conclusion, we have demonstrated that an asymmetric
beam profile in the back focal plane of scanning-line optical
tweezers can exert a substantial, approximately constant lat-

FIG. 7. Force-displacement curve of a bead in a stationary tragra| force on a trapped particle over the entire length of the

with an asymmetry of 49% in the back focal plafmmpare col-

umn (1) in Fig. 6]. Experimental data are shown as the bold line
(running average over 10 data points, 510 data points in)otal

together with a fit to the theoretical prediction of Eg).

pressure force oFy=—0.57 pN, which is consistent with

our model and the observed particle velocities for these p

rameters.

The fact that the optical potential in the focal plane is
symmetric and nearly Gaussian can be explained in th
framework of Fourier optics. The electric field in the back

focal plane is described by a Gaussian of widhthat is cut
off at x=D,

E(x)~e 1“0 (b—x). &)

a

scan line of almost 1@m. This force is substantially larger
than the forces arising from the scanning motion of the op-
tical potential itself or from variations of the trap stiffness
along the scan line and is independent of the scan direction
or velocity. This force can be quantitatively understood in a
simple geometric optics model and attributed to a lateral
component in the radiation pressure exerted onto the particle
by the light that is scattered back from it. Such a constant-
{eorce optical tweezing scheme may have important applica-
ions for the study of biological systems under constant-force
conditions and eliminate the need for feedback tweezer sys-
tems.
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