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Optical Trapping

MIT Department of Physies
(Dated: Febroary 7, 2012)

An optical trap or “optical tweezers” is a device which can apply and measure piconewton gised
forces on micron sized dielectric objects under & microscope using a highly focused hight beam. It
allowrs very detailed manipulations amd messurements of aeveral interesting syatems in the fields of
molecular and cell biology and thus acts as & major tool in biophysics. They are used in biclogical
experiments ranging from cell sorting to the unzipping of DNA. Similar principles are also used
in physical applications such as atom cooling. In this experiment, you will measare the Brownian
motion of a trapped silica microaphere in agueous solotion, both testing the theory of statistical
mechanics and calibrating the “spring constant™ of the trap. Then, wsing the calibrated trap, yvou will
measure forces in biological systems, such as the actin-myosin molecular motors of vesicle transport
in onion cells, the K. coli Hagellar motor, or the restoring foree of a stretched DNA molecule.

In ita present form, larnge portions of this lab puide are derived from the literatore for MIT
Binenhineering aubject 200309 [1] and UC Berkeley Phygica subject Physice 111 Lab [2].

PRHEPARATORY QUESTIONS

In the limit of rey optics, the trapping foree on
a dicletric sphere can be understood s ansing
a5 a reaction force to the change in lincar mo-
moentum cxpericncoed by refracted hght ravs.  To
boetter understand how the scattenng and gradient
forces and the trap’s stability vary with
displacement from the trap conter both vertically
amd horzontally, spend some time cxploring: this
Java applet simulator developoed by the lab of
Roberto INLeconardo, CNR-IPPCF Dipartimento di
Fiscien, Universita di Roma Sapienza in Italy [3]
http://glas=.phys.uniromal. it/dileonardo/
Applet . phpTapplet=TrapForcesApplet. -
seribe and qualitatively sketech bhow a dicelectnc
sphoere slightly displaced from the conter of & stablo
trap cxpornonees s restoring foree.  Is the conter
of the trap at the same location as the foens of
the light? Explain why high msmmerical aperature
optics are used in the experiment.  Finally, given
the wavelength of the laser and the siees of objects
to be trapped in this experiment, do you trost
the ry opties simmlation to be guantitatively
accurate?

. Bstimmate the time and distance rogquined for & mo-

bile bactena of typical bactenal spocd o an aogque-
ons environment to come to 8 halt ander vesecooas

drag. Sce the seminal work of Purcell (1976) [4].
How do these time and length seales compare to
biologically relevant scales? How docs e compare
to the force necded to keep the bactena moving at
its initial constant speed (before it stopped), where

i 1 the average deceleration of the bacterna, and m
15 it st

. What are the principle safety haeacds you conld

cncounter i thes experiment? How do you avoed
danger from these hasards?

SUGLESTED SCHEDULE

Day 1: Familiarize yourself with the apparatus.  Make
detatled notes on the offects of cach control knob.
Prepare an appropriate sample and trap a micro-
sprhere.

Day 2: Calibrate the QPD voltage to stage position us-
ing & fixed bead sample. Mossure Brownian noise

on & Hoating bead to obtaan data for coguipartition
and "SI analysis, Obtain a Grst estimate of Bolte-

mann’s constant and trap stiffness.

Day 3: Make an omon ecll sample and trap a vesacle.

Day 4: Fimsh omion cell experiment.  Optionally, do
otokes drag measurcinent — to rehine Boltanann's
constant — or further bological expernments. Notoe
that brological samples may take days to prepanc,
s0 you mmst plan ahead and commumceate with your
instructors.

The experimental poals are:

l. Measure Boltemann's constant nsing eoquipartition
thoeorem and Brownian 'S

2. Calibrate optical trap stifness versus laser supply
eurrent

3. Estimate foree and spoecd of molecolar motorns
transporting vesicles in omon cells

I. INTRODUCTION

Light can mmpart a foroe, doc to the fact that photons
carry momentum. These forees are very small companed
with thos typical in the macroscopie world, but they can
be very larpe relative to typeeal foroes on single atoms,
moleenles, and small biologieal organismes, at the microm-
cter and panometer scale. Fooused baser beams can se-
lectively mmpart foree to atoms, to cool them from room
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temperature to a fow micro-Kelvin and below. They can
also be used to push or trap moeroseopce diclectne sphoeres

or oven cotire, hving, collular orgamsmes, mside bio-
el mwedia.

The method of optical trapping was  diescovered by
Arthur Ashkin in 1970 [5] [6]. He caleulated that the ra-
dhation prossure from a high power laser, focused entirely
onto a micron-sized bead (or “microsphere”™ ), would ac-
celerate the bead forwand at nearly 10% m/s*. When
he: porformed the experiment to test thes prodiction, he
found that while the tarpet bead was indeed acecleratod
downstream, other beads o the solution were attracted
laterally into the beam-path from other parts of the sam-
pliz. He then created the hrst working optical trap by us-
g two opposing laser beams. At one point a bacterium
that had contarminated s sample bocane trappod 1o the
beam, thus instigating the trap’s revolutionary wse incoll
baoloery. Today optical traps are used extensively in both
atom-trapping cxpoeriments and in bophysics Babs world-
widle.

In this laboratory experniment, youn will explore the
use of optical forees to trap diclectne microspheres held
within & thin layer of water and vesicles in omion cells.
The: typacal mechanical foroes mvolved are on the scale of
piconewtons {1 " N). Relative to this scale, hydrody-
namical forces (drag and diffiedon) on the microspheres
and vesicles are substantial. Thus, the optical trap pro-
vitlis an cxocllent opportumity to study the physies of
Brownian motion, which youn will use to obtain a guan-
bitative measurcment of Bolbemann's constant.  In the
process, vou will calibrate the dependence of trap stiff-
ness (force/distance) on laser supply current. Biologi-
cal motors, which are vital to intracellnlar transport and
bacterial locomotion, also act with foroes on ths scale.
You may thus cmploy the optical trap to qgquantify the
spocd and foree of & moleceonlar motor moving & vesicle
along an actin iber in an onion cell.

1.1. The Physics of Optical Trapping

The following material in this sobeection s taken
nearly verbatim from UC Borkeley's Junior Lab puide
on their optical trap experiment [2].

The most straightforeard mechanisan to understand
the physies of trapping s to consider the change 1o oo-
mentum of light that s scattored and refracted by the
dhalectic material, mm our case a sihea plass bead. Any
change in the direction of light imparts momentum to
the bead. This mechanism bolds for objects much larper
in diameter than the wavelenpth of the laser. A ray-
tracing argument mnplices that the scattered hght creates
a seattermyg foree in the dircction of heht propagation,
whilee the refracted light creates an opposing groduend
foree. When the bead s in the center of the trap, these
forces cancel. When a bead maoses shightly away from the
center, & net foree 1 applicd towards the conter, making
thiz a stable cqguilibriam.
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FIG. 1. A ray diagram showing how the gradient force stabi-
lizesa the trap laterally

In order to understand bow the cqguilibronm 1 stable,
it will help to consder how the gradient foroe responds to
displacemnent of a besad from the center. As seen in Figare
I, the red region represents the “waist”™ of the laser at
its focus pomt, with the laser passing upward through
the sample chamber., The blue ball 15 the bead, and the
dark rod arrows (1) and (2) represent light rays whose
thicknessas correspond to their intensities (note that the
bemmn is brightest at its center). In case (a), with the
particle shightly to the left of conter, the two ravs refract
through the particle and bend iowards, The resctionarcy
force vectors, Fy oand F, of cach ray on the bead arc
shown as black arrows. Becanse ray (2) is more intense
(and thus carrics more momentum) than ray (1), the net
force on the bead s to the nght. Thos, 8 perturbation
to the left canses a riphtward-dirceted foree back towards
the trap’s conter.

In ease (b) the particle is centered laterally in the beam
amd will not be pushed left or right. The oot gradient
foree: 15 downward, which s balaneod by an upward seat-
tering foree (not shown) due to reflection of some of the
ligrht.

To better understand bow the scattenog and  gra-
dient forees amd the trap’s stability vary with bead
displacemnent  both  vertically  and  boresontally,  try
this Java applet (http://glass.phys.uniromal.it/
dilecnardo/Applet. th?appl&tﬂmpFnrc&aAppl&t}
from the DiLeonardo lab [3] in Italy. The model nsed
for this applet shows the importance of a hegh nomencal
aperture lens, as the extremal rays illustrated contribute
disproportionately  to the change in pradient  forec
vertically.  (Note that you must adjust the nomencal
aprture at the bottom of the applet in order to obtain
a stable trap.) By moving the bead around and looking
at the net foree vector, vou can get a pretty good foecl
for how the restoring foree varnes as a beasd is diesplaced
horzeontally or vertically from the trap’s conter. Note
particularly how the trap s les stiff as the boeasd s
displaced above the trap’s center. Remember thas when
vou trap your hrst bead and try mowving:s the bead with



the stapc controls.

The ray optics approsch desenbed abowve holds for
trappod objects whose diameter 15 much larper than the
wavelength of the laeser. For objects much smaller than
thiz wavelength, ray optics are not valid, In thes case,
conditions for Ralogh scatternng are satished and the
object can be treated as a pomt dipole. The scattering
force then = due to absorption and reradiation of Lhight
by the dipole, and the gradient foroe aress from the -
teraction of the mduced dipole with an inbomopenoons
clectromagnetic beld. This mechamsm 15 detaled in the
Neuman and Block review [7] and the Wikipedia article
on optical trapping (http://en.wikipedia.org/wiki/
ODptical_tweezers). Since the 1 micrometer diameter
beads woe e in this lab cssentially match the 979 mn
wavelength of our laser, noither of these mechanisms s
guite right. More complicated clectromagnetic theories
have been invoked to account for the observed forees [7]
[8] [9]. However, these theories are not particularly useful
mn caleulating forees from best pronaples; the ray optics
approasch is wseful for guiding trap desipn and beam align-
ment, while calibratiom 15 based on direct measurements
of bead motion.

1.2. Baoltzmann's Constant and the Equipartition
Theorem

The macroscopic world of masses and  paeses con-
nects to the microscopic world of atoms and  parti-
cles through the laws of thermodynamis, It s in
many wayvs remarkable that a collection of particles at
somn temperature T opives nise to & mMAacroscopic jres-
surc [, when confined within a8 volume V, where a
single constant relates the mumber of particles o to
the total kinctic energy of the pas. This constant
i Boltzmann’s constant (http://fen.wikipedia.org/
wiki/Boltzmann}27s_constant), ky, aml the relation-
ship i the deal s law, PV = nkpT'.

How can one measure Boltzmann’s constant? The crux
of this challenge s the problem that it s anrealistic to
b able to count the number of particles ina typical vol-
e of pas. Thus, & direct approach based on the wdeal
i law s dithealt. Howewer, the mtnnsie connection
betwoeen kinctic energy and temperature 15 also revealed
through the fluctuations of the force mparted by the
gas. The equeparidion theorem, which s ondamental to
thermodynamies, holds that cach degree of frecdom noa
phy=ical system at thermal cgulibrinm will have %k.l]']"
of cneregy. A sinple particle trapped 1ina harmonic po-
bentizal L., & INASS Ol 3 SPring has enerey %u:.r"!,
whoere o 15 the spring constant, and x 15 the particle’s dis-
placement from the trap center. At thermal eguilibrimm
with temperature T, such a trappoed particle would haoee
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according to the cquipartition theorem. Here, {£7) is the
statistical varzance in the position of the particle, result-
g fromm the Huctuation of the position of the particle doc
to random {Brownian) motion imparted by the medinm
at tempoerature T with which the particle 15 in thermal
cquilibrinum. If & and T were known, and if {z*) were
measured, for example, by mieroscope observation of the
Brownman motion of a single particle, then Boltwanann's
constant £ could be determined. This s exactly what
wi will accomplish in this expenment.

1.3. Brownian Motion and the Power Spectral
Distribution {P51) Function

The theory of Brownian motion predicts not only the
variance of the trapped particle’s position with time, but
alse the spectrum of these vanations. Model the offect
of the buffeting: of the particle by a thermodynamacally
large mmber of mcdividual moleenles of the mediom as
a random time-dependent foree F{E). IF cach impact is
truly random and uncorrelated, as one would expoect from
a ras of particles at thermal cguilibrinm, then the corre-
lation time of the random forcing should be very short.
Approximating it as zero, the resulting spectrum of the
foree = “white nowse”. Further approsimating the mo-
tion of the bead as completely overdampesd (that is, the
viscos foroes dominate over the nmertia, known as the
regime of low Reynolds mumber), the position = of the
bemd in the harmomic optical trap of stiffoess o 15 gov-
erned by the cqguation of motion

Fit), (2)

whoere @ is the hydrodynamic drag coeflicient & = 3amd,
o 1 the bead diameter, and » is the viscosity of the
i,

Using the Wiener-Khinchin theorem to define a “power
spectral distribution” function (IPSD) or Spower spoc-
trum” wvia the Fourer transform of the tine-asveragod
auntocorrelation function, the result s

Bt | ox

. kT
5:1'[..” JIE.H{_F | Jl"ﬂ‘ {‘1}

whoere o af2xd. Note, this powoer spectrom,
with units of length/+/ frequency, is diferent from, but
closely related to the power spectruom defined as the com-
plex norm of the Fourier transform, with which you may
b mwore farmiliar. We hawe usod the resalt that the power

spectrum of the white noise is 45kgT [10].

L4. Molecular Motors and Forces in Microbiology

In this expernment, you will measure pieconewton scale
forces associatod with the motion of individual (but

large) molecules in microbiological systems.



